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Lennart Billfalk 

ABSTRACT 

STRATEGIC HYDRO POWER OPERATION 

AT FREEZE-UP REDUCES ICE JAif'ING 

Swedish State Power Board Alvkarleby 

Alvkarleby Laboratory Sweden 

In order to facilitate ice cover formation and thereby reduce ice jamming 

at freeze-up on the river reach downstream of Vittj�rv hydro power 

station in northern Sweden, exstensive excavations have been undertaken 

In spite of the work carried out, ice jamming still occured resulting 

in head-losses and inundations. 

As a measure against the ice jamming it was suggested to decrease the 

discharge when ice formation starts and keep it low until the river is 

satisfactorily ice covered. However, the problem is to reduce the flow 

�n the lower part of the river and still be able to gen�rate electricity 

at high capacity in stations along the upper parts of the river. This 

requirement can partly be met by prelowering of a Nmid-river" reservoir. 

Considering the pla�ning needed for the operation of the whole river 

system it is extremely important that the right time for the low discharqe 

period'is correctly predicted. The method worked out to cope with this 

problem incl udes monitoring of water temperatures �nd water levels, 

weather fore-casting, ice surveys etc. 

To speed up ice cover formation a specially designed ice boom has been 

tested. Also ice breaking and ice-sawing on reach es with rapid shore 

ice formation have been used. The paper present� details of the indicated 

method together with two years of practical field experience. 



INTRODUCTION 

Vittjarv hydro power plant is l ocated in the lower part of Lule River, in 

the north of Sweden. See Figure 1. The station has a head of 6 m and a 

capacity of 690 �'Is and it was taken in operation during the winter 

19/4/75. Already the first year of operation serious ice jamming occurred 

during freeze-up. Downstream of the station ice jams caused a head-loss 

of more than 2 meters. 

Figure 1. Overall map of Lule River. 

0 100 ... 

To facilitate ice cover formation and thereby reducing frazil production 

and ice jamming, extensive excavations have been undertaken in the river. 

These works were terminated 1978. The detail s regarding these works·as 

well as experienced ice problems are reported by Jensen (1981). A sketch 

of the river between Vittjarv and Boden power stations is shown of Figure 2. 
·-

In spite of the work carried out in the river, ice jamming still occurred 

after 1978. These ice jams resulted not only in head-losses in Vittjarv 

power station but also in lnundations and inflow of water to pump stations 

and houses located on the banks of the river. Figure 3 shows water p rofil es 

between Vittjarv and Boden measured after the excavations were finished. 

The profiles refer to somewhat different discharges but cl early show that 

some years were much worse than others. For example, due to incomplete 

ice cover fonnatian-4-n--the-ett'ly .,; nter Stf&-2-;-fr-nt-l--was--produe-ed- -a 1 ong 

the ice free reaches upstream the Tr&ngfors bridge. ���-,ice d�f��i
-
ted

_
. i��o _:.;,i._. ·.·, .-.-:=i 
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Figure 2. Sketch of the river 

reach between Vittjarv and Boden 

power stations. Excavations under

taken during 1976 to 1978 are 

indicated. 

hanging dams and it was necessary to temporarily decrease the flow from 

600 mJ/s to 400 m'/s in order to stop further rise of the water level. 

The water profile dated 811218 on Figure 3 shows the effect of the hanging 

dam created downstream of Trlngfors. The flow reduction lasted for 6 days 

and the extra cost for alternative power production was estimated to 

4 million Swedish Crowns (about 0.5 million dollars). 

The experienced ice problems cause economic losses. More important. 

though. are the plans for winter-time peak power generation. Ice problems 

•ight increase if strong peak power regulation is introduced (Billfalk. 

1982). It is therefor most important to find methods whereby also peak 

power operation can be handled without causing serious ice troubles. To 

meet this requirement further excavations as well as an increase or the 

maximum permissi�le reservoir level at Boden power station are considered. 

To impr.ove the situation before such measures could be undertaken a 
' 

procedure for strategic operation of the river during freeze-up has been 

worked out. This procedure will probably be required even as a complement 

to further excavations etc 
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Figure 3. Measured water surface profiles for winters after 1978. 

PROPOSED METHOD 

After the difficulties experienced 1981/82, an investigation about the 
causes of the problems was undertaken. This investigation clearly 
indicated the role of the discharge rate. low discharge at freeze-up 
results in rapid ice cover formation and negligable ice jamming while 
high discharges result in incomplete ice cover formation and ice jamming. 
As a measure against ice jamming it was therefor suggested to decr�ase 
the discharge when ice formation starts and keep it low until the river 
is satisfactorily ice covered. However, this simple principle can be hard 
to accomplish from a power production point of view. 

Upstream of Vittjarv a number of the �st important hydro power stations 
in the country are situated; see Figure 1 The problem is to reduce the 
flow _in the lower part of the river and stilI be able to generate 
electricity at high capacity in stations along the upper part of the 
river. This requirement can be met by pre-lowering one or two major 
reservoirs, where the surplus of water from the upper part of the river 
can be stored, while low discharge is maintained along the lower part. 
For example, running letsi power station in the southern branch of the 
river adds-2�1i·rs-te�e ma1n river. Requiring-a--fl-ow rate

-
of 3 00 m'/s 
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at Vittjarv means that most of the water coming from the stations in the 

upper part of the main river must be stored in the Messaure reservoir. 

By lowering the Messaure reservoir prior to such an operation the 

required discharge rate at Vittjarv can be kept for a couple of days. 

More extended periods with restricted flow may require reduced production 

even in the stations upstream of Messaure. This might be possible without 

economic losses if hydro power installations in other rivers are not 

fully utfl ized. 

Considering the planning needed for the management of the whole river 

system. it is extremely important that the appropriate time for the low 

discharge period is determined with highest possible certainty. A second 

attempt with repeated lowering of the Messaure reservoir etc . •  may probably 

not be possible. The method worked out to cope with this problem includes 

monitoring of water temperatures and water levels, weather fore-casting. 

ice surveys etc. Information gathered during the critical time period was 

discussed within a small management group. This group suggests when and 

how to decrease the flow and what extra measures should be taken. Before 

discussing practical field experience, these extra measures as well as the 

data acquisition methods will be briefly presented. 

The most important parameter for the prediction of the time when ice 

formation starts. is the water temperature. Water temperatures are 

measured every morning at most power stations along the river with 

mercury thermometers, accurate to whi�in ! 0,01 °C. In addition a quartz 

thermometer has been installed in one of the inlet sumps at Vittjarv 

power station. Data from this instrument is transmitted to the. operation 

center for Lule River, situated in V�ollerim. 

Upstream and downstream water levels are measurPd continuously a both 

Vittjarv and Boden power stations. Just upstream of the Tr!ngfors bridge 

an extra water level gauge has been installed. Data from this gauge is 

also transmitted to Vuollerim. The purpose of these measurements is to 

detect the beginning and evolution of ice jamming downstream of Tr!ngfors. 

Observations of the evolution of shore ice and later on the formation 

of fragmented ice covers are made by the local hydrologic departement, 

- ·- ··-----Fesp1lftS-i.b.��SUP�eys--m-tM- area. During the critical t;me 



period this department produces maps showing the extension of surface ice 

along the actual river reach. 

Before and during freeze-up, long term weather fore-casts (5 days) are 

ordered daily. These weather fore-casts, together with information about 

water temperatures and the actual surface ice situation, form the basis 

for a discussion within the management group responsible for the 

descission to reduce the flow-rate. This group consists of representatives 

from the local and the central operational departments, the local 

hydrologic survey department and from the Laboratory in �lvkarleby. Up-to

date information is transmitted to the members of the group by means of 

Telefax. Discussions can be held daily through telephone meetings, which 

has proved very useful. 

The narrow section at the Trln gfors bridge (Tr&ngfors means "Harrow 

Rapids" in Swedish)is one of the key points to the experienced difficulties. 

Even at low discharges the progression of the ice cover, starting from 

Boden 9Qwer station, is halted downstream of Trlngfors. In order to 

secure rapid ice cover formation upstream of Trlngfors an ice boom has 

earlier been tested upstream of the bridge. The boom proved effective 

in initiating an ice cover upstream of its location. Downstream thereof, 

however, a long reach of the river maintained open water until late in 

.the winter. Ice production on this reach caused underhanging dams further 

downstream and the boom was therefor removed after a one year test 

(Jensen, 1981). 

Trying to avoid the drawbacks with the old ice boom a new concept 

has been tested. The new boom is located at the previous location. 

See fi g ure 1. The new idea is to keep a 100 m long section in the cen�ral 

part of the boom open at the beginning of freeze-up, permitting drifting 

ice to pass so as to contribute to the build-up of an ice cover from 

downstream. When the ice cover has reached close to the bridge the 

opening in the boom should be closed and an ice cover could start 

progressing from the boom leaving just a short reach with open water 

downstream of the bridge. At the left bank the boom wire is equipped 

with a force meter permitting continuous registration of the load. 
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Figure 4. Ice boom at Tr!ngfors with a central gap that can be closed. 

The time period with low discharge at freeze-up must for economical 

reasons be made as short as possible. It is therefor important that· 

cold weather, promoting rapid ice formation, prevails once the flow 

has been reduced. If natural production of drifting ice is low, 

ice-breaking from areas where shore ice has formed could attribute 

to the growth of the fragmented ice cover. This techniqu� as well as 

ice-sawing has been tested. Experience from these works will be 

discussed in the following section. 

FIELD EXPERIENCE 

The described measures for achieving more complete ice cover formation 

were first tested during the winter 1992/83 (Billfalk, 1983). Early 

that winter the discharge·at Vittjarv was reduced to 300 m1/s when 

conditions for ice formation seemed favourable. Ice covers then rapidly 

developed from Boden power station to section 32.5 (km) and also from the 

ice boom at Tr!ngfors to Mannbergsholmen, in spite of the opening in 

the boom (see Fig 2). Bridging obviously occurred at about section 35 at 

the low discharge and the boom opening never had to be closed that winter. 

The load on the boom did hardly increase during freeze-up compared to 

open water conditions. 

1 



In order to speed up the ice cover formation from section 32.5 towards 
Tr&ngfors, breaking of shore ice from the wide sections between section 
34.0 and 34.4 was started. The boat used for that purpose was a steel boat 
about 5 m long, which previously had been used in connection with timber 
floating. By running the boat towards the shore ice, long cracks could 
be created, thereby loosening floes sometimes on the order of 1000 m1• 
If cracks did not appear the boat could be run back and forth creating 
a track whereby a big floe could be loosened, provided the ice thickness 
was less than about 0.1 m. Although the boat was somewhat small for the 
job, about 70.000 m2 surface fee could be broken in less than 2 days. 
The ice front was thereby artificially moved about 500 m upstream. 

After initial ice cover formation the discharge was kept at 300 m1/s 
for about 1 week. The flow was then gradually increased to about 600 m1/s. 
The avarage flow during the rest of the winter was on the order of 
450 m1/s. 

The autumn in 1983 was extremely rainy and all reservoirs were almost 
completely full at the beginning of the winter. It was therefor important 
not to reduce the flow until it was absolutely necessary. Due to a very 
sudden cold spell, some trouble with frazil formation, which temporarily 
clogged the intakes at Vittjarv, occurred before the flow was reduced to 
300 m3/s this winter. At the beginning of freeze-up drifting h:e passed 
the opening in the ice boom and the ice cover progressed to section 3 3 .0 

in a couple of days. However, even this year ice cover formation occurred 
fairly early upstream of the ice boom in spite of the open gap. The load 
on the ice boom wire this year raised to about 70 kN during the ice 
formation process. 

Due to the high degree of reservoir fillin� the discharge was kept at 
300 mJ/s not more than 3 days. The flow was then gradually increased 
to about 550 m3/s in 4 days. 

Even 1983 ice-breaking was used to reduce the open water area downstream 
of TrAngfors. Due to cold weather this work had to be stopped after 
a few days. The ice front had at that time reached section 33 .5, leaving 
about 1 kilometer of open water downstream of TrAngfors. Downstream of 
Vittjarv power station it was open water down to Mannbergsholmen. Due to 

I 

I, 
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cold weather ice production on the open reaches was high and hanging dams 

started to develop downstream of these open reaches. In order to further 

reduce the open water area a specially designed ice saw was used (ice 

breaking with the toat was no longer possible). The ice saw is mounted 

on a sled and is driven by a 3 0  HP engine. By this machine the ice front 

downstream of Tr!ngfors was fed with large floes of shore ice. The front 

thereby moved to section 3 4.0 and the remaining 500-600 m open reach 

was considered acceptable. 

One experience of the two years of •controlled• ice cover formation is 

that the discharge might be kept somewhat higher than 3 00 mJ/s at freeze

up. Bridging might thereby be avoided upstream of the ice boom and the 

ice cover front may reach closer to the Tr!ngfors bridge without ice 

breaking or sawing. Once the ice front has reached there the gap in the 

boom should be closed. 

The open water area at Tr!ngfors after initial ice cover formation and 

complementary ice breaking and ice sawing is shown on Figure 5. 

\\\\ IIATUUL let FOWTIOII 

'IIIII/ It£ U011115 

1111111 ICE s-11115 

Figure 5 .  Open water area.at Tr!ngfors after initial ice cover 

formation as well as after breaking and sawing of shore ice. 

273 



CONCLUSIONS 

Two years of experience of the method with reduced flow and supervision 

of the early ice cover formation are now available for the river reach 

between Vittjarv and Boden power stations. This short time period does 

of course not permit any general conclusions. The following preliminary 

conclusions have been drawn, however: 

- Reduction of the flow at freeze-up permits rapid ice cover formation 

and the development of significant hanging dams is avoided. Considering 

head-losses caused by ice jamming the two latest years were as good 

as the best year experienced before• see Figure 3 (note that the 

profiles refer to different discharge rates). 

- Having a management group for descissons of how to handle various 

problems that arize at freeze-up is of major importance. More or 

less daily contacts within this group during the critical time period 

have shown to be very useful. 

- People involved in the local operation of the river have shown great 

interest for the tested procedure. These people now have been able 

to get a theoretical background to their practical experience. This 

•educational effect• will probably be very favourable in the future. 

- The specially designed ice boom has so far been of minor use. 

However, the boom will probably be of vital importance when trying 

to achieve rapid ice cover formation at higher discharges than 3 00 mJ/s. 

- Both breaking and sawing of shore ice have proved to be useful 

methods for building up fragmented ice covers. A boat may be used for 

ice breaking at the early freeze-up. When the shore ice has grown 

th�cker only ice sawing is possibl�. It must be pointed out, though, 

�hat both m�thods are quite time consuming and that the applicability 

depends on local conditions. 
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ABSTRACT 

Dionne, J . .C., 1984. An .. timate of ice-drifted sedimen&a bued on the mud content of 
the ice c:ov• at Montmaany, Middle St. Lawrence Estuary. Mar. Geol., 57: 149-166. 

Recent meuurementa made at Montmaany, a locality on the aouth shore of the Middle 
St. Lawrence Estuary, 70 km northeast of Quebec: City (47.N), aive an idea of the volume 
of fine-pined sediment� incorporated in the ice cover and allow an estimation of the 
annual load drifted by ice. At this locality, a mean thic:knesa of 10 c:m of mud was encoun
tered in the ice cover over an area of approximately 20 km'. Thus, the total load of fines 
may be as much u 4 X 10" tonnes (t). It ia estimated that upon meltinl at break·up, 
about 15% of thia load returns to the Montma1ny tidal flat while the remaininl volume is 
carried to the otrshore zone. Con.siderinl breakup characteristics, it ia estimated that 
about 1.5-2 X 10" t of fines return to the turbidity zone while the remainin1 load ia 
ic:e·drifted outaide that zone. Since the more area of the Middle St. Lawrence Estuary 
covered by ice durin1 the winter ia approximately 60 km', it ia calculated that a load of 
5-6 x 101 t of sediment incorporated in the ice cover could escape from the turbidity 
zone annually. To thia load ahould be added another 4 X 10" t of suspended matter which 
come from the freezina in situ of the turbid water in the offahore zone. An annual out· 
put by ice driftin1 of 10 x 10' t of lediment ia thus likely and ia in &reat contrast to the 
output durint the ice·frH IUIOn of approximately 1 X 10" t. In the Middle St. Lawrence 
Estuary, the annual output almost equala the input. Consequently the sediment budaet ia 
virtually in a state of equilibrium, which helpa to explain why there is very little per· 
manent mud deposition in the ahore and offahore zones today. It is concluded that ic:e 
processes largely control the sedimentary budaet of the turbidity zone of the Middle 
St. Lawrence Estuary, a particular environment within a mid-latitude inner continental 
ahelf which ia partly do.minated by ice. 

INTRODUCTION 

Although the St. Lawrence is one of the major estuaries in the world, rela
tively little is known about the sedimentology of this large water body (Nota 
and Loring, 1964; Loring and Nota, 1973; Khalil and Amac, 1975; Cremer, 
1979). A better knowledge of the sedimentary budget and of the processes 
in action in the Middle St. Lawrence Estuary, i.e. the area between Quebec 
City and the Saguenay River (an area 180 km long and 2-24 km wide; Figs.1 
and 2) is needed both to understand correctly the complexity of this dynamic 
environment and to provide a useful tool for planning the development and 

0025·3227/84/$03.00 e 1984 Elsevier Science Publishers B. V. 
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the preservation of the shore zones presently subjected to erosional processes 
(Dionne, 1979) and to pollution (Serodes, 1980). 

Recent studies related to sedimentation in the St. Lawrence Estuary deal 
both with the offshore zones (D'Anglejan et al., 1973, 197 4, 1981; Brisebois, 
1975; CENTREAU, 1975; Soucy et al., 1976; D'Anglejan et Brisebois, 1974, 
1978; Kranck, 1979; Silverberg and Sundby, 1979; D'Anglejan, 1981a; 
Couillard, 1982), and the shore zones (5erodes, 1980; Allard, 1981; 
D'Anglejan, 1981b; Drapeau and Morin, 1981; Troude et al., 1981; Dube, 
1982; Serodes et al., 1982). Even though particular attention has been given 
to ice action in the tidal zones (Dionne, 1968a, b, c, 1969a, b, 197la, b, 
1972a, b, 1973, 1974a, b, 1980; Allard and Champagne. 1980), until reeently 
only gross estimates have been made of the volume of sediment incorporated 
annually L. the ice (Dionne, 198la, b). However, Nota and Loring (1964, 
p.233) recognized sometime ago that ice should be considered as a prominent 
factor of erosion, transportation and deposition in the St. Lawrence Estuary 
and Gulf. 
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Fie.2. Map of the M iddle St. Lawrence Eauary ahowine three major unita: (a) maximum 
turbidity :z:one; (b) medium turbidity :z:one; and (e) turbidity-free or very low turbidity 
:z:one, aeeordine to D'Analejan eta!. (1981 ). Theatudy area ia located within the maxim um 
turbidity :z:one. 

It is the purpose of this paper to report preliminary data on the volume of 
fine sediment incorporated annually in the ice cover, particularly at Mont
magny, to discuss briefly the significance of ice rafting in the sedimentary 
budget of the Middle St. Lawrence Estuary, and to point out its importance 
to the evolution of some high-latitude continental shelves. 

CHARACTERISTICS OF THE MONTMAGNY TIDAL FLAT 

The Montmagny tidal flat is located on the south shore of the Middle 
St. Lawrence Estuary, approximately 70 km northeast of Quebec c:ty (lat. 
47°N). From a sedimentological point of view, this area can be considered as 
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a particular environment within the North Atlantic inner continental shelf 
(Fig.1). The tidal flat extends from Point St. Thomas to the west, to Cape 
St. Ignace in the east, a distance of approximately 15 km. The mean width 
of the flat is 1500 m, but locally it extends up to 3 km at lower low tide for 
an average area of 20 km1 (Fig.3). It is set in a large open embayment facing 
the Montmagny Archipelago. The depression which is cut into Cambro
Ordovician folded slate and sandstone formations of the Appalachian Prov
ince, is f'illed with fine-grained Quaternary deposits. Pleistocene marine clays 
(Goldthwait Sea) several meters in thickness underlie Holocene and Recent 
stratified silts and fine sands a few centimeters to a few decimeters in thick
ness, and locally up to one meter or more, along the major channels of the 
tidal flat. 

The Montmagny tidal flat is composed of two major units: a relatively 
wide marsh up to 500 m wide set at the higher level, and a broad muddy and 
sandy tidal flat extending from the marsh down to the lowest low tide level. 
Mean tides range from 4 to 5 m and large spring tides are up to 6 m. The area 
is considered as a macrotidal environment characterized by a broad tidal 
platform which slopes gently seaward with a gradient ranging from 1 to 5 m 
km·'. This tidal flat is entirely ice-covered for several months each winter. 
Freeze-up usually occurs in December and break-up in April. The ice cover is 
commonly 6Q-100 em thick, but locally thicknesses up to 125-150 em 
have been measured. The ice cover extends seaward as f:JI as the -5 m iso
batli for about 2-3 months. Throughout the winter in the offshore zone, 
floes of various size move upstream and downstream according to wind direc
tion and tidal currents. 

The Montmagny tidal flat is located in the upper section of the Middle 
St. Lawrence Estuary, an area comprising a high turbidity zone extending from 
Quebec City to Cap aux Oies on the north shore and to La Pocatiere on the 
south shore (Fig.2). In this turbidity zone, the suspended matter values vary 
considerably from place to place. Generally, turbidity decreases downstream, 
shoreward and from the bottom to the surface. According to D'Anglejan et 
al. (1973), Silverberg and Sundby (1979) and D'Anglejan (1981a), the sus
pended matter values in the turbidity zone vary from 10 to 450 mg 1"1 during 
the summer. No data are available on the turbidity during the ice season. The 
suspended particulate matter is mainly composed of silt and clay, with a vary
ing proportion of organic debris (Kranck, 1979; Pocklington and Leonard, 
1979). Illite and chlorite are the two main components (up to 94%) of the 
clay minerals of the suspended matter (D'Anglejan et al., 1973). 

MODERN DAY SEDIMENTATION 

Like most other flats of the Middle St. �awrence Estuary, deposition 
occurs year round on the Montmagny tidal flat. However, two main periods 
of mud and rme sand deposition do exist, one during the summer and the 
other during the winter. It is well known that deposition today is not perma
nent in the turbidity maximum zone. On the contrary, it is cyclic and 
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dynamic, and subject to several periods of erosion during the year (Serodes, 
1980; Troude et al., 1981; Dube, 1982). 

During the summer, mud deposition is largely concentrated in the lower 
marsh zone, the vegetation cover favoring the deposition of suspended matter 
from July to September. Although a few scattered patches of mud up to 
45-50 em thick do occur in the marsh, most commonly the average thick
ness of the mud layer deposited in summer is 20 em and rarely exceeds 25-
30 em. Deposition on the bare tidal flat is less than in the marsh: 5-15 em 
only. Generally at the end of September or the beginning of October, waves 
and tidal currents extensively rework the freshly deposited mud and return it 
to the offshore turbidity zone (5erodes, 1980). Consequently, it is difficult 
to determine how much sediment deposited during the ice-free season is left 
over each year. Preliminary measurements at Cape Tourmente on the north 
shore of the St. Lawrence (the site which has the highest rate of summer 
deposition), indicate a mean increase of 5-8 mm per year over the last 30 
years (Troude et al., 1981). These values compare well with the mean rate 
of sedimentation at Lee Bay, North Sea (Reineck, 1980). However, if one 
considers that at Montmagny, the Holocene and Recent stratified silts and 
fine sands unit overlying the Pleistocene marine clay is particularly thin 
(commonly only a few decimeters only), the annual permanent deposition 
in the tidal flat is very small today. 

The other period of deposition is the winter. Although the tidal flat is 
entirely ice-covered during that period, sedimentary processes are still active 
under the ice cover, particularly in the bare mud flat. As the ice cover is not 
bound to the bottom, the fluctuating level of the water related to the tidal 
cycles allows a daily rise and fall of the ice cover. Turbid water introduced 
under the ice cover at high tide allows mud and fine sand to sediment in this 
environment. Consequently, at the end of the winter, a soft and liquid mud 
layer, 1<r25 em thick, covers large areas of the bare tidal flat (Dionne, 1980, 
1981a, b). The situation differs considerably in the tidal marsh, because in 
that zone the ice cover which is usually adfrozen to the bottom does not 
allow penetration of turbid water, so that little or no deposition of mud 
occurs during the win�er. Of the winter deposition, little remains over long 
periods throughout the tidal flat. Commonly after a few storms, most of the 
liquid and fresh mud is swept away. 

INCORPORATION OF SEDIMENT INTO THE ICE COVER 

The deposition of fine-grained sediments under the ice cover is not the 
only noteworthy aspect of Montmagny tidal flat sedimentation during the 
winter. On the contrary, a large quantity of sediment is caught up within the 
ice cover in various ways. Three major processes of incorporating sediment 
into the ice are commonly obseiVed in the Middle St. Lawrence Estuary: 

(a) Freezing at the base of the ic� cover, �t low tide, when th., ice rests 
directly on the bottom. In this way, thin laminae of mud are progressively 
incorporated into the ice sheet to form a sequence 1<r25 em thick. This 
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sequence can be observed easily, at break-up, directly in the ice cover itself 

and in the several ice floes which may have been left on the tidal flat at low 
tide (Figs.4 and 5). 

(b) Incorporation of fine-grained sediments can also be deposited on the 
surface of the ice cover when it is occasionally submerged during the highest 
spring tides (Fig.6). Sediments are also introduced through the numerous 
tidal cracks and other openings in the ice cover. At high tide, hydrostatic 
pressure under the ice cover is such that turbid water flushes through the 
cracks leaving large volumes of mud at the surface of the ice sheet (Fig. 7). 

(c) Freezing in situ of turbid water (Fig.S). This is a common process in 
the Middle St. Lawrence Estuary and occurs throughout the cold season 
both in the shore and offshore zones. Preliminary observations indicate that 
a few million tonnes of suspended matter may drift seaward in this way 
annually. 

· 

. 

These three major processes and possibly also other minor mechanisms 
incorporate a large volume of fine-grained sediment into the ice cover 
annually. The storage of sediment in the ice probably reduces significantly 
the turbidity values of the Middle St. Lawrence Estuary during the winter. 

OBSERVATIONS ON SEDIMENT CONTENT IN 1981 

The favorable conditions that prevailed in 1981 permitted the measure
ment and an estimate of the sediment co� tent of the ice cover at Montmagny 

Fig.4. Fine-grained sediments incorporated into the ice cover at Montmagny; aediments are 
!rozen to the base and aao interstratified with ice (4.7.73). 
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Fie.S. A view of an ice noe at Montmaeny ahowine a sequence about 40 em in thicknesa 
of thin layers of mud interst ratified with ice and squeezed between two layers of clean ice 
(4.8.69). 

(Fig.9). During that winter, the ice sheet over the bare mud flat was only 60 
to 75 em thick. However, in March most floes examined showed an average 
10 em-thick sequence of layered fine sediments incorporated into the ice. In 
addition, natural windows in the ice cover, explained by the removal of ice 
fragments by hydrostatic pressure, revealed the presence of several thin 
laminae of mud having a mean thickness of 10 em within the ice cover itself 
(Figs.10 and 11). 

Assuming that the sediment content of the ice cover at Montmagny in 
1981, as determined from several measurements, was on average 10 em thick, 
the 20 km1 of the area could contain approximately 4 X 10' t of sediment 
(wet weight). 

This quantity of fine sediment in the ice cover may appear surprisingly 
high to those who are not familiar with cold region tidal flats. However, it 
compares well with recent observations made in the Bay of Fundy (Gordon 
and Desplanque, 1981), and also with some arctic environments (Campbell 
and Collin, 1958; Barnes et al., 1982). It is not known yet if 1981 was an 
average or an exceptional year for mud content of the ice cover at Mont
magny. Should it be an average year, the sedimentological significance of 
that process would have major consequences; it implies that a large propor
tion of this load can escape the turbidity zone- by ice drifting. The numerous 
field observations made at breakup, each year since 1967, at many localities 
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Fia.6. The ice aheet at L'lslet ia covered by a layer of fresh mud, a few em thick, due to 
aubmeraence at hiah sprina tide (4. 7 .74). 

Fia.7. A tidal crack in the ice cover at Montmaany throuah which mud ia introduced at 
the surface (4.15.72). 
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Fie.8. A clote·up view of an ice floe made up of dirty ice cobbles, at Montmaeny (12.4. 71 ). 

...... �--·----- . 

--��·· 

· -

Fie.9. A eeneral view or the ice cover at Montmaeny durine the 1981 winter; note that 
the surface is lareely covered by mud (2.22.81). 
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Fip.10 and 11. Mud content o{ the ic:e cover at Montmaeny in 1981; numeroua laminae 
of' mud and ice are interstratified; the ic:e cover ia about 60 cm thick (3.8.81) 
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in the Middle St. Lawrence Estuary, suggest that 1981 was not an exceptional 
year as far as sediment concentration within the ice cover is concerned. Con
sequently, these preliminary data lead to the following discussion. 

D ISCUS S ION 

A major question to be answered is, "what happens to the sediment incor
porated into the ice cover?" Do the 4 X 106 t calculated for the Montmagny 
tidal flat drift away at break-up? If so, where exactly. do they go? 

As far as is known from observations made during the last 15 years, only a 
portion of the fine-grained sediment incorporated into the ice cover drifts out
side the area of the high turbidity zone of the Middle St. Lawrence Estuary. 
It was estimated (Dionne, 198ld) that upon melting and washing by waves 
about 15% of the ice-bound sediment returns directly to the tidal tlat during 
breakup, about 45% returns to the turbidity zone, while the remaining 40% 
�fts seaward. In other words, 1-1.5 X 106 t of fme-grained sediment from 
the ice cover of the Montmagny area could escape the high turbidity zone 
annually. 

The Montmagny tidal flat is only one of the several tidal flats within the 
Middle St. Lawrence Estuary affected by the process of ice drifting. There 
are other large ice covers at La Pocatiere, !'Islet, Ile-aux-Oies, Petite-Riviere
St-Fran�ois, Baie-St-Paul, Cape Tourmente and along the North Channel near 
ne d'Orleans. A gross estimate gives a shore zone area of approximately 
60 km2• Consequently, several million tonnes of sediment will also be caught 
up by this large ice cover, from which about 40% will drift seaward at break
up. Thus, an average sediment load of 5-6 X 106 t of fine-grained sediment 
is available from the ice cover of shore zones in the Middle St. Lawrence 
Estuary. To this load should be added the few million tonnes of sediment 
which come from the freezing in situ of the turbid waters in the offshore 
zone. This load possibly adds up to 4 X 106 t annually {wet weight). In sum
mary, it is likely that an average of 10 X 106 t of fme sediment would drift 
outside the turbidity zone annually in the way which has been described. 

The .ediment budget 

The large volume of sediment involved in ice processes is of great impor
tance for understanding the sediment budget of the Middle St. Lawrence 
Estuary. The problem can be briefly summarized as follows. According to 
most authors the annual input for the high turbidity zone greatly exceeds 
the output. Consequently, there should be a positive balance reflected by 
deposition of fines. Surprisingly, there is little permanent sedimentation 
today in the Middle St. Lawrence Estuary both in the offshore and shore 
zones. D'Anglejan and Brisebois (1978) have clearly shown that very little 
deposition of �mes occurs presently in the basins and channels of the middle 
estuary with bottom erosion occurring almost everywhere (Fig.12). This state
ment is aJs.o valid for the shore zone; on a long-term basis, almost everywhere 
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very little sedimentation is observed on both shores of the St. Lawrence 
Estuary { Dionne, 1979; Allard, 1981; D'Anglejan et al., 1981;  Dube, 1982), 
although a relatively important deposition of a temporary nature (summer 
and winter) occurs at some localities: Cape Tourmente, Ile aux Oies and 
Montmagny for example (Dionne, 1980, 1981b, Serodes, 1980; Troude 
et al., 1981). The deposition occurring in the navigation channel is mainly 
related to bedload and current action (Boucher,. 1961). Consequently, it 
does not reduce significantly the volume of the suspended load. 

Data are still inadequate to determine precisely the sedimentary budget of 
the middle estuary. The output of suapended matter has been evaluated from 
measurementa made in summer only. D'Anglejan et al. (1973, 1974) calcu
lated that about 1 X 106 t of fines escape the turbidity zone during the ice
free season. The output is largely controlled by the complex. water circulation 
resulting from hydrodynamic processes, mainly tidal action. These authon 
underlined the possible action of ice but did not discuss it nor did they 
suggest any estimates of the volume of imes possibly involved in ice drifting. 
Although B. D'Anglejan (pen. commun., 1982) agreed that this preliminary 
estimate is much too low, no other figure for the output of the suspended 
load from the turbidity zone has been suggested yet. 

The input is also poorly documented. Four estimates are commonly 
referred to: {a) 5 X 106 t yr·• (Frenette and Larinier, 1973; Loring and Nota, 
1973; CENTREAU, 1975); (b) 8-10 X 106 t, from which 70% is introduced 
during April and May (Serodes, 1980); (c) 11 X 106 t (Cataliotti-Valdina and 
Long, 1982) ; and (d) 20 X 10' t (Cremer, 1979). It is difficult to determine 
which one of these estimates is the most realistic . 

Considering the estimated output related to ice drifting, an input of only 
5 X 10' t is much too low. This would give a sediment balance of only 4 X 
1 0' t of fines for deposition in the various zones of the estuary and for ice 
drifting. In this case, severe erosion would certainly result. Although erosion 
does occur on the bottom and along shorelines, it is not considered nearly as 
important as that which would result from a very negative sediment budget 
(i.e. approximately 5� X 106 t yr-1). The largest figure for the input load 
(at Quebec City) suggests 20 X 106 t yr"1 (Cremer, 1 979). If this figure is 
correct, it would mean that the sediment budget is significantly positive, 
since the summer and the winter output together are possibly less than 1 2  X 
1 0'  t. In this case, relatively important long-term deposition should occur at 
least at some localities. However, there is no evidence of this. Another possi
bility is that output explained by ice-drifting is indeed mo!e important than 
has been suggested. 

The 8-1 0 and the 1 1  X 106 t IlgW'es for the annual input suggested re
spectively by Serodes (1980), and Cataliotti-Valdina and Long (1982) fit 
better with the preliminary value� obtained when ice drifting processes are 
taken into account. In this case, the annual output almost equals the input. 
Consequently the sediment budget is in near equilibrium, although it may be 
slightly positive or negative from ye"ar to year. This would explain why there 
is little or no fine sedimentation over long-term periods in the offshore and 
shore zones of the Middle St. Lawrence Estuary. 
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According to 5erodes (1980), most of the 3 X 106 t of fines deposited on 
tidal flats during the summer return to the turbidity zone in the autumn. 
Consequently most tidal flats are not really prograding today; on the contrary, 

many are suffering erosion. 
Whatever the �spended matter values for the annual input are, if the ice

free season output does not exceed 1 X 106 t (D'Anglejan et al., 1973), there 
should be a positive sediment budget in the Middle St. Lawrence Estuary. 
Since this positive balance has not been observed in the nearshore and off
shore zones, it is suggested that ice drifting is the process by which several 
million tonnes of fine-grained sediments are evacuated annually from the 
turbidity zone. Thus, ice processes are playing a significant role in the evolu
tion of some ice-dominated shelf environments. Considering that the concen
tration of particulate matter in the Gulf of St. Lawrence is low (D'Anglejan, 
1969; Couillard, 1982), only a small percentage of the ice-drifting sediments 
from the Middle St. Lawrence Estuary reaches the deep ocean (Sundby, 
1974). 

CONCLUSIONS 

The role of ice in evacuating fine-grained sediments from the high turbidity 
zone of the St. Lawrence Estuary would appear to be of great significance. It 
offers a valid explanation for the very limited deposition which characterizes 
most offshore and shores zones. Because of ice action, the sediment budget 
in the Middle St. Lawrence Estuary is presently more or less in equilibrium 
(or perhaps with a slightly negative balance) over long term periods. Judging 
from the thickness of the recent deposits overlying the postglacial marine 
clays, this situation has existed for at least several centuries. Consequently, 
some shore zones are prograding very slowly, others are in equilibrium and 
some are degrading. Serious damage to the environment may result from 
such local degradations if adequate solutions are not proposed in the near 
future. High-latitude inner continental shelves are commonly ice-dominated 
environments. For various reasons, ice processes are often poorly documented 
although they are of great importance in areas such as the St. Lawrence 
Estuary. 
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PREFACE 

The Habi tat Su i tabi l i ty Index ( H S I )  model s presented i n  thi s publ i cati on 
a i d  i n  i denti fy i ng important habi tat var i ab l e s .  Facts ,  i deas , and concepts 
obtai ned from the research l i terature and expert rev i ews are synthesi zed and 
presented i n  a format that can be used for i mpact assessment .  The model s are 
hypotheses of spec i e s-habi tat re l ationshi p s ,  and model users shou l d  recogn i ze 
that the degree of veraci ty of the HSI  model , S I  graphs , and assumptions  wi l l  
vary accordi ng to geographi cal area and the extent of the data base for 
i ndi v i dual vari abl e s .  After c l ear study objectives  have been set , the HSI  
model bu i l di ng tech n i q ues presented in  U . S :  Fi sh and  Wi l d l i fe Serv i ce ( 198 1 ) 1  
and the general gu idel i nes  for modi fy i ng HSI  mode l s and estimat ing model 
variables  presented i n  Te.rre l l et al . ( 1982 ) 1  may be useful for si mpl i fyi ng 
and applyi ng the mode l s  to spec i f i c  i mpact assessment probl ems . Simp l i f i ed 
model s should be tested wi th i ndependent data sets i f  pos s i bl e .  

A bri ef di scuss i on of the appropri ateness of usi ng  sel ected Sui tabi l i ty 
I ndex ( S I )  curves from HSI  mode l s  as  a component of the I n stream F low 
I ncremental Methodo l ogy ( I F IM)  i s  provi ded . Addi t i onal  SI  curve s ,  devel oped 
spec i fi cal ly  for analys i s  of ra i nbow trout habi tat with I FIM , al so are 
presented . 

The U . S .  Fi sh and Wi ldl i fe Serv i ce encourages model users to 
comments , suggest i on s ,  and test resu l ts that may hel p  us  i ncrease the 
and effect i veness of thi s habi tat-based approach to i mpact assessment .  
send comments to : 

Habi tat Eval uat i on Procedures Group o r  
Instream Fl ow and Aquatic  Systems Group 
Western Energy and Land Use Team 
U . S .  Fi sh and W i l d l i fe Serv ice 
2627 Redwing Road 
Ft. Col l i n s ,  CO 80526-2899 

prov ide 
ut i 1  i ty 

P l ease 

1U . S .  Fi sh and Wi l dl i fe Serv i c e .  
habi tat sui tabi l i ty i ndex mode l s .  
Eco l . Serv . n . p .  

1981 . Standards for the devel opment of 
103 ESM. U . S .  Fi sh Wi l d l . Serv . , Di v .  

2Terrel l ,  J .  W . , T .  E .  McMahon , P .  0 .  I n s ki p ,  R .  F .  Ra l e i g h ,  and K .  L .  
Wi l l i amson . 1982 . Habi tat sui tabi l i ty i ndex mode l s :  Appendi x A .  Guide l i nes  
for ri verine and l acustri ne app l i cat ions  of  f i sh HSI  mode l s  with the Habi tat 
Eva l uati on Procedure s .  U . S .  Fi sh Wi l d l . Serv . FWS/OBS-82/10 .A .  54 pp . 
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RAINBOW TROUI (Sa lmo gai rdneri ) 

HABITAT USE INFORMATION 

General 

Because of vari at ions  i n  the i r  l i fe h i story pattern and the habi tat i n  
wh i ch they spend the majori ty of thei r adu l t  l i ves , rai nbow trout ( Sa l mo 
ga i rdneri ) can be subd i v i ded i nto three bas i c  eco l og i cal form s :  ( 1 ) anadromous 
steel head trout ; ( 2 )  res i dent  stream rai nbow trout ; and ( 3 ) l a ke or reservoi r 
dwel l i ng rai nbow trout . I t  i s  i mportant to recogn ize that there i s  a genet i c  
or  heredi tary bas i s for each ecol ogi cal form . For exampl e ,  a 11 l a ke o r  
reservo i r" rai nbow may react very d i fferently to envi ronmental st imul i 
associ ated with  survi val , feed i n g ,  and growth i f  i t  be l ongs to a popu l at ion  
that has  been evol v i ng and  adapti ng to  the parti cu lar  l ake for hundreds or 
thousands of yea r s ,  when compared to hatchery rai nbow trout that have just 
been rel eased i n  the l ake . 

Nonanadromous  rai nbow trout are nat i ve to the Pac i fi c  Coast dra i nages 
i n l and as far as  the Roc kies  and from the Ri o de l Pres id io  R iver  i n  Mex i co to 
the Kuskokwim Ri ver i n  Southwestern A la ska ( Behnke 1979) . They are a l so 
nati ve to the Peace Ri ver drai nage of  Bri t i sh Col umbia  and the headwaters of  
the Athabas ka R i ver  ( o f  the McKenz i e  River bas i n )  i n  Al berta ( MacCrimmon 
197 1 ) .  The i r  present range extends from the Arct i c  C i rc l e  to 55° S l at i tude . 
They are perhaps the most widely i ntroduced fi sh spec i es ; the on ly  conti nent 
l ac k i ng rai nbow trout i s  Antarct i ca (McAfee 1966 ; MacCri mmon 1971 ) . Rai nbow 
trout occur from 0 to 4 , 500 m above sea l evel (MacCrimmon 1971 ) .  

Anadromous steel head trout are di stri buted a l ong the Pac i f i c  coast from 
the Santa Ynez Mounta i n s ,  Cal i forn i a ,  to the Al aska Pen i nsu l a  (Jordan and 
Evermann  1902 ; Wi th ler  1966 ) .  Large rai nbow trout on and north of  the Al aska 
Pen i n su l a  appear to be nonanadromous .  

Age, Growth, and Food 

Fema l e  rai nbow trout typi cal l y  become sexua l ly  mature duri ng the i r  th i rd 
year ;  ma l e s  become sexual ly mature duri ng the i r  second or  thi rd year ( Ho l ton 
1953 ; Lag l e r  1956 ; McAfee 1966) . Li fe expectancy averages 3 to 5 years i n  
most southern l ake popu l at i on s ,  but l i fe expectancy o f  stee l heaa and northern 
la ke popul ations  appears to be 4 to 8 years . Maxi mum s ize a l so vari es wi th 
populati on , area , and hab itat . Steel head may grow to 122 em l ong and we igh  
16  kg . The average angl er ' s catch i s  3 . 6  to  4 kg . Great La kes rai nbow grow 
to 244 em , but se ldom exceed 9 kg ( Scott and Crossman 1973) . S i ze i n  wi l d  

1 



rai nbow trout appears to be a functi on o f  l ongevi ty �  del ayed age at maturity ,  
and l ength o f  ocean resi dence for steel head . 

Adu l t  and j uven i l e  rai nbow trout are ba s i ca l ly opportuni s t i c  feeders and 
consume a w i de vari ety of foods . Ava i l abi l i ty of di fferent foods depends on 
many factors , i nc l udi ng water type , season , and s i ze of the trout ( McAfee 
1966) . The d i e t  of rai nbow trout con s i st s  ma i n l y  of aquat i c  i n sects (Al l e n 
1969 ;  Carl ander 1969 ; Baxter and S i mon 1970 ; Scott and Cro s sman 1973 ) ,  al though 
food s ,  such as zoopl ankton ( McAfee 1966 ) ,  terre str i a l  i n sects , and f i s h 
( Carl ander 1969) , are l ocal l y  or seasonal ly i mportant . The rel ati ve importance 
o f  aquat i c  and terrestri al  i n sects to resident stream rai nbow trout vari e s  
greatly among di fferent e n v i ronments , seasona l ly and d i e l l y ,  and with the age 
o f  the trout ( Bi s son 1978 ) .  Forty to fi fty percent or more o f  the summer food 
of t rout i n  headwater streams may be composed of terre str i a l  i n sects ( Hunt 
1971 ) .  Adul t  stream rai nbow trout occa s i o na l l y  con sume s i g n i f i cant quanti t i e s  
o f  vegetat i o n , mo s t l y  a l gae ( McAfee 1966) . Stream trout have n o  mechan i sm to 
break down cel l wa 1 1  s i n  vegetati on and cannot obtai n  nutrients from i t ,  
therefore , vegeta t i o n  i s  thought to be con sumed because o f  the i nvertebrates 
attached to it ( Be h n ke pe r s .  comm . ) .  Bottom fauna may compri se 83 to 94% of 
the wi nter d i e t o f  adu l t  and j uven i l e  l a ke rai nbow trout ( C ros sman and Larki n 
1959 ) .  Lake trout usua l l y  reach 30 em i n  l ength before they act i vely prey on 
other fi sh spec i e s  ( Cro s sman 1959 ; Cro s sman and Larki n 1959 ; Johan nes  and 
Lark i n  196 1 ) . 

Reproduction  

Rai nbow trout spawn a l mo st exc l us i ve l y  in  streams . Some rai nbow and A 
rai n bow-cutthroat trout hyb r i d s  have succe s s fu l l y  reproduced i n  l ake s wi thout ., 
tri butary streams ( Behnke , pers . comm . ) .  Spawn i ng i n  certa i n  ri ver systems 
may occur i n  i nterm i ttent tri butary streams ( Everest 1973 ; P r i c e  and Geary 
1979 ) .  I n  one case , up to 47% o f  the stream rai nbow trout popul ation spawned 
i n  i nterm i ttent tri buta r i e s  that d r i ed up i n  mi d summer and fa l l  ( Erman and 
Le idy 1975 ; Erman and Hawthorne 1976 ) .  Spawn i ng norma l l y occurs from Jan uary 
to Jul y ,  depe nd i ng on l ocati o n . Hatchery sel ecti on has  resul ted i n  fal l 
spawn i ng stra i n s ,  and spawn i ng o f  hatchery fi s h  may occur i n  a l most any month 
of the yea r ,  depe ndi n g  on the stra i n  ( Behnke 1979 ) .  A few popu l a t i o n s  outside 
of the nati ve range have modi f i ed the i r  spawn i ng times to avoi d  adverse 
envi ronmental condi t i o n s  ( Van Vel son 1974 ; Kaya 1977) . Vi abl e eggs have 
resul ted from December and January spawn i ng at water temperatures o f  0 .  3 to 
2 .  0° C i n  a tri butary of Lake Huron ( Dodge and MacCri mmon 1970 ) .  However , 
eggs exposed to l ong period s  o f  0 to 4° C temperatures su ffered h i g h  morta l i ty 
and abnorma l i ti e s . 

The fema l e  general l y  sel ects a redd s i te i n  g ravel substrate at the head 
of a r i f f l e  or down stream edge of a pool ( G reel ey 1932 ; Orcutt et al . 1968) . 
The redd p i t ,  con structed primari ly by the fema l e ,  i s  typ i c a l l y  l onger than 
the fema l e  and deeper than her greate st body depth ( Gree l ey 1932 ) .  Avt:· rage 
depth of egg depo s i ti on i s  15 em ( Hooper 1973) . 

Rai nbow trout re s i d i ng i n  l a kes and reservoi rs have a s i m i l a r l i fe hi story 
pattern to the steel head trou t ,  but genera l l y  l ack a phy s i o l og i ca l  smo l t  
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stage . Juven i l es m·i grate from natal streams to a freshwater l ake reari ng 
are� , i n s tead of to the ocean . Lake ra i nbow trout most commonly spend two 
summers i n  a stream and two summers i n  a l ake before maturi ng (Gree l ey 1933 ) .  
Spawn i ng takes pl ace duri ng the growi ng season i n  an i n l et or an outl et stream , 
wi th more than 90% of the trout return i ng to the stream of nata l or i g i n  
(Gree l ey 1933 ; Li ndsey et al . 1959 ) .  Lakes wi th n o  i n l et o r  outl et streams 
genera l l y do not possess a reproduc i ng popu l ation  of rai nbow trout.  Whether 
spawn i ng adu l t s  enter through an i n l et or an out l et ,  they and thei r progeny 
wi l l  return to the l a ke ( Li ndsey et al . 1959) . These movements from natal 
s i tes to l a ke reari ng areas appear to be d i rected by geneti c/envi ronmental 
i n teracti o n s  ( Ra l e i gh 1971 ) .  

Spawni ng usua l ly beg i ns one month earl ier  i n  the outl et than i n  the i n l et 
( Li ndsey et a l . 1959;  Hartman et  al . 1962 ) ;  the d i fference i n  t ime i s  
apparently  rel ated to temperature d i fferences ( Li ndsey et al . 1959) . In  
Bothwe l l Cree k ,  a tri butary of  Lake Huron , 65% of  the spawn i ng run  were repeat 
spawne rs ( Dodge and MacCrimmon 1970) . The typ i cal surv i val rate of  repeat 
spawners i s  10-30%, with extremes from 1% to more than 65%. 

Average fecund i ty of ra inbow trout i s  rel ated to l ength , but i s  h igh ly  
vari abl e ,  rang i ng from 500 to 3 , 161  eggs per  stream res ident fema l e  ( Carl ander 
1969) . Fecund i ty of  l a ke resi dent fema l es ranges from 935 to 4 , 578 eggs per 
fema l e ,  wi th an average of 2 , 028 eggs per femal e (Mann 1969 ) . 

Anadromy 

Anadromous steel head spawn i n  freshwater streams . Steel head smo l t  and 
mi grate i n  l ate spri ng (Wagner 1968; Chri sp and Bj ornn 1978) . Photoperi od 
appears to be the domi nant tri ggeri ng mechan i sm for parr-sme l t  transformati on , 
wi th temperature affecting the rate of transformation  ( Wagner 1974) . Smo l ts 
that have not m igrated by approximately the summer sol stice  revert to parr and 
attempt to m i g rate the fol l owing  season ( Zaugg and Wagner 1973 ) . Juven i l es 
reside i n  freshwater for 1 to 4 years before mi grating  to the sea as  sme l t s .  
They mature after 1 to 4 years o f  ocean res i dence and return t o  freshwater 
ri vers to spawn (Chapman 1958 ; With ler  1966) . A l arge number of the steel head 
adul t s  d i e  after spawn i ng ,  but some (3 to 53%) return to the ocean and spawn 
aga i n  ( Bj ornn 1960 ; Wi th l er 1966 ; Fu l ton 1970) . Steel head spawners tend to be 
l a rger and ol der i n  the northern portion of the i r  range (Wi th l er 1966) . 

There are both wi nter and summer-run steel head . Summer-run adu l ts enter 
freshwater ri vers i n  the spri ng and early summer .  Wi nter-run steel head enter 
freshwater ri vers in the fa l l  and wi nter .  As many as 98 . 8% of the trout 
return to thei r natal stream (McAfee 1966) . Both groups typ i cal ly  spawn i n  
the spri n g  and early summer months ,  March through early July (With ler  1966 ; 
Orcutt et  al . 1968) , al though spawni ng at other t i me s  of the year has been 
reported� Summer-run and wi nter-run steel head are di sti ngui shed by di fferences 
i n  behav i or prior to spawni ng and , to a l i mi ted extent , by appearance (Withler 
1966) . 
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When f i sh mi grate from freshwater to sa 1 twate.r ,  they are movi ng from a 
hypoton i c  medi um to a hyperton i c  med i um .  Gi l l  Na-K ATPase acti v ity appears to 
be rel ated to sa l twater tol erance and smo l t i ng (Conte and Wagner 196 5 ;  Zaugg 
and Wagner 1973 ; Adams et al . 1975) . Water temperature affects Na-K-rel ated 
ATPase acti v ity .  Juven i l e  steel head kept i n  water warmer than 13° C from 
March to June experi enced reduced l evel s of smo l t i fi cation and very low l evel s 
of ATPase acti v ity (Zaugg and Mcla i n  1972 ; Zaugg and Wagner 1973 ; Wagner 
1974) . Water temperatures of 10 . 5  to 1 3° C resul ted i n  a moderate ATPase 
response ,  and temperatures of 6 . 5  to 10° C resul ted i n  the hi ghest act i v i ty 
l evel s for the l ongest peri od o f  time (Adams et a l . 1975 ) .  The effect of 
temperature on ATPase act i v i ty i s  revers i bl e  wi thi n a season ( Zaugg and Mcla i n  
1972) . 

Coeff i c i ent  of  cond i t i on i s  another i ndi cator o f .  parr-smo l t  transforma
tion . Juven i l e  steel head not undergo i ng a smo l t  transformati on do not l ose 
wei ght ; whereas ,  steel head undergo i ng transformati on l ose enough wei ght to 
resu l t  i n  a greatly reduced coeffi ci en t ·  o f  cond i t i on (Adams et a l . 1973 ; 
Wagner 1974) . 

A fork length ( i . e . , anter i o r  most extremi ty to the notch i n  the ta i l  fi n 
of fork-ta i 1  ed f i sh or to the center o f  the ta i l  f i n  when the ta i l  i s  not 
forked) of 160 mm i s  the average l ength juven i l e  parr must reach before they 
undergo the physi o l ogical and morpho l og i cal changes of smel t ing  ( Fessl er and 
Wagner 1969 ; Chri sp and Bjornn 1978) . Hatchery-reared stee l head typ i cal ly 
reach cri t i cal s i ze in one growi n g  season , but native stream steel head usua l l y  
req u i re two o r  more growi ng sea sons ( Chri sp and Bj ornn 1978) . Mi grating  
sme l t s  at  the l ower end of the m i n i mum l ength requi rement stay in  the ocean 
l onger than sme l ts that are l arger i n  s i ze when they m i g rate ( Chapman 1958) . 

The freshwater habi tat requ i rements of  adu l t  and juven i l e  steel head are 
as sumed to be essenti al l y  the same as those for other rai nbow trout. Excep
t i o n s  for stee l head are : ( 1 ) l ow temperature (< 13° C) requ i rements dur ing  
the  spri ng months for smo l t i f i cati on of j uven i 'l es ;  and  ( 2 )  the presence of  
moderate temperatures (preferabl y s 20° C )  and  freshets ( periodic  h igh  f l ows) 
duri ng the upstream mi grati on o f  adu l t s .  

Speci f i c  Habi tat Requi rements 

Opt imal rai nbow trout ri veri ne habi tat i s  characteri zed by c l ea r ,  co l d  
water;  a s i l t-free rocky substrate i n  ri ffl e-run areas ;  an approximate ly  1 : 1  
pool -to-ri ffl e rat i o ,  w i th areas  of s l ow ,  deep water ;  wel l -vegetated stream 
ban k s ;  abundant i n stream cover ;  and rel atively  stab l e  water f l ow, temperature 
regime s ,  and stream banks ( Ra l e i gh and Duff 1980) . 

Optimal l acustr ine  habi tat i s  characterized by c l ea r ,  co l d ,  deep l akes 
that are typ i cal ly  ol i gotrophi c ,  but may vary i n  s i ze and chemical qual ity ,  
particul arly i n  reservo i r  habi tats . Rai nbow trout are primari ly  stream 
spawners  and general ly  requ i re tri butary streams with gravel substrate i n  
ri ffl e area s for re�roduct i o n  to occ�r .  
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Tro�t product i on i s  typ i cal ly greatest  i n  streams w ith a pool -to-ri ffle 
rat i o  of approximately 1 : 1  ( Fortune and Thompson 1969 ; Thompson and Fortune 
1970) . Pool s are i nhabi ted throughout the year by adu l t  and juveni l e  stream 
ra i nbow trout .  Pool s are important to trout as a refuge from adverse cond i
t i on s  dur i ng the wi nter . Because pool s di ffer i n  the i r  abi l i ty to prov ide 
resti ng areas and cover,  th i s  model subd i v i des  pool s i n to three c l asse s .  
Lewi s { 1969) found that streams wi th deep , l ow vel oc i ty pool s conta i n i ng 
exten sive cover had the most stab l e  trout popul ati o n s .  

Ava i l ab l e  trout l i terature does n o t  often c l early di stingu i sh between 
feedi ng stat i on s ,  escape cover ,  and wi nter cover requi rements . Prime 
requ i s i te s  for optima l  feedi ng stat ions  appear to be l ow water vel ocity and 
access to a p l enti ful food suppl y ;  i . e . , energy accretion  at a l ow energy 
cost .  Water depth i s  not c l early defi ned as  a sel ecti on factor , and overhead 
cover i s  preferred but not essenti al . Escape cover,  however ,  must be nearby .  
The feed i ng stat ions  of  domi nant adu l t  trout i nc l ude overhead cover when 
ava i l ab l e .  The feed i ng stati ons of subdomi nant adu l t s  and juven i l e s ,  however,  
do not a lways i nc l ude overhead cover.  Antagon i st i c  behav i or occurs at feedi ng 
stati ons and h ierarchies  are establ i shed , but e scape cover i s  often shared . 

Cover i s  recogni zed as one of the essentia l  components of trout streams . 
Boussu { 1954) was abl e to i ncrease the number and we i ght of trout i n  stream 
sections by add i ng arti f i c i a l brush cover and to decrease numbers and we ight 
of  trout by removi ng brush cover and undercut banks .  Lewi s ( 1969) reported 
that the amount of cover wa s i mportant in determi n i ng the number of trout i n  
sections of a Montana stream . Stewart ( 1970) found that mean depth and under
wate r ,  overhang i ng bank  cover were the most i mportant variabl es  i n  determi n i ng 
the den s i ty of brook. and rai nbow trout l onger than 18 em i n  a northcentral 
Col orado stream . Cover for adu l t  trout con s i sts of  areas of  obscured stream 
bottom i n  water � 15 em deep wi th a vel oci ty of s 1 5  em/sec ( Wesche 1 980 ) .  
Wesche ( 1980) reported tha t ,  i n  l arger streams , the abundance o f  trout � 15  em 
i n  l ength i ncreased wi th water depth ; most trout were at depths of  at l east 
15  em . Cover i s  provided by overhang i ng vegetati on ;  submerged vegetation ; 
undercut banks ; i n stream object s ,  such as  debri s p i l e s ,  l ogs , and l a rge rocks ; 
pool depth ; and surface turbu l ence (Gi ger 1973 ) .  A cover area of � 25% o f  the 
total stream area prov i des  adequate cover for adu l t  trout ; a cover area of 
� 15% i s  adequate for j uven i l e s .  The ma i n  uses of summer cover are probably 
predator avoi dance and rest i n g .  

I n  some stream s ,  the major factor l im i ti ng sa lmon id  den s i t i es may b e  the 
amount of adequate overwi nter ing  hab i ta t ,  rather than the amount of summer 
rearing  habi tat ( Bustard and Narver 1 975a) . Wi nter h iding  behav ior i n  
sal mon ids i s  tri ggered by l ow temperatures ( Chapman and Bj ornn 1 96 9 ;  Everest  
1 969 ;  Bustard and Narver 1 975a ,b) . Cutthroat trout were found under boul ders , 
l og jams , upturned roots , and debri s whe n temperatures neared 4 to 8° C ,  
dependi ng on the water vel oc i ty ( Bustard and Narver 1 975a ) .  Everest ( 1969) 
found juven i l e  rai nbow trout 15 to 30 em deep ;n the substrate , wh ich  was 
often covered by 5 to 10 em of  anchor i ce .  Lewi s ( 1969) reported that ,  during  
wi nter , adul t rai nbow trout tended to  move i nto deeper water ( f i rst c l a s s  
poo l s ) . Bjornn ( 1971)  i ndi cated that downstream movement duri ng  o r  precedi ng 
wi nter did not occur i f  suff i c i ent wi nter cover was avai l ab l e  l ocal ly .  Trout 
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move to wi nter cover to avo i d  physica l  damage from ice  scour ing ( Hartman 196 5 ;  
Chapman and Bjornn 1 969) and t o  conserve energy (Chapman and Bjornn 1 969 ; 
Everest 1 969) . 

Headwater trout streams are re l ati vely  unproductive .  Most energy i nputs 
to the stream are i n  the form of a l l ochthonous materi a l s ,  such as terrestri al 
vegetation  and terrestri al i n sects ( Idy l l  1942 ; Chapman 1966 ;  Hunt 197 1 ) .  
Aquati c i nvertebrates are mo st  abundant and di verse i n  r iffl e areas with 
rubble  substrate and on submerged aquatic  vegetation (Hynes 1970) . However ,  
optimal  substrate for  ma i ntenance of  a d i verse i nvertebrate popu l ation consi sts 
of a mosa i c  of  mud , grave l , rubbl e ,  and bou lders , wi th rubble  domi nant.  A 
pool -to-ri ffl e rati o of about 1 : 1  (approxi mately a 40 to 60% poo l area) appears 
to provide an  optimal m i x  of  food produc i ng and rearing  areas for trout 
( Needham 1940 ) .  In ri ffl e area s ,  the presence of f i nes ( > 10%) reduces the 
producti on of i nvertebrate fauna (based on Cordone and Kel ly 1961 ; Crouse et 
a 1 .  1981 ) .  

Canopy cover i s  i mportant i n  ma i nta i ni  ng shade for stream temperature 
control and i n  prov idi ng a l l ochthonous  materia l s to the stream. Too much 
shade , however ,  can re strict pri mary producti v i ty i n  a stream. Stream temper
atures can be i ncreased or decreased by control l i ng the amount of shade . 
About 50  to 75% mi dday shade appears optimal  for most smal l trout streams 
( adapted from Oregon/Washi ngton Interagency Wi l dl i fe Conference 1979) . Shading  
becomes l es s  i mportant as stream gradi ent and s i ze i ncrease .  In  add i t i on , a 
wel l vegetated ri pari an area he l ps control wa tershed ero s i on . I n  most case s ,  
a buffer strip  about 3 0  m wide , 80% o f  whi ch i s  ei ther wel l vegetated o r  has 
stable roc ky stream banks , p rov i des  adequate ero s i on control and ma i ntai n s  
undercut stream ban ks characteri s t i c  o f  good trout habi tat . The presence o f  
f i nes  i n  ri ffl e-run areas can adversely affect embryo surv i val , food produc
t i on , and cover for j uven i l e s .  

There i s  a defi n i te re l at i on s h i p  between the annual fl ow reg ime and the 
qua l i ty of trout hab itat .  The most cri t i cal  per i od i s  typ ical ly  duri ng base 
f low ( l owest  f lows of l ate summer to wi nter) . A base f low � 50% of  the average 
annual da i ly fl ow i s  cons idered exce l l ent for mai nta i n i ng qual i ty trout 
habi tat , a base f l ow of 25 to SO% i s  con si dered fai r ,  and a ba se f l ow of < 25% 
i s  con si dered poor ( adapted from B i n n s  and Ei serman 1979 ; Wesche 1980) . 

Adul t .  Di ssol ved oxygen requi rements vary wi th speci e s ,  age , prior 
acc l imati on temperature , water vel oc i ty ,  acti v i ty l evel , and concentration  of 
substan�es  i n  the water (McKee and Wo l f  1 963) . As  temperature i ncrease s ,  the 
d i s sol ved oxygen saturat ion  l evel  i n  the water decreases , wh i l e  the di ssol ved 
oxygen req ui rement for the f i sh i nc reases . As a re sul t ,  an i ncrease i n  
temperature res u l ti ng i n  a decrea se i n  d i s sol ved oxygen can be detrimental to 
the f i s h .  Opti mal oxygen l evel s for rai nbow trout are not we l l  documented , 
but appear to be � 7 mg/1 at temperatures s 15° C and � 9 mg/1 at temperatures 
> 15° C .  Doudoroff and Shumway ( 1 970 ) demon strated th<: t swi mmi ng speed and 
growth rates for sal mon ids  dec l i ned wi th decreasi ng di ssol ved oxygen l evel s .  
In the summer (� 10° C ) , cutthroat trout general l y  avoid water wi th di ssol ved 
oxygen l evel s of l e ss than S mg/1 ( Trojnar  1 972 ; Sekul i ch 1 974) . 
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The i nc i p i ent l ethal l evel  o f  di s so l ved oxygen fo r adu l t  and juven i l e  
rai nbow trout i s  approximately 3 mg/1 o r  l e s s ,  dependi ng on envi ronmental 
cond it i on s ,  especi al ly temperature ( Gutsel l 1929 ; Burd i ck  et al . 1954 ; 
A l abaster et a l . 1957 ; Down i n g  and Merken 1957 ; Doudoroff and Warren 1962) . 
Al though fi sh can surv i ve at concentrati on s  j u st above thi s l evel , they must 
make vari ous phy s i o l og i cal  adaptat ions  to l ow l evel s of di sso l ved oxygen that 
may jeopardi ze thei r hea l th ( Randal l and Smi th 1967 ; Kutty 1968 ; Hughes and 
Saunders 1970 ; Cameron 197 1 ; Hol eton 1971 ) .  For examp l e ,  l ow l evel s o f  
di ssol ved oxygen can  re sul t i n  reduced fecundi ty and even prevent spawn i ng .  
Large f l uctuati on s  i n  di sso l ved oxygen may cause a reducti on i n  food con sump
tion  and impai red growth ( Doudoroff and Shumway 1970 ) . 

The upper and l ower i nc i p i ent l etha l temperatures for adul t ra i nbow are 
25° and 0° C ,  re spect i ve ly  (B l acK 1953 ; Lagl er 1956 ; McAfee 1966 ; B i dgood and 
Berst 1969 ; Ho kan son et a l . 1977) . Zero growth rate occurred at 23° C for 
ra i nbow trout i n  the l aboratory (Hokan son et a l . 1977) . Changes i n  the natural 
growth rate of ra i nbow trout are detri menta l to thei r devel opment and surv i val . 
Therefore ,  25° C shou l d  · be con s i dered the upper l i mi t sui tabl e for rai nbow 
trout and then on ly  for short peri ods of time .  Adu l t  l ake rai nbow trout 
sel ect waters w i th temperatures between 7 to 18° C ( Fast 1973 ; May 1973) and 
avo id  permanent re s idence where temperatures are above 18° C (May 1973 ) .  
Adu l t  stream rai nbow trout sel ect temperatures between 12 . 0  and 19 . 3° C 
{Garside and Ta i t  1958 ; Be l l  1973 ; Cherry et al . 1977 ; McCaul ey et a l . 1977) . 
D ickson and Kramer { 197 1 )  repo rted that the greatest scope of ra i nbow trout 
act i v i ty occurred at 15 and 20° C when te sted at 5° C temperature i nterval s .  
Stream rai nbow trout sel ect temperature s between 12 and 19° C ;  l ake re s ident 
trout avo i d  temperatures > 18° C .  The refore , the optimal temperature range 
for rai nbow trout i s  assumed to be 12 to 18° C .  

The depth di stri but i on of  adu l t  l a ke ra i nbow trout i s  usua l ly  a funct i o n  
of di ssol ved oxygen ,  temperature , and food . Adu l t  l a ke ra i nbow trout rema i n  
at depths s the 18° C i sot�erm and at d i ssol ved oxygen l evel s > 3 mg/1 ( May 
1973;  He ss 1974 ) . 

Focal poi nt ve l o c i t i e s  fo r adu l t  cutthroat trout at terr itor i a l  stat i on s  
i n  Idaho streams were pr imari ly  between 1 0  and 1 4  em/sec , with  a max imum of 
.22 em/ sec (Gri ffi th 1972 ) . The focal po i nt vel oc i t i e s  for adul t rai nbow trout 
are assumed to be s imi l ar .  

Preci se pH to 1 erance and optima 1 ranges are not we 1 1  documented for 
rai nbow trout . Most trout popu l at ions  can probably to l erate a pH range 'of 5 . 5  
to 9 . 0 ,  w i th a n  optimal range of 6 . 5  to 8 . 0  ( Hartman and Gi l l  1968 ; Behnke and 
Zarn 1976) . 

Wi thler ( 1966) sugge sted that the correl ati on between the wi nter stee l head 
run and i ncrea sed water vo l ume i nd i cates that a freshet condi t i on i s  requi red 
to i ni ti ate upstream · movement of spawners . Evere st ( 1973) stated that speed 
of mi grati on of summer-run stee l head i n  the Rogue Ri ver was i nverse ly  rel ated 
to temperature and di rect ly  rel ated to streamfl ows .  Hanel ( 197 1 )  obse rved 
that steel head m i grati o n  i nto the I ron  Gate fi sh hatchery ceased when the 
water temperature dropped to 4° C and d i d  not re sume for several weeks  unti l 
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the temperature i ncrea sed . Thi s sugge sts that water temperatures shou ld  be 
> 4° C but � 18° C ,  and streamfl ow cond i t i o n s  shou ld  be above normal sea sonal 
fl ows dur i n g  upstream mi grati o n s  of stee l head adu l t s .  

Embryo . I ncubati on t ime vari es i nverse ly  wi th tempe rature . Egg s usua l l y  
hatch wi th i n  28 to 40 days ( Cope 1 957) , but may ta ke a s  l ong a s  49 days ( Scott 
and Crossman 1 973) . The opt ima l  temperature for embryo i ncubat i on i s  about 7 
to 12° C .  Cal houn ( 1966 ) repo rted i ncrea sed mortal i t i e s  of ra i nbow embryos at 
tempe ratures < 7° C and norma 1 deve 1 opment at temperatures � 7 but � 12° C .  
The optimal water ve l oc i ty above rai nbow trout redds i s  between 30 and 
70 em/sec . Vel o c i t i e s  l e ss  than 10 em/sec or greater than 90 em/ sec are 
unsui tabl e ( De l i s l e  and El i ason 1 96 1 ;  Thompson 1 972 ; Hooper 1973 ) . 

The combi ned effects of temperature , di ssol ved oxygen , water vel oc i ty ,  
and gravel permeabi l i ty are important for successful i ncubati o n  ( Cobl e 196 1 ) . 
I n  a 30% sand and 70% gravel mi xture , o n l y  28% of impl anted steel head embryos  
hatched ; of the 28% that hatched , o n ly  74% emerged ( Bjornn  1969 ; Phi l l i p s et 
al . 1975 ) .  Optimal  spawn i ng gravel cond i t i ons  are a ssumed to i ncl ude s 5% 
f ines ; � 30% f i nes are a s sumed to resu l t  i n  l ow surv i va l  of embryos  and 
emerg i ng yo l k- sac fry .  Su i tabl e i ncuba t i on substrate i s  grave l that i s  0 . 3  to 
10 . 0  em i n  d i ameter (De l i s l e  and E l i ason  196 1 ;  Orcutt et a l . 1968 ; Hooper 
1973 ; Duff 1980 ) . Opt i ma l  substrate s i ze depends on the s i ze of  the spawners ,  
but i s  a ssumed to  average 1 . 5  to  6 . 0  em i n  d i ameter for rai nbows < 50  em · l ong 
and 1 .  5 to 10 . 0  em i n  di ameter for spawn ers � 50 em 1 ong (Orcutt et a 1 .  1968) . 
Doudo roff and Shumway ( 1 970) reported that sa lmon ids  that i ncubated at l ow 
di s so l ved oxygen l evel s were weak and sma l l wi th s l ower devel opment and more 
abnormal i t i e s . Di sso l ved oxygen requ i rements for rai nbow trout embryos are 6 
not we l l  documented , but are a ssumed to be s imi l ar to the requi rements for • 
adu l t s .  

Fry. Ra i nbow trout rema i �  i n  the gravel for about 2 weeks after hatch i ng  
{ Scott and Cro s sman 1 973)  and eme rge 45  to  75  days after egg ferti l i zati on , 
dependi ng o n  water tempe rature ( Cal houn  1 944;  Lea 1 968) . When mov i ng from 
natal grave l s  to reari ng area s ,  rai nbow trout fry exh ib i t what appears to be 
three di st i nct genet i ca l l y  contro l l ed movement pattern s :  ( 1 )  movement down
stream to a l arger r i ver,  l a ke , or to the ocean ; ( 2 )  movement up stream from a n  
out l et r i ver to  a l ake ; or  ( 3 )  l ocai d i spers ion  wi thi n a common spawni ng and 
reari ng area to areas of l ow ve l oc i ty and cover ( Ra l e i gh and Chapman 1 971 ) .  
Fry of l ake re s i dent f i sh may e i ther move i nto the l a ke from natal streams 
duri ng the fi rst growi ng season or overw i nter i n  the spawn i ng stream and move 
i nto the l ake du r i ng  subsequent growi ng season s .  

Fry res i d i ng i n  streams prefer sha l l ower water and s l ower vel oci t i e s  than 
do other ·1 i fe stages of stream trout ( M i l l e r  1 957 ; Horner and Bjornn 1 976) . 
Fry uti l i ze vel o c i t i e s  l e s s  than 30 em/sec , but vel oc i t i e s  l e ss  than 8 em/sec 
are preferred ( Gri ffi th 1972 ; Horner and Bjornn 1 976) . Fry surv i val  decrea ses 
with  i ncrea sed vel oci �y after the opt i mal  ve l oc i ty has been reached (Bul kl ey 
and Benson 1 962 ; Drummond and McKi nney 1 965 ) .  A pool area of 40% to 60% of 
the tota l stream area i s  a ssumed to prov i de opti mal fry habi tat . Cover i n  the 
form of aquat i c  vegetati on , debri s p i l e s ,  and the i nterst i ces between rocks i s  
cri ti cal . Gri ff ith ( 1972) states that younger trout l i ve i n  shal l ower water 
and stay c l o ser to e scape cover than do o lder trout . Few fry are found 
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more than 1 m from cover .  As the young trout gro� , they move to deeper ,  
faster water .  Everest ( 1 969)  sugge sted that one rea son for thi s movement was 
the need for cover ,  wh i ch i s  provided by i ncreased water depth , surface turbu
l ence , and substrate that con s i st s  of l arge materi al . 

Stream re s ident trout fry usua l ly overwi nter i n  shal l ow areas of l ow 
ve loc ity near the stream marg i n ,  w ith  rubb l e  be i ng the princ i pal cover ( Bustard 
and Narver l 975a ) . Opt i ma l  s i ze of  sub strate used as wi nter cover by rai nbow 
fry and smal l juven i l es ranges from 10 to 40 em i n  d i ameter ( Hartman 1 965 ; 
Everest 1 969) . An area of substrate of  thi s s i ze c l a s s  that i s  � 10% of the 
tota l habi tat probably  prov i de s  adequate cover for ra i nbow fry and sma l l 
j uven i l e s .  The u se of sma 1 1  di ameter rock.s (grave l ) for wi nter cover may 
resul t i n  i ncreased morta l i ty due to greater sh i fti ng of the substrate ( Bustard 
and Narver 1 975a ) . The presence of fi ne s  ( �  10%) i n  the r i ff l e-run areas 
reduces the val ue of the area as cover for fry and smal l juven i l e s .  Mante l man 
( 1958) reported a preferred temperature range of 13 to 19° C for fry .  Because 
fry occupy habi tats  cont i guous with  adu 1 ts , the i r  temperature and oxygen 
requ i rements are a s sumed to be s im i l ar to those of adu l t s .  

Juven i l e .  Gr i ff i th ( 1972) reported focal po int  vel oci t i e s  for juven i l e  
cutthroat i n  Idaho of between 10 and 12 em/sec , w ith a maxi mum ve l oc ity of 
22 em/sec . Metabo l i c  rates are hi ghest between 1 1  and 21° C ,  w ith  an apparent 
opti mal temperature of between 15  and 20° C (D i ck.son and Krame r 1 971 ) .  I n  
steel head streams , temperature s shou l d  be < 1 3  but > 4° C ( opt ima l  7 to 10° C)  
from March unti l June for no rmal  smol ti f i cation  to occur (Wagner 1974 ; Adams 
et a 1 . 1975) . 

Common types  of cover for j uven i l e  trout are upturned roots , l og s ,  debr i s  
pi l e s ,  overhang i ng bank.s , ri ff l e s ,  and sma l l bou l ders ( Bustard and Narver 
1 975a) . Young sal mon ids  occupy d i fferent habi tats i n  wi nter than i n  summer ,  
wi th l og jams and rubbl e i mportant as  wi nter cover . We sche { 1980) observed 
that l arger cutthroat trout {> 1 5  em long)  and juven i l e s (s 1 5  em) tended to 
use f nstream substrate cover more often than they used streamside cover 
( undercut bank.s and overhang i ng vegetati on) . However ,  juven i l e  brown trout 
preferred streams ide cover .  An area of cover � 15% of the total habi tat area 
appears to prov i de adequate cover for j uven i l e  trout . 

Because juven i l e  rai nbow trout occupy hab i tats conti guous with adu l t s ,  
the i r  temperature and oxygen req u i rements are assumed to be s im i l ar .  

HABITAT SUITABI LITY I NDEX ( HS I )  MODELS 

Fi gure 1 i l l u strate s the as sumed re l at i o n s h i p s  among model  vari abl e s ,  
components , and the HSI for the rai nbow trout mode l . 

1 
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Habitat var i ables Model components 

Ave. thalweg depth ( V .�) 

: i n s tream cover ( V , A) ----------� Adu l t  

� poo 1 s ( V 1 1 ) -

Pool c l a s s  rat i n g ( V 1 0 ) 

% i n stream cover ( V, J ) 

• pooh ( V . , )  � 
Pool c l a s s  rat i ng ( V 1 1 ) 

% substrate s i z e  c l a s s� 
% poo l s  ( V 1 1 )  ----�--------=::;.� Fry 

% ri ffl e fines ( V , , 8) 

Ave. max. temp. ( V 2 )  

Ave. mi n .  D . O .  ( V , )  

Ave. water v.eloc: i ty 

Ave. gravel s i ze i n  
spawn i ng areas ( V , )  

% ri ffl e f i ne s  ( V 1 , A) 

Max. temperature ( V 1 )  

Ave. m i n .  D . O .  ( V , )  

pH ( V 1 2 ) ----� 

Ave. base flow ( V 1 . ) 

Predominant substrate type 

% streamside vegetat i on 

% ri ffl e f i n es ( V 1 1 8) ------" 

% streamside vegetation 

% mi dday shade ( V 1 7 )b 
_______ -.J 

% Ave . da i l y  f l ow ( V 1 1 ) c 
______ _, 

aVhri abl es that affect a l l  l f fe stages .  

bOptional vari abl es .  

cSteel head variabl e .  

HSI 

Fi gure 1 .  D i ag ram i l l ustrat i ng the re l at i onshi p among model vari abl e s ,  
components , and HSI . 
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Mode l Appl i cabi l i ty 

Geograph i c  area . The fol l owi ng mode l s  are appl i cab l e  over the enti re 
North Ameri can range of the ra i nbow trout . 

Season . The model rates the year-round freshwater habi tat of ra i nbow 
trout . 

Cover types . The model i s  app l i cabl e to freshwater ri veri ne or l acustri ne 
habi tat s .  

M i n i mum habi tat area . Mi n i mum habi tat area i s  the m i n i mum area o f  cont i n
uous habi tat that i s  requ i red for a spec i e s  to l i ve and reproduce . Because 
trout can move con s i derab l e  d i stances to spawn or  l ocate su i tab l e  summer or 
wi nter reari ng habi tat , no attempt has been made to def i ne a m i n i mum amount of 
habi tat for the spec i e s .  

Veri fi cat ion  l evel . An acceptab le  l evel o f  performance for thi s ra i nbow 
trout model i s  for i t  to produce an i ndex between 0 and 1 "that the authors and 
other bi o l og i sts fami l i ar wi th ra i nbow trout ecol ogy bel i eve i s  po s i t i vely 
correl ated wi th l ong term carry i n g  capac i ty of  the habi tat . Model veri fi cat i on 
cons i sted of testi ng  the model outputs from samp l e  data sets devel oped by the 
authors to s imu l ate ra i nbow trout habi tat of h i g h ,  med i um ,  and l ow qual i ty and 
model rev i ew by rai nbow trout expert s .  

Mode l Descripti on 

The HSI mode l con si sts of  fi ve components : Adu l t  ( CA) ;  J uven i l e  "( CJ ) ;  

Fry ( C F) ;  Embryo ( CE) ;  and Other ( C0) .  Each l i fe stage component conta i n s  

vari ab l e s spec i f i cal ly  rel ated to that component .  The component c0 conta i n s  

vari abl e s  re l ated to water qual i ty and food supply that affect a l l l i fe stages 
of  ra i nbow trout . 

The model uti l i ze s  a mod i f i ed l i m i t i ng factor procedure . Thi s procedure 
as sume s that model vari abl e s  and components w ith  su i tabi l i ty i nd i ces  i n  the 
average to good range , > 0. 4 but < 1 .  0 ,  can be compensated for by hi gher 
su i tabi l i ty i ndi ces of other rel ated mode l vari ab l e s and compo nents . However,  
vari abl e s  and components wi th su i tabi l i t i es � 0 . 4  cannot be compensated for 
and , thu s ,  become l i mi t i ng factors for the hab i tat su i tab i l i ty .  

Adu l t  component .  Vari abl e  V, , percent  i nstream cover , i s  i nc l uded because 

stand i ng crops of  adu l t trout are assumed to be rel ated to the amount of  cover 
ava i l ab l e based on studi e s  of brook and cutthroat trout .  Percent  poo l s  ( V 1 0 ) 

i s  i nc l uded because poo l s prov i de cover and rest i ng area" for adu l t trout . 
Vari abl e V 1 0  a l so quant i f i e s  the amount of  poo l habi ta-t. that i s  needed . 

Vari ab le  V 1 5 , poo l c l a s s  rati ng , i s  i ncl uded because pool s di ffer i n  the 

amount and qual i ty of e scape cover , w i nter cover , and resti ng areas that they 
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prov ide .  Average tha lweg depth ( V � )  i s  i ncl uded because average water depth 

affects the amount and qual i ty of pool s and i n stream cover ava i l ab le  to adu l t  
trout and the mi gratory access  to spawn i ng and reari ng area s .  

Juven i l e  component . Vari abl es V, , percent i n stream cover ;  V 1 0 , percent 

poo l s ;  and V 1 5 , pool c l ass  rat i ng are i ncl uded i n  the juveni l e  component for 

the same reason s  l i sted above for the adu l t  component .  Juveni l e  rai nbow trout 
use these e ssent i a l  stream features for escape cover ,  wi nter cover ,  and resti n g 
are a s .  

Fry component .  Vari ab l e  V1 , percent sub strate s i ze c l a s s ,  i s  i nc l uded 

because  trout fry uti l i ze substrate as e scape cover and wi nter cover .  Vari abl e 
V 1 0 , percent pool s ,  i s  i n c l uded because fry use the sha l l ow,  s l ow water areas 

of poo l s and bac kwaters as  rest i ng and feed i ng stat i o n s . Vari ab l e  V 1 , , percent 

ri f f l e  fi ne s ,  i s  i nc l uded · because the percent f i n e s  affects the abi l i ty of the 
fry to ut i l i ze the rubb l e  substrate for cover. 

Embryo component . I t  i s  as sumed that habi tat sui tabi l i ty for trout 
embryo s depends pr imari ly  on average max i mum water temperature , V2 ; average 

m i n i mum d i ssol ved oxygen , V3 ; average water ve l oc i ty ,  V5 ; gravel s i ze i n  

spawn i ng area s ,  V 7 ;  and percent ri ff le  fi nes , V 1 1 • Water v e l oc i ty ( V 5 ) ,  

gravel s i ze ( V 7 ) ,  and percent f i n e s  ( V 1 , )  are i nterre l ated factors that effect 

the tran sport of di ssol ved oxygen to the embryo and the removal  of metabol i c  
waste products from the embryo .  I n  addi t i on , the presence of too many f i nes 
i n  the redds bl ocks movement of the fry from the i ncubat i ng gravel s to the 
stream . 

Other component . Th i s  component conta i n s  mode l  vari abl es for two subcom
ponents , water qual i ty and food supp l y ,  that affect al l l i fe stage s .  The 
subcomponent water qual i ty conta i n s  four vari abl e s :  maximum temperature ( V 1 ) ;  

average mi n i mum di s sol ved oxygen ( V 3 ) ;  pH ( V 1 1 ) ;  a�d average base f l ow ( V 1 � ) .  

The waterf l ow of al l streams fl uctuates on a seasonal cyc l e ,  and a correl at i on 
exi sts between the average annual  da i ly streamfl ow and the annual  l ow base 
f l ow per i od .  Average base fl ow ( V 1 � )  i s  i ncl uded to quanti fy the re l ati onsh i p 

between annual  wa�er f l ow fl uctuat i on s  and trout habi tat su i tabi l i ty .  These 
four vari abl es affect the growth and surv i va l  of al l l i fe stage s except 
embryo s ,  whose water qua l i ty requi rements are i nc l uded wi th the embryo 
component . The subcomponent food suppl y  conta i n s  three vari abl e s :  domi nant 
substrate type ( V, ) ;  percent streamstde vegetat i o n  ( V 1 1 ) ;  and percent ri ffl e 

fi nes  ( V 1 , ) .  Predom i nant substrate type ( V , )  i s  i ncl uded because th• abundance 

of aquat i c  i n sect s ,  an i mportant food i tem for rai nbow trout , i s  correl ated 
with substrate type .  Var i abl e V 1 1 , percent f i ne s  i n  ri ffl e-run and spawni ng 

are a s ,  i s  i ncl uded because the presence of excess i ve f i nes  i n  ri ffl e-run areas 

12 



I 
I 

I 
II 
I 
I 
I 
I 
I 
I 
I 
, 

I I 
I 

reduces the production  of  aquat i c  i n sect s .  Vari abl e V 1 1  i s  i ncl uded because 

a l l ochthonous materi al s are an i mportant source of nutrients i n  col d ,  un
product i ve trout stream s .  

Vari ab l es V 1 2 ,  V 1 7 ,  and V 1 1  are opt i ona l  var i abl es to be used on ly when 

needed and appropri ate . Streams ide vegetati o n ,  V 1 1 , i s  an i mportant means  of 

contro l l i ng so i l · ero s i on , a major source of f i nes i n  stream s ,  and for i nput of 
terrestria l  i n sects . Vari abl e V 1 7 ,  percent mi dday shade , i s  i nc l uded because 

the amount of shade can affect water temperature and photo synthe si s i n  streams .  
Average da i ly f l ows , V 1 1 , are a s soci ated with  rapi d  upstream mi grat ion of  

steel head adu l ts . Vari abl e s  V 1 2 and V 1 7 are u sed pri mari ly  for streams s 50 m 

wide where temperature , photosynthes i s ,  or  ero s i on prob 1 ems occur or when 
changes i n  the ri pari an vegetat i on are part of a poten t i a l  project p l a n .  
Vari ab l e  V 1 1  i s  u sed on ly  for ITabi tat eval uat ion  for spawni ng mi grat i on of 

steel head trout . 

Sui tabi l i ty I ndex (S I) Graphs for Model Vari ab l e s 

Thi s secti on  contai n s  sui tabi l i ty i ndex graphs for the 18 model var icbl e s .  
Equat ion s  and i n structi on s  for combi n i ng groups of  var i ab le  SI scores  i nto 
component score s and component scores i nto rai nbow trout HSI scores are 
i nc l uded . 

The graphs  were con structed by quanti fy i n g  i n formati on o n  the effect of  
each hab i tat vari abl e o n  the growth , surv i va l , or  bi omas s  of rai nbow trout . 
The curves were bui l t  on the a s sumpti o n  that i ncrements  of  g rowth , surv i val , 
o r  b i oma s s  p l otted on the y-ax 1 s  of the graph cou ld  be d i rectly converted i nto 
a n  i ndex of s u i tabi l i ty from 0 . 0  to 1 . 0  for the spec i e s ,  with 0 . 0  i nd i cati ng 
u n su itabl e cond i t i on s  and 1 . 0  i ndi cat i ng optimal condi t i on s .  Graph trend 
1 i nes  represent the authors • best esti mate of sui tabi l i ty for the vari ous 
l eve l s  of each variabl e .  The graphs have been revi ewed by bi o l og i sts fami l i ar 
w ith  the eco 1 ogy of the spec i e s ,  but some degree of SI vari abi l i ty ex i sts . 
The user i s  encouraged to modi fy the shape of the graphs when exi sti ng reg i onal  
i nformation  i ndi cates that the variabl e sui tabi l i ty re l at i o n sh i p  is  di fferent 
from that i l l ustrated . 

The habi tat meas urements and the S I  graph con structi on ·are based on the 
prem i se that extreme , rather than average , va l ue s  of a vari abl e most often 
l i m i t  the carry i ng capaci ty of a hab itat . Thu s ,  extreme condi ti ons , such a s  
maxi mum temperatures and m i n i mum di sso l ved oxygen l evel s ,  are often u sed i n  
the graphs �o de ri ve the SI  va l ues for the mode l . The l etters R and L i n  the 
habi tat col umn identi fy v �r i abl e s  u sed to eval uate ri veri ne ( R )  or l acu stri ne 
( L )  hab itats . 
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R v, Percent i n stream 1 . 0 t· cover duri ng the 
l ate growi ng season 

)( 0 . 8  l ow water peri od Cl) 
at depths 2:: 15  em '0 
and ve l oc i t i e s  ..: 0 . 6  
< 1 5  em/ sec . >, 

.... 
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R v ,  Average s i ze of sub- 1 . 0 
strate ( em)  i n  spawn-
i ng area s ,  preferabl y  � 0 . 8  dur i ng the spawn i n g '0 per i od .  c: 

-

A =  average s i ze of  
>, 0 . 6  

.... 
spawner < 50 em :::: 0 . 4  i 

B = average s i ze o f  � t: i 
2:: 50 <0 

I spawner em .... 
.,... 0 . 2 ;:, 

To derive  an average V1 

val ue for use wi th graph 0 . 0 
v, , i ncl ude areas con- 0 5 1 0  
ta i n i ng the best spawn i ng em 
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a l l poten t i a l  spawn i ng 
s i tes are i ncl uded or 
unti l the samp l e  contai n s  
an area equal to 5% of the 
total ra i nbow habi tat 
be i ng eval uated . 
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I 
v l l  Annual max i ma l  or 1 .0 

mi n ima l  pH . Use the \ R , L  
measurement wi th the 
l owe st SI va l ue . � 0 . 8  

"'0 I 
c:: 

For l acustr i ne habi tats , -

>, 0 . 6  
mea sure pH i n  the zone +.> 
wi th the best combi nat i on 

.,.... 

of d i ssol ved oxygen and � 0 . 4  
temperature . ta 
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I 
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0 . 0  
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I pH 

R v l .. Average annual  base 1 . 0  
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l ate summer or wi nter 
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• 

Pool c l ass  rat i ng duri ng 
the l ate grow i ng sea son 
l ow f l ow peri od . The 
rat i ng i s  based on the 
% of the area that con
ta i n s  pool s of the three 
c l asses  descri bed be l ow :  

A )  � 30% of  the area 
i s  compri sed of 

· 1 st-c l a s s  pool s .  
B )  � 10% but < 30% 

of  the area i s  
1 st-cl ass  pool s 
or � 50% i s  2nd
c l ass  pool s .  

C )  < 10% o f  the area 
i s  1 st-cl ass  pool s 
and < 50% i s  2 nd- · 
c l ass  pool s .  

( See pool c l a s s  des
cri pt i on s  bel ow) 

1 . 0 

::: o . 4  
.J:I 
ou 

+> 
·; 0 . 2  
V) 

0 . 0  

. 

. 

A B c 

Pool cl ass rati ng 

F irst-cl a s s  pool : Large and deep . Pool depth and s i ze are suffi 
c i ent to prov ide a l ow ve l oc i ty rest i ng area for several adu l t 
trout . Mor� than 30% of  the pool bottom i s  obscured due to depth , 
surface turbu l ence , or the presence of structure s ,  such as  1 og s ,  
debri s p i l es ,  bou l ders , or overhang i ng bank.s and vegetat i o n .  Or ,  
the  greatest poo l  depth i s  � 1 . 5  m i n  streams s 5 m w ide or � 2 m 
deep i n  streams > 5 m wide . 

• Second-c l a s s  poo l : Moderate s i ze and depth . Pool depth and s i ze 
are suff i c i ent to provi de a l ow ve l oc i ty rest i ng area for a few 
adu l t  trout . From 5 to 30% of the bottom i s  obscured due to surface 
turbu l ence , depth , or the presence of structures .  Typ i ca l  second
cl ass  poo l s are l arge edd i e s  beh i nd bou lders and l ow vel oc ity ,  
moderate ly  deep areas beneath overhang i ng bank.s  and vegetati on .  

• T h i rd-c l a s s  poo l : Sma l l or shal l ow or bo.t h .  Pool depth and s i ze 
are suff i c i ent to prov ide a l ow ve l oc i ty rest i ng area for one to a 
very few adu l t  trout . Cover , i f  present ,  i s  i n  the form of shade , 
surface turbu l ence , or very l i m i ted structures .  Typi cal  thi rd-c l a s s  
pool s are w ide ,  shal l ow pool areas o f  streams or sma l l edd i es beh i nd 
bou l ders . The enti re bottom area of  the pool i s  v i s i bl e .  
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I 
I. R V u Percent fi nes ( < 3 mm ) 1 . 0 

I i n  ri ffl e-run and 
spawn i ng areas duri ng 
average summer f l ows . � 0 . 8  
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An HSI  ba sed on the concept of  a l i m i t ing factor can be obtai ned for a 
parti cul ar  l i fe stage of  rai nbow trout , or a l l l i fe stages combi ned , by •. J 
se l ect i ng the l owes t  sui tabi l i ty i ndex ( SI )  for the approp�i ate l i sted habi tat 
vari ab l e s  as i s  done i n  Tab l e  1 .  

Al ternate mode l s  and mathemati ca l  methods of aggregat i ng SI ' s  i n to l i fe 
stage and spec i e s  HSI ' s  are pre sen ted i n  the fo l l owi ng page s .  

Tabl e 1 .  Matr ix  tabl e for d i spl ay i ng sui tabi l i ty i nd i ces ( SI ' s ) for 
ra i nbow trout habi tat vari abl e s . 

Vari abl es 

V1  Max imum temper�ture 

V2 Max i mum temperature ( embryo) 

V3  M i n imum di s so l ved 02 
V2 Average tha l weg depth 

V, Average ve l oc i ty ( spawn i ng )  

V, % cover 

V7  Substrate s i ze ( spawn i ng)  

V1 % substrate c l a s s  

V, Substrate type ( food) 

v l .  % poo l s 

v l l  % ri parian  vegetat i on 

v 1 2  % ground cover ( ero s i on)a 

V 1 3  Maxi mum-mi n i mum pH 

V 1 •  Average annual base f l ow 

V 1 1  Pool c l a s s  

v l ,  % fi nes  

v 1 7  % shadea 

v l .  % average dai l y  fl owa 

aOpti onal  vari abl e s .  

Adu l t  

X 

X 

X 

X 
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Embryo 

X 
X 

X 

X 

X 

SI ' s  

Fry Juven i l e  

X 

X 

X X 

X 
X 

Other 

X 

X 

X 

X 

X 
X 

X 

{ 

f. 



I 
� 
I 
I 
I 
I 
I 
I 
I 
It 
I 
I 
I 
I 
I 
I 

Data source s a nd the a s sumpt i on s  u sed t o  c o n struct the s u i tabi l i ty i ndex 
g ra p h s  for ra i nbow trout HSI mode l s are p r e s e n ted i n  T abl e 2 .  
R i ve r i n e  Model 

T h i s mode l u s e s  a l i fe stage a p p roac h w i t h  f i v e  component s :  adu l t ;  
j uv e n i l e ;  fry ;  embryo ; and other . 

Ca se 2 :  

C a s e  3 :  Steel head ( CAS ) 

I f  v_ o r  ( V 1 0  x V 1 5 ) 112 i s  s 0 . 4  i n  e i ther e q uat i on , then CA = the l owe s t  

factor score . 

J u v e n i l e  ( C  J ) .  

C a se 1 :  

v, + v l O 
CJ 

= 
3 

Or , i f  any v a r i abl e 

CJ v a r i a b l e s : 

+ V u 

i s  s 0 . 4 ,  CJ 
= 

V6 ; V lO ; v 1s ;  a n d  V2A 

the l owe s t  v a r i abl e score . 
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Table  2 .  li terature sources and assumpt i o n s  for rai nbow trout 
sui tabi l i ty i nd i ce s .  

Vari ab l e  and 

Bl ack 1953 
Garside and Tai t  1958 
Di ckson and Kramer 1971 
Hane l  1971 
May 1973 
Cherry et a l . 1977 

Snyder and Tanner 1960 
Cal houn 1966 
Zaugg and Mclai n 1972 
Zaugg and Wagner 1973 
Wagner 1974 

a source 

Randa l l  and Smi th 1967 
Doudoroff. and Shumway 1970 
Troj nar 1972 
Sekul i ch 1974 

Del i s l e  and E l i a son 196 1 
Estimated by authors . 

Del i s l e  and El i a son 1961 
Thompson 1972 
Hooper 1973 
Si l ver et a l . 1963 

Assumpti ons 

Average max i mal  da i l y water tempera
tures have a greater effect on trout 
growth and survi val than mi n ima l  
temperature s .  The temperature that 
supports the greatest scope of 
acti vi ty i s  optima l . In addi t ion , 
the temperature range associ ated wi th 
rapi d  mi grati on rates for adu l t  stee l 
head i s  opt i mal . 

The average max i ma l  da i ly water temper
ature dur i ng the embryo and smo l t i f ica
t i o n  devel opment peri ods that i s  rel ated 
to the h i ghest surv i val  of embryos and 
norma l deve l opment of sme l ts i s  optimal . 
Tempe ratures that reduce survi val  or 
deve l o pment of sme l ts are subopt i ma l . 

The average mi n ima l  dai l y  di sso l ved 
oxygen l evel duri ng embryo devel opment 
and the l ate growi ng season that i s  
re l ated to the greatest growth and 
surv i va l  of ra i nbow trout and trout 
embryos  i s  optimal . Di s so l ved oxygen 
concentrati on s  that reduce surv i va l  
and growth are suboptima l . 

Average tha l weg depths that provide 
the best combi nati on  of  pool s ,  
i n stream cover,  and i n stream movement 
of adu l t  trout are opt imal . 

The average ve l oci t ies over spawn i ng 
areas affect habi tat sui tabi l i ty 
because di s so l ved oxygen i s  carri ed 
to , and waste products are carri ed 
away from , the deve l op i n g  embryos . 
Average vel oci t ies that resu l t  i n  
the hi ghest surv iva l  o f  embryos are 
optimal . Ve l oc i ti e s  that resul t  i n  
reduced surv i val  are subopti mal . 
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Vari abl e and sourcea 

Boussu 1954 
El ser 1968 
Lewi s 1969 
Wesche 1980 

Orcutt et a l . 1968 
Bjornn 1969 
Phi l l i ps et a l . 1975 
Duff 1980 

Tabl e 2 .  ( conti nued ) 

Assumpt ions  

Trout standi ng crops are correl ated 
with  the amount of usabl e cover .  
Usabl e cover i s  a ssoci ated wi th 
water � 15 em deep and v e l oc i t i e s  
� 1 5  em/sec . These condi t ions  are 
a s soci ated more with pool than with 
r i ffl e condi tion s .  The best rati o 
of habi tat condi t ions  i s  approximate ly 
50% pool area to 50% r i ff l e  area . Not 
a l l of the area of a pool provi de s  
usabl e cove r .  Thus , i t  i s  assumed 
that optimal  condi t ion s  ex i st when 
usabl e cover compri ses < 50% of the 
total stream area . 

The average s i ze of spawn i ng gravel 
that i s  correl ated wi th the be st wa ter 
exchange rate s ,  proper redd con struct
i on ,  and h i ghest fry surv i va l  i s  assumed 
to be optima l . The percent total spawn
i ng area needed to support a good non
anadromous trout popu l at i on 
was ca l cul ated from the fol l owing  
a s sumpti ons :  

1 .  Excel l ent r iverine  trout habi tat 
supports about 500 kg/ha . 

2 .  Spawners compri se about 80% of 
the we i ght of the popu l ation . 
500 kg x 80% = 400 kg of 
spawners . 

3 .  Rai nbow adu l t s  average about 
0 . 2  kg each .  

400 kg 
0 . 2  kg 

= 2 , 000 adu l t  spawners 
per hectare 

4 .  There are two adu lts  per redd . 

2 5  

2 · 000 
= 1 000 pa i rs 2 , 



Tab l e  2 .  ( conti nued) 

Vari abl e and sourcea As sumptions  

v,  

v, 

Hartman 1965 
Everest 1 969 
Bustard and Narver 1975a 

Pennak and Van Gerpen 1947 
Hynes 1970 
B i n n s  and Ei serman 1979 

V 1 o  E l ser 1968 
Fortune and Thompson 1969 
Hunt 1971 

v l l  Idyl l 1942. 
Del i sl e  a nd E l i ason  1961  
Chapman 1966 
Hunt 1971 

V 1 2 Oregon/Wash i ngton I nteragency 
Wi l d l i fe Conference 1979 

Ra l e i gh and Duff 1980 

V 1 1  Hartman and G i l l  1968 
Behnke and Zarn 1976 

5 .  Each redd covers � 0 . 5  m2 . 

1 , 000 x 0 . 5  � 500 m2/ha 

6. There are 1 0 , 000 m2 per hecta re . 

500 
1 0 , 000 = 5% of total area 

The substrate s i ze range sel ected 
for e scape and wi nter cover by trout 
fry and smal l j uven i l e s  i s  a s sumed to 
be optima l . 

The predomi nant substrate type conta i n
i ng the  greatest numbe rs of  aquati c  
i n sects i s  a ssumed to be opt imal  for 
i n sect producti on .  

The percent poo l s duri ng l ate summer 
l ow fl ows  that i s  a ssoci ated with the 
greatest trout abundance i s  opt imal . 

The average percent vegetati on al ong 
the streamban k  i s  rel ated to the 
amount of a l l ochthonous materi a l s 
dep o s i ted annua l l y  i n  the stream . 
Shrubs are the best source of 
a l l ochthonous materi a l s ,  fol l owed by 
gra sses  and forbs , and then tree s .  
The vegetat i ona l  i ndex i s  a rea sonabl e 
approxi mat ion of optimal and suboptimal 
cond i t i o n s  for mo st trout stream 
habi tats . 

The average percent rooted vegetation 
and roc ky ground cover that prov ide s  
adeq uate ero s i on control to the stream 
i s  opti ma l . 

The average annual  max i mal or m i n i ma l  
p H  l evel s re l ated to h i gh surv i val of 
trout are opti ma l . 
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Vari ab l e  and sourcea 

V 1 �  Duff and Cooper 1976 
B i nns  1979 

V 1 s  Lewi s 1969 

V 1 ,  Cordone and Kel ly 1961 
Bjornn 1969 
Phi l l i p s  et a l . 1975 
Crouse et al . 1981 

V 1 , Sabean 1976 , 1977 
Anonymous 1979 

V 1 , Wi th ler  1966 
Everest 1973 

Tabl e 2 .  ( concl uded) 

Assumpti on s  

F l ow vari at ions  affect the amount and 
qua l i ty of poo l s ,  i n stream cover , and 
water q ua l i ty .  Average annual base 
f l ows associ ated wi th the hi ghest 
stand i n g  crops are optima l . 

Poo l c l asses associ ated w i th the 
h i ghest stand i ng crops of trout are 
opti ma l . 

The percent fi nes associ ated w i th the 
h i ghest stand i ng crops of food organ i sm s ,  
embryo s ,  and fry i n  each de s i gnated area 
a re optima l . 

The percent of shaded stream a rea 
dur i ng mi dday that i s  associ ated w i th 
optimal  water temperatures and photo-
synthe si s rates i s  optimal . b 

The above average dai ly  f l ows ( freshet s)  
a s soci ated wi th rap id  upstream mi grati on !  
o f  stee l head adul ts are  opt ima l . Low 
fl ows associ ated with mi grati on del ays 
are suboptima l . 

aThe above references i ncl ude data from stud i e s  on rel ated sal mon i d  spec i e s .  
Thi s i nformat ion has been se l ect ive ly  u sed to suppl ement·, veri fy , o r  fi l l  
data gaps on the habi tat requ i rements of ra i nbow trout . 
bShadi ng i s  h i ghly vari ab l e  from s i te to s i te .  Low e l evat i ons with  warmer 
c l i mates requi re abundant shad i n g  to ma i nta i n  cool waters . At hi gher 
el evations  with coo l er cl imate s ,  the absence of shad i ng i s  benef i c i a l because 
it resul ts i n  h i gher photosynthet i c  rates  and warm i ng of water to a more 
opti mal  temperature . 

2 7  



Case 2 :  Stee l head ( CJ S ) 

O r ,  i f  V 1 0  o r  ( V , x V 1 , ) 1 12 i s � 0 . 4 ,  C F = the l owe st factor score . 

Steps i n  c a l c u l ati ng C E : 

A .  A pote n t i a l  spawn i ng s i te i s  a �  0 . 5  m2 area of gravel , wi th an 
average di ameter o f  0 . 3  to 8 . 0  em , covered by fl owi ng water � 1 5  em 
dee p .  For stee l head , i ncrease the spawn i n g s i te area from 0 . 5  to 
2 . 0  m and the grav e l  s i ze to 0 . 3  t o  10 . 0  em . At each spawn i n g  s i te 
samp l ed ,  record : 

1 .  The average water ve l oc i ty over the s i t e ;  
2 .  The average s i ze o f  a l l gra v e l  0 . 3  to 8 . 0  em ; 
3 .  The percentage of f i n e s < 0 . 3  em i n  the g rave l ; and 
4 .  The total area . 

B .  Deri ve a spawn i n g s i te s u i tabi l i ty i ndex ( V s ) for each s i te by comb i n i n g 
V5 , V7 , and V 1 ,  va l u e s  for each s i te a s  fol l ows . 

C .  De r i ve a we i g hted average ( V s ) for a l l s i tes  i n c l uded i n  the samp l e .  

S e l ect the best Vs scores unti l a l l  s i tes  are i n c l uded or un t i l  
a total spawn i n g a rea equal to , but not exceed i n g ,  5% of the total 
trout habi tat has  been i n c l uded , whi chever comes fi rst . 

n 
! A .  Vs i  i = 1 1 

V s = total  habi tat a rea /0 . 05 ( o utput cannot exceed 1 . 0 )  
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where A; = the area of each spawn i n g s i te i n  m2 , but I A .  cannot 
e xceed 5% o f  the tota l habi tat 1 

= the i nd i v i dual  SI ' s  from the best spawn i n g areas 
unti l a l l spawn i ng s i tes have been i n c l uded o r  unti l 
the S I ' s  from an area equal to 5% o f  the tota l hab i tat 
be i n g eval uated have been i nc l uded , wh i chever occurs 
f i rst . 

D i s regard area re stri c t i o n s  for steel head . Because advanced j uven i l e  
and adu l t  stee l head mature i n  the ocean , they can theoret i c a l ly 
uti l i ze a much greater spawn i ng area than nona nadromo u s  ra i nbows . 

D .  Deri ve CE 
C E = the l owest score o f  V 2 , V , , or Vs 

Other ( C0) .  

where 

c v ,  x v 1 , ) 112 
+ V 1 1 

2 

N = the n umber o f  vari abl e s  wi t h i n the brac k..ets . Note that 
vari abl e s · V 1 2  and V 1 7  are opt i onal  and , there fore , can 
be omi tted ( see page 1 3 ) . 

HSI determ i nati o n . H S I  scores can be deri ved for a s i ng l e  l i fe stage , a 
comb i n at i on o f  two o r  more l i fe stag e s , o r  a l l l i fe stage s comb i ned . I n  a l l 
cases , except for the embryo compo n e n t  ( CE ) ,  an HSI i s  obta i ned by comb i n i ng 
one or more l i fe stage comp o n e n t  scores wi t h  the c0 compo nent score . 

1 .  Equa l  Compo n e n t  Va l ue Method . The equal component val ue method a s s ume s 
that each component exerts equal  i n fl uence i n  determi n i ng the HS I .  Th i s  
method s ho u l d  be used to determi ne the HSI u n l e s s  i n formati on e x i sts  that 
sugg e s t s  that i nd i v i dual  component s  shou l d  be we i g hted d i fferentl y .  
Compo n en t s � CA ; CJ ; C F ; CE ; and c0 
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2 .  

where N = the number of components i n  the equat i on 

Or , i f  any component i s � 0 . 4 ,  the HSI = the l owest component val ue . 

S o l ve the equati on for the number of components i nc l uded i n  the 
eval uati on . There wi l l  be a m i n i mum of two ; one or more l i fe stage 
components and the component ( C0) ,  un l e ss on ly the embryo l i fe stage 
( CE) i s  be i ng eval uated , i n  wh i ch case , the H S I  = CE . 

Unequa l  Component Val ue Method . Th i s  method al so uses a l i fe stage 
approach wi th fi ve components : adu l t  ( CA) ;  juven i l e  ( CJ ) ;  fry (C F) ;  
embryo ( CE ) ;  and other ( C0) .  However, the c0 component i s  d i v ided i nto 
two subcomponents , food ( C0F) and water qua l i ty ( C0Q) .  I t  i s  as sumed that 
the c0F subcomponent can e i ther i ncrease or decrease the sui tabi l i ty of 
the habi tat by i t s effect on growth at each l i fe stage , except embryo. 
The c0Q sub�omponent i s  assumed to exert an i nf l uence equal to the comb i ned 
i nfl uence of  a l l other model components i n  determi n i ng habi tat sui tabi l i ty .  
Thi s method a l so as sumes that water qual i ty i s  exce l l ent ; i . e . , c0Q = 1 .  
When c0Q i s  < 1 ,  the HS I  i s  decreased . I n  addi t i on , when a ba si s for 
we i ghti ng the i nd i v i dual components ex i sts , model component and subcompo
nent weights  can be i ncreased by mul t i p l y i ng each i ndex va l ue by mu l t i p l es 
> 1 .  Model wei ghti ng procedures must be documented . 

Components and subcomponent s :  CA ; CJ ; CF ; CE ; c0F ; and c0Q 

Step s :  

A .  Cal cul ate the subcomponents c0F and c0Q o f  c0 

( v, x v l , > 112 
+ V 1 1 

COF = 2 

Or,  i f  any var iab le  i s  s 0 . 4 ,  c0Q = the val ue of the l owe st vari abl e .  
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B .  Ca l cu l ate the HSI  by ei ther the noncompensatory or the compen satory 
opt i on . 

Noncompensatory opt i on . Thi s opt ion as sumes that degraded wate r 
qual i ty condi t ions  cannot be compen sated for by good phys i ca l  
hab i tat condi t ions . Thi s as sumpti on i s  most l i ke ly  to be true 
for smal l streams (� 5 m wide) ar.d for pers i stently  deg raded water 
qual i ty condi t ions . 

Or , i f  any component i s  � 0 . 4 ,  the HS I  = the l owest component val ue . 

where N = the number of components and subcomponents i n s ide the 
parentheses or ,  i f  the model components or subcomponents  
are wei ghted , N = the summati on of  we i ghts sel ected 

Fo r steel head , substi tute CAS and CJS for CA and CJ . 

I f  on ly  the embryo component i s  be i ng eva l uated , then HS I  = CE x c00 . 

Compen satory opt ion . Thi s method assumes that moderate ly degraded 
water qua l i ty cond i t i on s  can be part i a l ly compen sated for by good 
phy s i cal habi tat condi ti ons . Thi s as sumpti on i s  most useful  for 
l arge r i vers ( � 50 m wide)  and for temporary poor water qua l i ty 
condi t i o n s . 

1 )  HSI ' = ( cA x cJ x cF x cE x c0F> 11N 

Or , i f  a ny component i s � 0 . 4 ,  the HS I '  = the l owest component va l ue .  

where N = the n umber of components and subcomponents i n  the 
equation  or , i f  the mode l components or subcomponents 
are we i ghted , N = the s�mmation  of the we i ghts 
sel ected 

For stee l head , substi tute CAS and CJS for CA and CJ . 

2) If COQ i s < HS I ' , then HSI  = HS I '  x [ 1 - ( HS I ' - c00)] ; 
i f  COQ i s � HS I , then HS I = HSI ' . 
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3 ) I f  o n l y  the embryo component i s  be i ng eva l ua ted , s u b s t i t ute 
CE for HS I '  and fol l ow the procedure i n  Step 2 .  

Lac u st r i n e  Mode l s 

T h e  f o l l owi ng mode l s a re de s i gned to eva l uate rai nbow trout l acustri n e  
h a b i tat .  The l ac u s tr i n e  model  c o n ta i n s two compon e n t s , water q u a l i ty ( CWQ ) 

a n d  rep roduct i on ( C R ) .  

Water Qua l i ty ( Cwo
> ·  

O r , i f  the S I  scores for V 1  o r  V ,  are s 0 . 4 , CWQ = the l owe s t  S I  
s core for v l  o r  v , . 

Note : Lacu s t r i n e  ra i nbows req u i re a t r i buta ry s t ream for s pawn i n g and 
embryo devel opme n t . I f  the embryo l i fe stage habi tat i s  i nc l uded i n  
t he eva l ua t i on , u se the embryo compo n e n t  s t e p s  and e q u a t i on s  i n  the 
r i ver i n e  mod e l  above , except t h a t  t h e  a rea of  s p awn i ng gravel  needed 
i s  o n l y  abou t  1% of the total  s urface a re a  o f  the l ac u s tri n e  hab i ta t .  

v = s 

n 
I A .  

; = 1  , 
t o ta l 

V s i  

habi tat a re a  /0 . 01 ( output c a n n o t  b e  > 1 . 0 ) 

H S I  = ( C  x C ) l/Z 
WQ E 

I f  o n l y  the l ac u s tr i ne habi tat i s  e v a l uated , the H S I  = Cwo · 
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I nterpreti ng Mode l Outputs 

Model HSI  scores for i nd i v i dua l l i fe stages , compo s i te l i fe stages , or for 
the spec i e s as a who l e  are a re l at i ve i ndi cator of habi tat sui tabi l i ty .  The 
HSI  model s ,  i n  thei r present form , are not i ntended to pred i ct standi ng crops 
of f i shes throughout the Uni ted State s .  Stand i ng crop l i m i t i n g factors , such 
as i nterspec i f i c  compet i t i on , p redati on , di sease , water nutri ent l evel s ,  and 
l ength of grow i ng season , are not i ncl uded i n  the aquati c  HSI mode l s .  The 
mode l s  conta i n  phy s i cal  habi tat vari abl es important i n  ma i nta i n i ng v i ab l e  
popu l at i on s  o f  rai nbow trout . I f  the model i s  correctly structured , a h i g h  
HS I score for a habi tat wou l d  i nd i cate near opt ima l  reg i onal  condi t i on s  for 
rai nbow trout for those factors i nc l uded i n  the model , i ntermedi ate HS I scores 
wou l d  i nd i cate average hab i tat condi t i o n s ,  and l ow HSI scores wou l d  i ndi cate 
poor habi tat cond i t i on s . An HSI  of 0 does not necessari l y  mean that the 
spec i e s  i s  not p resent ; i t  does mean that the hab i tat i s  very poor and that 
the spec i es i s  l i kely to be scarce or absent .  

Rai nbow trout tend to occupy r i ver ine  habi tats where few other f i sh 
spec i e s  are present .  Thus� factors such as d i sease , i nterspec i f i c  compet i t i on ,  
and predat i on may have l i tt l e  a ffect on the mode l . When the rai nbow trout 
model i s  appl i ed to rai nbow trout streams conta i n i ng few other spec i e s and 
s i mi l ar water qual i ty and l ength of growi ng season cond i t i ons , i t  shou ld  be 
pos s i b l e  to cal i brate the model output to refl ect the s i ze of standi ng crops 
wi t h i n  some rea sonabl e  conf idence l i m i t s .  Th i s  poss i b i l i ty ,  however ,  has not 
been te sted w ith the present mode l . 

Sampl e  data sets sel ected by the authors to represent h i g h ,  i ntermed i ate , 
and l ow habi tat sui tabi l i t ies  are i n  Tab l e  3 ,  a l ong· wi th the S I 1 s  and HSI 1 s  
generated by the rai nbow trout nonanadromous ri ve ri ne model . The model outputs 
cal cul ated from the samp l e  data sets ( Tab l e s  4 and 5) ref l ect what the authors 
be l i eve carry i ng capaci ty trends wou l d  be i n  r i veri ne habi tats wi th the l i sted 
characteri sti c s ;  thus , the model meets the spec i f i ed acceptance l evel . 

ADDIT IONAL HABITAT MODELS 

Model 1 

Opti mal  ri ver i ne rai nbow trout hab i tat i s  characteri zed by : 

1 .  C l ea r ,  co l d  water wi th an average max i mum summer temperature of < 22° C ;  

2 .  Appro x i mately a 1 : 1  pool -to-ri ff l e  rati o ;  

3 .  We l l  vegetated , stabl e  stream ban k s ;  

4 .  Cover � 25% of  the stream area ; 

5 .  Re l at i vely stabl e wa ter f l ow reg i me w i t h  < 50% o f  the annual 
fl uctuation  from the average annual dai ly f l ow ;  
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Tabl e 3 .  Sampl e  data sets u s i ng the nonanadromou s  r i veri ne ra i nbow trout 
HSI model . 

(/) � 
Data set 1 Data set 2 Data set 3 \ 

Var i abl e Data S I  Data SI  Data SI 

Max . temperature 
( OC) v l 1 4  1 . 0  1 5  1 . 0 16 1 . 0  

Max . temperature 
( OC ) V2 1 2  1 . 0  1 5  0 . 66 17 0 . 4  

Mi n .  d i s so l ved 02 
( mg/1 ) v, 9 1 . 0  7 0 . 73 6 0 . 42 

Ave . depth ( em)  v ,.  2 5  0 . 9  18 0 . 6  18 0 . 6  

Ave . ve l oc i ty 
( cm/s )  v, 30 1 . 0  25 0 . 7  20 0 . 57 

% cover v, 20 A 0 . 95 1 0  A 0 . 65 1 0  A 0 . 6 5 
J 1 . 0  J 0 . 92 J 0 . 92 

Ave . gravel s i ze 
( em)  v7 4 1 . 0  3 1 . 0  2 . 5  1 . 0  

Predom . substrate 
0)1 I s-i ze ( em) v. 15 1 . 0  7 0 . 7  7 0 . 7  

Predom . substrate 
type v, Cl ass  A 1 . 0  C l as s  B 0 . 6  C l a s s  B 0 . 6  

% pool s V u 55 1 . 0 1 5  0 . 6 5 1 0  0 . 46 

% s treams ide 
vegetation v l l 225 1 . 0  175 1 . 0  200 1 . 0  

% bank vegetati on V 1 2 95 1 . 0 40 0 . 6  35 0 . 5  

Max . pH v l l  7 . 1  1 . 0  7 . 2  1 . 0  7 . 2  1 . 0  

% average base 
f l ow V a 37 0 . 8  30 0 . 6  25 0 . 5  

Pool c l ass  rat i ng V u C l a s s  A 1 . 0  C l a s s  B 0 . 6  C l a s s  C 0 . 3  

% f i nes  (A) V u 5 1 . 0  20 0 . 5  20 0 . 5  

% f i nes (B) V u 20 0 . 9  30 0 . 6  30 0 . 6  

% m i dday shade V 1 1 60 1 . 0  60 1 . 0 6 0  1 . 0  

�·\ 
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I 
I l Tabl e 4 .  Average v a l ue method . 

I Sui tabi l i tl i ndex 

Var i ab le  Data set  1 Data set 2 Data set 3 

I 
Component 

I CA 0 . 95  0 . 62 0 . 37 

CJ 1 . 00 0. 72 0 . 30 

I C F 1 . 00 0 . 65 0 . 55 

I C E 1 . 00 0 . 66 0 . 40 

co 0 . 96 0 . 79 0 . 73 

I Spec i e s  H S I  0 . 98 0 . 68 0 . 30 

I Tab l e  5 .  Average v a l ue ,  probabi l i ty method . 

�I t Sui tabi l i t� i ndex 

Var i abl e Data set 1 Data set 2 Data set 3 

I Component 

I CA 0 . 95 0 . 62 0 . 37 

CJ 1 . 00 0 . 72 0 . 30 

I C F 1 . 00 0 . 65 0 . 55 

C E 1 .  00 0 . 66 0 . 40 I COF 0 . 97 0 . 80 0 . 80 

I COQ 0 . 95 0 . 81 0 . 68 

Spec i es HSI  

I Noncompensatory 0 . 94 0 . 56 0 . 30 
Compensatory 0 . 95 0 . 70 0 . 30 

I 
tl t 
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6 .  Re l at i �ely stabl e summer temperature reg i me , averagi ng about 
13° C ± 4° C ;  and 

7 .  A re l ati vely si l t  free rocky substrate i n  r i ffl e-run area s .  

Model 2 

HSI = number of attri butes prese�t 
7 

A ri veri ne trout habi tat model  has been devel oped by B i n ns  and Ei serman 
( 1979) and B i nns  ( 1979) . Transpose the model output of pounds per acre to an 
i ndex as fol l ows : 

Model 3 

HSI  = mod�l output
_
of pounds per acre 

reg 1 ona l  max1 mum pounds per acre 

Optimal  l acustri ne rai nbow trout habitat i s  characteri zed by : 

1 .  C l ear ,  co ld  water with  a n  average summer m idepi l imnion  temperature 
of  < 22° C ;  

2 .  Di ssol ved oxygen content of  epi l imn i on of � 8 mg/1 ; 

3 .  Acce ss to ri veri ne spawn i ng tri butari es ; 

4 .  A midepi l i mn i on pH of 6 . 5-8 . 0 ;  and 

5 .  Abundance of aquati c  i nvertebrate s .  

HSI = number of attri butes present 
5 

Howeve r ,  a h i gh el evati on l a ke wi th opti ma l habi tat wi l l  have on ly  a 
fracti on of the trout producti on of  a more eutroph i c  l a ke at a l ower e l evati on , 
i f  no other fi sh speci e s  are present i n  e i ther l ake . 

Model 4 

A l ow effort system for pred i ct i ng habi tat sui tabi l i ty of pl anned cool 
water and co l d  water reservoi rs a s  habi tat for i ndi v i dual fi sh spec i e s  i s  al so 
avai l ab le  (McConnel l et al . 1982 ) . 
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I NSTREAM FLOW INC REMENTAL METHODOLOGY ( I FIM) 

The U . S .  Fi sh and Wi ld l i fe Servi ce • s  I n stream Fl ow Incremental Methodo l ogy 
( I FIM) , a s  o ut l i ned by Bovee 1982 , i s  a set of i deas used to assess i n stream 
f l ow prob l em s .  The Phy s i ca l  Habi tat S i mul ation System ( PHABSI M ) ,  de scr ibed by 
M i l hous et a l . 1981 , i s  one component of  I FIM that can be used by i nvesti gators 
i n tere sted i n  determ i n i ng the amount of avai l abl e i n stream habi tat for a fi sh 
spec i e s  as a functi on of streamfl ow .  The output generated by PHABS IM can be 
used for sev eral  I FIM habi tat di spl ay and i n terpretati on techn i q ues , i nc l udi ng :  

1 .  Optimi zat i on . Determi nation of monthly fl ows that mi n im ize habi tat 
reduc t i o n s  for spec i es and l i fe stages of i nterest ;  

2 .  Habi tat Time Seri e s .  Determi nation of  the . i mpact o f  a project on  
habi tat by i mpo s i ng project operation curves over hi stori cal f l ow 
records and i ntegrati ng the di fference between the curve s ;  and 

3 .  Effecti ve Habi tat T i me Seri e s .  Cal cu lat ion  o f  the habi tat requi re
ments of each 1 1 fe stage of a fi sh spec i e s  at a g i ven t ime by usi ng 
habi tat rat i o s  ( re l a t i ve spat i a l requi rements of  vari ous l i fe 
stage s ) .  

Sui tabi l i ty I ndex Graph s as  U sed i n  I FIM 

PHABSIM ut i l i zes Sui tabi l i ty I ndex graphs ( S I curve s )  that describe the 
i n stream su i tabi l i ty of  the habi tat variabl es most cl osely re l ated to stream 
hydraul i c s  and channel structure ( v e l oc i ty ,  depth , substrate , temperature , and 
cover) for each major l i fe stage of a g i ven f i sh spec i es ( spawn i ng ,  egg i ncuba
t i on ,  fry , juven i l e ,  and adul t ) . The spec i f i c  curves requi red for a PHABSIM 
anal y s i s represent the hydraul i c-re l a ted parameters for whi ch a spec i e s  or 
l i fe stage demon strates a strong preference ( i . e . , a pe l ag i c  species  that only 
shows preferences for vel oc i ty and temperature wi l l  have very broad curve s for 
depth , substrate , and cover ) .  I n stream F l ow I n format ion Papers 11 (Mi l hous 
et al . 198 1 )  and 12 (Bovee 1982 ) shou ld  be rev i ewed careful l y  before usi ng any 
curves for a PHABS IM ana l y s i s .  S I  curves used wi th the I FIM are qui te s i m i l ar 
to the S I  curves  deve l oped i n  many HS I model s .  These two types  of S I  curves 
may be i nterchangeabl e after convers i on to the same un i ts of measurement 
( Engl i sh ,  metri c ,  or codes ) .  SI  curve val i d i ty i s  dependent on the qua l i ty 
and quant i ty of  i nformat ion  used to gen erate the curve .  The curves used need 
to accurate l y  re f l ect the condi t i o n s  and assumptions  i nherent to the model ( s ) 
used to aggregate ·the curve-generated S I  val ues i nto a mea sure of  habi tat 
sui tabi l i ty .  I f  the necessary curves are unava i l ab l e  or i f  a va i l ab le  curves 
are i nadequate ( i . e . , bui l t  on di fferent assumpti on s) , a new set of curves 
shou l d  be generated . 
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Ther.e are several ways to devel op SI curves . The method sel ected depends 
on the hab i tat model that wi l l  be used and the avai l abl e database for the 
spec i e s .  The transferabi l i ty of the curve i s  not obv i ous  and , therefore , the 
method by which the curve i s  generated and the extent of the database are very 
important . Care a l so must be ta ken to choose the habi tat model most appro
pri ate for the spec i f i c  study or eva l uati on ; the cho i ce of model s wi l l  deter
mi ne the type of SI curves that wi l l  be u sed . 

A system with standard termi nol ogy has  been devel oped for c l assi fyi ng SI  
curve sets and descr ib i ng the database u sed to construct the curves in  I FIM 
appl i cati o n s .  There are four categories  i n  the cl ass i fi cati on . A category 
one curve has a genera l i zed descri ption  or summary of habi tat preferences a s  
i ts databa se . Thi s type of curve i s  ba sed on  i nformati on concern i ng the upper 
and l ower l i m its  of a var i ab l e  for a spec i e s  ( e . g . , j uven i l es are usua l l y  
found at water depths of 0 . 3  to 1 . 0  m) . Expert opi n i on can a l so be used to 
defi ne the opti ma l  or preferred condi t i on wi th i n  the l i m its  of tol erance 
( e . g . , juven i l e s  are found at water depths of 0 . 3  to 1 . 0  m, but are most 
common at depths from 0 . 4  to 0 . 6  m) . 

Uti l i zation  curves ( category two ) are based on frequency analyses  of fi sh 
observations  i n  the stream envi ronment w ith the habi tat vari ables  mea sured at 
each si ght i ng [ see I n stream Fl ow I n formati on Paper 3 ( Bovee and Cochnauer 
1977 ) and I n stream Fl ow I n formation  Paper 12 ( Bovee 1982 : 173-196 ) ] . These 
curves are des ig nated as uti l i zat ion  curves because they depi ct the habi tat 
condi t ions  a fi sh has been observed to use w i thi n a spec i f i c  range of ava i l abl e 
condi t i on s .  I f  the data are correctly col l ected for uti l i zation  curves , the 
resu l t i ng funct i on represents the probabi 1 i ty of occurrence .of a part icu l ar 
envi ronmenta l condi t i on , g i ven the presence of a f i sh of a parti cul ar  spec i e s ,  
P( E I F) .  Howeve r ,  due to samp l i ng probl em s ,  a uti l i zat i on curve cannot be 
assumed to refl ect f i s h preference or optimal condi t ion s .  A l so , uti l i zation  
curves may not be transferabl e  to streams that di ffer substant i a l l y  in  s i ze or 
compl ex i ty from the streams where the data were obta i ned . 

A preference curve ( category three ) i s  a uti l i zation  curve that has been 
corrected for envi ronmenta l b i a s .  For examp l e ,  i f  50% of the fi sh are found 
i n  poo l s over 1 . 0  m deep , but on ly  10% of the stream has such poo l s ,  the fi sh 
are acti vely  se l ecti ng that type of habi tat . Preference curves approx imate 
the function  of the probabi l i ty of occurrence of a fi sh i n  a g i ven set of 
envi ronmental cond i t i o n s :  

P ( F I  E )  - P(EI F) 
- P ( E )  
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Only a l i mi ted number of expe ri mental data sets have _ been comp i l ed i nto 
I FIM preference curves . The devel opment of  these curve s shou ld  be the goal of 
al l new curve devel opment efforts for use in I FIM . 

An add i t i onal  set of curves i s  sti l l  l arge ly conceptual . One type of  
curve under con s iderat i on i s  a cover-cond i t i oned , or season-cond i t i oned , 
preference curve set . Such a curve set waul d consi st of di fferent depth
ve l oc i ty preference curves as a funct i on or cond i t i on of the type of cover 
present or the t i me of year .  No fourth category curves have been devel oped at 
th i s  t ime .  

The advantage o f  these l a st two sets o f  curves i s  the si gni f i cant i mprove
ment i n  prec i s i on and conf idence i n  the curves when appl i ed to streams simi l ar 
to the streams where the ori g i nal  data were obta i ned . The degree of i ncreased 
accuracy and tran sferabi l i ty obta i nabl e when app ly i ng these curves to di s
s i mi l ar streams i s  unknown . In theory , the curves shou l d  be wi dely transfer
abl e to any stream i n  wh i ch the range of envi ronmental condi t i ons i s  wi thi n 
the range o f  cond i t i ons  found i n  the streams from whi ch the curves were deve l 
oped . 

Ava i l abi l i ty of  Graphs for Use i n  I FIM 

Numerous curves are ava i l ab l e  for the I FIM ana lysi s of rai nbow trout 
habi tat {Tab l e  6 ) .  I nvesti gators are asked to rev i ew the curves ( Fi g s .  2-5) 
and modi fy them , i f  neces sary ,  before us i ng them. 

Spawni ng.  For I FIM analyses of rai nbow trout spawn i ng habitat , use 
curve s for the t ime period duri ng whi ch spawni ng occurs ( wh ich  i s  dependent on 
l ocal e) . Spawn i n g curves are broad and , i f  more accuracy i s  desi red , i nves
ti gators are encouraged to deve l op thei r own curves whi ch wi l l  spec i f i cal ly 
refl ect habi tat uti l i zation  at the sel ected s i te .  

Spawn i ng vel oc i ty .  Hartman and Ga l bra i th ( 1970 ) measured water ve l oc i ti e s  
0 .  66 feet above 550 redds duri ng Apri 1 through June , 1966 and 1967 , i n  the 
Lardeau R i ver ,  Bri ti sh Co l umb i a ,  and found few redds con structed i n  areas 
where ve l oc i t i e s  were l e s s  than 1 . 0  feet per second ( fps) ; most redds were 
a s soci ated w i th ve l oc i t i e s  rang i ng 1 . 6  to 3 . 0  fps ( ve l oci t i e s  from zero to 
greater than 4 . 0  fps were ava i l ab l e ) . Smi th ( 1973 ) determ i ned that 95% of the 
redds ( n  = 5 1 )  observed i n  the Deschutes R iver ,  Oregon , l'tere i n  vel oc i t i e s  
rangi ng from 1 . 6  to 3 . 0  fp s ;  Hooper ( 1 973) measured vel oci t i es over redds 
( n = 10)  wh i ch ranged from 1 .  4 to 2 .  7 fps i n  the South Fork of the Feather 
R i ver , Cal i forni a ;  and Orcutt et a l . ( 1968) found that average vel oci t ies  
0 . 4  feet above redds (n  = 54  to  68)  ranged from 2 . 3  to  2 . 5  fps  i n  Idaho 
streams . The SI curve for spawn i ng ve loc ity ( F i g .  2) assume s that ve l oc i t i es 
l e ss than 1 . 0  o r  greater than 3 . 0  fps are un su itabl e for rai nbow trout 
spawn i n g .  
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Table 6 .  Avai l abi l i ty of curves for I F I M  analys i s  of ra i nbow trout habitat. 

Ve l oc i tl Depth a 

Spawni ng Use SI curve, Use SI curve, 
F i g .  2. F i g .  2. 

Egg i ncubation Use SI curve, Use SI curve, 
F i g .  2 .  F i g .  2 .  

Fry Use S I  curve, Use S I  curve , 
F i g .  3 .  F i g .  3. 

Juven i l e  Use S I  curve, Use Sl curve , 
F i g .  4 .  F i g .  4 .  

Adu l t  Use S I  curve, Use Sl curve, 
F i g .  5 .  F i g .  5 .  

Subs tratea ,b 

Use SI curve , 
Fig .  2 .  
Use SI curve 
for v78 • 

Use Sl curve, 
F i g .  3. 

Use Sl curve, 
F i g .  4. 

Use Sl curve, 
F i g .  5 .  

Temperature a 

Use S l  curve, 
F i g .  2 .  

Use SI curve 
for v28 •  

Use S l  curve , 
F i g .  3 .  

Use S l  curve, 
Fig. 4 .  

Use Sl curve, 
Fig.  5. 

aWhen use of Sl curves i s  prescri bed , refer to the appropriate curve in the HS I or I F IM section. 
bTh� fol l owing categories must be used for IFIM analyses ( see Bovee 1982 ) :  

1 = pl ant detri tus/organic  material 
2 = mud/soft c l ay 
3 = s i l t  { particle s i ze < 0. 062 mm) 
4 = sand ( parti c l e  s i ze 0 . 062- 2. 000 mm) 
5 = gravel { particle s i z e 2 . 0-64 . 0  mm) 
6 = cobble/rubble ( parti c l e  s i ze 64 . 0- 250. 0 mm) 
7 = boulder ( parti cle s i ze 250. 0-4000. 0 mm) 
8 = bedrock ( so l i d  rock) 

4P 
.at 

Cover a 

No curve 
necessary. 

No curve 
necessary. 

No curve 
ava i l able.  

Use Sl curve 
for v6 . 

Use SI curve 
for v6 . 
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Coordi nates 
X _1._ 
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Spawn i ng Depth . Smith ( 1973 ) found 95% of rai nbow trout redds i n  depths 
greater than 0 . 6  feet ;  Hooper ( 1973) found depths of redds ranged from 0 . 7  to 
1 . 1  feet ; Orcutt et al . found redds i n  depths from 0 . 7  to greater than 
5 . 0  feet ; Hartman and Gal bra i th ( 1970 ) found the majori ty of redds ( n  = 550) 
i n  depths rangi ng from 1 . 6  to 8 . 2  feet , and the most i nten s i ve nest di gg i ng 
occurred i n  depths of 5 . 7  to 6 . 6  feet (maxi mum depths avai l abl e ranged from 13  
to 16 feet ) .  Therefore , depths l e s s  than 0 . 6  and greater than 8 . 2  feet are 
a s sumed to be unsui tabl e for spawn i ng ( a l though 8 . 2  feet may not be the upper 
l i mi t ;  Fi g .  2 ) .  

Spawn i ng substrate . Ha rtman and Ga l brai th ( 1970) found that gravel 
composed of part i c l e  si zes ran g i ng from 0 . 04 to 4 . 0  i nches i n  di ameter were 
uti l i zed for spawn i ng ,  two-th i rds  of whi c h were from 0 . 5  to 3 . 0  i nches i n  
d i ameter ( parti c l e  si zes to 18 i nches i n  di ameter were avai l abl e ) .  Hooper 
( 1 973 ) found that preferred spawni ng substrate consi sted of part i c l e s  from 0 . 5  
to 1 . 5  i nches i n  di ameter ,  al though part i c l es from 0 . 25 to 3 . 0  i nches were 
uti l i zed ; Orcutt et al . ( 1968) found that stee l head favored gravel s from 0 . 5  
to 4 . 0  i nches i n  d i ameter ;  Cobl e ( 196 1 )  stated that sal monids  dug redds i n  
substrates rang i ng from si l t  to 3-i nch d i ameter cobbl e ( parti c l e s  up to 
4 i nches i n  di ameter were avai l ab l e )  i n  L incol n County ,  Oregon . Therefore , 
substrates con s i st i ng of parti c l e  s i zes rangi ng from si l t  ( < 0 . 002 i nche s )  to 
cobbl e ( 4 . 0  i nches)  are consi dered sui tab l e  for spawn i ng ( though not neces
sari ly sui tabl e for egg i ncubation ; Fi g .  2 ) .  The parti c l e  s i ze range of 
spawn i ng substrate sel ected may be dependent on the s i ze of the spawner . 

Spawn i ng cover .  No i nformation was found i n  the 1 i terature concern i ng 
cover req ui rements  for rai nbow trout spawn i n g .  The author assumes that cover 
i s  not i mportant ,  and i t  may be omi tted from the FISHFIL (Mi l hous et al . 
1981 ) .  

Spawn i ng temperature . Scott and Cro s sman ( 1973)  stated that rainbow 
trout usual l y  spawn at 50 to 60° F ;  Carl ander ( 1969 ) stated that peak spawn i ng 
near Fi nger La ke s ,  New York ,  occurred at 42 to 55° F ;  Hooper ( 1973 ) stated 
that temperatures rang i ng from 37 to 55° F are des i rabl e for spawn i n g ;  and 
Orcutt et a 1 .  ( 198 1 )  found that spawn i ng occurred at 36 to 47° F i n  Idaho 
streams .  The author as sumes that temperatures rang i ng from 36 to 60° F are 
su itabl e for spawn i ng ( Fi g .  2 ) , depend i ng on l ocal e .  

Egg i ncubati o n .  For I FIM analyses of  ra i nbow trout egg i ncubat i on 
habi tat , curves shou l d  be used for the t ime peri od from the beg i nn i ng of 
spawn i ng to 30 to 100 days beyond the end of spawn i n g ,  dependi ng on l oca l e and 
water temperatures ( Carl ander 1969 ) .  The recommended analys i s of i ncubation  
wi th I FI M  i s  the effecti ve  spawni ng prog ram , whi ch computes sui tabi l i ty of  
each stream cel l ba sed on both spawn i ng and i ncubation cri teri a over a range 
of f l ows . Th i s  program i s  exp l a i ned i n  a .,,orki ng paper avai l ab l e  from I FG 
( Mi l  hous 1982 ) .  

Egg i ncubati on vel oc i ty.  Evi dence suggests that water ve loc i ty may not 
be i mportant for embryo hatchi ng succe ss  i f  di s so l ved oxygen concentrations  
around embryos are greater than 2 . 6  ppm ( Cobl e 196 1 ; S i l ver et al . 1963 ; 
Rei ser and Wh i te 1981 , 1983 ) . At l ow concentrat i on s  of d i ssol ved oxygen , 
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however , apparent ve l oc i t i e s  must be suffi c i ent to del i ver oxygen to embryo s ,  
remove metabo l i c  waste products , and keep the substrate free from s i l t .  
S i l ver et al . { 1963) found that rates of devel opment and l engths of fry upon 
hatch i n g  were greater at h i gher ve l oc i t i e s  and di s so l ved oxygen concentrat i on s .  
Therefore , g i ven sui table  spawn i ng vel oci t i e s  ( F i g .  2) , i t may be as sumed that 
egg i n cubation ve l oc i t i es above redds wh i c h range from 1 . 0  to 3 . 0  fp s ( at 
adequate l evel s of d i s so l ved oxygen and sui tabl e substrate ) wi l l  y ie ld  sui tab l e  
apparent vel oc i t i e s  among embryo s .  Another type of i ncubation  ve l oc i ty 
cri teri a i s  based on the shear vel oc i t i e s needed to prevent sediment of  vari ous 
si zes from sett 1 i ng out on the redd s .  Th i s  approach i s  documented i n  the 
effecti ve spawn i ng worki ng paper menti oned above . 

Egg i ncubation  depth . Depth may not be an i mportant vari ab l e  for egg 
i ncubat ion i n  many cases ( Rei ser and Whi te 198 1 , 1983) as l ong as egg s are 
kept mo i st duri ng i ncubati on and redds are submerged when fry begi n  to hatch 
and emerge _ There fore , the author as sume s that the SI curve for spawni ng 
depth ( Fi g .  2 )  may a l so be used for egg i ncuba t i on depth . 

Egg i ncubation  substrate . Al though ra i nbow t rout uti l i ze a wide range of 
substrate types for spawn i ng ( Cobl e  196 1 ) , the author a s sumes that part i c l e s  
must be a t  l east 0 . 5  i nches i n  di ameter t o  perm i t  adequate percol ati on for 
successful  embryon i c  devel opment ,  and the SI curve for v78 ( page 16)  may be 
used . 

Egg i ncubat ion cover. The author as sumes that cover i s  not i mportant ,  
and cover may , therefore , be omi tted from FI SHFI L .  The egg i ncubation  
substrate curve shou l d  sati sfy embryo cover requi rement s .  

Egg i ncubation  temperature . Kwai n { 1975)  found the hi ghest surv i va l  rate 
for rai nbow trout embryos at temperatues of 45 and 50° F; l ow surv i va l  ( 15 to 
40%) at 59° F; and moderate surv i va l  at 37 and 41°  F. Accord i ng to Hooper 
{ 1973) , the desi rabl e temperature range for egg i ncubat i on of trout i s  42 to 
54° F, and the extreme s are 35 and 61°  F .  Therefore , the SI curve for v28 
( page 14 )  may be used . 

Fry.  Ra i nbow trout fry l o se the i r yol k sacs  at l engths of 1 . 4  to 
1 . 6  i nches , approx imately 3-4 months after hatchi ng ( Carl ander 1969) . The 
author assumes that fry hab i tat  i s  requi red from the end of the spawn i ng 
per iod to 4 months beyond the end of the egg i ncubati on per iod { from the t ime 
that fry emerge from the spawn i ng gravel to when they become j uven i l es ) . 

Fry ve loc i ty .  Moy l e  e t  a l . { 1983) observed f ry (s  2 i nche s i n  l ength) i n  
Che rry and El eanor Creeks { n=404 ) r Putah Creek .( n=134) , and Deer Creek ( n=81 ) ,  
Ca l i forni a .  Max i mum v e l oc i t i e s  avai l abl e were 2 fps i n  Putah Creek and 
> 3 . 44 fps i n  Cherry , El eanor , and Deer C reeks . Wei ghted mean frequenc i e s  
were ca l cul ated for each vel oci ty and then norma l i zed , wi th the hi ghest 
frequency bei ng set to SI = 1 . 0  ( Fi g .  3 ) . 
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Fry· depth .  The SI  curve for fry depth wa s deve l oped i n  the same manner 
as the ve l oc i ty curve , usi ng data from Deer Creek ( n=103 ) ,  Cherry and El �anor 
Creeks ( n=404) , and Putah Creek ( n=135)  ( Moy l e  et al . 1983) . Depths to 1 . 7  ft 
were ava i l abl e i n  Putah Cree k. ;  to 6 . 6  ft i n  Deer Cree k.;  and to greater than 
9 . 0  ft i n  Cherry and E l eanor Creeks . The f ina l  curve ( F i g .  3 )  wa s modi fied 
based on the as sumpti on that S I  = 1 . 0  at depths rang i ng from 0 . 82 ft ( a s  i n  
Putah and Deer Creeks) to 1 . 64 ft ( a s  i n  Cherry and El eanor Creeks ) ;  and that 
SI  = 0 . 0  at a depth of  0 . 0  ft and SI  = 0 . 1 1 at a depth of 0 . 1  ft . For depths 
greater than 1 . 7  ft , Putah Creek was excl uded , and for depths greater than 
6 . 6  ft , Deer Creek wa s excl uded from the analysi s .  

Fry substrate . The SI  curve for fry substrate was generated i n  the same 
way as the curves for depth and ve loc i ty .  Substrate avai l abl e i n  Putah Creek. 
( n=123) ranged from mud to bedrock. ; and i n  Deer Cree k. ( n=70 ) ,  Cherry Creek. ,  
and El eanor Creek. ( n=404) i t  ranged from s i l t  to bedrock. .  The curve ( Fi g .  3 )  
was mod i f i ed ba sed on the a ssumpti on that S I  = 1 . 0  for cobbl e s  (as  i n  Deer and 
Putah Creeks )  and for boul ders ( a s  i n  Cherry and El eanor Creeks ) .  Bustard and 
Narver { 1975) a l so found that age 0 stee l head associ ated with  substrate 
con s i sti ng primari ly of part i c l es from 4 to 10 i nches i n  di ameter ( cobbl e)  i n  
Carnati on Cree k ,  Bri ti sh Col umbi a ,  dur i ng  the wi nter .  

Fry cover .  Cover requi rements of rai nbow trout fry are un known by I FASG 
at th i s  t ime . The author a s sume s that substrate i s  used for cover ,  and thus 
cover may be omi tted from FISHFI L ;  or a cover curve may be deve l oped by the 
i nvesti gator .  

Fry temperature . Peterson et al . ( 1979) , i n  l ab experi ments , found that 
temperature s preferred by rai nbow trout fry ( between 1 . 1  and 1 .  8 i nches i n  
l ength) ranged from 56 . 8  to 58 . 6° F ( n=30 ) . Kwa i n  and McCau l ey ( 1978 ) found 
that age was a factor i n  temperatures preferred ( sel ected) by rai nbow trout , 
a nd fry at 1 month sel ected 66 . 2° F ;  at 2 months ,  65 . 3° F ;  at 3 months , 
6 4 . 4° F ;  and at  5 months ,  59 . 7  to 63 . 7° F .  Kwa i n  ( 1975) found that the growth 
rate of fry at SO F was ten t ime s  greater than at 37 . 4° F. Ba sed on the 
i nformati on avai l abl e for fry up to 1 . 8  i nche s i n  l ength and up to 4 months 
after hatch i ng , the SI curve for temperature ( F i g .  3 )  i s  assumed to be reason
ably accurate . It wi l l  be mod i f i ed as new i nformati on becomes ava i l ab l e . 

Juven i l e .  Juven i l e  ra i nbow trout range i n  l ength from approximate ly 1 . 8  
to 7 . 9  i nches , or from 4 months of age to sexual maturi ty ( usual l y  age I I  or 
I I I ; Carl ander 1969 ) .  Juven i l es are probably the most di fficul t l i fe stage 
for whi ch to deve l op cri teri a ,  because of the vari abi l i ty i n  s i ze .  

Juven i l e  vel oc i ty. Factors whi ch may affect ve l oc i ty preferences of 
rai nbow trout i nc l ude water tempe rature , s i ze and act i v i ty of  the i nd iv idual 
trout , stream fl ow ,  sea son , habi tat avai l abi l i ty ,  spec i e s  i n teracti ons , and 
stream l ocation ( Logan 1963 ; Chapman and Bjornn 1969 ; Bjornn 197 1 ; Everest and 
Chapman 1972 ; Bustard and Narver 1975 ; Moy l e  et a l . 1983 ) . Moyl e et al . 
( 1983) observed j uven i l e  rai nbow trout ( from 2 . 0  to 4 . 7  i nches i n  l ength) i n  
Putah Creek ( n=35 ) , Deer Creek. ( n=108 ) ,  Mart i s  Creek. ( n=58 ) , Cherry Creek. ,  and 
El eanor Creek ( n=300) , and i n  the Tuo l umne Ri ver ( n=45 ) .  The max i mum ve locity 
ava i l abl e i n  Putah Creek was 2 . 0  fps ; i n  the Tuol umne River  i t  was 2 . 5  fp s ;  i n  
Mart i s  Creek i t  was 4 . 2  fp s ;  and i n  Dee r ,  Che rry , and El eanor Creeks i t  wa s 
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greater than 3 . 4  fps . Data from al l streams were used to generate the ve l oc i ty 
curve ( Fi g .  4 ) . We i g hted means  were cal cul ated for each ve loc ity and then 
normal i zed , wi th the h i ghest SI be i ng set to 1 . 0 .  The fi nal  curve i s  very 
s im i l ar to the resu l ts of Bu stard and Narver ( 1975) who col l ected Age 0 ( n=78 ) 
and Age I+ ( n=122)  j uven i l e  steel head trout i n  Carnati on Creek ,  Bri ti sh 
Co l umb i a ,  duri ng the winter .  They found that j uven i l e s preferred ve l oci t i es 
l ess  than 0 . 5  fp s ,  and a l most no i nd i v i dua l s were found i n  vel oc i t i e s  greater 
than 1 fps at 45° F .  Go sse ( 1982 ) , howeve r ,  found that vel oc i t i es preferred 
by j uveni l e  ra i nbow trout ( <  9 i nches i n  l ength) were part i a l ly dependent upon 
acti v i ty ( random or stationary swi mmi ng ) , season , and fl ow.  Gosse found that 
the average mean col umn vel oc i t i e s  occupi ed by j uven i l es i n  l ow to h igh f lows 
du r ing  random swi mmi ng ranged from 0 .  40 to 0 .  56 fps i n  the wi nter and from 
0 . 43 to 0 . 75 fps i n  the summer .  Duri ng stati onary swi mmi n g ,  ve l oc i t i es ranged 
from 0 . 66 to 1 . 18 fps i n  the wi nter and from 1 . 05 to 2 . 00 fps i n  the summer .  
D i fferences may be due i n  part to di fferences i n  the si zes o f  the j uven i l es 
ob served ( Chapman and Bj ornn 1969 ) . 

Juven i l e depth.  Facto rs wh i ch may affect depth preferences of j uven i l e  
rai nbow trout are the same as those whi ch affect ve loc i ty preference s .  Obser
vati ons  of Moy l e  et a l . ( 1983) i n  Putah Creek ( n=36 , max i mum depths of 1 . 7  ft) , 
Marti s Creek ( n=58 , depths to 4 ft ) , Deer Creek ( n=126 , depths to 6 . 6  ft ) ,  
Tu l oumne R i ver ( n=44 , depths to greater than 9 ft) , and Cherry and El eanor 
Creeks ( n=301 , depths to greater than 9 ft) , of j uven i l e s ( 2 . 0  to 4 . 7  i nches 
i n  l ength) i nd i cated substanti a l  vari abi l i ty in depth preferences from stream 
to stream , with  most fi sh l ocated i n  depths of 1 to 4 ft . Bustard and Narver 
( 1975 ) ,  however ,  found that Age 0 steel head i n  Carnation  Creek ,  Bri ti sh 
Co l umb i a ,  preferred depths to 1 . 5  ft , whi l e  Age I+ stee l head preferred depths 
greater than 3 ft . A 1 so , Gosse ( 1982 ) found that the average water depths 
occupi ed by j uven i l e  ra i nbow trout (< 9 to 10 i nches i n  l ength) i n  the Green 
Ri ver bel ow Fl ami ng Gorge Dam , Col orado , ranged between 10 and 14 ft i n  the 
summer and between 18 and 20 ft i n  the wi nter ( n= 1 1 1  to 29 1 ) .  Therefore , i t  
i s  easy to see that j uven i l e  ra i nbow trout may occupy a wide vari ety of depth s ,  
and i t  i s  recommended that i nvesti gators deve 1 o p  the i r own depth curves ,  or 
a s sume that SI = 1 . 0  for a l l depths � 2 . 0  feet ( Fi g .  4 ) .  

J uven i l e substrate . Moy l e  et a l . ( 1983) found most juven i l e  rai nbow 
trout ( 2 . 0  to 4 . 7  i nches i n  l ength) over gravel and cobbl e i n  Marti s Creek 
( n=53 ) ,  over cobb l e  and bou l ders i n  Deer C reek ( n=103) , and over bou l ders i n  
Cherry and El eanor Creeks ( n=301 ) .  The compo s i te we i g hted substrate curve 
( F i g .  4) shows a preference for boul der substrate . I n  the Green Ri ver , Go sse 
( 1982 ) found most j uven i l e s (< 9 to 10 i nches i n  l ength ) over cobbl e and 
boulders duri ng stati onary swimm i ng ,  but over si l t  and sand dur i ng random 
swi mmi ng .  Bjornn ( 1971 ) found a correl ation  between the movement ( out 
mi grat i on )  of j uven i l e  trout and the l ack of l arge cobbl e substrate i n  Idaho 
streams . Therefore , i t  may be a s sumed that cobble  and bou lders are sui table  
j uven i l e  substrate , or curves may be devel oped that are spec i f i c  to  the area 
of i nterest .  

Juven i l e  cover .  Cover requ i rements or preferences of j uven i l es are 
unknown . I t  may be a s sumed that sub strate curve refl ects cover req ui rements;  
cover curves may be devel oped by the i nvesti gator; cover may be omi tted from 
FISHFI L;  o r ,  the curve for v6 may be used to represent j uven i l e  rai nbow trout 
cover requ i rements ( page 16 ) .  
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Juven i l e  temperature . There has been a great dea l of vari abi l i ty among 
resu l ts of stud ies  undertaken to determi ne temperature preferences of j uven i l e  
rai nbow trout . Cherry et al . ( 1975) found that tempe ratures sel ected and 
avo i ded were a funct ion  of acc l imat i on temperature ; that ra i nbow j uven i l e s  
sel ected temperatures rangi ng from 5 3  to 72° F when accl i mated to 4 3  to 58° F ;  
and that the l owest avoidance temperature was 4 1 °  F and the hi ghest avoi dance 
temperature was 77° F at the g i ven accl imat ion  temperature s .  Coutant ( 1977 ) 
l i sted preferred temperatures of 64 to 66° F and 72° F ,  and avoi dance tempera
ture s of 57 and 72° F. Lee and Ri nne ( 1980) found the crit i cal  therma l maxima 
for j uven i l es to be 84° F .  McCaul ey et a l . ( 1977) stated that acc l i mation  
temperatures had no s ign i fi cant effect upon preferred temperatures o f  
j uven i l es ,  wh i c h  ranged from 50 t o  55° F. Kwa i n  and McCa u l ey ( 1978 ) found 
that temperature preferences were a funct i on of age , and that j uveni l e  rai nbow 
trout 12 months after hatchi ng preferred a temperature of 55° F. No stud ies  
were found whi ch addres sed max i mum growth rate/l ow morta l i ty temperature s .  A 
f i na l  curve was drawn based on the l im i ted i nformat ion  ava i l ab l e  and profes
s i onal  j udgment  ( Fi g .  4 ) . 

Adu l t .  For the purposes of thi s mode l , ra i nbow trout are con s i dered to 
be adu l t  when they are greater than 7 . 9  i nches i n  l ength at age I I  or I I I ,  and 
sexua l l y  mcture ( Carl ander 1969 ) . 

Adu l t  vel oc i ty .  Moy l e  et a l . ( 1983 ) co l l ected rai nbow trout adu l t s  
(wh i ch they defi ned to be > 4 . 7  i nches i n  l ength) from Deer Creek ( n=104 ; 
max imum ve loc i ty > 3 . 4  fps) , Cherry and E l eanor Creeks { n=360 ; maxi mum vel oc i ty 
> 3 . 4  fps) , and the Tuo l umne Ri ver ( n=93 ; maxi mum ve l oc i ty = 2 . 4  fps ) . The 
re sul t i ng wei ghted normal i zed curve sugge sts that pre ferred mean col umn vel oc
i t i es are near 0 . 5  fps . Lewi s ( 1969 ) ,  however ,  found a pos i t i ve correl ation 
between ra i nbow trout den s i ty and water ve l o ci ty of 1 . 65 fp s .  Gosse ( 1982 ) 
found that rai nbow trout general l y  tended to repo s i t i on themse l ves  i n  the 
water col umn as streamfl ow changed , and that f i sh nose ve l oc i ty vari ed l es s  
than mean col umn ve locity wi t h  changes i n  streamfl ow .  Average fi sh nose 
vel oci t ies  for stati onary swimmi ng duri ng the wi nter ranged from 0 . 7  to 1 . 0  fps 
( n=640 ) ; duri ng the summer they ranged from 0 . 9  to 1 . 1  fps ( n=224) ; for random 
swi mmi n g  duri ng the wi nter they ranged from 0 . 5  to 0 . 7  fps ( n=308 ) ; and duri n g  
the summer they ranged from 0 . 4  t o  0 . 6  fp s .  Average mean col umn ve loc i ti e s  
for stati onary swi mm i ng duri ng the wi nter ranged from 1 . 1  to 1 . 7  fps ( n=606) ; 
duri ng the summer they ranged from 1 . 5  to 2 . 0  fps ( n=219) ; for random swi mmi ng 
dur i ng the wi nter they ranged from 0 . 6  to 0 . 8  fps ( n=308 ) ; and during  the 
summer they ranged from 0. 6 to 0 .  7 fps ( n=l71 ) .  Therefore , the fi na 1 curve 
( Fi g .  5 )  refl ects the range of mean water col umn v e l oc i t i e s  preferred by adu l t  
( >  5 to 9 i nch l engths) rai nbow trout , a l though preferred fi sh nose ve l oc i t i e s  
ranged from 0 . 5  t o  1 . 1  fps .  A n  i nvesti gator may choose to devel op new curves 
spec i f i c  to the area of i nterest .  
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Adul t  depth . Depths most uti l i zed ( n=36 1 )  i n  Cherry and El eanor Cree X.s 
ranged between 1 . 5  and 2 . 5  ft , whereas depths most uti l i zed i n  the Tuol umne 
Ri ver ranged between 2 . 5  and 4 . 1  ft (Moy l e  et a l . 1983 ) . Adul ts i n  the Green 
R i ver ,  however ,  primari ly uti l i zed dept hs rang i ng  from 12 to 17 ft (Gosse 
1982 ) .  Therefore , i t  may be as sumed that the SI  = 1 . 0 for al l depth s greater 
than 1 . 5  ft ( Fi g .  5 ) ,  or curves may be devel oped that are spec i fi c  to the area 
of i nvesti gati on . 

Adul t substrate . Adu l t s  ( > 4 . 7  i nche s )  i n  Deer Creek. ( n=96) primari ly  
uti l i zed cobb l e ;  i n  Cherry Creek. and El eanor Creek.,  and the Tuo l umne Ri ver 
{ n=448) they primari l y  uti l i zed bou l ders ( Moy l e  et al . 1983 ) .  In the Green 
Ri ver,  adu lts  ( > 9 to 10 i nches i n  l ength) uti l i zed cobbl e and boul ders duri ng 
stat i onary swi mm i n g ;  and s i l t ,  sand , and bou l ders duri ng random swi mm i ng 
( Gosse 1982 ) .  The fi na l  curve ( Fi g .  5 )  i s  ba sed on profe s s i onal  estimati on . 

Adul t  cover .  Suffi c i ent i n format i on was not l ocated for the devel opment 
of a curve for adu l t  trout cover requi rements . Lewi s ( 1969) found a po s i t i ve 
corre l ation between the amount of cover and adul t densi ty .  Butl er and 
Hawthorne { 1968) found that ra i nbow trout had l e ss  affi n i ty for cover than 
brook. or brown trout . The i nvest i gator has several opti ons when con sider ing 
cover .  Cover may be omi tted a s  a model vari abl e ;  cover curves may be devel oped 
i ndependent ly ;  i t  may be assumed that cover i s  adequately  addres sed by 
substrate and depth ; or the curve for v6 ( page 16)  may be used to represent 
adul t cover requi rements . 

Adu l t  temperature . Preferred temperature s of ra i nbow trout adu l t s  have 
been found to be 55 . 4 ,  59 . 0 ,  6 1 . 7 ,  64 . 4 ,  and 66 . 0  to 70 . 0° F ( Coutant 1977 ; 
Spi garel l i  and Thommes 1979 ) .  Temperature sel ect i on may be a funct i on of 
accl i mati on temperature , s i ze of f i s h ,  and time of year .  Lee and Ri nne ( 1980) 
determ i ned the cri t i cal  thermal max i ma at 84 . 2° F .  The fi nal curve ( Fi g .  5 )  
i s  based o n  thi s i nformati on .  
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PREFACE 

The habi tat use i nformation  and Habi tat Sui tabi l i ty I ndex (HSI ) model s 
pre sented i n  thi s document are i ntended for use i n  impact assessment and habi
tat management acti v i t i e s .  Li terature concern i n g  a spec i e s ,  habi tat requi re
ments  and preferences i s  revi ewed and then synthes i zed i nto subjecti ve HSI  
mode l s ,  whi ch are scal ed to produce an i ndex between 0 ( unsu i tabl e  habi tat) 
and 1 ( optimal  habi tat ) . Assumpti ons  used to tran sform hab i tat use i nforma
t i o n  i nto these mathematica l  mode l s  are noted and gu idel i ne s  for model appl i ca
t i o n  are de scribed . Any model s  found i n  the l i terature wh i ch may a l so be used 
to ca l cul ate an HSI are c i ted . A sect i on pre sent i ng I nstream Fl ow I ncrementa l 
Methodo l ogy ( I FI M )  wi l l  be i nc l uded i n  thi s seri es i n  the near future . The 
IFIM  secti o n  wi l l  i nc l ude a di scu s s i on of Su itabi l i ty I ndex ( S I )  curves , as  
are used in  I FIM and  a di scuss i on o f  51 curves ava i l able  for the I FIM analysi s 
of coho sa lmon  hab i tat .  

Use of habi tat i nformati on  presented i n  thi s pub l i cation  for i mpact 
assessment requi re s  the setti ng of c l ear study objecti ve s .  Methods fo r modi fy
i ng HS I mode l s  and recommended mea surement  techni ques for model vari abl es are 
pre senteci i n  Terrel l et a l . ( 1982 ) . 1  A di scu s s i on of HSI mode l bui l d i ng 
techni ques i s  presented i n  U . S .  Fi sh and Wi l d l i fe Serv i ce ( 198 1 ) . 2  

The H S I  model presented here i n  i s  the combi nation  of hypothe ses of 
spec i e s-hab i tat re l at i onshi p s ,  not statements of proven cause and effect 
rel at i o n sh i p s .  Resu l t s  of model  performance test s ,  when avai l abl e ,  are 
referenced ; however,  model s  that have demon strated rel i abi l i ty i n  spec i f i c  
si tuat i o n s  may prove unre l i ab l e  i n  others . For thi s rea son , the U . S .  Fi sh and 
Wi l dl i fe Serv i ce encourages model users to send comment s  and suggestf ons  to 
he l p  i ncrease the uti l i ty and effectiveness  o f  thi s habi tat-ba sed approach to 
i ncorporate the coho sa lmon  i n  fi sh and wi l d l i fe pl ann i ng .  P l ease send 
comments to : 

Habi tat Eva l uation Procedures Group 
Western Energy and Land Use Team 
U . S .  Fi sh and Wi ld l i fe Serv i ce 
2627 Redwi ng Road 
Fort Col l i n s ,  CO 80526 

1Terre l l ,  J .  W . , T .  E .  McMaho n ,  P .  D. I n s ki p ,  R .  
Wi l l i amson . 1982 . Hab i tat sui �abi l i ty i ndex model s :  
for ri veri ne and l acustri ne app l i cat ions  of fi sh HS I  
Eva l uati on  Procedure s .  U . S .  Dept . I nt . , Fi sh  Wf l d l . 
54 pp .  

F .  Ral e i gh , and K .  L.  
Appendi x A. Guide l i nes 
mode l s w i th the Habi tat 
Serv . FWS/OBS-82/ 10 . A .  

2U . S .  Fi sh and Wi l d l i fe Serv i ce .  
habi tat sui tabi l i ty i ndex model s .  
Serv . , Di v .  Ecol . Serv . n . p .  

1981 . Standards for the devel opment of 
103 ESM . U . S .  Dept.  I n t . , Fi sh Wi ld l . 
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COHO SALMON (Oncorhynchus ki sutch)  

HABI TAT USE INFORMATION 

Genera l 

The coho sal mon (Oncorhynchus ki sutch) i s  native to the northern Paci fi c  
Ocean , spawni ng and rearing  i n  streams from Monterey Bay , Cal i forni a ,  to Poi nt 
Hope , Al a s ka ,  and southward a l ong the Asi at i c  coast to Japa n .  Its  center of 
abundance i n  North America  i s  from Oregon to Al aska ( Br iggs  1953 ; Godfrey 
196 5 ;  Hart 1973 ; Scott and Crossman 1 97 3 ) . Coho sa l mo n  have been successful ly  
i ntroouced i nto the  Great Lakes and reservoi rs and l a ke s  throughout the Uni ted 
States to prov i de put-and-grow sport fi shi ng ( Scott and Cros sman 1973;  
Wi ggl esworth and Rawson 1974 ) . No subspec i e s  of coho sal mon have been 
descri bed ( Godfrey 1965 ) . 

Age, Growth, and Food 

Coho sal mon typ i ca l ly return to spawn i n  freshwater at ages I I I  or I V  at 
l engths and wei ghts rang i ng from 45 to 60 em and 3 . 5  to 5 . 5  kg , respecti ve ly  
( S hapoval ov and Taft 1954 ; Godfrey 1965 ; Scott and  Crossman 1973) .  Coho from 
Al a s ka tend to be o l der and l arger at spawni ng than those further south due to 
a l onger period of freshwater resi dence ( Drucker  1972 ;  Crone and Bond 1976 ) . 
A s i gn i fi cant percentage of spawn i ng run s ,  part i cu l arl y i n  the southern portion  
of the coho ' s  range , may con si st  of precoc i ous ma l es ( jack.s)  that mature and 
return to spawn after on ly  6 to 9 months i n  the ocean ( Shapoval ov and Taft 
1954 ) . 

Growth rate of coho duri ng freshwater reari ng i s  vari abl e both between 
and wi thi n streams ( Drucker  1972 ; Crone and Bond 1976 ) and i s  probably deter
mi ned ,  to a l arge extent , by food ava i l abi l i ty and temperature . S i ze ,  as  a 
function of growth , may p l ay an i mportant ro l e  i n  escapement and surv i va l  rate 
i n  coho popu l ation s ;  l arger seaward mi grant coho ( smo l ts)  have a hi gher prob
abi l i ty of returni ng as adu l t s  and are l arger and more fecund than sma l l e r 
i nd i vidua l s of a cohort ( C rone and Bond 1 976 ; Bi l ton 1978) . 

Young coho feed mai n l y  on dri fti ng aquati c  and terrestri a l  i n sects ( Demory 
196 1 ;  Mundie 1969 ; Scott and Cro s sman 1973 ) . As they grow , coho become 
i ncreas i ngly p i sci vorous ,  prey i ng primari ly on sa l mon id  fry ( Scott and Crossman 
1973) . In the ocean or i n  1 akes  and reservo i rs ,  coho feed on f i sh  and 
crustacean s  (Gri nol s and Gi l l  1968 ; Hart 1973 ; Scott and Crossman 1973 ;  Hea l ey 
1978) . Coho do not feed duri ng spawn i ng m i grat i on s .  

1 
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Reproducti on 

Coho salmon return to nata l streams to spawn from midsummer to wi nter ,  
depend i ng on l ati tude . In  the  southern part of the range , spawn i ng occurs in  
December and January ( Br iggs  1953 ; Shapova l ov and Taft 1954) . In Al aska , 
spawn i ng occurs i n  October ( Drucker 1972 ; Crone and Bond 1976) and, i n  the 
Great Lake s ,  in early September - October ( Scott and Crossman 1973 ) .  Coho i n  
North Ameri ca migrate up stream dur i ng a s i ng l e  fal l run , unl i ke other sal mon , 
which  may mi grate upstream i n  mul ti p l e  runs throughout the year ( Scott and 
Cro ssman 1973 ) . Entry i nto freshwater often co i nc i des wi th ri ses  i n  stream
fl ow ,  part icul arly i n  streams with  l ow summer f lows ( S hapoval ov and Taft 
1954 ) .  

Spawni ng behav i or of coho has  been summari zed by Morrow ( 1980 ) .  Spawn i ng 
occurs pri mari ly i n  moderate-s i zed coastal streams and tri butari es  of l arger 
ri vers . Coho do not uti l i ze ma i n  channel s  of l arge ri vers for spawni ng as  
heav i ly as do chi nook (Q .  tshawytscha ) or  i nterti dal reaches a s  heavi l y  as  do 
chum (Q .  keta) and p i n k  ( Q .  gorbuscha) sa l mon ( Scott and Cro ssman 1973) .  
Suppl ementati on of dec l i n i ng run s  of wi l d  spawn i ng stocks with hatchery fi sh 
i s  i ncreas i ng i n  the Northwe st ( Ful ton 1970 ; Korn 1977 ) .  

I ncubation peri od vari e s  i nversely wi th temperature and usua l l y  l a sts 35 
to 50 days ( Shapova l ov and Taft 1954 ) .  Fry eme rge 20 to 25 days after hatchi ng 
(Mason 1976a ) .  

Fre shwater Res i dence 

· Coho fry emerge from the gravel from early March to mi d-May. Newly  
emerged fry aggregate a l ong stream marg i n s ,  i n  shal l ow poo l s ,  and in  backwaters 
and eddi e s  ( li ster and Genoe 1970 ; Stei n  et a 1 .  1972 ) .  Fry gradual ly move 
i nto deeper pool s ,  where they become aggres s i ve and terri tori al . Fry unab le  
to hol d  a terri tory emi g rate downstream i nto  the ocean (Hartman et  a l . 1982) 
or e l sewhere i n  the stream sy stem ( Shapoval ov and Taft 1954) because of i ntra
speci f i c  compe t i t i on for food and space ( Chapman 1966a) .  Coho that emi grate 
i n  the i r  fi rst spri ng or summer of l i fe a s  age 0 fi sh [usual ly < 40 mm fork 
l ength ( FL)]  often consti tute a maj or port i on of the seaward m igrants , but 
thei r  probabi l i ty of returni ng as adul t s  i s  extremely l ow ( Crone and Bond 
1976 ; Hartman et a l . 1982 ) . Otto ( 1971 ) demon strated that age 0 coho are 
poorly equi pped phys i o l ogi cal ly to surv i ve and grow i n  the h i gh sal i n i t i es 
encountered i n  the ocea n .  

Sca l e s  from return i ng adu l t s  i nd i cate that the vast majori ty o f  coho 
re s i de i n  freshwater for at l east 1 year prior to seaward migrati on . In the 
southern part of the range , coho common l y  rema i n  i n  fre shwater for 1 to 2 
years ( Shapova lov and Taft 1954 ; Godfrey 1965 ) .  I n  Al aska , fres hwater 
re sidence l asts from 2 to 4 years ( Drucker 1972 ; C rone and Bond 1976 ) .  

Smo l t i ficati on 

Myriad processes  and factors i n i t i ate , control , and affect parr-smol t  
transformation ( smol ti ficat ion )  i n  coho and other anadromous salmon ids . An 
important requi rement of hatchery or natural ly produced coho juven i l es i s  that 
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the resu l t i ng sme l ts be ful l y  abl e ,  behav i ora l l y a nd phy s i o l og i cal l y ,  to 
mi grate to the sea , grow , deve l op norma l l y ,  and return to the i r  nati ve stream 
and successful ly spawn . Among the envi ronmental factors that i n fl uence 
smo l t i fi cat i on , photoper iod ,  temperature , and f l ow are e spec i a l l y  cr it i cal  
( Parry 1960 ; Hoar 1965 ; C l arke et a l . 1978 ; C l arke and Shel bourn 1980 ; 
Wedemeyer et a l . 1980 ) . 

Smol ti fi cati on and seaward mi grati on i n  coho occurs i n  the spring 
( Shapoval ov and Taft 1954 ; Drucker 1972 ; C rone and Bond 1976 ) ,  with some 
except i on s  ( Chapman 1962 ) .  Mi grat i o n  o ften fol l ows peri ods of rap id  tem
perature warmi ng ( Shapova l ov and Taft 1954) . Coho smo l ts i n  Cal i forn i a  are 
reported to mi grate to sea i n  Apr i l - May ( S hapoval ov and Taft 1954 ) ;  i n  
southeast A l aska , mi grat i on pea ked i n  mi d-June ( Crone and Bond 1976 ) .  

Parr- smo l t  transformati on i s  pr imari l y  a function of s i z e ,  rather than of 
age . Mi n i mum s i z e  for successful smo l t i f i cation in  coho i s  near 100 mm FL 
( Shapoval ov and Taft 1954 ; Druc ker 1972 ; Crone and Bond 1976 ) . Thi s s i ze 
corresponds c l o se ly  to the 90 mm threshol d  s i ze of coho for max i mum sal i ni ty 
tol erance ( Conte et a l . 1966 ) .  Sma l l er coho may show s i gn s  of transformation 
to smo l ts ( e . g . , s i l very col o r ,  i ncrea sed buoyancy , and sal i n i ty to l e rance ) ,  
but other cr i t i cal  a spects o f  the proce s s  are usua l ly l acki ng ( e . g . , m i gratory 
behavi or) , and they do not deve l op ful l y  un t i l the thresho ld  s i ze i s  atta i ned 
( Wedemeyer et a 1 . 1 980 ) . 

Due to the reduct i on i n  spawn i ng habi tat and spawn i ng run s ,  natura l 
reproducti on of coho sal mon i s  i nc reas i ng ly  suppl emented by rel ease of 
hatchery-reared smo l t s .  Howeve r ,  a perenn i a l  probl em in  the use of hatchery
produced j uven i l e  sa lmo n i ds i s  that ocean survi va l  i s  often be l ow e st i mated 
surv i v a l  of natura l l y  produced smo l t.s .  The fa i l ure to produce good qua l i ty 
smo l t s  centers on the rel ease  of f i s h  at a s i ze ,  age , and t i me uns u i tab l e  for 
the i r  ocean surv i va l  and on the i r  expo sure to envi ronmental condi ti on s that 
adversely affect growth and surv i va l . Wedemeyer et a l . ( 1980 ) have revi ewed 
th i s probl em i n  depth and propo se gu idel i ne s  for reari ng and rel ea se of 
hatchery smo l t s  to max i m i ze the number returni ng a s  adul t s .  

Speci fi c  Habi tat Requi rements  

Coho sa lmon uti l i ze a vari ety of freshwate r habi tats and tol erance s and 
requi rements change with  sea son and age . Al though mo st devel opmental changes 
and movements to d i fferent habi tats are gradual , it i s  useful to de l i neate the 
freshwater l i fe cycl e  i nto four di sti nct l i fe stage s and to spec i fy factors 
as sumed to affect hab i tat q ua l i ty for each l i fe stage . These l i fe stages are 
defi ned as fol l ows : 

1 .  Adu l t .  Sexua l l y  mature coho m i g rat i ng from the ocean to natal 
stream to spawn . 

2 .  Spawn i ng/embryo/al ev i n .  From per i od o f  egg depo s i t i on to hatchi ng 
and emergence of fry from redd s (Al evi n s  = yo l k-sac fry) . 

3 
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3 .  

4 .  

Parr. Fry ( age 0 )  .and juveni l e  ( age I + )  coho res i d i ng i n  reari ng 
streams . 

Smol t .  Seaward mi grant juveni l es undergo i ng parr-smo l t  transforma
t i on .  

Adul t .  Acce s s i b i l i ty of the spawn i ng stream and water qual i ty appear to 
be the major factors affecti ng coho duri ng upstream mi grat i on .  Dams may 
comp l ete ly  b l oc k  upstream passage , and other physi cal  features may become 
imposs ib le  to cross  at l ow ( e . g . , debri s jams or waterfa l l s ) or h igh  ( e . g . , 
excess ive vel oci t i e s )  fl ows ( Rei ser and Bj ornn 1979) . Thomp son ( 1 972) 
recommended a m i n i mum depth of 0 . 18 m and a max i mum ve l oc i ty of 244 em/sec as 
cri teria for successful upstream mi grat ion of adu l t  coho . 

Water qua l i ty can affect up strea� mi grati on of coho through di rect 
morta l i ty , i ncreasi ng the suscepti bi l i ty of the coho to di sease s ,  or adverse ly 
a l teri ng the t imi ng of the m i g rati on and rate of maturation ( Ho l t  et al . 
1975 ) .  Temperatures � 25 . 5° are l etha l to m i g rati ng adu l t s  ( Bel l 1973 ) .  
Subl ethal temperatures may re sul t i n  major pre spawni ng mortal i t i es through 
acti vati on of l atent i nfections  (Wedemeyer 1970 ) .  Di sease i nfection rates i n  
coho i ncrease marked ly  at temperatures above 12 . 7° C ( Fryer and P i l cher 1974 ; 
Ho l t  et al . 1975 ; Groberg et a l . 1978) . Temperatures s 13° C have been 
recommended to m i n i m i ze prespawni ng morta l i ty of coho duri ng upstream m igration 
( Wedemeyer ,  pers .  comm . ) .  

Di ssol ved oxygen ( D . O . ) l evel s > 6 . 3  mg/1 are recommended for successful  
upst ream mi grat i on of anadromou s  sa l monids  ( Davi s 1975) .  Lower D . O .  concentra
t i ons adversely affect up stream mi gration by reduci ng the swimmi ng abi l i ty of 
mi grants and by e l i c i ti ng avoi dance responses . Max imum susta i ned swi mmi ng 
speed of coho i s  sharpl y  reduced at D . O .  l evel s < 6 . 5  rug/1 at a l l  temperatures 
( Dav i s  et a l . 1963 ) . It  i s  a ssumed that adu l t  coho respond to l ow D . O .  l evel s 
i n  a fashi on s i mi l ar to j uven i l es and avoid waters with D . O .  concentrati on s  
< 4 . 5 mg/1 (Whi tmore et a l . 1960 ) . 

Spawni ng/embryo/a l ev i n .  Coho sa l mon construct redds i n  swi ft ,  shal l ow 
areas at the head of ri ffl es  ( Burner 19 5 1 ; Bri ggs 1953 ; Shapoval ov and Taft 
1954 ) . Preferred redd con struction  s i tes i n  ri ffl e areas have ve l oc i ti es of 
21 to 70 em/ sec and mi n imum depths � 15 em ( Sm i th 1973) . Gravel and smal l 
rubb l e  substrate wi th l ow amounts of f i ne sediments i s  opti mum for survi val , 
growth , and devel opment of embryos and a l ev i n s  and for l ater emergence of fry 
( Pl atts et a l . 1979 ) . Percent compo s i t i on of vari ous s i ze c l asses of substrate 
resu l ti ng i n  h i gh survi val  of embryos and a l ev i n s  has not been establ i shed . 
Rei ser  and Bjornn ( 1979 ) e sti mated that redds wi th 1 . 3  to 10 . 2  em di ameter 
substrate s i ze s  and a l ow percentage of fi nes resul t i n  h i gh surv i val of 
embryos .  An i nverse re l at ionsh ip  between percent fi nes < 3 . 3  mm and emergence 
of fry has been wel l  estab l i shed i n  fi e l d  ( Koski  1966 ; Ha l l  and Lantz 1969 ; 
C l oern 1976) anti l aboratory ( Phi l l i p s  et al . 1975)  experi ments . I n  a l l  
studi es ,  emergence o f  coho fry was h i gh a t  < 5% f ines  but dropped sharp ly  at 
� 1 5% fi nes . 
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Surv i v a l  and emergence o f  embryos and a l ev i n s  · i s  greatly i n f l uen ced by 
D . O .  supply w i t h i n the redd ( M a son 1976a ) .  D . O .  concentra t i o n s  � 8 mg/ 1 are 
req u i red for h i g h surv i va l  and emergence of fry .  Embryo surv i v a l  drops s i g n i f
i ca n t l y  at l e vel s s 6 . 5  mg/ 1 ; concentra t i o n s < 3 mg/1 are l e tha l ( Cobl e 1961 ; 
Shumway �t a l . 1964 ; Dav i s 1975 ) . D . O .  s upp l y  ava i l ab l e  to coho i n  redds i s  
determi ned pri ma r i l y  by the i n terrel a t i o n s h i p  o f  grave l permeab i l i ty ,  water 
ve l oc i ty ,  and D . O .  concentra t i on . When any o f  these factors , a c t i n g  a l on e  or 
i n  comb i n a t i on , reduc e s  the i n t ragrav e l  01 s u p p l y  be l ow satura t i on ,  hypox i a l  

stre ss occur s ,  re s u l t i n g i n  d e l ayed h a tc h i ng and emergence , sma l l e r  s i ze o f  
emerg i ng fry ,  and i n creased i n c i dence o f  dev e l opme n t a l  abnorma l i t i e s  ( A l deri ce 
et a l . 1958 ; Cobl e 1 96 1 ;  S i l ve r  et a l . 1 963 ; S humway et a l . 1964 ; Mason 1976a ) .  
D . O .  concentra t i o n s  a t  o r  near saturat i on ,  w i t h  temporary reduct i o n s  no l ower 
than 5 mg/ 1 , a re recommended as cri ter i a  necessary for succ e s s f u l  reproduct i on 
of anadromou s  s a l mo n i ds ( Re i ser a nd Bj ornn 197 9 ) . 

Burner ( 1 9 5 1 )  observed coho spawn i ng i n  Oregon at temperatures o f  2 . 5  to 
12 . 0° C .  Temperatures o f  4 . 4  to 9 . 4° C a re c o n s i dered sui tabl e for spawn i ng 
( Be l l 1973 ) .  Tempera tures i n  the 4 . 4  to 13 . 3° C range a re con s i dered opti mum 
for embryo i ncubati o n ;  surv i va l  decreases i f  these thresho l d s are exc eeded 
( Be l l 1973 ; Re i se r  a nd Bjornn 1979 ) .  

Parr.  Coho parr requi re a n  abundance o f  food and cover to sust a i n  fast 
growth rate s ,  avo i d  predati on , and av o i d  premature d i spl acement down stream to 
the ocean i n  order to succ e s s fu l ly rear i n  freshwater and mi grate to the sea 
as smo l t s  ( Mundi e 1969 ) . Mason and Chapman ( 1965)  found that the number of 
coho parr rema i n i n g i n  stream channe l s i s  depende nt on the amoun t  of food and 
cover ava i l ab l e ;  i f  food or cover i s  decreased , emi grat i o n  from the area 
subsequently i s  i ncrea sed . Mason ( 1976b) substant i a l ly i nc reased summer 
carry i n g  capac i ty of a coho stream by suppl eme n t a l  feedi ng ; however , these 
g a i n s  were l a rg e l y  l o st beca u se numbers exceeded wi nter carry i ng capa c i ty .  
D i l l  e t  a l . ( 198 1 )  found that terr i t o ry s i ze i n  coho i s  i nversely rel ated to 
the amount of ava i l ab l e foo d .  low l eve l s of food re sul t i n  l arger and fewer 
terri tori e s  per u n i t a re a ,  i ncreased emi grat i on of re s i dent fry , and s l ower 
growth rate of rema i n i n g f i s h .  Smal l ,  s l ow growi ng parr may rema i n  i n  fre sh
water for l o nger peri ods ( w i t h  an a ttendant h i g h morta l i ty rate ) u n t i l 
thresho l d  s i ze for sme l t i ng i s  reached or may m i grate to the sea a t  a t i me 
when chances for surv i va l  are s l i m  ( Chapman 1966a ) .  

Substrate compo s i t i o n ,  ri f f l es , a n d  r i p a r i an vegetat i o n appear to be the 
most i mportant factors i n f l uenci ng p roduc t i o n  o f  aquat i c  and terrestri a l  
i n sects a s  food for coho ( Mundi e 196 9 ;  G i ge r  1973 ; Re i se r  and Bj ornn 1979 ) .  
H i ghest produc t i o n  o f  a q u a t i c i nvertebrates i s  found i n  stream substrates 
compr i sed of grave l and rubb l e ( G i ger 1973 ; Re i ser and Bjornn 1979 ) . Pennak 
and Van Gerpen ( 1947 ) reported that the p roduc t i o n  o f  benth i c  i n vertebrates i s  
greater i n  rubb l e  > bedrock > grave l > sand.  Because substrate s i ze i s  a 
funct i on o f  water veh·r. i ty ,  l arger sub strate s i ze s  a re a s soc i ated w i t h  faster 
currents . Thus , food produc t i o n  i s  a l so h i gh i n  r i f f l e s  ( Rugg l e s  1966 ; Waters 
1969 ) . Pearson et a l . ( 1 970 ) found t ha t  coho produc t i on per uni t area i n  
Oregon streams i s  h i gher i n  pool s w i t h  l a rge r  ri f f l e s  up stream . Howeve r ,  
i n c rea sed fi nes i n  r i f f l e s  can reduce produc t i o n  o f  benth i c  food orga n i sms 
( Ph i l l i p s 197 1 ) .  Crouse et a l . ( 1 981)  reported that coho prod ucti on i s  l owest 
in l aboratory st ream chan n e l s when embeddedn e s s  of the rubbl e substrate i s  
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h i gh ( 80 to 100%) and the percent (by vol ume) of f ines  (s 2 . 0  mm) exceed s 26%. 
Last l y ,  ri par i a n  vegetation a l ong coho streams acts as habi tat for terrestri al  
i n sect s ,  a s  wel l  as  a source of l eaf l i tter uti l i zed by stream i nvertebrates 
as food (Chapman 196Gb ; Mundi e 1969 ) .  

Coho parr are most abundant i n  l arge , deep [general ly > 0 . 30 m (N i ckel son , 
pers . comm . ) ]  pool s ,  where they congregate near i n stream and ban k  ( overhead) 
cover of l og s ,  root s ,  debri s ,  undercut bank.s , and overhang i ng vegetation 
( Ruggl es 1966 ; Li ster and Genoe 1970 ; Mason 197Gb ) .  Ni ckel son and 
Rei senbichl er ( 1 977) . and N i c ke l son et al . ( 1 979)  found po s i ti ve correl ati ons 
between standi ng crop of age 0+ coho and poo 1 vo 1 ume . Studi es in Oregon by 
N i c kel son ( pers . comm . )  suggest that poo l s of 10 to 80 m2 or 50 to 250 m2 i n  
s i ze wi th suffi c i ent ri par ian canopy for shadi ng are opti mum for coho produc
t i o n .  A pool to ri ffl e rat io of 1 : 1  prov i des  opti mum food and cover condi tions  
fo r coho parr. Rugg l es ( 1966 ) found that the greatest number of coho fry 
rema i ned i n  stream channel s cons i sti ng of 50% pool s and 50% ri ffl es ; numbers 
of fry rema i n i ng i n  channe l s  of ei ther 100% poo l s  or 100% ri ffl es cou l d  be 39% 
and 20% l ower ,  respective ly .  

As  water temperatures decrease be l ow 9°  C ,  coho fry become l ess acti ve 
and seek. deep (�  45 em) , s low ( <  15 em/ sec) water i n  or very near ( < 1 m) 
dense cover of roots , l ogs , and fl ooded brush ( Hartman 1965 ; Bustard and 
Narver 1975a ) . Beaver ponds and quiet backwater area s ,  often some di stance 
from · the mai n  stream channel and dry duri ng  summer l ow fl ow peri od s ,  are a l so 
uti l i zed a s  wi nter hab i tat ( Narver 1978 ) . Several stud i e s  i ndi cate that the 
amount of suitab l e  wi nter habi tat may be a major factor l i mi t i ng coho produc
t i on ( Chapman 1966a ; Mason 197Gb ; Chapman and Knudsen 1980 ) . Swi mm i ng abi l i ty 
of coho i s  decreased as the water temperature drops ;  therefore , wi nter cover 
i s  cri t ica l  for protecti on from predati o n , freezi ng ,  and , espec i a l l y ,  di spl ace
ment by wi nter fre shets ( Bustard and Narver 1975b ; Mason 197Gb ; Hartman et a l . 
1982 ) . Chapman and Knudsen ( 1980) found a very l ow wi nter bi oma ss  of coho i n  
channel i zed and grazed sections of streams i n  Wash i ngton , whi ch they attri buted 
to the reduced pool vol ume s and amount of i nstream and bank. cover present i n  
those area s .  

Several stud i e s  have shown a posi t i ve re l at i onsh ip  between stream carry i ng 
capac i ty for coho and streamfl ow (McKernan et a l . 1950 ; Mathews and Ol son 
1980 ; Scarnecch i a  1981 ) .  Strong po s i t i ve correi ations  have al so been found 
between total stream area and measures of coho b iomass ( Pearson et al . 1970 ; 
Burns 1971 ) .  Lowest return s of adu l t  coho coi nc i de with  l ow summer fl ows 
coupl ed wi th h igh  wi nter fl oods ( McKernan et a l . 1950) . Burn s ( 1971)  found 
that hi ghest mortal i ty of coho and other sal moni d s  i n  the summer occurred 
duri ng peri ods of l owest f lows . H i gher streamfl ows during reari ng appear to 
prov ide more sui tabl e habi tat for growth and surv i va l  through i ncrea sed produc
t i on of stream i nvertebrates and ava i l abi l i ty of cover ( C hapman 1966a ; G i ger 
1973 ; Scarnecch ia  1981 ) .  Stabi l i zati on of wi nte r fl ows and i ncreases i n  
summer fl ows have l ed to i ncreased product i on of coho ( Li ster and Wal k.er 1966 ; 
11undi e 1969 ) .  Narver ( 1978) suggested that stream enhancement techni ques 
a i med at reduc i ng di spl acement downstream duri ng w inter fl oods and at providi ng 
deep poo l s  dur ing  summer l ow fl ows cou ld  sub stanti a l ly i ncrease stream rear i ng 
capac i ty for coho . 
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0 Growth rate and food conve rsion  eff i c i ency of. coho fry i s  opti mum at D . O .  
concentrat ions  above 5 mg/1 . Be l ow 4 . 5  mg/1 , growth and food conversion  
rap id ly  dec reases to  the po i nt where growth ceases or i s  negative ( be low 
3 mg/1 ) ( Herrmann  et al . 1962 ; Brett and Bl ackburn 1981 ) .  Swi mmi ng speed 
decrea ses be l ow the saturati on l evel , especi a l l y  be l ow 6 mg/ 1 ( Dahl berg et al . 
1968) . D . O .  concen trat ions  < 4 . 5  mg/1 are avoi ded (Whi tmore et al . 1960 ) .  
Upper i nc i p i ent l etha l temperatures for coho fry range from 22 . 9  to Z 5 . 0° C 
( accl imat i on temperatures of 5 to 23° C )  ( Brett 1952 ) .  S i g n i f i cant decrea ses 
i n  swi mm i ng speed occur at temperatures  > Z0° C (Gri ffi ths and Al der ice 197Z ) ,  
and growth ceases at temperatures above Z0 . 3° C ( Bel l 1973) . Stei n et a l . 
( 1 972 )  found that the growth rate of coho fry was h i gh i n  the 9 to 13° C 
temperature range , but s l owed consi derably at temperatures near 18° C .  Brungs 
and Jones ( 1977 ) reported that g rowth of coho occurred from 5 to 17° C .  

Streams ide vegetat ion  p l ays an i mportant ro l e  i n  regu l at i ng the tempera
ture i n  rea r i n g  streams . Cool er wi nter water temperatures may occur i f  the 
stream canopy i s  absent or reduced , adverse ly  affecti ng egg i ncubati o n  ( Chapman 
1962 ) .  Where streamside vegetati on i s  i ntact but the surrounding watershed 
has been l ogged , warmer w i nter water temperatures may re sul t ,  s h i ft i ng the 
period of emergence of fry and down stream movement of smo l t s  to earl i e r ,  and 
l e ss favorab l e ,  peri ods ( Hartman et a l . 1982 ) .  I n  areas where the stream 
canopy has been reduced , the resul tant warmer summer temperatures may make the 
habi tat unsu i tabl e i f  the temperature exceeds zoo C ( Ste i n  et a l . 197Z ) or may 
i ncrease the morta l i ty of fry from di sease ( Ha l l and Lantz 1969) . However,  
too much stream canopy can a l so reduce habi tat sui tabi l i ty for coho fry .  For 
exampl e ,  Chapman and Knudsen ( 1980 ) found reduced coho bi omass i n  stream 
sect i on s  where the canopy was very den se .  Pearson et a l . ( 1970 ) reported that 
coho fry appear to avo i d  areas of den se shade ; they sugge sted that stream 
canopy enc l os i n g > 90% of the sky may �xceed the opti mum l evel . 

I n  summary , opti mum reari ng habi tat for coho parr con s i sts of a mi xture 
of pool s and r i ffl e s ,  abundant i n stream and bank cover , water temperatures 
that average between 10 to 15° C i n  the summer , D . O .  near the saturat ion  
l evel , and r i ff l e s  wi th l ow amounts of f i ne sed i ment ( Re i ser and  Bjornn 1979) . 
Streams ide vegetati on i s  an i mportant component of coho habi tat because i t  
provi des food , cove r ,  temperature contro l , and bank stabi l i zation  ( Narver 
1978 ) .  

Smel t .  The rad i ca l  phys i o l og i ca l  and behav i oral changes that occur 
during  smo l t i f i cation  make thi s stage parti cu lar ly  sens i t i ve to envi ronmental 
stress  factors . Bl ockage and del ay of mi gration  by dams , un favorabl e stream 
fl ows and temperatures ,  fl uctuati ons  i n  food supp l i es ,  predati on ,  gas super
saturati on bel ow dams , acti vation of l atent i n fecti o n s  due to envi ronmental 
stress , i nte rference with sal twater adaptat i on i n  estuar ies  because of g i l l  
i nfestati o n s ,  and handl i ng stress and desca l i ng duri n� tran sportation  around 
dams are major sources of mortal i ty and reduced ocean survi vabi l i ty of coho 
smol ts (Wedemeyer et a l . 1980 ) .  

E l evated water temperatures can acce l erate the on set o f  smo l ti f icati on 
and shorten the sme l t i ng peri od and may res u l t  i n  seaward mi grat ion  of sme l ts 
at a t ime when condi ti ons are unfavorabl e  (Wedemeyer et a l . 1980 ) .  Zaugg and 
Mcla i n  ( 1976) reported that the per i od of h i gh g i l l  ATPase acti v i ty ( i ndi cat i ve 
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of hi gh sa l i n i ty tol erance and other adaptati ons  neeessary for parr-smo l t  
tran sformation)  i n  coho smo l ts held a t  20° C occurred from mi d-March to earl y 
Apri l ;  at 15° C ,  i t  occurred from mi d-March to early May ; and , at 10° C ,  a 
normal pattern resul ted wi th a peak i n  ATPase act i v i ty from mi d-March to early 
Ju l y .  By shorten i ng the durati on of sme l t i ng and accel erat i ng desmo l ti fi ca
t i on , subl ethal temperatures can l ead to parr-reversi on of coho sme l t s  i n  
estuaries where expo sure to predation  and ri sk o f  i n fect i on i s  high , thereby 
d imi ni sh i ng the number of coho sme l ts enteri ng the ocean ( Wedemeyer et a l . 
1980 ) .  Wedemeyer et al . ( 1980 ) recommend that temperatures fol l ow a natural 
seasona l  cyc l e  as c l osely as pos s i b l e  to those present in the coho ' s  nati ve 
range to ensure optimum cond i t i o n s  for smo l ti fi cation  and t i m i ng of seaward 
mi grati on . Spec i fi cal l y ,  temperatures shou l d  not exceed 10° C i n  l ate wi nter 
to prevent accel erated sme l t i ng ;  tempe ratures shou ld  not exceed 12° C duri ng 
smel ti ng and seaward mi grati on i n  the spri ng to prevent shortened durat i on of 
smel ti ng and premature on set of desmo l t 1 f i cat1 on and to reduce the ri sk of 
i nfecti on from pathogens ( see Adul t secti on) . 

Exposure to po l l utants can have a major del eteri ous impact on smol t i fi ca
t i on and early marine  survi val of anadromous sa l monids  ( see revi ew by Wedemeyer 
et a l . 1980 ) .  For exampl e ,  Lorz and McPherson ( 1976) found that ,  at very l ow 
l evel s of copper ( 20 to 30 pg/1 ) ,  migratory behavior and gi l l  ATPase act i v i ty 
i n  coho smo lts  wa s greatly suppressed and high morta l i t i e s  resul ted from 
exposure to sal twater.  Low concentrati ons  of herb i c i des  have a l so been found 
to i nh i bi t  smo l t  funct i on and migratory behavior  ( Lorz et a l . 1978) . 

The l ethal thresho l d  for gas  supersaturation  i n  coho smo l t s  i s  1 1 4 . 5%. 
No deaths were reported at 1 1� supersaturati o n ,  but the majori ty of fi sh 
exhibi ted symptoms of ga s-bubbl e d i sease ( Ruc ker and Kanga s 1974; Nebeker and 
Brett 1976 ) . 

Spec i f ic  D . O .  requi rements for coho smo l t s  are unknown , but are probably 
s i mi lar  to those for parr . 

HABITAT SUITABI LITY INDEX ( HS I )  MODEL 

Model Appl i cabi l i ty 

Geograph i c  area . The model w a s  devel oped from i n formation gathered on 
habi tat requi rements of coh.o sa l mon throughout i t s nat i ve and i ntroduced 
range . Thi s general model i s  des i gned to be appl i cabl e to a l l the above areas 
but i s  l i m i ted to the freshwater stage of the l i fe cyc l e :  upstream mi grant ; 
embryo ; parr ; and smol t .  

Season . The mode 1 1 s  structured to account for changes i n  seasona 1 as  
we l l  a s  l i fe stage requi rements of coho sa l mon · duri ng those parts of the l i fe 
cyc le  when they i nhabit  freshwater .  Because reari ng strean·� are uti l i zed 
year-round,  the model 1 s  devel oped to mea sure the sui tabi l i ty of a g i ven 
habi tat to support parr for the ent i re year and to support embryos duri ng the 
spawn i ng and i ncubation  period . 
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Cover type s .  The model  i s  ori ented pri ma r i l y  to sma l l coa sta l streams 
and tri buta ri e s  of l a rger ri vers , whi c h  are the major spawn i ng and reari ng 
areas o f  coho s a l mon . Hab i tat req ui remen t s  o f  coho i n  l a rge ri vers , where 
some spawn i n g and rea ri ng occurs and w h i c h  serve a s  " h i ghways to the sea" for 
upstream and down stream mi g rant wi l d  and hatchery-reared coho , are l e s s  wel l 
known and are not adeq uate l y  addre s sed i n  t h i s model . Water qual i ty vari ab l e s 
are the o n l y  vari abl e s  i n  th i s  mode l that may be app l i cab l e  when coho i n hab i t  
l a rge ri vers . Vari abl e s  that mea sure habi tat s u i tabi l i ty for adu l t coho i n  
l a ke s ,  reserv o i r s , e stuari e s ,  or the ocean a re not i nc l uded i n  thi s mode l . 

Water qua l i ty .  The model has  l i m i ted uti l i ty i n  areas where water qual i ty 
vari abl e s  ( e . g . , tox i c  substances and g a s  s upers aturat i o n )  are maj or facto rs 
l i m i t i ng coho popu l ati on s .  If tox i c  substances are be i ng di scharged i n to a 
ri ver , Wedemeyer et a l . ( 1980) shoul d  be c o n s u l ted for i nforma t i o n  o n  the 
typ e s  of substa n c e s  that can adve rs e ly a ffect s u rv i va l  of smo l ts . 

Veri f i c a t i o n  l evel . The model represe n t s  the a uthor ' s i nterpretati on o f  
how spec i f i c  e n v i ronmental  factors comb i ne to determ i ne overa l l  habi tat su i t 
abi l i ty for coho s a l mon . The model  h a s  n o t  been f i e l d  tested . 

Model Descript i o n  

The HSI model that fo l l ows i s  a n  attempt t o  conde n se i n formati on on 
habi tat req u i remen t s  for coho i nto a set o f  habi tat eva l uati on cri teri a ,  
structured to produce a n  i ndex o f  overa l l habi tat q u a l i ty .  A po s i t i ve re l a
t i on s h i p  between H S I  a nd carry i ng capa c i ty o f  the habi tat i s  a s sumed ( U . S .  
Fi sh and Wi l � l i fe Serv i ce 1981 ) , but thi s re l at i o n s h i p  has  not been tested . 

As a con sequence o f  the i r  homi n g  to natal  streams to spawn , coho and 
other a nadromou s  s a l mo n i d s  commo n l y  form l oc a l  race s  and stocks , exh i b i t i n g  
adaptat i o n s  t o  the part i c u l ar set o f  e n v i ronmental  condi t i o n s  present i n  the 
s pawn i ng streams ( La rk i n  1981 ; Maclean and Eva n s  1981 ) .  The genera l i zed HSI 
mode l presented doe s not take i nto account the d i fferent stocks or subpopu l a
t i o n s .  The model  wa s dev e l oped , and s ho u l d  be app l i ed ,  w i th the fol l ow i n g  
s tatemen t  by Ban ks ( 1969 : 1 3 1 )  i n  mi nd :  11 • • •  the con sequenc e s  o f  man-made 
changes ( o n  a nadromous s a l mo n i d s )  . . .  c a n  be predi cted i n  genera l terms from 
the ex i st i ng l i terature , but ( due to the format i o n  of l ocal  stoc k s )  each 
s i tuat i on i s  u n i que . . .  and req u i re s  stud i e s  o f  the spec i a l  needs of each 
r i ver system as wel l as the f l e x i b l e  a p p l i cati o n  o f  genera l p ri nc i p l e s " . 

The model  con s i sts o f  those hab i tat vari ab l es that affect the growth , 
s u rv i va l , abundance , di stri but i on , behav i o r ,  or other mea sure o f  we l l -be i ng of 
coho , and therefore can be expected to have a n  i mpact on the carryi ng capac i ty 
o f  a habi tat . Coho s a l mon hab i tat q u a l i ty ,  i n  thi s model , i s  based on para
meters a s s umed to affect habi ta t  s u i tab i l i ty for each of four l i fe stages of 
coho sa l mon duri n g  re s i dence i n  freshwater ( Fi g .  1 ) .  Vari abl e s  a ffect i ng 
habi tat sui tabi l i ty for parr are furthe r del i neated i nto the l i �e req u i s i te 
components o f :  water qual i ty ;  food ; a n d  cove r .  I t  wa s a s s umed that the most 
l i m i t i ng factor ( i . e . ,  l owest SI score) defi n e s  the carryi ng capac i ty for coho 
s a l mon ; thu s ,  

HSI = m i n i mum v a l ue for sui tab i l i ty i nd i ces V 1  to V 1 5 • 
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H a b i tat vari abl e s 

Tempera ture du r i ng up
s tream m i g ra t i on  

D . O .  duri ng u p stream 
m i gra t i on  

Temperature- i ncuba t i on  

D . O . - i ncubati o n  

S ub strate compo s i t i on 

Temperature dur i n g  rea r i n g  

D . O .  duri n g  rea r i ng 

P e rcent  canopy 

Vegetat i o n  compo s i t i on o f  
r i pari an zone  

Percent pool s 

Substrate compo s i t i o n  

P e rc e n t  poo l s 

P roport i o n  o f  poo l s  

P e rcent cover 

Wi nter cover 

Temperature dur i n g  p a rr-

S u i tabi l i ty 
i nd i ce s  L i fe stage s 

v,� 
V 7 � Wa t e r  Qua l i ty --.., Parr -----t H S I  

v. 

v,� 
Food 

V u 

v, 

and seaward m i g ra t i o n  Smo l t  
sme l t  tran s f o rma t i on  V 1 ·-�����================,_ 

I D . O .  duri n g  seawa rd m i g ra t i o n  V 1 1 

I 
I 
I 
I 

. r 
Fi g ure 1 .  D i a gram s h ow i ng habi tat var i ab l e s  i nc l uded i n  the H S I  mod e l  for 
coho sa l mo n  a n d  the agg rega t i on o f  the c or r e s p o ndi n g  s u i tabi l i ty i nd i c e s  
( S I ' s )  i nto a n  H S I . H S I  = t h e  l owest o f  t h e  f i fteen s u i tabi l i ty i ndex 
rat i ng s . 
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Adu l t  component . V 1  was i nc l uded i n  th� s component because temperature 
can resu l t  i n  d i rect mortal i ty ,  can i ncrease coho suscepti bi l i ty to i n fecti ous 
di sea ses , or can a l ter the timi ng of mi grati on and rate of maturati on of  coho 
sa lmon duri ng mi grat i on from the ocean to the spawn i ng stream . Because D . O .  
l evel s bel ow saturation can el i c i t  avo idance behav ior and reduce the sw imm i ng 
abi l i ty i n  coho , D . O .  ( V 2 )  al so was i nc l uded as a vari abl e that affects habi tat 
sui tabi l i ty for upstream m igrant s .  

No spec i f i c  vari abl es  were i nc l uded i n  thi s component a s  measures o f  the 
acce ss ib i l i ty of the spawn i ng stream . Neverthe l e s s ,  physi cal features encoun- f 
tered by coho wh i l e  mi grat i ng up stream shou ld  be considered when eva l uati ng 
habi tat sui tabi l i ty .  Features that i mpede or de l ay mi grants from movi ng 
upstream ( see Adu l t  secti o n )  wou l d  mak.e su itabl e hab i tat , a s  defi ned by the 
model , l ess useab l e .  

Spawn i ng/embryo/a l e v i n  component . V2 wa s i nc l uded i n  th i s  component 
because embryo surv i val  dec rea ses when temperatures duri ng i ncubat i on exceed 
t he opti mum temperature boundary of 1 3 . 3° C .  V,. wa s i ncl uded because D . O .  
l evel s bel ow the saturati on l evel  i nduce hypoxi a l stress i n  embryos and a l ev i ns 
and l ead to decreased quant i ty and q ua l i ty of emerg i ng fry . V5 was i ncl uded 
because percent emergence of fry i s  rel ated to substrate composi t i on of 
spawn i ng redd s .  

Parr component . Wa ter qual i ty :  V, wa s i nc 1 uded because temperature 
a ffects  swi mm i ng· speed , growth , and surv i val  of coho parr . V7 was i nc l uded 
because D . O .  concentrati on affects g rowth ,  food conversion , swi mmi ng speed , 
and avoi dance behavi or of parr.  V1 was i nc l uded because coho numbers (or  
bioma ss)  are rel ated to the quant ity of  stream canopy cover . 

Food : V, was i nc l uded because i t  was a ssumed that the di rect ( terrestri al  
i n sects) and i nd i rect { l eaf l i tter as food for aquati c i nsects )  production of 
food uti l i zed by coho parr var i es w ith  the amount and type of ri pari an vegeta
t i on presen t .  V 1 0  was i nc l uded beca use the production of aq uatic i n sects , as 
wel l as coho parr , has  been rel ated to the amount of ri ffl e areas present i n  a 
stream. V 5  was i ncl uded because the product ion  potenti al  of  aquat i c  i nsects 
i s  re l ated to the substrate composi t i on . 

Cove r :  V 1 0  and V 1 1  were i nc l uded becau se the abundance of  coho parr 
vari es wi th the amount ( V 1 0 )  and type ( V 1 1 )  of poo l s  present i n  a stream. V 1 2 
was i ncl uded because coho parr are common ly  associ ated wi th i nstream and bank. 
cove r .  V 1 2  was i nc l uded beca�se the amount of su itabl e wi nter cover may be a 
major factor affecti ng coho product ion . 
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Smo l t  compo n en t .  V 1 16  wa s i nc l uded because tempe rature g rea t l y  af fect s 

the t i m i ng and dura t i o n  o f  p a rr-smo l t  t ra n s forma t i o n , c a n  a l ter the t i mi ng o f  
seaward mi grati o n , and c a n  a f fect t h e  s u s c ep t i b i l i ty of sme l t s  t o  i n fec t i o n .  
Al though spec i f i c  data a re l ac k i ng , V 1 5  wa s i n cl uded because D . O .  concentrati on 

cou l d  potent i a l l y  i mpact sme l t  m i g r a t i on through i t s e ffect s on sw i mm i n g  
abi l i ty ,  by e l i c i t i ng a v o i d a n c e  behav i o r ,  o r  by re sul ti ng i n  the di rect 
morta l i ty of smo l t s .  

Su i tabi l i ty I ndex (SI) Graph s fo r Model V a r i abl e s  

Al l vari abl e s  perta i n  to r i veri n e  ( R) habi ta t .  Tab l e  1 l i st s  t h e  i n forma
ti on sources and a s s umpti o n s  u sed i n  con s t ru c t i ng each SI graph . 

Habi tat Vari abl e 

R 

Max i mum temperature 
dur i ng u p s t ream 
m i g rati o n . 

M i n i mum d i s s o l ved 
oxygen c o n c e n t ra t i o n  
dur i n g  u p s tream 
m i grati o n .  
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I R v, Substrate compo s i t i on ·1 . 0 o�� i n  ri ffl e/run area s .  

I A .  Percent o f  gravel 0 . 8  
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0 R v7 Mi n i mum di ssol ved oxyge n  1 . 0 
concentrati on duri ng 
reari ng ( parr) . 
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I R V u  Percent poo l s  duri ng 1 . 0 � summer l ow f l ow peri od . 
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0 R 

R v ll o  

R V u 

() 

Percent of tota l area 
consi sti ng of q u i et 
backwaters and deep 
(� 45 em) poo l s wi th 
dense cover of roots , 
l og s ,  debri s jams , 
f l ooded brush , or deepl y
undercut banks duri ng 
winter.  

Max i mum temperature 
duri ng (A )  wi nter 
( Nov . -March )  i n  
rear i ng  streams and 
( B )  spri ng-early summer 
( Apri l -Ju ly)  i n  streams 
where seaward m igration  
of smo l t  occurs . 
A .  - - - -
B .  

M i n i mum d i ssol ved oxygen 
concentration dur i n g  
Apri l -Ju ly  i n  streams 
where seaward mi grati on 
occurs .  
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Tabl e 1 .  Sources of i nformation  and as sumpt i on i  used i n  cbnstructi on 
of the sui tabi l i ty i ndex graphs are l i sted be l ow .  " Excel l ent" habi tat 
for coho sa lmon was a ssumed to correspond to an SI of 0 . 8  to 1 . 0 ,  "good" 
habi tat to an S I  of  0 . 5  to 0 . 7 ,  " fa i r" habi tat to an S I  of  0 . 2  to 0 . 4 ,  
and "poor11 habi tat to a n  S I  o f  0 .  0 to 0 . 1 .  

Vari ab le  Assumptions  and sources 

v,  

v� 

Temperatures that are l etha l or that correspond to h i gh morta l i ty 
rate� i n  i nfected coho are poor ( Be l l 1973 ; Fryer and P i l cher 1974 ;  
Ho l t  et a l . 1975 ) . Temperatures where morta l i ty of  i nfected coho 
i s  moderate or where act i vati on of l atent i nfections  beg i n s  to 
i ncrease are fa i r  ( Fryer and P i l cher 1974 ; Groberg et a l . 1978) . 
Temperatures that correspond to l ow di sease mortal i ty ( Fryer and 
P i l cher 1974; Ho l t et a l . 1975)  and that are recommended for 
mi n im i z i ng pre spawni ng morta l i ty a re excel l ent (Wedemeyer pers . 
comm . ) .  

D . O .  l evel s that correspond to undi mi ni shed swimmi ng abi l i ty 
( Davi s et a l . 1963) and that are recommended for successful  
up stream mi grat ion  ( Davi s 1975)  are exce l l ent .  Leve l s  where 
swi mm i ng speed i s  great l y  reduced ( Dav i s  et a l . 196 3 )  and 
avoi dance i s  h i gh (Whi tmore et a l . 1960) a re poo r .  

Temperature ranges correspondi ng t o  those recommended as opti mum 
for spawn ing  and for i ncubati on of embryos ( Bel l 1973) are 
excel l en t .  Tempe ratures outside of th i s range are l e ss sui tabl e .  

D . O .  l evel s a t  o r  near the saturat ion  l evel  corresponded to the 
h i ghest surviva l  and emergence of fry and, therefore , are 
exce l l ent .  Leve l s that corre spond to reduced emergence , del ays  
i n  hatch i ng or emergence , sma l l er s i ze of  fry , or  i ncreased 
i nc i dences of devel opmental  abnorma l i t i es (Al deri ce et a l . 1958 ; 
Cobel 1961 ; S i l ver et a l . 1963 ; Shumway et a l . 1964 ; Mason 1976a ) 
are fa i r .  D . O .  l evel s bel ow 5 mg/l ( Rei ser and Bjornn 1979) or 
that approach l ethal  cond i t i ons  ( 3  mg/1 ) ( Cobl e  196 1 ; Shumway 
et  a l . 1964 ; Davi s 1975)  are poor .  
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Vari abl e 

v, 

v, 

Tabl e 1 .  ( conti nued ) .  

Assumptions  and sources 

( Embryo) Substrate composi t i o n that corresponds to hi gh embryo 
surv i val and high  emergence of fry i s  exce l l ent .  Compo s i t i on s  
that contri bute to reduced emergence ( h i gh percentage o f  fi nes , 
h i gh embeddedness )  are good-poor depend i ng on the severi ty of 
the i mpact on surv i val  and emergence ( Koski 1966 ; Hal l and Lantz 
1969 ; Ph i l l i p s  et a l . 1975 ; C l oern 1976 ; P l atts et al . 1979 ; 
Re i ser and Bjornn 1979 ) . 

( Parr-Food) Grave l-rubbl e substrate composi t i on corresponds to a 
high producti on of aquati c  i nvertebrates ( Gi ger 197 3 ;  Re i ser and 
Bjornn  1979) and , therefore , i s  exce l l ent i n  prov i d i ng food for 
coho . Other substrates p roduce decreas i ng amounts of i nver
tebrates i n  thi s order:  rubbl e > bedrock > gravel > sand ( Pennak 
and Van Gerpen 1947 ) . It i s  assumed that the hi gher the percent
age fi nes or percent embeddedne s s ,  the l ower the product i on of 
aquati c  i nvertebrates ( Ph i l l i p s  197 1 ;  C rouse et a l . 1981 ) .  

Temperatures that correspond to h i g h  g rowth ( 9  to 13° C )  ( Stei n  
et a l . 1972) are excel l en t .  Temperatures that correspond to 
reduced growth ( Stei n  et a l . 1972) a re fai r .  Temperatures that 
are l ethal or where growth of parr ceases are poor .  

D . O .  l eve l s that correspond to  the h i g hest growth and food 
convers ion rates ( Herrmann  et a l . 1962 ; Brett and B lackburn 
1981 ) are excel l en t .  Lev e l s that correspond to greatly reduced 
swi mmi ng speed ( Dahlberg e t  al . 1968 ) , avoidance behavi or 
(Whi tmore et a l . 1960 ) ,  and cessati on  of growth are poor .  

It i s  as sumed that 50  to  75% canopy enc l o sure i s  excel l ent . 
Other percentages are l ess sui tabl e because coo l er wi nter and 
warmer summer temperature s ,  associ ated wi th l ow canopy cover,  
resul t in decreased surv i va l  of embryos and fry ( Chapman 1962 ; 
Hal l and Lantz 1969 ; Ste i n  et a l . 1972 ) .  Lower b i oma ss  of coho 
corresponds to a h i gh percent ( > 90%) of canopy cl osure ( Pearson 
et al . 1970 ;  Chapman and Knudson 1980 ) ,  so percentages � 90% are 
fai r .  

Based on the work of Chapman ( 1966b ) , dec iduous trees and shrubs 
are exce l l e"t as habi tat for terre stri a l  i nsects and in providi ng 
h i gh amounts of l eaf l i tter u sed a s  food for aquatic i nvertebrate s .  
Grasses/forbs and coni fers are l e s s  sui tabl e .  The equati on wa s 
formul ated so that no r ipar ian  vegetati on  rates poor and so that 
� 75% dec i duous trees and shrubs rates excel l ent .  It wa s based on 
the assumption  that dec i d uous trees and shrubs provi de twi ce the 
amount of terrestr i a l  i nsects and l eaf l i tter per un i t  area as do 
grasses/forbs and con i fers .  
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Vari abl e 

Tabl e 1 .  ( conti nued) 

Assumpti ons and sources 

( Food-Cover) A pool to ri ffl e ratio  of 1 : 1  i n  streams i s  ex
cel l ent i n  prov i di ng both food and cover for coho parr because : 
( 1 )  food production  i s  hi ghest i n  ri ffl es ( Rugg l e s  19GG ; Waters 
1969) ; ( 2 )  coho fry are mo st abundant i n  poo l s  ( Rugg l es 19G6 ; 
li ster and Genoe 1970 ; Ma son 197Gb ) ; and ( 3 )  the hi ghest number 
of coho fry rema i ned i n  stream channel s with a 1 : 1  rati o ( Rugg l es 
1 966 ) . Hi gher or  l ower percentages of pool s are l e ss sui tabl e 
because fewer coho fry rema i n  i n  the stream channel s ( Rugg l e s 
1966 ) .  Thi s  vari abl e shou l d  be mea sured duri ng summer l ow f low 
because thi s i s  the cri t i c a l  summer period for parr (Burn s 1971 ) .  

The graph i s  ba sed on stud i e s  on Oregon streams by N icke l son and 
col l eagues where : ( 1 ) pos i t i ve correl ations were found between 
stand i ng crop of age 0+ coho and poo l vol ume (Ni cke l son and 
Rei senb ich l er 1977 ; N i c ke l son et a l . 1979 ) ;  and ( 2 )  coho fry 
b i omass was hi ghest i n  poo l s 10 to 80 m3  or SO to 2SO m2 i n  s ize 
(N i cke l son pers . comm . ) .  I t  i s  assumed that a po s i ti ve rel ation
ship  exi sts between proport i on of pool s 10 to 80 m3  or SO to 
2SO m2 i n  s i ze and habi tat su itabi l i ty (= carryi ng capac i ty) for 
coho fry . I f  such poo l s are absent from the reach , i t  i s  assumed 
that some other pool hab i tat wou l d  exi st but wou ld  be poor,  
capabl e  of support i ng parr in  re l at i vely sma l l numbers ( there
fore , Sl = 0 . 2  at 0%) . 

Because there i s  a po s i t i ve re l at i onsh ip  between number of coho 
parr rema i n i ng i n  an area and amount of i nstream cover (Mason and 
Chapman 1965) and , because parr are most abundant near i n stream 
a nd bank  cover ( Rugg l es 1966 ; li ster and Genoe 1970 ; Mason 
1976b ) ,  i t  i s  assumed that habi tat sui tabi l i ty i s  proport i onal  to 
the amount of i nstream or bank  cover present i n  a reach.  Zero 
percent cover i s  ass i gned an Sl  of 0 . 2  because the stream may 
sti l l  be abl e  to support coho parr , a l though at a greatly reduced 
l evel . 

I t  i s  a ssumed that q u i et backwaters and deep poo l s  wi th dense 
cover are excel l ent wi nter habi tat for coho parr because parr are 
most abundant i n  these areas  duri ng the wi nter ( Hartman 19GS ;  
Bustard and  Narver 197Sa ) .  Because several studies  i nfer that the 
amount of sui tabl e  wi nter habi tat may be a major factor l im it i ng 
reari ng capac i ty and smo l t  p roducti on ( Chapman 1966a ; Mason 197Gb ; 
Chapman and Knudsen 1980 ) , i t  i s  assumed that habi tat sui tabi l i ty 
i s  proport i onal  to the amount of sui tabl e wi nter habi tat ava i l ab l e .  
Zero percent wi nter cover h a s  a n  S l  rat ing  o f  0 . 2  because it  i s  
assumed that other potent i a l  si tes  can sti l l  support some over
wi nteri ng parr . Thi rty percent and above has an SI of 1 . 0 ,  
because i t  i s  a ssumed that opti mum val ues of thi s vari abl e are 
obtai nab l e  i n  conjunct ion wi th opti mum ri ffl e-pool ratios  (V 1 0 ) .  
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Tab l e  1 .  ( concl uded ) . 

Assumpt ions  and sources 

Temperatures that correspond to a l ong and normal pattern of gi l l  
ATPase acti v i ty duri ng smo l t i fi cati on (Zaugg and Mcla i n  1976 ) are 
excel l ent ,  as are temperatures recommended for opti mum smo l t i fi 
cat i on and t imi ng o f  seaward m igrat i on ;  i . e . , s 10° C during wi nter 
and s 12° C during spring  ( Wedemeyer et a l . 1980 ; Wedemeyer pers . 
comm . ) .  I t  i s  a ssumed that the shorter the duration  of g i l l  ATPase 
act i v i ty ,  the l es s  sui tab l e  the temperature . A l so , temperatures 
> 12° C are con si dered fai r-poor because the ri sk of i nfections  
from pathogens i s  assumed to  be hi gher than at  l ower temperatures 
( Fryer and P i l cher 1974 ; Hol t et a l . 1975 ) .  

I t  i s  assumed that D . O .  requ i rements for smo l ts are s imi lar  to 
those of parr , thus the same assumptions  and sources used i n  
deve l op i ng the D . O .  graph for parr ( V7 )  were used i n  construct ing  
the S I  graph for V 1 , . 
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Interpreti ng Model  Outputs 

The model descri bed above i s  a genera l i zed descri pti on of habi tat requi re
ments for coho sal mon and , as suc h ,  the output i s  not expected to di scri mi nate 
among d i fferent habi tats wi th a h i gh reso l ut ion at thi s stage of devel opment 
( see di scus s i on i n  Terrel l et al . 1982 ) . Each model vari abl e i s  con s i dered to 
have some effect on habi tat q ua l i ty for coho ,  and the sui tabi l i ty i ndex graphs 
dep i ct what the measurab l e  response is as sumed to be . However , the g raphs are 
deri ved from a se ri es of unte sted a ssumpti ons , and i t  i s  unknown how accurately 
they depi ct habi tat su itabi l i ty for coho sa l mon . The model assumes that each 
model vari ab l e  a l one can l i m it  coho producti on ,  but thi s has not been tested . 
A major potenti a l  weakne s s  i n  the model i s  that ,  whi l e  the model var i ab les  may 
be nece ssary i n  determi n i ng sui tabi l i ty of  habi tat for coho , they may not be 
suffi c i ent .  Spec i e s  i nteract i ons and other factors not i ncl uded i n  thi s model 
may determine  carry i ng capac i ty to a greater degree than the vari abl es  i nc l uded 
i n  thi s mode l . Data descr ib i ng mea surabl e  responses for addi tiona l  factors 
are , however ,  scarce or nonexi stent and ,  therefore , the vari ab les  do not meet 
the standards for con s i derati on a s  variabl es  i n  HSI  model deve l opment ( U . S .  
Fi sh and Wi l d l i fe Serv i ce 198 1 ) .  

I recommend i nterpreti ng model outputs as i ndi cators ( or predi ctors) of 
excel l ent ( 0 . 8  to 1 . 0 ) ,  good ( 0 . 5  to 0 . 7 ) ,  fa i r  ( 0 . 2  to 0 . 4 ) ,  or poor ( 0 . 0  to 
0 . 1 ) habi tat for coho sa lmon . The output of the genera l i zed model prov ided 
should be most u seful as a tool i n  compari ng d ifferent habitats .  I f  two study 
areas have di fferent HS I ' s , the one with the h i gher HSI  i s  expected to have 
the potenti a l  to support more coho sa l mon . The model al so shoul d be useful as 
a ba s i c  framewo rk for formul ati ng revi sed model s that i ncorporate s i te spec i f i c  
factors a ffect i n g  habi tat sui tabi l i ty for coho sa l mon and more deta i l ed 
variable measurement techni ques on a s i te-by- s i te bas i s .  

ADDITIONAL HABITAT MODELS 

No other habi tat model s that cou l d  be uti l i zed i n  habi tat eva l uati on for 
coho sa lmon were l ocated i n  the l i terature . The user i s  referred to Terre l l 
et a l . ( 1982 ) and U . S .  Fi sh and Wi l d l i fe Serv i ce ( 1981 ) for techni ques to 
modi fy th i s  model to meet project needs . 

REFERENCES 

Al deri ce , D. J . ,  W .  P .  W ickett , and J .  R .  Brett . 1958 . Some effects of 
temporary exposure to l ow di s sol ved oxygen l evel s on Pac i f i c  sa l mon egg s .  
J .  F i s h .  Res . Board Can . 1 5 : 229-250 . 

Ba nks , J .  W .  1969 . A revi ew of  the l i terature on the upstream mi grat i on of  
adu l t  sa l mon i d s .  J .  Fi s h .  B i o l . 1 : 85-136 . 

Be l l ,  M .  C .  1973 . Fi sher ies  handbook of  engi neeri ng requi rements and bi o l og
i cal  criteri a .  Fi sh .  Eng . Res .  Prog . , U . S .  Army Corp s .  Eng . Di v . , 
Portl and , O R .  n . p .  

22 

0 

0 



0 

0 

Bi l ton , H .  T .  1978 . Returns of adu l t coho sa lmon i n  re l at i on to mean s i ze 
and t ime of rel ease of j uven i l e s .  Can . Fi sh . Mari ne Serv . Tech . Rept . 
832 . 73 pp . 

Brett , J .  R .  1952 . Temperature tol erance i n  young Pac i f i c  sal mon , genus 
Oncorhynchu s .  J .  Fi sh.  Re s .  Board Can . 9 : 265-309 . 

Brett , J .  R . , and J .  M .  Bl ackburn . 1981 . Oxygen requi rements for growth of 
young coho ( Oncorhynchus ki sutch)  and sockeye (Q .  nerka) sa l mon at 15° C .  
Can .  J .  Fi sh .  Aquat ic  Sc i .  38 : 399-404 . 

Bri ggs , J .  C .  1953 . The behavi or and reproduct i on of sa l mo n i d  fi shes i n  a 
smal l coastal stream . Cal i forn i a  Fi sh Game , Fi sh Bul l .  94 . 62 pp .  

Brungs , W.  A. , and B .  R .  Jone s .  1977 . Temperature cri teri a for freshwater 
f i sh :  protocol and procedure s .  U . S .  Envi ron . Protection  Agency . Ecol . 
Re s .  Serv . EPA-600/3-77 , 061 . 130 pp . 

Burner , C .  J .  1951 . Characteri st i c s  of spawni ng nests of Co 1 umbi a Ri ver 
sa l mon . U . S .  Fi sh Wi l dl . Serv . Fi sh .  Bul l .  52 : 97- 1 10 .  

Burn s ,  J .  W .  1971 . The carry i ng capaci ty for j uven i l e  sa l mon i ds i n  some 
northern C a l i forn i a  stream s .  Ca l i forn i a  Fi sh Game 57 : 24-57 . 

Bustard , D .  R . , and D .  W.  Narver . 1975a . Aspects o f  the wi nter ecol ogy of 
juven i l e  coho sa l mon ( Oncorhynchus ki sutc h )  and steel head trout ( Sa l mo 
gai rdneri ) .  J .  Fi sh . Res .  Board Can . 3 1 : 667-680 . 

1975b . Preference of j uven i l e  coho salmon 
( Oncorhynchus ki sutch) and cutthroat trout ( Sa l mo c l arki) re l ative  to 
s imu l ated a l terat i on of wi nter habi tat .  J .  Fi sh .  Res .  Board Can . 
32 : 681 -687 . 

Chapman , D .  W .  1962 . Effects of l ogg i ng upon fi sh resources of the west 
coa s t .  J .  For .  60 : 533-537 . 

1966a . Food and space a s  regul ators of salmon i d  popul ations  
in  streams . Am . Nat .  100 : 345-35 7 .  

1966b . The re l at i ve contribut i ons of aquati c  and terrestri a l  
pri mary producers to the troph i c  re l at ions  o f  stream organ i sms .  Pages 
1 16-130 i n  Organi sm-substrate rel ation shi p s  i n  streams . Pymatuni ng lab . 
Ecol . ,  Univ .  P i ttsburg h .  Spec . Publ . 4 .  

Chapman , D .  W. , and E .  Knudsen . 1980 . Channe l i zation  and l i vestock impacts 
on sa l mon i d  habi tat and bi oma ss  i n  western Washi ngton . Tra n s .  Am . Fi sh .  
Soc . 109 : 357-363 . 

C l arke , W.  C . , and J .  E .  Shel bourn . 1980 . Opti mum condi ti ons  for smol ti ng i n  
underyearl i ng coho sal mon . Ame r .  Zool . 20 : 873 . 

23 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

C l arke , W .  C . , J .  E .  Shel bourn , and J .  R .  Brett. 1978 . Growth and adaptati on 
to sea water i n  • underyearl i ng 1  soc keye ( Onco rhynchus nerka ) and coho (Q .  
ki sutch)  sa l mon subjected to reg ime s  of con stant or chang i ng temperature 
and day l ength . Can . J .  Zool . 56 : 2413-2421 . 

C l oern , J .  E .  1976 . The surv i va l  of coho sa lmon ( Oncorhynchus ki sutch) eggs 
i n  two Wi scon s i n  tri butaries  of lake Mi chi gan . Amer.  Midl . Nat . 
96 : 451-561 . 

Cobl e ,  D .  W .  196 1 .  I nf l uence of  water exchange and di ssol ved oxygen i n  redds 
on surv i v a l  of steel head trout embryo s .  Tran s .  Am .  F ish .  Soc . 
90( 4 ) : 469-474 .  

Conte , F .  P . , H .  H .  Wagner , J .  Fes s l e r ,  and C .  Gnose . 
osmot ic  and i on i c  regu l ati on i n  juveni l e  coho 
ki sutch ) . Comp . Bi ochem . Phys i ol . 18 : 1-1 5 .  

1966 . Devel opment of 
sal mon (Oncorhynchus 

Cron e ,  R. A . , and C .  E. Bond . 1976 . li fe hi story of  coho sa l mon , Oncorhynchus 
ki sutc h ,  i n  Sash i n  Cree k ,  Southeastern Al aska . Fi sh .  Bul l .  74 : 897-923 . 

Crouse , M .  R . , C .  A .  Ca l l ahan , K .  W .  Mal ueg , and S .  E .  Domi ngue z .  1981 . 
Effects of f i ne sediments on growth of j uven i l e  coho sa l mon i n  l aboratory 
streams . Tra n s .  Am . Fi sh . Soc . 1 10 : 281-286 . 

Dahl berg , M .  L . , D.  L .  Shumway , and P .  Doudoroff .  1968 . Infl uence of 
di ssol ved oxygen and carbon di oxide on swimmi ng performance of l argemouth 
bas s  and coho sa l mon . J .  F i s h .  Res .  Board Can . 25 : 49-70 . 

Davi s ,  G .  E . , J .  Foste r ,  C .  E .  Warren , and P .  Doudoroff . 1963 . The i nf l uence 
of oxygen concentration on the swi mmi ng performance of j uveni l e  Paci f ic  
sa l mon at  var ious  temperatures .  Tra n s .  Am .  Fi s h .  Soc . 92 : 1 1 1- 124 . 

Davi s ,  J .  C .  1975 . M i n imal  d i ssol ved oxygen requi rements of  aquat i c  l i fe 
with emphas i s on Canad i an spec i e s :  a rev i ew.  J .  F i sh .  Re s .  Board Can . 
32 : 2295-2332 . 

Demory , R .  L .  196 1 .  Foods of  j uven i l e  coho sa l mon and two i n sect groups i n  
the coho d i et i n  three tri butari e s  o f  the Al sea R iver ,  Oregon .  M . S .  
The si s ,  Oregon State Uni vers ity ,  Corval l i s .  68 pp .  

D i l l , l .  M. , R .  C .  Ydenberg , and A .  H .  G .  Fraser . · 1981 . Food abundance and 
terri tory s i z e  i n  j uven i l e  coho sa l mon ( Oncorhynchus ki sutch) . Can . J .  
Zool . 5 9 : 1801- 1809 . 

Druc ker ,  B .  1 972 . Some l i fe hi story characteri sti c s  of coho sa l mon of  the 
Kar l uk Ri �er system , Kod i a k  I s l and , Al aska.  Fi sh .  Bul l .  70 : 79-94 . 

Fryer ,  J .  L . , and K .  S .  Pi l cher. 1974 . Effects of temperature on di seases of 
sa l mon id fi she s .  Envi ron . Protecti on Agency , Ecol . Res .  Ser.  
EPA-660/3-73-020 .  1 14  pp.  

24 

0 



0 

0 

Ful ton , L .  A .  1970. Spawn i ng areas and abundanc;e of steel head trout and 
coho , soc keye , and chum sal mon i n  the Co l umb i a  Ri ver Basi n - past and 
present . U . S .  Dept . Commerce , Nat .  Mar .  Fi sh . Serv . , Spec . Sci . Rept . 
Fi sheries  618 . 37 p p .  

Gi ger,  R .  D .  1973 . Streamfl ow requi rements o f  sa l mon i d s .  Oregon Wi ld l . 
Comm . , Anadromous Fi sh Proj . Fi nal Rept .  AFS-62-1 . 1 17 pp . 

Godfrey , H .  1965 . Sal mon of the North Pac i fi c  Ocean . Part 9 .  Coho sa lmon 
i n  offshore waters . I nt .  North Pac i f i c  Fi sh . Comm . Bul l .  16 : 1-39 . 

Gri ffi ths ,  J .  S . , and D .  F .  Al deri ce . 1972. Effects of acc l imation  and acute 
temperature exper ience on the swi mm i ng speed of juven i l e  coho sa l mon . J .  
Fi sh .  Res .  Board Can . 29 : 251-264 . 

Grino l s ,  R .  B . , and C .  D .  Gi l l .  1968 . Feed ing  behavi or of three oceani c  
fi shes , Onco rhynchus ki sutch ,  Trachurus symmetri cus , and Anopl opoma 
f imbr ia  from the Northeast Pac i f i c .  J .  Fi sh .  Re s .  Board Can . 25 : 825-827.  

Groberg , W.  J . , R .  H .  McCoy , K .  S .  Pi l cher , and J .  L .  Fryer. 1978 . Re l at i on 
of water temperature to i n fecti ons  of coho sal mon (Oncorhynchus ki sutch) , 
chi noo k s a l mon (Q .  tshawytscha ) ,  and steel head trout ( Sa l mo gai rdneri ) 
wi th Aeromonas  sal mon ic ida and � ·  hydroph i l a .  J .  Fi sh . Re s .  Board Can .  
3 5 : 1-7 . 

Hal l ,  J .  D . , and R .  L.  Lantz . 1969 . Effects of l oggi ng on the habi tat of 
coho sal mon and cutthroat trout i n  coa stal streams . Page s 355-375 in  T .  
G .  Northcote ( ed . ) Sympo s i um on sal mon and trout i n  streams . H .  R .  
MacMi l l an Lectures i n  Fi sheri e s .  Un i v .  Briti sh Col umbi a ,  Vancouver .  
388 pp . 

Hart , J .  L .  1973 . Paci f ic  fi shes of Canada . Fi sh . Res . Board Can . Bul l .  
180 . 740 pp . 

Ha rtman , G .  F .  1965 . The ro l e  of behavi or i n  the ecol ogy and i nteraction  of 
under-yearl i ng coho sal mon ( Oncorynchus ki sutch)  and stee l head trout 
( Sa l mo ga i rdneri ) .  J .  Fi sh .  Res .  Boa rd Can . 22 : 1035-108 1 . 

Ha rtman , G .  F . , B .  C .  Andersen , and J .  C .  Scrivner .  1982 . Seaward movement 
of coho sa l mon (Onco rhynchus ki sutch) fry i n  Carnat i on Cree k ,  an unstab l e  
coasta l stream i n  Bri t i sh Col umbi a .  Can . J .  Fi sh .  Aquat i c  Sci . 
3 9 : 588-597 . 

Hea l ey ,  M .  C .  1978 . The d i stribut i on , abundance , and feed i ng habi ts o f  
j uven i l e  Paci f ic  sa l mon i n  Georg i a  Stra i t ,  Bri t i sh Co l umb i a .  Can . Fi sh . 
Mari ne Serv . Tech . Rep . 788 . 49 pp . 

Herrmann , R .  C . , C .  E .  Warren , and P .  Doudoroff . 1962 . I nfl uence of oxygen 
concentrat i on on the growth of j uveni l e  coho sal mon . Trans . Am .  Fi s h .  
Soc . 9 1 : 155- 167 . 

25 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Hoar ,  W .  S .  1965 . The endocri ne system as a chemi cal  l i n k. between the 
organ i sm and i t s  env i ronment . Tran s .  Royal Soc . Can . Serv . I V .  
3 : 175-200 . 

Hol t ,  R .  A . , J .  E .  Sanders , J .  L .  Z i m ,  J .  L .  Frye r ,  and K .  S .  P i l cher . 1975 . 
Rel a t i on of  water temperature to F l e x i bacter col umnari s i nfecti on i n  
stee l head trout ( Salmo ga i rdneri ) ,  coho ( Oncorhynchus k.i sutch) , and 
chi nook. ( Q .  tshawytscha) salmon . J. Fi sh . Res . Board Can . 32 : 1553- 1559 . 

Korn , L .  1977 . I n formation  on Col umb i a  Ri ver sa lmon  runs and fi sheri e s .  
I nt . North Paci f i c  Fi sh . Comm . Bul l .  36 : 1-14 .  

Koski , K .  V .  1966 . The surv i va l  of coho sa l mon ( Oncorhynchus k i sutch) from 
egg depo s i t i on to emergence i n  three Oregon coastal  streams . M .  S .  
Thes i s ,  Oregon State Uni vers i ty ,  Corva l l i s .  84 p p .  

Larki n ,  P .  A .  1981 . A perspec t i ve o n  popu l at ion  genet i c s  and sa lmon manage
men t .  Can . J .  Fi sh . Aquati c  Sci . 38 : 1469-147 5 .  

Li ste r ,  D .  B . , and H .  S .  Genae . 1970 . Stream hab i tat uti l i zation  by cohab i t
ati ng underyearl i ngs of chi nook. (Onco rhynchus tshawytscha) and coho (Q .  
ki sutch) sa lmon i d s .  J .  Fi sh . Re s .  Board Can . 27 : 1215- 1224 . 

Li ster , D .  B . , and C .  E .  Wa l ker .  1966 . The effect of f l ow control on fre sh
water surv i va l  of chum , coho , and ch i nook sa lmon i n  the B i g  Qual i cum 
R i ver .  Can . F i sh .  Cu l t .  37 : 3-26 . 

Lo rz , H . , and B .  P .  McPherson . 1976 . Effects of  copper or z i nc i n  fresh 
water  on the adaptati on to sea water a nd ATPase act i v i ty ,  and the e ffects 
of  copper on  m i g ratory di spos i t ion  of coho sa lmon  ( Oncorhynchus k i sutch ) . 
J .  F i s h .  Res .  Board Can . 33 : 2023-2030 . 

Lorz , H . , S .  Gl enn , R .  Wi l l i ams , C .  Kunke l , L .  Norri s ,  and B .  Loper .  1978 . 
Effect of sel ected herb i c ides on smo l t i ng of coho sa lmo n .  U . S .  Envi ron . 
Protection  Agency , Grant Rep .  R-804283 . Corva l l i s ,  Oregon . n . p .  

MacLean , J .  A. , and D .  0 .  Evans .  1981 . The stock concept , di screteness of 
fi s h  stocks , and fi sher ies  manageme n t .  �an . J .  Fi s h .  Aquati c  Sci . 
38 : 1889-1898 . 

Maso n ,  J .  C .  1976a . Some features of coho sa lmo n ,  Oncorhynchus k.i sutch , fry 
emerg i ng from s i mul ated redds and concurrent changes i n  photobehavi o r .  
Fi s h .  Bul l .  74 : 167-175 . 

197Gb. Response of underyearl i ng coho sal mon to suppl emental 
feed i ng i n  a natural  stream . J. Wi l d l . Manage . 40 : 775-788 . 

Mason , J .  C . , and D .  W .  Chapman . 1965 . S i gn i fi cance o f  early emergence , 
env i ronmental rear i n g  capac i ty ,  and behav i oral ecol ogy of j uven i l e  coho 
sal mon stream channel s .  J .  Fi sh . Res . Board Can . 22 : 173-190 . 

26 

·� 



0 

0 

Mathews , S .  B . , and F .  W .  Ol son .  1980 . Factors affecting  Puget Sound coho 
sa lmon  ( Oncorynchus ki sutch) run s .  Can

·
. J.  Fi sh .  Aquati c  Sc i . · 

37( 9 ) : 1373- 1378 . 

McKernan , D .  L . , D .  R .  Johnson , and J .  I .  Hodges . 1950 . Some factors 
i n fl uenc i ng trends of sa lmon popul at ions  i n  Oregon . Tran s .  North Am . 
Wi l d l . Con f .  15 : 427-449 . 

Morrow , J .  E .  1980 . The freshwater f i shes of  Al a ska . A la ska Northwe st Publ . 
Co . , Anchorage . 248 pp . 

Mund i e ,  J .  H .  1969 . Eco l og i cal  imp l i cat ions  of the d i et of j uven i l e  coho i n  
stream s . Pages 135- 152 i n  T .  G .  Northcote ( ed . ) .  Sympos i um on sal mon 
and t rout i n  streams .  H. R. MacMi l l a n  Lecture s on Fi sheri e s .  Un i v .  
Bri t i sh Col umb i a ,  Vancouver .  388 pp . 

Narver ,  D .  W .  1978 . Ecol ogy of j uven i l e  coho sa lmon : can we use present 
knowl edge for stream enhancement? Pages 38-42 i n  B. G. Shephard and 
R. M. J. Gri netz ( eds . ) .  Proc . 1977 Northeast Pac i f i c  ch i nook and coho 
sa l mon  workshop . Dept . Fi s h .  Envi ron . ,  Vancouver . Canada Fi sh .  Mar i ne 
Serv . Tec h .  Rep . 759 .  

Nebeker ,  A .  V . , and J .  R .  Brett . 1976 . Effects  of a i r-supersaturated water 
on surv i va l  of Pac i f i c  salmon  and steel head sme l t s .  Tran s .  Am . Fi s h .  
Soc . 105 : 338-342 . 

N i ckel son , T .  E .  1982 . Personal commun i cat ion . Oregon Dep t .  Fi sh Wi l d l . ,  
Res .  Dev . Sect . , Corval l i s .  

N i c ke l son , T .  E . , and R .  R .  Rei senbi chl e r .  1977 . Streamfl ow requ i rements of 
sa l moni d s .  Oregon Dept .  Fi sh Wi l d l . ,  Res .  Sect . Ann .  Progr .  Rep . ,  Proj . 
AFS-62 . 24 pp . 

N i ckel son , T .  E . ,  W .  M .  Bei d l e r ,  and M .  J .  Wi l l i s . 1979 . Streamfl ow requ i re
men t s  of sa lmon i d s .  Oregon Dept .  Fi sh Wi l d l . ,  Re s .  Sect . F i n a l  Rep . , 
Proj . AFS-62 . n . p .  

Otto , R .  G .  197 1 .  Effects of sal i n i ty on the surv i val  and growth of pre-sme l t 
sa lmon (Oncorhynchus ki sutch) . J .  Fi sh . Re s .  Board Can . 28 : 343-349 . 

Parry ,  G .  1960 . The deve 1 opment of sa 1 i n i  t.v to 1 erance i n  the sa 1 mon , Sa 1 mo 
sa l ar ( L . ) and some rel ated spec i e s .  J .  Exp . B i o l . 37 : 425-434 . 

Pearson , L .  S . , K .  R .  Conover , and R .  E .  Sams . 1970 . Factors  affec t i ng the 
natural reari ng of j uven i l e  coho sa lmo n  duri ng the summer l ow f l ow sea son . 
Fi sh . Comm . Oregon , Port l and.  Unpubl . Rep .  64 pp . 

Pennak ,  R .  W. , and E .  D .  Van Gerpe n . 1947 . Bottom fauna production and 
phy s i cal  nature of the substrate i n  a northern Col orado trout stream . 
Ecol ogy 28 : 42-48 . 

27 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Phi l l i ps ,  R .  W. 197 1 .  Effects of sed i ment on the gr,avel envi ronment i n  fi sh 
production . Pages 64-74 in  J.  T.  Kryg ier  a nd J.  D .  Hal l ( eds . ) .  Forest 
l and uses and stream envi ronment s .  Cont i nui ng Educat i on Publ . ,  Oregon 
State U n i v . ,  Corval l i s .  

Phi l l i ps ,  R .  W. , R .  L .  Lantz , E .  W .  C l a i re ,  and J .  R .  Mori ng . 1975 . Some 
effects of gravel mi xtures on eme rgence of coho sa lmon and steel head 
trout fry .  Tra n s .  Am . Fi sh . Soc . 104 : 461-466 . 

P l atts . W. S . , M . A .  Shi raz i , and D .  H .  Lewi s .  1979 . Sediment part i c l e  s i ze s  
used by sal mon spawni ng wi th methods for eva l uati on .  U . S .  Env i ron . 
Protecti on Agency , EPA-600/3-79-043 . 32 pp . 

Re i se r ,  D .  W . , a nd T .  C .  Bjorn n .  197 9 .  I n f l uence of forest  and range l and 
management of anadromous f i sh hab i ta t  i n  the western Uni ted States and 
Canada . 1 .  Habi tat requ i rements  of anadromous  sal mon i d s .  U . S .  Dept . 
Agri c . , For .  Serv . Gen . Tech .  Rept . PNW-96 . 54 pp . 

Ruc ker ,  P .  R . , and P .  M .  Ka11ga s .  1974.  Effect of  n i trogen supersaturated 
water on  coho and chi nook. sa l mon . Prog . Fi sh-Cul t .  36 : 152-156 . 

Rugg l es ,  C .  P .  1966 . Depth and vel oc i ty as  a factor i n  stream reari ng and 
producti on of j uven i l e  coho sa lmon . Can . Fi sh . Cu l t .  38 : 37-53 . 

Scarnecchi a ,  D .  L. 1981 . Effects of streamfl ow and upwel l i ng on y i e l d  of 
w i l d  coho sa lmon ( Oncorhynchus k.i sutch ) . Can . J.  Fi sh . Aquati c Sc i . 
38 : 471-475 . 

Scott , W .  B . , and E .  J .  Crossma n .  1973 . Freshwater f i she s o f  Canada . Fi s h .  
Res . Board Can . Bul l .  184 . 966 p p .  

Shapova lov ,  L . , and A .  C .  Taft . 1954 . The l i fe h i stori e s  of  the steel head 
rai nbow trout ( Sa lmo gai rdner1 gai rdneri ) and s i l ver sa lmon  (Oncorhynchus 
ki sutch)  wi th spec i al reference to Wadde l l  Creek ,  Ca l i forn i a ,  and 
recommendat ions  regard i n g  t he i r management .  Ca l i forn i a  Dep t .  F i sh Game , 
F i sh Bul l .  98 . 375 pp .  

Shumway , D .  L. , C .  E .  Warren , and P .  Doudoro f{ .  1964 .  I n f l uence of oxygen 
concentrat i on and water movement on the growth of stee l head trout and 
coho salmon embryos .  Tran s .  Am . Fi sh . Soc . 93 : 342-356 .  

·. 

Si l ver ,  S .  T . , C .  E .  Warre n , a nd P .  Ooudoroff . 1963 . D i s sol ved oxygen 
requi rements  of deve l opi ng steel head trout and ch i nook. salmon embryo s at 
di fferent ve l oci t i e s .  Trans . Am .  F i s h .  Soc . 92 : 327-343 . 

Smi th , A .  K .  1973 .  Deve l opment and appl i cati on o f  spawn i ng ve loc i ty and 
depth cr iter i a  for Oregon sa lmon i d s .  Trans .  Am .  Fi s h .  Soc . 102 : 312-3 16 .  

28 



0 

0 

Stei n ,  R .  A . , P .  E .  Re i mers , and J .  D.  Ha l l . 197 2 .  
j uven i l e  coho (Oncorhynchus  ki sutch)  and 
tshaWYtscha) i n  Si xes Ri ver , Oregon . J .  
29 : 1737-1748 . 

Soc i a l  i nteraction  between 
fafl chi nook sa· lmon  ( 0 .  

Fi s h .  Res .  Board Can . 

Terre l l ,  J .  W . , T .  E .  McMahon , P .  D .  I n ski p ,  R .  F .  Ra l e i g h ,  and K .  L .  
Wi l l i amson . 1982 . Hab i tat sui tabi l i ty i ndex mode l s :  Appendi x A .  
Guidel i ne s  for ri veri ne and  l acustri ne appl i cat ions  of  f i s h  HSI  mode l s  
w ith  the Habi tat Eval uati on Procedure s .  U . S .  Dept .  I nt . , Fi sh Wi l dl . 
Serv . FWS/OBS-82/10 . A .  54 pp . 

Thompso n ,  K .  1972 . Determ i n i ng stream f l ows for fi sh l i fe .  Pages 31-SO i n  
Proceed i n g s  i nstream f l ow requi rement workshop .  Pac . Northwest River 
Bas i n  Comm . , Vancouver ,  WA . 

U . S .  Fi sh and Wi l d l i fe Serv i ce .  1981 . Standards for the devel opment of  
habi tat sui tabi l i ty i ndex mode l s .  ESM 1 0 3 .  U . S .  Dep t .  I nt . , Fi sh Wi l d l . 
Serv . , Di v .  Ecol . Serv . n . p .  

Waters , T .  F .  1969 . I nvertebrate dri ft - ecol ogy and s i g n i f i cance to stream 
fi she s .  Page s  121-134 i n  T. G .  Northcote ( ed . ) .  Sympo s i um on sa l mon and 
trout i n  stream s .  H .  � MacMi l l an Lecture s i n  Fi sheri e s .  Un i v .  Bri ti sh 
Col umbi a ,  Vancouver . 388 pp . 

Wedemeyer,  G .  A .  1970 . The rol e  of  stress  i n  the di sease resi stance of  
fi she s .  Pages  30-35 in  Sympo s i um on  d i seases of f i shes and  shel l fi she s .  
Amer .  Fi sh . Soc . ,  Washi ngton , DC . Spec . Publ . 5 .  

Wedemeyer, G .  A .  1982 . Personal commun i cati o n .  U . S .  Fi sh Wi l d l . Serv . , 
Fi sh .  Re s .  Lab . , Seatt l e ,  WA . 

Wedemeyer ,  G .  A . , R .  L .  Saunders , and W .  C .  C l arke . 1980 . Envi ronmental 
factors a ffecti ng  smo l t i f icat ion and ear ly  mar i n e  surv i va l  of  anadromous  
sa l moni d s .  Mari ne Fi s h . Rev . 42 : 1 - 14 .  

Whi tmore , C .  M . , C .  E .  Warren ,  and P .  Doudoroff .  1960 . Avoidance reactions  
of  salmonid  and centrarch id f i shes to l ow oxygen concentrat ions .  Trans .  
Am .  Fi s h .  Soc . 89 : 17-26 . 

W igg l esworth , K .  A . , and R .  R .  Rawson . 1974 . Expl o i tat i on , surv i va l , g rowth , 
and cost of  stoc ked s i l ver sa lmo n  i n  La ke Berryessa , Ca l i forn i a .  
Ca l i forn i a  Fi sh Game 60( 1 ) : 36-43 . 

Zaug g ,  W .  S . , and L .  R .  Mcla i n .  1976 . Inf l uence of  water temperature on g i l l  
sodi um ,  pota s s i um- stimul ated ATPase acti v i ty i n  juven i l e  coho sa l mon 
(Oncorhynchus ki sutch) . Comp . Bi ochem . Phy s i o l . 54A : 419-421 . 

29 r 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
:I 
!I 
:I 
;J 
I 

--- · -----

J021'2 •1QI 
REPORT DOCUMENTAnON L_ QPO'" HQ. ' 

z. � � ---·--PAGE FWS/OBS-82/ 10.49 ' 

... T:tle - SuMitle I " ......._ 0.. 

Model s :  Coho Salmon 
, September 1983 

Habi tat Sui tabi l i ty I ndex , .. , 7. -sl .. ,.._,,. 0- .. -.. ...... 

T .  E .  McMahon 
'· � .. 1 ..... ,,. o-- "- .... _,_ Habi tat Eva l uation Procedures Group lCL "'---Ta .. /- Uftot No. 

U . S .  F i s h  and Wi l dl i fe Serv i ce 
Western Energy and Land Use Team u. c-.acc ., � -

Creeks i de One Bui l di ng cc 

2627 Redwi ng Road lGa 

Fort Co 11 ins CO 80526-?�QQ 
lJ. Sceaeo• o....,·•u•n ....,.. _ ._... Western Energy and Land Use Team I 

u. T.,.. , ......._ • ,.._ e-M 

D i v i s i on of B i ol og i cal Services 
Research and Devel opment 
Fi sh and Wi l d l i fe Serv i ce ! lA.  11. c:; n, •nt nf thP TntA .. ;n .. 

lS. •• .... , ..... Washi ngto n ,  DC 20240 

· 11. - u ... - zoo � 

A revi ew and synthe s i s  of exi sti ng i nforma tion were used to devel op a ri veri ne 
hab i tat model for Coho Salmon (Oncorhychus k i ts utch }  an anadromous species . The 
model is sca l ed to produce an i ndex of habi tat sui tabi l i ty between 0 ( unsui tab l e  
habi ta t )  and 1 (optima l ly sui tabl e habi ta t )  for ri veri ne areas of the conti nental 
Uni ted States . Habi tat sui tabi l i ty i ndi ces ( HS I ' s } are desi gned for use wi th 
Habi ta t  Eval uati on Procedures previ ously. devel oped by the U . S .  F i sh and W i l dl i fe 
Serv i c e .  

17. Oocu- _.,... L ;l__.. 

Mathema tical model s 
Fi shes 

I Aqua ti c biol ogy 

I Hab i tabi 1 i ty 

I :t. oa-/o-.IMIM T-

! Coho salmon ! Oncorhychus ki tsutch 

I 
Habi tat sui tabi l i ty i ndex 

:. coSAn r.e�a/C..Uo 

lt. Scuntv C:au ('nlte �-,., , ll: .'<o. of ,., ... 

; Rel ease unl imi ted Uncl assi fied 29 
:2. Secun.., Clan (nit• ,..�, 

Unclassified 

11' u.s. Cover,..nt l'rintina Offiee 1984 - 681-463/519 lea. 8 L3904 

OI'TIONAI. ,0_ :7: o • �71 
' 'o""..-v !'IT1$-l'l 

":eoaf'ft"fft...-t "* Com'"� 

.) 

1 
I 
I 
' 

I 
I 
f 
' 
I 

! 
I 
I 

I 0 1  
I 



" ..... ' • .. - , �� .. -..... ·�· . .. h-1:-. ..... -.. ---=--� . lo,. .l ,..:...:;!l;.. �. � ..... ...::ihl-------------------- - - - - �· .-.. 

I · 

FWS/OBS-82/l 0 .  24 
September 1 982 

HASITAT SUITABI �ITY I NDEX MODELS : BROOK TROUT 

by 

Rebert F .  Ra l e i gh 
U . S .  F i sh  and Wi l dl i fe Se�v i ce 

Hab i tat Eva l uat i on Procedures Group 
We stern energy and Land Use ieam 

Drake Creeks ide Bui l d i ng One 
2625 Redwi ng Read 

Fort Col l i n s ,  CO 80526 

We stern Ene rgy and Land Use Team 
O f f i ce of B i o l og i ca l  Serv i ces 

Fi sh and Wi l d l i fe Serv i ce 
U . S .  Department of the i n Leri cr 

Washi ngton , DC 20240 



:I 
il -
: I 

�J 

I 
I 

I 

'I 
I 

'I 
I 
I 
I ·t 
I 
I 

II 
\ I 
; I 
1 
I 

ll 
:I 
1 ) 
!I 
i 

� 

... �- - . ... - --- · - r•.. ... • • •• .• • • ,,.. __ r: -· ' ... , .c • . . h1n:C -. c),--

PREFACE 

-· -·"'- - -· ..._..._ - ·s ..--.or::-. ·- �_..._ _, 

- -· .. ·+••··· &ri-1 r.,. ...... ;;e. r- t& a = .. 

The habi tat use i n formati on and Habi tat Sui tabi l i ty I ndex ( HS I )  model s 
presented i n  th i s document are an a i d  for i mpact assessment and habi tat manage
ment acti v i t i e s .  Li terature concern i ng a spec i e s '  habi tat requi rements and 
preferences i s  revi ewed and then synthes i zed i nto HSI  mode l s ,  wh i ch a re sca l ed 
to produce an i ndex between 0 ( unsu i t ab l e  habi tat) and 1 ( opt ima l  habi tat) . 
As sumpt ions  used to transfo rm habi tat use i nformation  i n to these mathematica l  
model s  are no�ed , and gu idel i nes for mode l a pp l i cation a re descri bed . Any 
model s found i n  the l i terature wh i ch may a l so be used to cal cul ate an HSI  are 
c i ted , and s i mp l i f ied HSI  model s .  based on what the authors be l i eve to be the 
most i mportant habi tat c haracteri sti c s  for th i s  spec i e s ,  a re presented . 

Use of the mode l s  presented i n  th i s publ icati on for i mpact assessment 
requ i res the sett i ng of c l ear study objecti ves and may requi re mod i f i cation of 
the mode l s  to meet those obj ecti ve s .  Methods for reduci ng mode l comp l e x i ty 
and recommended mea surement techn iques  for model vari abi es a re presen t.ed i n  
Terre l l et a l . ( i n  p re s s ) l . A di scu s s i on of HSI mode l bui l d i ng tech n i ques , 
i nc l ud i ng the component approach , i s  pre sented i n  U . S .  F i sh and Wi l d l i fe 
Serv i ce ( 198 1 ) . 1  

The HS I mode l s presented here i n  are comp l ex hypotheses of spec i e s-hab i tat 
re l at i on sh i p s ,  not statements of proven cause and effect re l at i o n sh i p s .  
Resu l t s  o f  moder-performance tests . when a va i l abl e ,  a re referenced ; however,  
mode l s  that have demonstrated re l i ab i l i ty i n  spec i f i c  s i tuati ons may prove 

1Te!'rel l ,  J .  W . , T. E .  McMahon , P .  0. I n sk.i p ,  R .  F. Ra l e i gh ,  and K. W .  
Wi l l i amson ( i n  p res s ) . Habi tat sui tabi l i ty i ndex mode l s :  Appendi x  A .  Guide
l i ne s  for r i veri ne and l acu stri ne app l i cati ons of f i sh HSI mode l s wi th the 
Habi tat Eva l uat i on P rocedure s .  U . S .  Dept . I nt . , Fi sh Wi l d l . Serv . 
FWS/OBS-82/1 0 . A .  

2U . S .  Fi sh and Wi l d l i fe Serv i ce .  
H abi tat Sui tabi l i ty I ndex model s .  
Serv . , D i  v .  Eco 1 . Serv . n .  p .  

1 981 . Standards for the deve l opment of  
103  ESM . U . S .  Dept . In t . , Fi sh Wi l d l . 

i i i 



unre l i abl e i n  othe r s .  For th i s  reason , the U . S .  Fi sh and Wi l dl i fe Serv i ce 
encourages model users to send comments and suggesti ons  that mi ght he l p  us  
i ncrease the uti l i ty and effecti veness  of thi s habi tat-based approach to fi sh 
and w i l d l i fe p l ann i ng .  P l ease send comments to:  

Hab i tat Eva l uati on  Procedures  
Western Energy and Land Use Team 
U . S .  Fi sh and Wi l d l i fe Serv i ce 
2625 Redw i n g  Road 
Ft . Col l i n s ,  CO 80526 
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BROOK TROUT ( Sa l vel i nus  fontina l i s ) 

HABITAT USE I N FORMAT ION 

General 

The native range of  brook trout (Sa l vel i nu s  fonti n a l i s  Mi tchi l l )  ori g
i na l l y  covered the easte rn two-fi fths of Canada northward to the Arcti c C i rcl e ,  
the New Eng l and States ,  and southward through Pennsyl van i a ,  a l ong the crest of 
the Appa l achi an Mounta i n s  to northeastern Georg i a .  We stern l i mi ts i nc l uded 
Man i toba southward through the Great La ke States . Reduct i on s  i n  the ori g i n a l  
range have resul ted from envi ronmental changes , such as po l l ut i on , s i l tation , 
and stream warmi ng due to deforestati on ( MacCrimmon and Campbe l l 1 969) . 

S i nce the l ate 1 9th century , brook trout have been i nt roduced i nto 20 
add i t i ona l  States and have susta i n i ng popu l at i o n s  i n  1 4  States ( MacCr i mmon and 
Campbel l 1 969 ) .  I ntroducti on s  have not been attempted i n  most of  the central 
p l a i n s  and the southern States .  

Brook trout can be sepa rated i nto two ba s i c  eco l og i cal  form s :  a short
l i ved ( 3-4 years ) ,  sma l l  ( 200-250 mm) form , typ i ca l  of sma l l ,  co l d  stream and 
l a ke hab i tats and a l ong-l i ved ( 8- 1 0  years ) ,  l arge ( 4-6 kg ) ,  predacecus form 
associ ated wi th l arge l a kes , ri vers , and estuari es . The smal l e r ,  short- l i ved 
form i s  typ i ca l ly found south o f  the Great Lakes regi on and south of northern 
New Eng l and , whi l e  the l a rge r form i s  l ocated i n  the northern port ion of i t s 
nat i ve range ( Behnke 1980 ) . Al though no subspec i e s  desi gnati on has been 
recog n i zed for these two form s ,  they respond as two di fferent spec i e s  to 
envi ronmental  i nteract ions  i nf l uenci ng l i fe h i story ( Fl i ck. and Webster 1976 ; 
Fl i c k  1977 ) .  

Brook trout can be hybr id i zed arti f i c i a l ly wi th l a ke trout ( to produce a 
ferti l e  hybr i d  c a l l ed sp l a ke trout) and wi th ra i nbow trout ( Bu s s  and Wri ght 
1957 ) .  In rare cases , n atural hybrids  occur between brook trout and brown 
trout ( Sa l mo trutta ) ;  the hybrid i s  termed ti ger trout ( Behnke 1980) . Behnke 
( 1980) a l so co l l ected brook trout and bul l trout ( Sa l ve l i nus con fl uenti s )  
hybrids i n  the upper Kl amath Lake ba s i n ,  Oregon . Brook trout appear to  be 
sens i t i ve to i ntroducti ons  of  brown and rai nbow trout and are usua l ly  di sp l aced 
by them . However , brook trout have di sp l aced cutthroat trout and gray l i ng i n  
headwaters and tr i butari e s of we stern streams ( WP.b ster 1975 ) . 
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Age, Growth, and Food 

Brook trout appear to be opportun i st i c  s i ght feeders , uti l i z i ng both 
bottom-dwel l i ng and dri fti ng aquat i c  macro i n vertebrates and terrestr ia l  i n sects 
( Needham 1 930 ; Di neen 1 951 ; Wi seman 1 95 1 ; Benson 1 953 ; Reed and Bear 1 966 ) .  
Such feed i ng habi ts  ma ke them part i cu l arly suscepti b l e  to even moderate tur
b id i ty l evel s ,  wh i ch can reduce the i r  ab i l i ty to l ocate food ( Bachman 1 9 58 ; 
Herbert et  al . 1 96 l a ,  1 96 1 b ;  Tebo 1 975 ) .  Dr i ft i ng form s may be sel ected over 
benth i c  forms when they are ava i l abl e ( Hunt 1 966) . The cho i ce of part i cu l ar 
dri ft organ i sm s  i s  appa rently  e i ther a function  of seasonal  avai l abi l i ty 
and/or the overal l  ava i l ab i l i ty of  terrestr ia l  forms i n  a part i cu l a r  s i tuat i on .  
Between age group s ,  there may be a tendency for sel ect i on o f  food i tems ba sed 
on s i z e .  I n  Idaho , age group 0 trout se 1 ected sma 1 1  er dri ft i n g  organ i sms 
(D i ptera and Ep hemeroptera) wi th l es s  var iat i on than d id  o l der trout , whi l e  
age group I trout seemed to prefer l arger Tri choptera l a rvae (Gri ffi th 1 974) . 
Fi sh are an i mportant food i tem i n  l ake popu l at i o n s  (Webster 1 975) . 

Reproduct i on 

Age at sexual  matur i ty vari es among popul at ion s , w i th ma l e s usua l l y  
maturi ng before fema l e s (Mu l l en 1958) . Ma l e  brook trout may mature as  early 
as age 0+ ( Bu s s  and McCreary 1 960 ; Hunt 1 966) . I n  Wi scon s i n  ( Lawrence Creek) , 
the sma l l est mature ma l e  was approx imate l y  8 . 9  em ( 3 . 5  i nche s )  l ong (McFadden 
1 96 1 ) .  

Spawn i ng typi ca l l y  occurs i n  the fa l l  and has been descr i bed by several 
authors ( Gree l ey 1 932 ; Hazzard 1 932 ; Smi th 1 94 1 ; Brasch et al . 1 9 58 , Needham 
196 1 ) .  Spawn i ng may beg i n  as early as l ate summer i n  the northern part of the 
range and ear ly  wi nter i n  the southern part of the range ( S i g l er and M i l l er 
1963 ) . The spaw ni ng behav i or of brook trout i s  very s imi l ar to that of ra i nbow 
and cutthroat t rout ( Smi th 1941 ) .  I n  streams and pond s ,  areas of ground water 
upwe l l i ng appear to be h igh ly  preferred (Webster and Ei ri ksdottier  1 976 ; 
Carl i ne and Bryn i l d son 1977)  and to overri de substrate s i ze as  a s i te sel ect ion  
factor ( Mu l l en 1 958 ; Everhart 1 966) . Brook trout can be  h i ghly  successful  
spawners  i n  l e n t i c  env i ronments  in  upwe l l i ng areas of spr i n g s  (Webster 1975 ) . 
Spawn i ng occurs at temperatures rang i ng from 4 . 5- 1 0° C (Wh i te 1 930 ; Hazzard 
1 932 ; McAfee 1966 ) . The ferti l i zed ova are depos i ted i n  redd s excavated by 
the fema l e  i n  the stream grave l s  ( Sm i th 1 947) . Spawn i ng succes s  i s  reduced as  
the  amount of f i ne sediments i s  i ncrea sed and the i ntergravel  oxygen conc�ntra
t i on i s  d im i n i shed ( McFadden 1 96 1 ;  Peters 1 96 5 ;  Harshbarger 1 975) . 

Migra t i on and Anadromy 

Wi th the except ion  of the sea-run New Engl and popu l at i on s ,  brook trout 
mi gra t i o n s  are genera l ly l i m i ted to moveMents i nto headwater streams or tr ib
utar i e s  for spawn i ng ( Brasch et a l . 1958) or re l ati vely short seasonal mi gra
t i on s  to avo id  temperature extremes ( Powe rs 1929 ; Scott and Cros sman 1973 ) .  
Some brook trout may spend the i r  enti re l i ve s ,  i ncl ud i ng spawn i ng peri ods , 
wi thi n a restri cted stream area , a s  oppo sed �o more m i g ratory sa1 mon i ds 
( McFadden et al . 1967 ) .  However .  some movement ups tream or downstream may 
occur due to space-re l ated aggres s i v e behav i or fol l owi ng emergence from the 
redd (Hunt 1965 ) . 
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Some coa sta 1 popu l at ions  of brook. trout may move i n to sa 1 t water from 
coastal streams of ea stern Canada and northeastern Un i ted State s .  Sea-run 
i nd i v i dual s caught i n  sa l t  water may di ffer i n  appearance , form , and col orat i on 
from trout that have never or have not recen t l y  been i n  sa l t  water ( Smi th and 
Saunde rs 1958) . Not a 1 1  brook. trout i n  the same stream wi 1 1  necessari ly  move 
to sea . I n  a study by Wh i te ( 1 940 ) , 7� of the brook. trout goi ng to sea we re 
age 2 ,  and the rest were age 3 .  Sm i th and Saunders ( 1958) stated that age 1 
brook. trout a l so m igrated to the sea . 

Smi th and Saunders  ( 1958 ) reported brook. trout goi ng  to sea on Pri nce 
Edward I s l and duri ng  spri ng and early summer and dur i n g  fa l l  and early wi nter . 
Movement wa s observed i n  every month of the yea r ,  a l though very few fi sh were 
observed mi grati ng  duri ng midwi nter and midsumme r .  Sm i th and Saunders ( 1958) 
observed that approx i mately hal f of the brook. trout mi grati ng to sal t water 
returned to fre shwater wi th i n a month .  As temperatures dec l i ne i n  freshwater , 
brook. trout tend to spend more t ime i n  sa l twater , and some may overwi nter i n  
sal twater ( Smi th and Saunders 1958) . 

Spec i fi c  Hab i tat Requi rements 

Brook. trout are the most general i zed and adaptab le  of  a l l  Sa l vel i nu s  
speci e s .  They i nhab i t  sma l l headwater streams , l arge ri vers , pond s ,  and l arge 
l akes i n  i n l and and coastal area s .  Typ i cal  brook. trout habi tat cond i t i on s  are 
those as soc i ated wi th a co ld  temperate c l i mate , cool spri ng- fed ground water ,  
and moderate prec i p i tat ion  (MacCrimmon and Campbel l  1969 ) . Warm water temper
ature s  appear to be the s i ng l e  most i mportant factor l i m it i ng brook. trout 
d i str i buti on  and product ion  (Creaser 1930 ; Mu l l e n  1958 ; McCormick.  et a l . 
1972 ) . I n  a compara t i ve di stri buti on study between brook. and brown trout from 
headwater t r i butari es of the South P l atte R iver ,  Col orado , Vi ncent and Mi l l er  
( 1969) found that , a s  the e l evati on i ncrea sed and the streams became sma l l er 
and colder ,  brook. trout became more abundant .  

Opt i ma l  brook. t rout r i veri ne habi tat i s  characteri zed by c l ear ,  co l d  
spr ing- fed water ;  a s i l t-free rock.y substrate i n  ri ffl e-run area s ;  an approx
imate 1 : 1  pool -ri ffl e rat i o  w ith  areas of s l ow ,  deep water ;  we l l  vegetated 
stream ban k.s ; abundant i n stream cover ;  and re l ati ve ly  stab l e  water fl ow ,  
temperature reg ime s ,  and stream bank.s . Broo k. trout south o f  Canada tend to 
occupy headwater stream area s ,  espec i a l ly when rai nbow and brown trout are 
present i n  the same ri ver sy stem (Webster 1975 ) . They tend to i nhabi t l arge 
r i vers i n  the northern port i on of thei r nat i v e  range ( Behn ke 1980) . 

Opt i ma l l acustr i ne habi tat i s  characteri zed as  c l ea r ,  col d  l ak.es and 
ponds that are typi cal l y  o l i gotrophi c .  Brook. trout are typi cal l y  stream 
spawners , but spawn i ng commonly  occur� i n  grave l s  surroundi ng spring upwe l l i ng 
areas of l a k.es and pond s .  

Cover i s  recogn i zed a s  one o f  the bas i c  and essenti a l  components o f  trout 
streams . Boussu  ( 1954) was abl e to i ncrease the number and wei ght of trout i n  
st ream sect ions  by add ing  arti fi c i a l  brush cover and to decrease numbe rs and 
we i ght by removi ng brush cover and undercut banks . Lewi s ( 1 969) found that 
the amount of cover present was i mportant i n  determ i n i ng the number of trout 
i n  sect i o n s  of  a Montana stream . Cover for trout con s i sts of areas of l ow 
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stream bottom v i s i b i l i ty ,  sui tab l e  water depths ( > 15 em ) ,  and l ow current 
ve l oc i ty (<  15 cm/ s )  (We sche 1980 ) .  Cover can be prov i ded by overhang i ng 
vegetat i on ,  submerged vegetat ion , undercut bank.s , i n stream obj ects ( stump s ,  
1 ogs , roots , and 1 arge rocks) , rock.y substrate , depth , and water surface 
turbu l ence ( G i ger 1973 ) . I n  a study to determi ne the amount of shade uti l i zed 
by b roo k. ,  ra i nbow , and brown trout , But l er and Hawthorne ( 1968) reported that 
rai nbow trout showed the l owe st preference for shade produced by art i f i c i a l  
surface cove r .  Brown trout showed the h i ghest use o f  shade whi l e  brook. trout 
were i ntermedi ate between brown and ra i nbow trout . Brook trout i n  two M i c h i gan 
streams showed a strong preference for overhead cover a l ong the stream marg i n  
( En k  1977 ) .  The major l imi ti ng factor for brook trout i n  these streams was 
bank cover .  

Canopy cover i s  i mportant i n  mai n ta i n i ng shade for stream temperature 
control and i n  prov i d i ng a l l ochthonous mater i a l s to the stream . Too much 
shade , howeve r ,  can restr i ct primary producti v i ty i n  a stream . Stream temper
atures can be i ncrea sed or decreased by contro l l i ng the amount of shade . 
About 50-75% mi dday shade appears opt i ma l  for most sma l l trout streams 
(Anonymou s  1979 ) .  Shad i ng becomes l e ss  i mportant as stream gradi ent and s i ze 
i ncrease s .  I n  add i t i o n , a we l l  vegetated ri pari an area h e l p s  to control  
water shed erosi on . In  most case s ,  a buffer str i p  about 30 m deep , 80% of 
wh i ch i s  e i ther we l l  vegetated or has stabl e rocky stream bank.s , wi l l  prov i de 
adequate eros i on control and ma i nta i n  undercut stream banks characteri st ic  of 

) 

good trout hab i tat .  The presence of fi n e s  i n  ri ffl e-run areas can adverse ly � a ffect embryo_ surv i val , food producti on ,  and cover for j uveni l e s .  ,_, 
There i s  a defi n i te re l at i on s h i p  between the annual  f l ow reg i me and the 

qual i ty of trout hab i tat .  The most cri t i ca l  peri od i s  typ i ca l ly the base f low 
( l owest f l ow s  of l ate summer to w i nter ) .  A base f l ow � 55% of the average 
annual  da i l y f l ow i s  con s idered excel l e n t ,  a ba se f l ow of 25 to 50% i s  consid
ered fai r ,  and a base f l ow of < 25� i s  con sidered poor for ma i ntai n i ng qua l i ty 
trout habi tat ( adapted from We sche 1974 ; B i n n s  ahd Ei serman 1979 ; Wesche 
1980 ) .  

Hunt ( 1976) l i sted average depth , water vo l ume , average depth of poo l s ,  
amount of poo l area , and amount of overhang i ng ban k. cover a s  the most i mportant 
parameters re l at i ng to brook trout carry i ng capac i ty i n  Lawrence Creek. ,  
Wi scons i n .  The ma i n  use  of  summer cover i s  probably for predator avoi dance 
and rest i ng .  Sa lmon ids occupy di fferent habi tat area s i n  the w i nter tnan i n  
the summer ( Hartman 1965 ; Everest 1969 ; Bu stard and Narver 1975a ) .  

I n  some stream s , the major factor l i mi t i n g  sa lmon id  den s i t i es may be the 
amount of adequate overwi nteri ng hab i ta t  rather than summer reari ng habi tat 
( Bustard and Narver 1975a ) .  Evere st ( 1969) sugge sted that some sal moni d  
popu l at · ,n l evel s were regul ated by the ava i l ab i l i ty o f  s u i tabl e overw i nteri ng 
area s .  W i n ter  h i di ng behav i or i n  sa l mo n i ds i s  tri ggered by l ow temperature s 
( Chapman and Bj ornn 1969 ; Everest 1969 ; Bu stard and Narver 1975a , b ) . Bustard 
and Narver ( 1 975a ) i ndi cated that , as water temperatures dropped to 4-8° C ,  
feed i ng wa s reduced i n  young sa l mon i d s  and most were found w i t h i n  or near 
cove r ;  few were more than 1 m from potent i a l  cover .  Everest ( 1969 ) found "' 
j uve n i l e  ra i nbows 15-30 em deep i n  the

· 
s ubstrate , whi ch was often covered by tJ 

5- 10 em of anchor i ce .  Lewi s ( 1969) reported that adu l t  ra i nbow trout tended 
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to move i nto deeper water dur i ng wi nter . The maj o r  advantages i n  seeki ng 
wi nter cover are prevent i o n  of phy s i ca l  damC>ge from ice scouri ng (Hartman 
196 5 ;  Cha pman and Bjornn 1969) and con servat ion  of ene rgy ( Chapman and Bj ornn 
1969 ; Evere st 1969 ) .  A cover area � 2 5% for adu l ts and � 15% for j uve n i l es of 
the enti re stream habi tat appears adequate for mo st brook trout popu l at i on s .  

Opti mum turb i d i ty v a l ues for brook trout growth a re approx imate ly  0-30 
JTU ' s ,  wi th a range of 0-130 JTU ' s ( adapted from Sykora et a l . 1972 ) .  An 
acce l erated rate o f  sed i ment depo s i t i on i n  streams may reduce l ocal  brook 
trout produc t i on because of the adverse effects on p roduction  of food organ
i sm s ,  smotheri ng of  eggs and embryos i n  the redd , and l os s  of escape and 
overwi nteri n g  habi tat . 

Brook t rout appear to be more to l erant than other trout spec i e s  to l ow pH 
( Dun son and Marti n 1 973 ;  Webster 1975 ) .  labo ratory stud i e s  i nd i cate that 
brook trout are tol erant of pH va l ues of 3 . 5-9 . 8  ( Daye and Gar s i de 1 975 ) .  
Brook trout f i ngerl i ng s  i n  Pennsy l vani a i nhabi ted a bog stream with a pH l e ss  
than 4 . 75 and occas s i ona l ly dropp i ng to  4 . 0-4 . 2  ( Dun son and Mart i n  1 973 ) . 
Parsons ( 1 968) reported brook trout i n habi t i ng a stream i n  Mi ssouri with  a pH 

·of 4 . 1-4 . 2 .  Creaser ( 1 930)  bel i eved that brook trout to l e rated pH ranges  
g reater than  the  range of mo st natural  wate rs  ( 4 . 1 -9 . 5 ) .  Me nendez ( 1976 ) 
demons trated that con t i nued exposure to a pH bel ow 6 . 5  re sul ted i n  decrea sed 
hatch i ng and growth i n  brook trout . The se l ect ion of spawn i ng s i te s  may be 
associ ated wi th the pH of upwe l l i ng water ;  neutral or a l ka l i ne waters ( pH 6 . 7  
and 8 )  were s e l ected by brook trout he ld  at pH l eve l s of 4 . 0 ,  4 . 5 ,  and 5 . 0  
( Menendez 1976 ) .  The opt i ma l  pH range for broo k trout appears to be 6 . 5-8 . 0 ,  
wi th a to l erance range of 4 . 0-9 . 5 .  

Brook trout occur i n  waters with  a wi de range o f  a l ka l i n i ty and spec i f i c  
conductance , a 1 though h i g h  a 1 ka 1 i n  i ty and h i gh spec i f i c  conductance usua l ly  
i nc rease brook trout product i on ( Cooper and  Scherer 1 967 ) . Brook trout popu
l at i on s  i n  the Smoky Mounta i n s ,  North Caro l i na ,  a re becom i ng i nc rea s i ng l y  
restri cted t o  l ow a l ka l i n i ty headwater streams ,  apparen tly  due t o  competi t i on 
from i ntroduced ra i nbow trout (Sa l mo ga i rdneri ) ,  and are frequen tly  i n  poor 
condi t i on ( Lennon 1 967 ) . The sma l l  s i ze of the t rout in the headwater area s 
has been attri buted to the i n ferti l i ty o f  the wate r ,  wh ic h has been l i n ked to 
l ow total a l ka l i n i t i e s  ( 1 0  ppm or l e s s )  and TDS v a l ues l e s s  than 20 ppm . TDS 
va l ues i n  the Smoky Mounta i n s  are l ower than v a l ues from s im i l ar streams i n  
Shenandoah Nat i ona l  Park ,  V i rg i n i a ,  and the Wh i te Mounta i n s  Nat i onal  Fore s t ,  
New Hamp sh i re ,  where trout popu l at i on s appear t o  b e  more robu st .  

Headwater trout streams are re l at i ve l y  unproduc t i ve . Most energy i nputs 
to the stream are in the form of a l l ochthonous materi a l s ,  such as terrestr i a l  
vegetation  and terrestri a l  i n sects ( I dy l l  1 942 ; Chapman 1971 ; Hu�� 1975 ) . 
Aquati c  i nvertebrates are most abunda nt and d i verse i n  r i ff le  areas wi th 
rubbl e substrate and on submerged aquat ic  vegetati on ( Hynes 1970) . Howeve r ,  
optimal  substrate for ma i ntenance of  a di verse i nvertebrate popu l ation  con s i sts 
of a mosa i c  of grave l , rubbl e ,  and boul ders  wi th rubbl e be i ng domi nant .  The 
i nvertebrate fauna i s  much more abundant and d i verse i n  ri ff les  than i n  poo l s 
( Hynes 1970 ) , but a rat io  of abo ut 1 : 1  o f  pool to r i ff le  area ( about 40-60% 
pool  a rea ) appears to provide an opt i mum m i x  of trout food produc i ng and 
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rear i ng areas ( Needham 1940 ) . I n  ri ff l e areas , the presence of fi nes ( >  10°; ) 
reduces the product i on of i nvertebrate fauna ( based on Cordone and Kel l y  196 1 ;  
P l atts 1974) . 

Adul t .  The reported upper and l ower temperature l i mi ts for adu l t  brook 
trout vary ; th i s  may refl ect l ocal  and reg i on a l  popu l at i on acc l i mat ion  di ffer
ences . Bean ( 1 909)  reported that broo k. trout wi l l  not l i ve and thr i ve i n  
temperatures warmer than 20° C .  McAfee ( 1966)  i ndi cated that brook. trout 
usua l ly do poorly i n  streams where water temperature exceeds 20° C for extended 
per i od s .  Brasch et .  al ( 1958) reported that broo k. trout expo sed to tempera
tures of 25° C for more than a few hours did not s�rv i ve .  Embody ( 1 921 ) 
observed brook trout l i v i ng i n  temperatures of 24-27° C for short durat i on s  
and recommended 23 . 8° C as the max i mum tol erab l e  l i m i t .  Kendal l  ( 1 924) agreed 
that 23 . 9° C repre sented the l i mi t of even temporary endurance , but stated 
that the opti mum temperature shou l d  not e xceed 1 5 . 6° C .  Hynes  ( 1970 ) stated 
that brook. trout can w ithstand temperatures from 0-25 . 3° C ,  but acc l i mati on i s  
nece s sary .  Th� upper to l erab l e  l i m i t  i s  ra i sed by approx imate l y  1 °  for every 
7° r i se i n  acc l i mat ion  temperature up to 1 8° C ,  where i t  l evel s off  at the 
absol ute l i m it  of 25 . 3° C .  Fi sh k.ept at 24° C and above cannot to l erate 
temperatures as  l ow as  0° C .  Seasonal temperature cyc l e s from summer h i g hs to 
wi nter l ows prov i de the necessary accl imat ion  per i od needed to tol erate annual  
temperature extreme s .  The overa 1 1  t"emperature range of 0-24° C wa s observed 
by MacCri mmon and Campbe l l  ( 1 969 . 

The above upper and l owe r tol erance l i mi t s  probab l y  do not re fl ect the 
range of temperatures that i s  most conduc i ve to good growth . Ba l dw i n  ( 1 95i ) 
c i tes  an opti mum growth rate at 1 4° C .  He further contends that 1 1 - 1 6° C i s  
best su i ted for overal l we l fare , whi l e  trout ex i st at a rel ati ve di sadvantage 
i n  terms of act i v i ty and growth at hi gher and l ower , a l be i t  tol erab l e ,  tempera
ture s .  Mul l en ( 1958) gave the opti mum temperature range for act i v i ty and 
feed ing  for brook trout as  between 12 . 8° C and 19° C .  We as sume that the tem
pe rature range for brook trout i s  0-24° C ,  w i th an optima 1 range for growth 
and surv i val  of 1 1- 16° C .  

Brook trout normal ly req u i re h i gh oxygen concentrat i ons wi th opti mum 
condi t i on s  at di ssol ved oxygen concentrati ons near saturat i on and temperature s 
above 15° C .  Local  o r  tempora l vari at ions  shou l d  not decrease to l e s s  than 
5 mg/ 1 ( Mi l l s  1971 ) .  Di sso l ved oxygen requ i reme nts  vary w i th age of f i sh ,  
water temperature , water vel oc i ty ,  acti v i ty l e ve l , and concentrati on o f  sub
stances i n  the water (McKee and Wo 1 f  1963 ) .  As temperatures i ncrease , the 
di s so l ved oxygen saturat i on l evel  i n  the water dec rea ses , whi l e  the d i sso l ved 
oxygen requi rements  of the fi sh i ncrea ses . As a resu l t ,  an i ncrease i n  
temperature resu l t i ng i n  a decrease i n  di sso l ved oxygen can be detr i mental to 
the f i s h .  Opti mum oxygen l evel s for brook trout are not we l l  documented but 
appear to be � 7 mg/1 at temperatures < 15° C and 2: 9 mg/1 at temperature s 
� 15° C .  Ooudoroff and Shumway ( 1970) demon strated that swi mmi ng speed and 
growth rates for sa l mon ids  dec l i ned w i th decrea si ng d i s so l ved oxygen l eve l s .  
I n  the summer ( temperatures 2: 10° C ) ,  Cl;tthroat trout genera l ly  avo id water 
w i t h  d i s so l ved oxygen l eve l s of l e ss  than 5 mg/1 ( T roj nar 1 972 ; Sel<.ul i ch 
1974 ) .  Fry ( 1951 )  stated that the l ow<?st di ssol ved oxygen concentrat i on s  
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·J where brook. trout can exi st i s  0 . 9  ppm at 10° C and 1 . 6-1 . 8  ppm at 20° C .  
Embody ( 1927 ) contends that the di sso l ved oxygen concentration  shou ld  not be 
l e ss  than 3 cc per l i ter ( 4 . 3  ppm) . 

E l son ( 1 939)  reported that brook. trout prefer moderate f l ows . Gr i ff i th 
( 1 972) reported that foc a l  po i nt ve loc i t i e s  for adu l t  brook. trout i n  Idaho 
ranged from 7-1 1  em/sec , w i th a max i mum of 25 em/sec . I n  a Wyomi ng study , 95% 
of a l l brook. trout observed were a s soci ated wi th po i nt ve l oc i t i es of l e ss  than 
15 em/sec ( Wesche 1974 ) . 

The carry i ng capac i ty of adul t brook. trout i n  streams i s  depende n t ,  at  
l east  i n  part , on  cover prov i ded by poo l s ,  undercut bank.s , submerged brush and 
l o g s ,  l arge roc ks , and overha ng i ng vegetat i on ( Saunders and Smi th 1 95 5 ,  1 962 ; 
E l wood and Waters 1 969 ; O ' Connor and Power 1 976 ) .  Enk. ( 1977) reported that 
the b iomas s  and n umber of brook. trout � 150 mm i n  s i ze were s i g n i f i cantly  
correl ated wi th ba nk. cover  i n  two M i ch i ga n  streams . We sche ( 1980) reported 
that cover for adu l t trout shou l d  be l oc ated i n  stream area s wi th water depths 
� 15 em and vel oc i t i es of < 15 em/sec . We assume that an area � 25% of the 
total stream area occup i ed by brook. t rout wi l l  prov ide adequate cover .  

· �  

Embryo . Temperatures i n  the range of 4 . 5- 1 1 . 5° C have been reported a s  
opt imum for egg i ncubat ion  ( MacCr immon and Campbe l l  1 969 ) .  Length of egg 
i ncubation  i s  about 45 days at 1 0° C ,  1 65 days at 2 . 8° C ( Brasch et a l . 1 958) ,  
and 28 days at 1 4 . 8° C ( Embody 1 934) . Brook. trout eggs deve l op sl i ghtly 
fa ster than  brown trout eggs  a t  2° C or co l der , but the reverse is  true at  
3° C o r  above ( Sm i th 1947 ) .  We as sume that the  range of acceptable  tempera
tures for brook. trout embryos  i s  s im i l ar to that for cutthroat trout ( Sa lmo 
c l  ark.i ) .  

--
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D i s so l ved oxygen concentra t i o n s  s ho u l d  not fal l be l ow 50% saturat i on i n  
the redd for embryo deve l opment ( Harshbarger 1 97 5 ) .  We assume that oxygen 
requi rements for embryo s are s i m i l ar to those of adul t s .  Peters ( 1 965)  observ
ed h i g h  morta l i ty rates when water ve l oc i ty i n  the redd was reduced . Water 
v e l oc i ty i s  i mportant in f l u s h i n g  out f i nes i n  the redd s . Because brook. trout 
can successfu l l y  spawn in spawn i ng areas of l ak.es , ve l oc i ty i s  not necessary 
for successful  spawn i ng as l ong  as oxygen l eve l s are h i g h  and the redd i s  free 
of s i l t .  Spawn i ng vel oc i t i e s  for brook. trout range from 1 em/sec ( Sm i th 1973) 
to 92 em/sec (Thomp son 1972 ; Hooper 1973 ) .  Spawn i ng ve l oc i t i e s  meas ured for 
brook. trout i n  Wyom i ng ranged from 3-34 em/ sec ( Rei ser and Wesche 1977 ) . 

Rei ser and We sche ( 1977) stated that opt i mum suo strate s i ze for brook. 
trout embryos ranges from 0 .  34-5 . OS em .  Duff ( 1980) reported a range o f  
s u i tabl e  spawn i ng grave l s i ze o f  3-8 e m  i n  d i ameter for t rou t .  Most workers  
agree that both water vel oc i ty and  d i s so l ved oxygen f n  the  i ntergravel envi ron
ment determ i ne the adequacy of the sub. trate for the hatch i ng and surv i va l  o f  
s a l mon id  embryos and fry .  I ncreases i n  sed i ment that al ter g ravel permeabi l 
i ty reduces ve l oc i t ies  and  i n tergrave l d i s so l ved oxygen avai l abi l i ty to the 
embryo a�d resul ts in smotheri ng of eggs (iebo 1975 ) .  In a Cal i forn i a  study , 
brook. trout surv i va l  wa s l ower as  the v o l um� of materi a l s l e ss  than 2 . 5  mm i n  
di ameter i ncreased (Surns 1970) . I n  a 30% ,;and and 70% grave l mi xture , on ly  
28% o f  i mp l a nted steel head embryos i1atched ; of  those that ha tched , on ly  74�� 
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emerged ( Bj ornn 197 1 ;  Ph i l l i p s et a l . 1 97 5 ) .  
gravel condi t i on s  i ncl ude grave l s 3-8 em 
spawners) wi th � 5% fi nes . 

We as sume that sui tab l e  spawn i ng 
i n  si ze (depend i ng on s i ze of 

Fry .  McCorm i c k  et al . ( 1972) c i ted temperature a s  a n  important l i mi t i ng 
factor of  growth and d i  stri  but i on of  young brook trout . Fry emerge from 
gravel redds from January to Ap ri l ,  depend i n g  on the l ocal temperature regi me 
( Brasch et al . 1 958) . Temperatures from 9 . 8- 1 5 . 4° C were con s i dered su i tabl e ,  
wi th 1 2 . 4-1 5 . 4° C opti mum ; temperature s greater than 1 8° C were con s i dered 
detrimenta l . The opti mum temperature for brook trout fry , i n  a l aboratory 
study , was between 8-12°C ( Peterson et a l . 1979 ) .  Upper l ethal temperatures 
are between 2 1  and 2 5 . 8° C (Brett 1 940 ) , poss ib ly  a re f lection  of di fferent 
acc l i mati zation temperature s .  Latta ( 1 969)  reported that upwel l i ng ground 
water was an i mportant con s iderat i on for the we l l -be i ng of fry i n  stream s ; 
Carl i ne and Bryn i l dson ( 1977)  reported the same s i tuati on for fry i n  spri ng 
pond s .  Menendez ( 1 976) found that fry surv i va l  i ncrea sed as  pH i ncreased from 
5 to 6 . 5 .  Gri ffi th ( 1972) reported that foca l po i nt vel oc i t i e s  for brook 
trout fry i n  Idaho ranged from 8-10  em/sec , wi th a max i mum of 16 em/ sec . 
Because brook trout fry occupy the same stream reaches as adul t s ,  we assume 
that temperature and d i ssol ved oxygen requi rements for brook trout fry are 
s i mi l ar to those for adu l t s .  

Trout fry usual l y  overwi nter i n  shal l ow areas o f  l ow ve loc i ty ,  wi th 
rubb l e  bei ng the pri nci pal cover ( Everest 1969;  Bustard and Narver 1975a ) .  
Optimum s i ze of substrate u sed a s  wi nter cover by steel head fry and smal l 
j uven i l e s  ranges from 10-40 em i n  di ameter. ( Hartman 196 5 ;  Everest 1969 ) . A 
re l at i ve ly  s i l t-free area of  substrate o f  th i s  s i ze c l ass  ( 10-40 em) , � 10% of 
the total habi ta t ,  wi l l  probably prov i de adequate cover for brook trout fry 
and sma l l j uven i l e s .  The use of  sma l l er di ameter roc ks for wi nter cover may 
resu l t  i n  i ncrea sed morta l i ty due to s h i ft i ng o f  the substrate ( Bu stard and 
Narver 1975a) . 

Juven i l e .  Dav i s  ( 1961)  stated that temperatures o f  1 1-14° C are opti mum 
for fi ngerl i ng growth .  Gri ffi th ( 1972) reported focal  po i nt vel oc i t i e s  for 
j uven i l e  brook trout that ranged from 8 . 0-9 . 0  em/ sec , wi th a maxi mum of 
24 em/sec . We a ssume that temperature and di ssol ved oxygen requi rements for 
j uven i l e  broo k trout are s im i l ar to those for adu l ts . 

We sche ( 1980 ) reported that brook trout fry and smal l j uven i l es < 15 em 
l ong were assoc i ated more with  i n stream cover objects ( rubbl e substrate ) than 
overhead stream bank cover .  An area of cover � 15% of the total stream area 
appears adequate for j uven i l e  brook trout . 

HABITAT SUITABI LITY I NDEX ( HS I )  MODELS 

Figure 1 depi cts  the theoret ica l  re l a t i on s h i p s  among model vari abl e s , 
components , and HSI  for the brook trout model . 
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Hab i tat vari abl e s  Model compo n e n t s  

Average tha l weg d e p t h  

% i n s tream c o v e r  

% poo 1 s ( V 1 1 )  
P o o l  c l a s s  ( V 1 1 ) 

% i n s t ream cover �� 
% pool s ( V u ) ------�-------�• 

Poo l c l a s s  ( V 1 1 ) --------

% substra te .s i ze ( V, �  � 
% poo l s ( V 1 , )  � Fry -----------� HSI  

% r i ff l e  f i n e s  ( V 1 , 8 ) 

Ave . max . temp . ( V1 ) 
Ave . m i n .  DO ( V , ) 
Ave . water ve l oc i ty 

Ave . substrate s i ze 

% r i f f l e f i n e s  

Ave . max . tempera ture 

Ave . m i n .  DO ( V , ) 
pH ( V l J ) -----......._ 

Ave . a n n u a l  

Dom i n a te substrate typ e  

Ave . % vegetati on ( V 1 1 ) 
% streams i de vegetat i on 

% ri f f l e f i n e s  ( V 1 1 8) --"' 

% m i dday shade ( V 1 1 ) ___ __, 

•vari abl e s  that  a f fect a l l l i fe s ta ge s .  

F i g ure 1 .  D i ag ram i l l u strat i ng the rel at i o n sh i p s  among mode l 
va r i ab l es , compon en t s ,  and HS I . 
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Model Appl i cabi l i ty 

Geographi c  area .  The fol l ow i ng model i s  app l i cabl e over the ent i re range 
of brooK trout di stri but i on . Where di fferences i n  habi tat requi rements have 
been ident i f i ed for di fferent race s of brooK trout , sui tabi l i ty i ndex graphs 
have been constructed to refl ect th�se di fference s .  For thi s reason , care 
must be excerci sed i n  use of the i nd i v idual  graphs and equati on s .  

Season . The mode 1 rates the freshwater hab i tat of brook trout for a 1 1  
sea son s of the year.  

Cover types . The model i s  appl i cabl e to fre shwater ri veri ne or l acustri ne 
habi tats . 

M i n i mum habi tat area . M i n i mum hab i tat area i s  the m i n i mum area of cont i g
uous habi tat that i s  requi red for a spec i e s  to l i ve and reproduce . Because 
brook trout can move con si derabl e di stances to spawn or l ocate su itab l e  summer 
or wi nter reari ng hab i tat , no attempt has been made to defi ne a mi n i mum hab i tat 
s i ze for the spec i e s .  I I 

i 

j 
Veri f i cati on l evel . An acceptabl e l evel of performance for th i s  brook 

trout model i s  for i t  to produce an i ndex between 0 and 1 that the authors and 
other b i o l og i sts  fami l i ar wi th brook trout ecol ogy bel i eve i s  po s i t i ve l y  
correl ated with  the carry i ng capac i ty of  the habi tat . Model veri fi cat i on 
consi sted of  test i ng the model outputs from samp l e  data sets deve l oped by the 
author to s imu l ate h i g h ,  medi um, and l ow qual i ty brook trout habi tat and model 
rev i ew by b i o l og i sts  fami l i ar w i t h  brook trout eco l ogy . 

t l  I 

Model Description  - R iver i n e  

The ri veri ne HSI model con s i sts  o f  f i ve components : Adu l t  (CA) ;  Juven i l e  

( CJ ) ;  Fry (C F) ;  Embryo ( CE ) ;  and Other ( C0) .  Each l i fe stage component con

tai n s  vari ab l e s  spec i f i cal l y  rel ated to that component . The component c0 
conta i n s  vari ab l es rel ated to water qual i ty and food supp l y  that a ffect a l l  
1 i fe stages o f  brooK trout . 

The model uti l i ze s  a modi f i ed l i mi t i ng factor procedure . Thi s procedure 
as sume s that model vari abl es  and components wi th sui tabi l i ty i ndi ces i n  the 
average to good range , > 0 . 4  to < 1 . 0 ,  can be compen sated for by hi gher sui t
abi l i ty i nd i ces  of other , re l ated model vari abl es  and components . Howeve r ,  
variab l e s  and components w i t h  sui tabi l i t i e s  s 0 . 4  cannot be compen sated for 
anu , thu s ,  become l i mi t i ng factors on habi tat sui tabi l i ty .  

Adu l t  comp�nent . Var i ab l e V, , percent i n stream cover ,  i s  i nc l uded because 

stand i ng crops of  adu l t trout have been shown to be correl ated wi th the amount 
of cover ava i l abl e .  Percent poo l s  ( V 1 0 )  i s  i nc l uded because pool s prov i de 

cover and re st i ng areas for adul t trout . Vari abl e V 1 1  a l so quant i f i e s  the 

amount of pool habi tat that i s  needed . Vari abl e V 1 1 , pool c l a s s ,  i s  i nc l uded J 
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beca use poo l s d i ffer i n  the amo unt a n d  qua l i ty of e scape cover,  w i nter cover , 
and rest i n g a re a s  that they p rov i de .  Average tha l weg depth ( V � )  i s  i n c l uded 

bec a u se average water depth a f f e c t s  the amount and qual i ty of po o l s and 
i n stream cover ava i l a b l e  to adu l t  trout and m i g ratory access to spawn i ng and 
rea r i n g area s .  

Juven i l e  compone n t . Vari abl e s  V , , percent i n stream cove r ;  V 1 0 ,  percent 

pool s ;  and V 1 5 ,  pool  c l a s s  a re i nc l uded in the j uven i l e  compo nent for the same 

rea sons l i sted above for the adu l t  componen t . Juven i l e brook trout u se these 
e s se nt i a l  st ream feature s for escape cove r ,  wi nter cove r ,  and re s t i ng area s . 

Fry compo n e n t .  Va r i a b l e  V , , percent substrate s i ze c l a s s ,  i s  i nc l uded 

because trout fry u t i l i z e s ubs trate a. s  escape cover and w i nter cov er . Va r i ab l e  
V 1 1 ,  percent poo l s ,  i s  i nc l uded bec a u se fry use the sha l l ow ,  s l ow water areas 

of p oo l s a nd backwate r s  as  re s t i ng a n d  feed i n g stati on s .  Va r i ab l e  V 1 , , percent 

f i n e s ,  i s  i n c l uded bec a u s e  the percent f i n e s  a f fects the ab i l i ty o f  the fry to 
uti l i ze the rubbl e s ubstrate for cov e r .  

Embryo compon e n t .  I t  i s  a s sumed that hab i tat s u i tabi l i ty for trout 
embryos depends p r i ma r i l y  on water temperatu re , V 2 ; d i s so l ved oxygen conte n t ,  

I t 
V 1 ; water ve l o c i ty ,  V 5 ; s pawn i n g g r a v e l  s i ze ,  V 7 ; and percent f i n e s , V 1 5 • 

Water ve l oc i ty ,  V 5 ; gravel  s i z e ,  V 7 ; and percent f i n e s ,  V 1 5 ,  are i nte rre l ated 

factors that a f fect the tran sport of d i s s o l ved oxygen to the embryo and the 
remo v a l  of the waste p roducts  o f  metabo l i sm from the embryo . These func t i o n s  
have been shown t o  be v i ta l  to the surv i v a l  o f  trout embry o s . I n  add i t i o n ,  
the presence o f  too many f i n e s  i n  the redds wi 1 1  b 1 ock movement of the fry 
from the i ncuba t i ng grave l s  to the stream . 

I 

I 

I 

I 

I 

I 

I 

I 

I 

' 

Other component . Th i s  compo nent conta i n s  model va r i a bl es for two subcom
pone nts , water q u a l i ty and food s u p p l y ,  that a f fect al l l i fe sta g e s .  The 
subcomponent water qu a l i ty cont a i n s  four vari abl e s :  max i mum temperature ( V 1 ) ;  

mi n i mum d i s so l v ed o xygen ( V 1 ) ;  pH ( V 1 1 ) ;  and base f l ow ( V 1 �o ) .  Al l four var i 

abl e s  affect the growth and surv i v a l  o f  a l l l i fe stages except embryo , whose 
water qua l i ty req ui reme n t s  are i n c l uded wi th the embryo compo nent . The sub
component food supp l y  cont a i n s  three vari abl e s :  substrate type ( V , ) ;  percent 

vegetat i o n ( V 1 1 ) ;  and percent f i n e s  ( V 1 5 ) .  Dom i nant substrate type ( V , )  i s  

i nc l uded beca u se the abundance o f  aq uat i c  i n sect s ,  an i mportant food i tem for 
bro o k  tro u t , i s  corre l ated wi th substrate type . Va r i abl e �V 1 , , percent f i n e s  

i n  r i f f l e-run and sp awn i n g a rea s , i s  i n c l uded because the presence o f  exce s s i ve 
f i n e s  i n  r i f f l e-run areas reduces the product i o n  o f  aqua t i c i n sec t s .  Va r i ab l e  
V 1 1 i s  i n c l uded because a l l ochtho n o u s  mate r i a l s are a n  i mportant source o f  

nu t r i ents to co l d ,  un produc t i v e trout streams . The wate rfl ow o f  a l l  streams 
fl uctuate on an annu a l s e a s o n a l  cy c l e .  A corre l a t i o n e x i sts between the 
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average annual  da i l y streamf l ow and the annual  l ow base f l ow peri od i n  ma i n
ta i n i ng des i rabl e st ream habi tat features for a l l l i fe stages . Vari ab l e  V 11 ,  

i s  i nc l uded to quanti fy the rel at ion s h i p  between annual  water fl ow fl uctua
t ions  and trout habi tat su i tabi l i ty .  

Vari abl es  V 1 1 ,  V 1 2 , and V 1 7  are opti onal vari abl e s  to be used on ly  when 

needed and appropri ate . Average percent vegetation for nutr i en t  supp l y ,  V 1 1 ,  

should  be u sed o n l y  o n  sma l l  ( <  50 m wide) streams with  s ummer temperatures 
> 10° C. Percent streamside vegetati o n ,  V 1 2 , i s  i nc l uded because streams ide 

vegetation i s  an i mportant mean s  of control l i ng so i l  erosi on , a maj or source 
of fi nes i n  stream s . Var i ab l e  V 1 7 ,  percent m i dday shade , i s  i nc l uded because 

the amount of shade can affect water temperature and photosynthe s i s  i n  stream s . 
Var i ab l es V 1 1 ,  V 1 2 , and V 1 7  are used primari ly for streams s 50 m wide wi th 

temperature , photosynthes i s ,  o r  eros i on  probl ems or when changes in  the 
ri pari an vegetati on i s  part of  a potenti a l  proj ect p l an . 

Sui tabi l i ty I ndex (SI) Graphs for Model Vari abl e s  

Thi s sect i o n  conta i n s  sui tab i l i ty i ndex graphs for 17  model vari abl e s .  
Equations  and i n struct i o n s  for combi n i ng groups o f  variabl e S I  score s i nto 
component scores and component scores i n to brook trout HSI score s are i ncl uded . 

The graphs we re constructed by quanti fy i ng i n formati on on the e ffect of 
each habi tat vari abl e on the growth , surv i val , or b i omas s  of  brook trout . The 
curves were bui l t  on the as sumpti on that i ncrements  of growth , survi va 1 ,  or 
bi omass  ori g i nal l y  pl otted on  the y-ax i s  of the graph cou l d  be d i rect l y  con
verted i n to an i ndex of s u i tabi l i ty from 0 . 0  to 1 . 0  for the spec i e s ;  0 . 0  i nd i 
cates un su i tabl e cond i t i o n s  and 1 . 0  i nd i cates optimum condi t i o n s .  Graph trend 
l i nes repre sent the author ' s  best e s t i mate of sui tabi l i ty for the various  
l evel s of each vari ab l e  presented . The graphs  have been rev i ewed by b i o l ogi sts  
fami l i ar wi th the  ecol ogy of  the  spec i e s ,  but obv i ous ly  some degree of  S I  
var i ab i l i ty exi st s .  The u s e r  i s  encou raged t o  vary the shape of the g raph s  
when exi sti ng  regi onal i n forma t i on i ndi cates a d i fferent vari ab l e  su i tabi l i ty 
rel at i onshi p .  

The habi tat measurements and S I  g raph :onstructi on ara based o n  the 
premi se that extreme , rather than average , va l ues  of  a vari abl e most often 
l i m i t  the carryi ng capac i ty of  a habi ta.t .  Thus ,  measuremen t  of  extreme cond i 
t i o n s ,  e . g . , max i mum temperatures and mi n i mum di sso l ved oxygen l evel s ,  are 
often the data used wi th the graphs to deri ve the S I  va 1 ues for the mode 1 .  
The l etters R and L i n  the habi tat col umn i denti fy vari abl es  used to eval uate 
ri veri ne ( R )  or l acustri ne ( L) habi tat s .  
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R v .. Average t ha l weg depth 
( em )  du r i ng  the l a te 
g rowi n g  sea son l ow 
water per i od . 

A = s t ream w i dth � 5 m 
B = s t ream w i d t h  > 5 m 

R v,  Average v e l oc i ty 
( em/ sec ) o v e r  spawn i ng 
areas d u r i n g  embryo 
devel opme n t . 

R v, Perc e n t  i n s t re am 
cover d u r i n g  t h e  
l a te g rowi ng  sea son 
l ow wa t e r  pe r i od 
a t  depth s � 1 5  em 
a nd v e l oc i t i e s 
< 1 5  em/ sec . 
A = J u v e n i l e s  
B = Adu l t s 
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Domi nant ( �  SO��) 
substrate type i n  
ri ff l e-run area s for 
food producti on .  

A) Rubb le  or smal l 
bou l ders  or aqua t i c  
vegetati on i n  spri ng 
areas domi nant , with 
l i mi ted amounts of 
gravel , l arge 
bou l ders , or bedrock .  

sr- Rubbl e ,  g ravel , 
bou l ders , and fi nes  
occur in  approx i mately  
equa l amounts o r  g ravel 
i s  dom i na n t .  Aquat ic  
vegetation  may or  may 
not be presen t .  

C )  F i ne s , bedrock ,  or 
l arge boul ders are 
domi nant . Rubb l e  
and gravel  are 
i ns i gn i f i cant ( s  2 5�) . 

Percent poo l s duri ng 
the l ate growi ng 
season l ow water 
peri od . 

16  

1 . 0  
X 

� 0 . 8  
c::::: -
�0 . 6 
._ ..-
:0 0 . 4  
fQ ... 

._ 

� 0 . 2  

X 

� 0 . 8  
c::::: -
� 0 . 6  

� 0 . 4  
... .... 
;::, 

V"l 0 . 2  

A 

25 

8 

50 

% 

� 

-

c 

7 5  100 

·).: 



- -- �_,. ......... 4�� ... ���-. 

I 
1 .  R v l l  

v Optiona l  

I 
I 
I 
I 
I 
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I Optio nal  
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I 
I 
I 
I 
I 0 
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Average percent vege-
1 . 0  

tat i on ( trees , shrub s ,  )( 

and grasses-forbs )  QJ 0 .8 � 

a l ong the streambank  c::: 

dur i ng the summer for >, 0 . 6  
a l l ochthonous i nput . .... 

Vegetation  I ndex = 

0 . 4  2 (% shrubs)  + 1 . 5  ..Q 
"' 

(% grasses)  + (% trees )  .... 

+ 0 (% bareground ) .  ::s 0 . 2  V') 

( For streams � 50 m wide)  

Average percent rooted 1 . 0 

vegetat i on and stabl e )( 

rocky ground cover a l ong QJ 0 .8 "'C 

the streamban k  duri ng the � 
summer ( ero s i on control ) .  � 0 . 6  

.... 

..... 
..Q 

0 . 4  "' 
.... 

::s 
V') 0 . 2  

Annual max i ma l  or 1 . 0  
mi n i ma l  pH . Use the 
measurement wi th the )( 

QJ 0 . 8  l owe st S I  va l ue .  "'C 
c::: 

-

For l acustri ne habi tat s ,  � 0 . 6  
measure pH i n  the zone 

..... 

wi th the best combi na- ..... 

ti on of d i s so lved 
..Q 0 . 4  "' 
.... 

oxygen and temperature . 
::s 

V') 0 . 2  

1 7  

100 

% 

25  50 

4 5 6 7 

pH 
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-------- - -.  I 

Average annual  ba se 
f l ow reg ime dur i ng the 
l ate summer or w i n ter  
l ow f l ow per i od as a 
percent of  the ave�age 
annual da i l y fl ow .  

� 0 . 8  � 
c: 

� 0 . 6  

:a 0 . 4  10 
.. 

� 0 . 2  

25 50 

% 
75 100 

Pool c l a s s  rati ng dur i ng 1 . 0  -+-__ ...,.. ___ ....._ __ -+ 
the l ate grow i ng season x 
l ow f l ow pe r i od ( Aug-Oct) .� 0 . 8  
The rat i n g  i s  ba sed on � 
the percent o f  the area 

� 0 _ 6  conta i n i ng pool s o f  -
the three c l asses  
descri bed be l ow .  � 0 . 4  · 

A) � 3� of the area 
i s  compri sed o f  
fi rst-c l a s s  poo l s .  

B)  � lor. but < 30% 
fi rst-c l a ss  pool s 
or � 5� second
c l as s  poo l s .  

C )  < 1�� f i rst-c l ass  
poo l s  and < 50% 
second-c l as s  poo l s .  

( See poo l c l a s s  des
cr ipt ion s  be l ow)  

.. 
.._ 
:I 

V') 0 . 2 · 

A B c 

A) Fi rst-c l a s s  pool : Large and deep . Poo l depth and s i ze are suffi 
c i ent to provide a l ow ve l oc i ty resti ng area for several adu l t  
trout .  More than 30% o f  the poo l  bottom i s  obscured due to depth , 
surface turbu l ence , or the presence of  structures ,  e . g . ,  1 og s ,  
debr i s  p i l e s ,  boul ders , or overhangi ng ban ks and vegetation . Or,  
the greatest poo l depth i s  � 1 . 5  m in streams s 5 m wide or � 2 m  
deep i n  streams > 5 m wide . 
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B) Second-c l ass  poo l : Moderate s i ze and depth . Pool depth and s i ze 
are suf f i c i ent  to prov i de a l ow vel oci ty ·rest i ng area for a few 
adul t trout . From 5 to 30% of the bottom i s  obscured due to surface 
turbu l ence , depth , or the presence of structure s .  Typ i ca l  second
c l a s s  pool s are l a rge edd i e s  beh i nd boul ders and l ow ve l oc i ty ,  
moderately deep areas beneath overha n g i n g  banks and vegeta t i on . 

C )  Th i rd-cl ass  pool : Sma l l o r  shal l ow o r  both . Pool depth a n d  s i ze 
are suff i c i ent  to prov i de a l ow ve loc i ty rest i ng area for one to 
very few adul t trout . Cove r ,  i f  presen t ,  i s  i n  the form of shade , 
surface turbu l enc e ,  or very l i m i ted structure s .  Typ i ca l  thi rd-c l a s s  
poo l s are wide , sha l l ow pool areas o f  streams o r  sma l l edd i e s  beh i nd 
bou lders . 

V u  Percent f i n e s  ( <  3 mm) 
i n  r i ff l e-run and i n  
spawn i ng areas dur i n g  
average summer f l ows . 

A = Spawn i ng 
B = Ri ffl e-run 

v 1 7 Percent of stream area 

Opt i onal  shaded between 1000 and 
1400 hrs ( for streams 
� 50 m w ide ) .  Do not 
use on co l d  (< 16° C 
max . temp . ) ,  unproduc-
t i ve streams . 
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References to sources of data and the as sumpt i on s  used to con struct the 
above su i tabi l i ty i ndex graphs for brook. trout HSI model s  are presented i n  
Tab l e  1 .  

v,  

v .. 

v. 

Tab l e  1 .  Data sources  for brook. trout sui tabi l i ty i ndi ces . 

Var i a b l e  and source 

Bean 1909 
Embody 1921 
Kenda l l  1924 
Ba l dw i n 1951 
Bra sch et a l . 1958 
Mul l en 1958 
Dav i s  1961 
McAfee 1966 
MacCrimmon & Campbe l l  1969 
Hynes  1970 

Embody 1934 
Smi th 1947 
Brasch et a l . 1958 
MacCr immon & Campbel l 1969 

Embody 1927 
Fry 1951 
Doudoroff & Shumway 1970 
M i l l s  1971 
Troj nav 1972 
Sek.u l i ch 1974 
Harshbarger 1975 

De l i sl e  and El i ason 1961 
Esti mated by author: 

Thomp son 1972 
Hooper 1973 
Hunter 1973 
Re i ser and Wesche 1977 

As sumpt i on 

Average maxi mum da i l y temperatures 
have a greater effect on  trout growth 
and surv i va l  than m i n i mum tempe rature . 

The average maxi mum da i l y water 
temperature duri ng embryo devel opment 
rel ated to the hi ghest surv i val of 
embryo s and normal devel opment i s  
opt imum.  

The average m i n i mum da i l y d i ssol ved 
oxygen l evel duri ng embryo devel opment 
and the l ate growi ng season that i s  
rel ated to the greatest growth and 
surv i val  of brook. trout and trout 
embryos i s  optimum . Leve l s that 
reduce surv i val  and growth are 
suboptimum . 

The average tha l weg depths that 
prov i de the best combi nat i on of 
poo l s ,  i n stream cover ,  and i n stream 
movement of adu l t  trout i s  opti mum . 

The average ve l oc i ty over the 
spawn i ng area s affects the di ssol ved 
oxygen concentrat ion  and the mann�
i n  wh i ch waste products are removed 
from the deve l op i ng embryo s .  Average 
ve l oc i t i e s  that resu l t  in the h i ghest 
survi va l  of embryos are opt imum. 
Ve l oc i t i e s that re sul t i n  reduced 
surv i val  are subopt i mum . 
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Vari abi e and source 

v, Bous s u  1954 
E l ser 1968 
Lewi s 1969 

v ,  Bj ornn 1971 
P h i l l i p s et a 1 .  1975 
Duff 1980 

' 

e 

Tab l e  1 ( cont i nued ) .  

As sumpt i on 

Trout stand i ng crops a re corre l a ted 
wi th the amount of  usabl e cover 
present . Usab l e  cover i s  a s soc i ated 
wi th wa ter � 15 em deep and ve loc i t i e s  
s 1 5  em/sec . These cond i t i on s  are 
a s soc i ated more w i t h  poo l  than ri ff l e 
condi t i o n s .  The be st rat i o  of  habi tat 
cond i t i on s  i s  about 50% poo l  to 50r. 
ri f f le  area s .  Not a l l o f  a pool ' s  area 
prov ides usab l e  cover . Thus , i t  i s  
as sumed that opti mum cover cond i t i ons 
for trout streams are reached at < 50% 
of  the total area . 

The average s i ze o f  spawn i ng gravel 
that i s  correl ated wi th the be st water 
exchange rates , proper redd construct
i on ,  and h i ghest fry surv i va l  i s  
as sumed to be opt i mum for  average- s i zed 
brook trou t .  The percentage o f  
tota l spawn i ng area needed t o  support a 
good trout popu l a t i on wa s c a l c u l ated 
from the fo l l ow i n g  a s sump t i o n s :  

1 .  Exce l lent  r i veri ne t rout h ab i tat 
wi l l  su�port about 500 kg/hectare . 

2 .  Spawners comp r i se about 30% of  
the we i ght o f  the popul ati on . 
500 kg X 50� : 400 kg O f  
spa·,.;n e !'" s . 

3 .  B rook  t•out adu l t s  average about 
0 . 2  kg each 

400 kg = 2 000 adu l t  spawners 0 . 2  kg t 

4 .  There are two adu l t s  per redd 
2 · 000 = 1 000 pa i rs 

2 ' 

5 .  Each redd covers � 0 . 5  m2 
1 , 000 x 0 . 5  � 500 m2 

2 1  



Tabl e 1 ( c onti nued ) . 

Vari abl e and sourc e  Assumpt i o n 

v .  

v, 

Hartman 1965 
Everest 1969 
Bustard and Narver 1975a 

Pennak and Van Gerpen 1 947 
Hynes 1970 

Needham 1 940 
El ser 1968 
Hunt 1971 

I dyl l 1942 
Oe l i s l e · and El i a s on 1961 
Cha pman 1971 
Hunt 1975 

V 1 2 Anonymous 1979 
Ra l e i gh and Duff 1981 

V 1 J  Creaser 1930 
P a r s o n s  1 968 
Dunson & Mart i n 1 973 
Daye & Ga r s i de 1 975 
Webster 1975 
Menendez 1976 

6 .  There are 10 , 00 0  m2 per hectare 
soo -

s� f 1 
10 000 -

� o tota area 
, 

The substrate s i z e range sel ected 
fo r escape and wi nter cover by brook 
trout fry and sma l l j uven i l e s i s  
as sumed to be opti mum . 

The dom i nant substrate type conta i n i ng 
the greatest n umbers o f  aqua t i c  i n se c t s  
i s  a s sumed t o  be opti mum f o r  i n sect 
p roduc t i on . 

The percent po ol s duri ng l a te summer 
l ow fl ows that i s  a s soci ated wi th the 
g reate st trout abundance i s  o p t i mum . 

The average percent vegetat i on a l ong 
the streambank i s  rel ated to the 
amount o f  a l l oc hthanou s  materi a l s 
d e p o s i ted annua l l y  i n  the stream . 
S hrubs a re the best source of 
a l l ochthanous mater i a l s ,  fo l l owed by 
g ra s se s  and forbs , and then trees . 
The vegeta t i Onal  i ndex i s  a reasonabl e 
a pprox i ma t i on of opti mum a nd subopti mum 
c o nd i t i on s  for most trout stream 
habi tat s .  

The ave rage p e rcent rooted vegetati on 
and roc ky g round cover that prov i d e s  
adequate eros i on control t o  the st ream 
i s  opti mum . 

The average annual ma x i mum or m i n i mum 
pH l eve l s r e l ated to h i g h  surv i va l  o f  
t rout a re o p t i mum . 
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Var i ab l e  and source 

V 1 �  Bi nns  1979 
Adapted from Duff and 

Cooper 1976 

V 1 5  Needham 1940 
Lewi s 1969 
Hunt 1976 

V 1 , Cordone & Kel ly  1961 
Bj ornn 1969 
Sykora et a l . 1972 
Pl atts 1974 
Phi 1 1 ;  ps et a 1 .  1975 

V 1 7  Sabean 1976 , 1977 
Anonymous 1979 

Tab l e  1 ( concl uded) . 

Assumpt i on 

Fl ow vari at i ons  affect the amount and 
qual i ty of pool s ,  i n stream cover , and 
water q ua l i ty .  Average annua l  base 
f l ows a s soci ated wi th the hi ghest 
stand i ng crops are optimum.  

Pool c l a s ses  as soci ated wi th the 
h i ghest stand i ng crops of trout are 
opt imum .  

The  percent f i nes a s soc i ated wi th the 
h i ghest stand i ng crop s of food organ i sm s ,  
embryos ,  and fry i n  each de s i gnated area 
i s  opti mum . 

The percent o f  stream area that i s  
shaded that i s  a ssoci ated wi th opti mum 
water temperatures and photosynthe s i s 
rates i s  opt i mum . 

The above references i nc l ude data from stud i e s  on re l ated sa lmon i d  speci e s .  
Th i s  i nforma t i on has been se l ect i vely used t o  suppl ement , veri fy ,  o r  comp l ete 
data gaps  on the hab i tat requi rements  of brook trout . 

The su i tabi l i ty curves are a comp i l at i o n of publ i shed and unpubl i shed 
i n format i on on brook trout . I n format i on from other l i fe stages or spec i e s  o r  
expert o p i n i on wa s used t o  formu l ate curves when data f o r  a part i c u l a r  hab i tat 
pa rameter o r  l i fe stage were i ns u ff i c i ent . Data are not suff i c i ent at thi s 
t i me to ref i ne the hab i tat su i tabi l i ty curve s that accompany thi s narra t i ve to 
refl ect subspec i f i c  or reg i onal  d i f ferences .  Local  knowl edge shou ld be used 
to regi ona l i ze the su i tabi l i ty curves i f  that i n forma t i on wi l l  y i e l d  a more 
prec i se su i tabi l i ty i ndex score . Add i t i ona l  i n forma t i on on thi s spec i es that 
can be used to i mp rove and reg i onal i ze the sui tab i l i ty curves shou l d  be 
forwarded to the Hab i tat Eva l uat i on Group , U . S . D . I .  F i sh and Wi l d l i fe Serv i c e ,  
2625 Redwi ng Road , Fort Col l i n s ,  CO 80526 . 
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R i ve r i n e  Mode l 

Thi s model u s e s  a l i fe stage approach wi th f i v e components : adu l t ;  
j uv e n i l e ;  fry ;  emb ryo ; and othe r .  

Case 2 :  

I f  V .  o r  ( V 1 ,  x V 1 , ) l/2 i s  s 0 . 4  i n  e i ther equat i on ,  then CA = the l owe s t  
score . 

Or , i f  any vari abl e i s s 0 . 4 ,  CJ = the l owest va r i ab l e score . 

1/2 �r . i f  V 1 1  or ( V ,  x V 1 , )  i s  s 0 . 4 ,  C F  = the l owest factor score . 
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Step s :  

A .  

I 
I 
II B .  

I 
I c .  

I 
I 
I 
I 

A poten t i a l  spawn i ng s i te i s  an � 0 . 5  m2 area of grave l , 0 . 3-8 . 0  em 
i n  s i ze ,  covered by f l owi ng water � 1 5  em deep .  At each spawn i ng 
s i te samp l ed ,  record : 

1 .  
2 .  
3 .  
4 .  

The average water ve l oc i ty over the s i te ;  
The average s i ze of a l l  gravel  between 0 . 3-8 . 0  em ; 
The percent fi nes < 0 . 3  em i n  the grave l ; and 
Tne total area i n  m2 of each s i te .  

Der i ve a spawn i n g  s i te sui tabi l i ty i ndex (V s) for each s i te by comb i n i ng 
v, , v7 , and v l ,  val ues fol l ows :  

Deri ve a wei ghted average ( Vs ) for  a l l s i te s  i nc l uded in  the samp l e .  

Sel ect the best Vs score s un t i l  a l l s i te s  are i nc l uded , o r  unti l 

brook trout habi tat has been i nc l uded , whi chever comes f i rst . 

where 

n 
I Ai Vs i  i=l  

tota l habi tat area /0 . 0 5  ( output cannot > 1 . 0 )  

A1  = the area o f  each spawn i ng s i te i n  m2 ( I  A .  cannot exceed 
5� of the total brook trout habi tat ) .  1 

= the i ndi v i dual S I  scores from the be st spawn i ng areas 
unti l a l l spawn i ng s i tes have been i nc l uded or unti l 
SI ' s  from an area equa l to 5% of the tota l brook trout 
habi tat be i ng eva l uated has been i nc l uded , whi chever 
occurs fi rst . 

I 
I 

D .  Deri ve CE 

CE = the l owest score of V2 , V3 , or Vs 
J 

I 
I ' 
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where 

[ ( V ,  x 
X ( V l  X V ,  X V 1 2  X V 1 1 X V 1 �  X V 1 , ) 

] 1/2 
1/N 

N = the n umber of vari abl es w i t h i n  the parentheses . Note 
that vari abl es v l l t  v 1 2  and v l ,  are o p t i o n a l  and , 
there fore , can be omi tted . 

HSI  determi nati o n . HSI  scores can be der i ved for a s i ng l e l i fe stage , a 
combi n a t i o n  o f  two or more l i fe stage s ,  o r  a l l  l i fe stages comb i ned . I n  a l l  
c a se s , except for the embryo component ( CE) ,  a n  HSI i s  obta i ned by combi n i ng 
one o r  more l i fe stage component scores w i t h  the other component ( C0) score . 

1 .  Equal Component Val ue Method . The equal con:po nent v a l ue method a s sumes 
that each component exerts equal i n f l uence i n  determ i n i ng the HS I .  Thi s 
method shou l d  be used to determ i n e the HSI  un l e ss i n forma t i on ex i st s  that 
i nd i v i dual components shou l d  be wei ghted di fferen t l y .  Component s :  CA ; 

2 .  

CJ ; C F ; CE ; and c0 . 

Or , i f  any component i s s 0 . 4 ,  the H S I  = the l owest component va l ue ;  
i f  CA i s < the equa t i o n  val ue , the HSI  = CA . 

where N = the n umber of compo nents i n  the equa t i on . 

So l ve the equa t i o n  for the n umber o f  components i nc l uded i n  the eval ua
t i on .  There w i l l  be a m i n i mum of two , one or more l i fe stage components 
and the compo nent ( C0 ) , un l � s s  only the embryo l i fe stage ( C E ) is be i n g 
eval uated , i n  wh i ch case the HSI  = CE . 

Unequal  Component Va l ue Method . Th i s  method a l so uses a l i fe stage 
approach wi th f i ve componen t s :  adul t (CA) ;  j uven i l e  ( CJ ) ;  fry ( C F) ;  
embryo ( C E ) ;  and other ( C0 ) . Howeve r ,  the c0 compo nent i s  d i v i ded i nto 
two subcompone nt s ,  food ( C0F ) and water qua l i ty ( C0Q ) .  I t  i s  a s s umed 
that the c0F subcompo nent can e i ther i ncrease or decrease the sui tabi l i ty 
o f  the habi tat by i t s e f fect on g rowth at each l i fe stage except embryo . 
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The c00 subcompo n e n t  i s  a s s umed to e x e rt an i n f l uence  e q u a l to the comb i n

ed i n fl uence  o f  a l l  other mode l compon e n t s  i n  determ i n i n g habi tat s u i t
a b i l i ty .  The method a l so a s sume s that w a t e r  q ua l i ty i s  e x c e l l en t ,  c00 = 

1 . When c00 i s < 1 ,  the H S I  i s  decrea sed . I n  add i t i o n ,  when a ba s i s 

for we i g h t i ng  ex i st s , mode 1 compo n e n t  a n d  subcomponent we i g h t s  c a n  be 
i nc rea sed by mul t i p l y i n g e a c h  i nd e x  v a l ue by mu l t i p l i e r s > 1 .  Mode l 
we i gh t i ng  p rocedure s m u s t  be docume n ted . 

Step s :  

A .  Ca l cu l a te the subcomponen t s  ( CO F  a n d  c00) o f  c0 

B .  

( V , x v 1 , > 1 12 + V 1 1 
COF = 2 

Or , i f  any var i ab l e i s s 0 . 4 ,  c00 = the va l ue o f  the l owest va r i a b l e .  

Ca l cu l a te the HSI by e i th e r  the no n compen satory o r  the compen satory 
opt i on . 

Noncompen satory opt i o n . Th i s  o p t i on a s sume s that degraded wat e r  
q ua l i ty cond i t i o n s  c a n n o t  be comp e n s a ted for by good phy s i ca l  h a b i tat 
condi t i o n s .  T h i s a s sumpt i on i s  mo s t  l i ke l y  t rue f o r  sma l l s t reams 
(s 5 m w i d e )  and for pe r s i s t e n t  deg ra�ed water q u a l i ty condi t i on s .  

where N = the n umber o f  compone n t s  a n d  s ubcompone n t s  i n s i de the 
paren the s e s  o r , i f  the mode l  compo n e n t s  o r  subcomp o n e n t s  
h a v e  u n e q u a l  we i g h t s , N = ! o f  we i g h t s  s e l ected . 

Or , i f  a ny compo n e n t  i s s 0 . 4 ,  H S I  = t h e  l owe st component v a l ue x 
coo · 
I f  o n l y  the embryo compo n e n t  i s  be i n g eva l u a ted , H S I  = C E  x c00 . 
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Compe n s atory opt i on . T h i s met hod a s sume s that mode rate l y  deg raded 
water q u a l i ty cond i t i o n s  can be p a rt i a l l y  compe n sated for by good 
phys i c a l  hab i ta t  condi t i on s . T h i s a s s umpt i o n i s  u s e f u l  for a rge 
ri vers ( �  50 m w i d e )  a nd for tempo rary , o r  short term , poor wa ter 
q u a l i ty cond i t i on s .  

1 )  

where N = the n umber o f  comp o n e n t s  a nd subcomponents  i n  the 
e q ua t i on o r ,  i f  the mode l  components  or subcompo
n e n t s  have uneq u a l we i gh t s , N = t of we i g ht s  
sel ected . 

Or , i f  C
A 

i s s 0 . 4 ,  . the HSI ' = CA 

2 )  I f  C
OQ 

i s < HS I ' ,  HS I  = the HSI ' x [ 1 - ( HS I '  - c00 ) ] ; i f  COQ 
� HS I ' ,  the HSI  = HS I ' . 

3 ) I f  o n l y  the embryo component  i s  be i ng e v a l uated , fol l ow the 
p rocedure i n  step 2 ,  s u b st i t ut i n g C

E 
for HS I ' .  

Lacustri ne Mode l 

The fol l ow i ng model  can  be u sed to e v a l uate brook trout l ac u s tr i ne 
habi tat . The l ac u s t r i ne mode l con s i s t s  of two compo n e n t s :  water q ua l i ty a nd 
reproduct i on . 

Water Qual i ty ( Cwo> ·  

C ( v  V V ) 1/3 
WQ : 1 X l X l l  

Or , i f  the S I  score s for V 1 or V 1  a re s 0 . 4 ,  C
WQ 

= the l owe st S I  sco re 

for v l  or v l . 

Note : Lacustr i ne brook trout c a n  s pawn i n  s pri ng upwe l l i ng a r e a s  o f  
l acustr i ne habi tats b u t  wi l l  u t i l i ze tri butary streams for spawn i ng a nd 
embryo deve l opmen t  when ava i l ab l e a nd sui tabl e .  I f  the embryo l i fe stage 
r i ve r i n e  habi ta t  i s  i nc l uded i n  the eva l ua t i o n , use  the embryo compon e n t  
steps a n d  e q ua t i on s  i n  t h e  r i ve r i n e  mode l above , e x c e p t  t h a t  t h e  a rea o f  
spawn i ng g rave l needed i s  o n l y  a b o u t  1� o f  the tota l surface a rea o f  the 
l acustr i ne habi t at .  
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Embryo ( CE ) . 

n 
I A .  Vs i  i=1  , 

total habi tat area 

HSI determi nat i o n .  

HSI 

/0 . 01 ( output cannot > 1 . 0 ) 

I f  on ly  the l acustr i ne habi tat i s  eval uated , the HSI = Cwo · 

In terpret i ng Model Outputs 

Mode l HS I scores for i nd i v i dual  l i fe stage s ,  compo s i te l i fe stage s ,  or for 
the spec i e s  a re a re l at i ve i nd i cator of hab·i tat sui tabi l i ty .  The HSI model s ,  
i n  the i r  present form , a re not i n tended to rel i ably p red i ct standi ng crops of  
fi shes throughout the Un i ted States . Stand i ng crop l i mi ti ng factors , such as  
1 n te rspec i f ic  competi t i on , predati on , d i sease , water nutr ient  l evel s ,  and 
l ength of growi ng season , are not i n c l uded i n  the aquat i c  HSI model s .  The 
mode l s  conta i n  phy s i ca l  habi tat  vari abl es i mportan t  i n  ma i nta i n i ng v i ab l e  
popu l ati ons  of  brook trou t .  I f  the mode l i s  correctly  structured , a h i g h  H S I  
score for a habi tat i ndi cates near opti mum reg i ona l  cond i t i on s  for brook t rout 
for those factors i nc l uded i n  the mode l , i ntermedi ate HSI scores i nd i cate 
average habi tat cond i t i o n s ,  and l ow HSI score s i nd i cate poor habi tat condi 
t i o n s .  An HSI of 0 does not necessar i l y  mean that the spec i e s  i s  not presen t ;  
i t  does i nd i cate that the habi tat  i s  very poor and that the spec i e s  i s  l i kely  
to be sca rce o r  absent .  

Broo k trout tend to occ upy r i ver i ne habi tats where very few other fi sh 
spec i es are presen t .  They a re u sual l y  competi t i ve ly  excl uded by other sa lmon i d  
spec i e s ,  except cutthroat . Thu s ,  d i sease , i n te rspec i f i c  compet i t i o n ,  and 
preda t i on usua l l y  have l i tt le  a ffect on the model . When the brook trout mode l 
i s  appl i ed to brook trout streams w i t h  s i m i l ar water qual i ty and l e ngths of 
growi ng seaso n ,  it shou l d  be p o s s i b l e to cal i brate the model output to ref l ect 
s i ze of stand i ng crops wi th i n some reasonab l e  confidence l i m i t s .  Thi s poss i 
bi l i ty ,  however ,  has not  been tested w i th the present model . 

Samp l e  data sets se l ected by the author to repre sent h i gh , i nterm�di ate , 
and l ow habi tat sui tabi l i t i e s  a re i n  Tab l e  2 ,  a l ong wi th the SI ' s  and HS I ' s  
generated by the brook t rout ri ver i ne model . The model outputc; cal cul ated 
from the samp l e  data sets ( Tab l e s 3 and 4) re f lect what I bel i eve carry ing  
capaci ty trends wou ld  be i n  ri veri ne habi tats wi th the  l i sted characteri sti c s .  
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The mode l s  al so have been rev i ewed by b i o l og i sts fami l i ar w i th brook trout 
ecol ogy ; therefore , the mode l meets the p rev iou s l y  speci f i ed acceptance l evel . 

ADDITIONAL HABITAT MODELS 

Model 1 

Optimum r i veri ne brook trout hab i tat i s  characteri zed by : 

1 .  C l ear ,  co l d  water w i th an average max i mum summer temperature of < 
22° C ;  

2 .  Approx i mate l y  a 1 : 1  poo l -r i f fl e  rat i o ;  

3 .  We l l  vegetated , stabl e stream banks ; 

4 .  � 25% o f  stream area prov id i ng cover ; 

5 .  Re l ati ve ly  stab l e  water f l ow reg ime ,  < SO% annual fl uctuati on from 
average annual  da i l y f l ow ;  

6 .  Re l ati ve l y  stab l e  summer tempe rature reg ime ,  averag i ng about 
13° C ± 4° C ;  

7 .  A re l at i ve l y  s i l t-free rocky substrate i n  ri ffl e-run area s ;  and 

8 .  Re l at i ve ly  good water qua l i ty ( e . g . , DO and pH ) .  

HSI = n umber of attri bute s pre sent 
8 
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I 
I 

o Tab l e  2 .  Samp l e  data sets us i ng the r i veri ne brook trout HSI model . 

I 
Data set 1 Data set 2 Data set 3 

I Vari abl e Dau S I  Data S I  Data S I  

I Max . temperature ( OC ) v l 14 1 . 0  15  1 . 0  16 1 . 0  

I 
Max . temperature ( OC ) Vz 12 1 . 0  15 0 . 6  16 0 . 4  

M i n .  d i ssol ved 01  

I ( mg/1 ) v, 9 1 . 0  5 0 . 7  6 0 . 4  

Ave . depth ( em )  v .. 25 0 . 9  17 0 . 6  17 0 . 6  

I Ave .  vel oc i ty 
( cm/s) v, 30 1 . 0  20 0 . 7  20 0 . 7  

I % cover v. 20 A 0 . 9  10 A 0 . 7  10 A 0 . 7  
J 1 . 0  J 0 . 9  J 0 . 9  

I t Ave . gravel  s i ze 
( em )  Y,  4 1 . 0  3 1 . 0  2 . 5  1 . 0  

I % substrate 
10-40 em i n  
di ameter v. 15 1 . 0 6 0 . 7  6 0 . 7  

I Dom . substrate 
c l ass  v,  A 1 . 0 8 0 . 6  B 0 . 6  

I % poo l s V u 5 5  1 . 0  1 5  0 . 7  10 0 . 6  

% Al l och . 

I 
vegeta t i o n  V u 225 1 . 0  175 1 . 0  200 1 . 0  

% bank vegeta t i on V u 95  1 . 0 40 0 . 6  35 0 . 5  

I Max . pH V u 7 . 1  1 . 0  7 . 2  1 . 0 7 . 2  1 . 0  

% ann . base fl ow v l .. 39 0 . 8  30 0 . 6  25  0 . 5  

I 
I 
I 0 
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Tabl e 2 .  ( concl uded ) .  �) 
Data set 1 Data set 2 Data set 3 

Var i ab l e  Data S I  Data S I  Data SI 

Pool cl ass  v l S A 1 . 0  B 0 . 6  c 0 . 3  

elf fi nes  (A) V u 5 1 . 0  20 0 . 4  20 0 . 4  ,. 

% fi nes  (B )  V u 20 0 . 9  35 0 . 6  35 0 . 6  

� ,. shade V 1 1 60  1 . 0  60  1 . 0  60  1 . 0  

32 



- • ;_ - .. • • ..._ � ...... J; 
- -- :. .. -•..&.., .. ,. _:· .......... �-::......t. 

I 

I 

•J Tab l e  3 .  Equal  component val ue method . 
I 

I 
Data set 1 Data set 2 Data set 3 

Vari ab l e  Data S I  Data S I  Da ta S I  

I Component 

I CA 0 . 95 0 . 65 0 . 56 

CJ 1 . 00 0 . 73 0 . 30 

I C
F 

0 . 97 0 . 67 0 . 62 

CE 1 . 00 0 . 60 0 . 40 

I 
co 0 . 97 0 . 79 0 . 74 

I 
Spec i e s  H S I  0 . 98 0 . 68 0 . 50 

I t Tab l e  4 .  Unequal  component va l ue method . 

I 
Data set 1 Data set 2 Data set 3 

Va r i abl e Data S I  Data SI Data S I  

I 
Component 

I 
CA 0 . 95 0 . 65 0 . 56 

I CJ 1 . 0  0 . 73 0 . 30 

C F 0 . 97 0 . 67 0 . 62 

I CE 1 . 00 0 . 60 0 . 40 

C
OF 0 . 97 0 . 80 0 . 80 

I C
OQ 1 . 00 0 . 8 1  0 . 40 

I 
Spec i e s H S I  

Noncompen satory 0 . 98 0 . 56 0 . 12 

0 Compe n s a to ry 0 . 98 0 . 69 0 . 5 1 

I 
33  

I 



. ... . ..., · - - (..� ...... ----------------------------------

Model 2 

A r i veri ne trout hab i tat model ha s been deve l oped by B i n n s  and E� · erman 
( 1979) Tran spose the model output of pounds per acre to an i ndex of 0- 1 :  

Model  3 

HSI = model  output of pounds per acre 
reg i on a l  opti mum pounds per acre 

Opti mum l acustri ne brook trout habi tat i s  characteri zed by : 

1 .  C l ea r ,  co ld  water w ith  an average summer m i dep i l i mn i on temperature 
of < 22° C ;  

2 .  A midep i l i mn i on pH of 6 . 5  to 8 . 5 ;  

3 .  Di sso l ved oxygen content of ep i l imn i on of � 8 mg/1 ; and 

4 .  Presence of spri ng upwe l l i ng areas or access to ri ver i n e  spawn i ng 
tri butar i e s . 
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§ 363. Standards of c:l&uification of l'resh �teJS 

The board shall have 4 standards for the classification of fresh surface waters. 

1972, c. 618. 

a.. A shall be the highest classification and shall be of such quality that it can be used for 
recreational purposes, including bathing, and for public water supplies after disinfection. The 
dissolved OXYJell content of such waten shall not be less than 75% saturation or as naturally 
occurs, and contain not more than 20 fecal coliform bacteria per 100 milliliteJS. 

1977. c. 373, § 1. 
These waters shall be free from sludge deposits, solid refuse and floating solids such as oils, 

grease or scum. There shall be no disposal of any matter or substance in these waters which 
would impart color, turbidity, taste or odor other than that which naturally occurs in said 
waten, nor shall such matter or substance alter the temperature or hydrogen-ion concentration 
of these waten or contain chemical constituents which would be harmful or offensive to 
humarts or which would be harmful to animal or aquatic life. No radioactive matter or sub
stance shall be permitted in these waten other than that occurring from natural phenomena. 

There shall be no discharge of sewap or other pollutants into water of this classification and 
no deposits of such material on the banks of these waters in any manner that transfer of sewage 
other other pollutants into the waten is likely, except that existing licensed discharges into 
waters of this classification will be allowed to continue until practical alternatives exist. New 
discharges will be permitted only if, in addition to satisfying all the requirements of this chap
ter, the discharged effluent will be equal to or better than the existing water quality of the 
receiving waters. Prior to issuing a discharge license, the board shall require the applicant to 
objectively demonstrate to the board's satisfaction that the discharge is necessary and that there 
are no other reasonable alternatives available. 

l97l, c. 461, §2: 1977. c. 373, §2: 1979. c. 519. 

Oass B. the 2nd h�hest classification. sh:Ul be di>·ided into 2 designated groups as B·l and 
8·2. 

B· l .  Waters of this cLus shaU be considered the hi!!her quality of the Class B group and 
shall be acceptable ior recreataonal purposes. ancludmJ: 1nter contact recreation, for use as 
potable water supply after adequate trntmcnt an.! ror :1 fish and wildlife habitat. The dissolved 
oxygen of such waters shall be not les� than 75- of satur:uion, and not less than 5 parts per 
million at any time. The lee:1l coliform b:�cteru shall not tltceed 60 per 100 milliliters. 

1977,c. 373, §3. 

These waters shall be free from slud!!e deposns. solid refuse and floating solids such as 
oils. grease or scum. There sh:Ul be no dtsposal of any matter or substance in these waters 
which imparts color. turbidit)'. taste or odor which would impair the usages ascribed to this 
classification nor shall such matter or substance alter the temperature or hydrogen-ion conce.n
tration of these waters so as to render such waters harmful to ftsh or other aquatic life. There 
shall be no dischar!!e to these waters which will cause the hydrogen-ion concenuation or 
"pH" of these waters to fail outside of the 6.0 to 8.5 range. There shall be no disposal of 
any matter or subsunce thlt contains chemical constituents which are harmful to humans. 
animals or squatic life or whach :�dversely affect any other water use in this class. No radioactive 
matter or substances shall be dascharf!ed to these waters which will raise the radio-nuclide con
centrations above the stlndards :1s established by the United States Public Health Service as 
being acceptable for drinkanJ! water. These waters shall be free of any matter or substance 
which alters the composition of bottom fau0:1. which adversely affectS the physical or chemical 
nature of bottom material, or which interferes with the propagation of ftsh. 

There shall be no disposal of sewage, industrial wastes or other wastes in such waters, 
except those which have received treatment for the adequate removal of waste constituents 
iDcludiJI& but not linated to, solids, color, turbidity, taste, odor or toxic material. such that 
these treated wastes will not lower the sunduds or alter the uasaes of this classification, nor 
shall such disposal of sewage or waste be injurious to aquatic life or render such dangerous 
for human consumption. 

s 



B· 2. W:uers of this class shall be acceptable for recreational purposes including water 
cont;�ct recreation. for industrial and potable water supplies after adequate treatment. and for a 

iis!t :md wildlife habiut. The dissolved oxygen of such waters shill not be less than 60% of 
saturation. and not less than 5 pans per million at any time. The fecal coliform bacteria is not 
to exceed 200 per I 00 millilieters. 

1977, c. 373, § 4. 
These waters shall be free from sludge deposits, solid refuse and floating solids such as 

oils, grease md scum. There shall be no disposal of any mattet or substaDce in these waters 
wruch imparu color, turlridity, taste or odor which woul.d impair the usages ascribed to this 
classification, nor shall such matter or substaDce altet the temperature or hydrogen-ion 
concentntion of the waters so as to render such waters harmful to fish or other aquatic life. 
There shall be no dispoal of any mattet or substance that contains chemical constituents 
which are lwmful to bwnans, animal ar aquatic life, or which adYeiSely affect any other 
water use in this class. Thete shall be no diJcbarge to thele waters which will cause the 
hydrogen-ion concentration of MpH" of these waters to fall outside of the 6.0 to 8.5 range. 
No radioactive matter or substaDce shall be discharged to these waters which will raise the 
radi�nuclid coacentrations aboft the standards u established by the United States Public 
Health Serme u being acceptable far drinJdns watet. These waten shall be free of any 
mattet or substance which alters the composition of bottom fauna, which adversely affects 
the physical or c:hemical nature of bottom material, or which intetfetes with the propagation 
of fish. 

There shall be no dispocal of sewage, industrial wastes or other wastes in such waters 
except those which have received treatment for the adequate removal of waste constituents 
including, but not limited to, solids, color, turbidity, taste, odor or toxic material, such that 
these treated wastes will not lower the standards or alter the usages of this classification, nor 
shall such disposal of sewage or waste be injurious to aquatic life or render such dangerous 
for human consumption. 

Ous C. waters, The 3rd rughest classification, shall be of such quality as to be 
satisfactory for recreational boating and fiShing, for a fiSh and wildlife habitat and for other 
uses except potable water supplies and water contact recreation, unless such waters are 
adequately treated. 

The dissolved oxygen content of such waten shall not be less than 5 parts per million, 
except in those cases where the board finds that the natural dissolved oxygen of my such body 
of water falls below S parU per million, in wruch case the board may grant a variance to this 
requirement. ln no eYent shall the dissolved oxygen content of such waten be less than 4 parts 
per million. The fecal coliform bacteria is not to exceed 1 ,000 per 100 milliliterS. 

1973, c. 423, § 5; 1977, c. 373, § 5. 

These waters shall be free from sludge deposits, solid refuse and floating solids such as 
oils, grease or scum. There shall be no disposal of any matter or substaDce in these watc:n 
wruch imJ:UU color, turbidity, taste, or odor which woul.d impair the: usages ascribed to this 
classification, nor shall such matter or substaDce alter the temperature or hydrogen-ion 
content of the waten so as to render such waters harmful to fish or other aquatic life. There 
sh:ill be no discharge to these: waters which will cause the hydrogen-ion concentntion or .

. pH" of these: waters to fall outside of the 6.0 to 8.5 range. There shall be no disposal of 
any matter or substance that contains chemical c:onstitucnu wruch are harmful to humans. 
animal or aquatic life or wruch advenely affect any other water usc: in this class. No 
radioactive: material or substaD.ce shall be discharged to these waten wruch will raise the 
radi�nuclide concentration ai.Jve the: staDdards as established by the United States Public 
HQlth Service as being acceptable for drinking water. 

There shall be no disposal of sewage, industrial wastes or other wastes in such waters. 
except those which have received treatment for the: adequate: removal of waste cor.stituenu 
including, but not limited to, solids, color, turbidity, taste, odor or toxic material. such th:lt 
these treated wastes will not lower the stand.uds or alter the usages of tiUs classification. 
nor slull such disposal of sewage or waste be illjurious to aquatic life or render suth 
dm,erous for human consumption. 

Class D waters shaD be assigned only where a rugher water classification cannot � 
�twncd after utilizing the: best practicable treatment or control of sewage or other w:astes. 

6 
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Waters of this class may be used for power generation, navigation and indus:rial process 
waters after adequate treatment. 

Dissolved oxygen of these waters shall not be less than 2.0 parts per million. The 
numbers of coliform bacteria allowed in these waters shall be only those amounts which will 
not, in the determination of the Commission, indicate a condition harmful to the public 
health or impair any usages ascribed to this classification. 

These waters shall be free from sludge deposits, solid refuse anci 6oating solids such as 
oils, pease or scum. There shall be no disposal of any matter or substance iD these waters 
which impartJ color, turbidity, wte or odor which would implir the usqes ascribed to this 
classification, nor shall such matter or substance alter the temperature or hyclrop�Hon 
concentration of the waters to implir the usapa of tbil dusifkatioa. There shall be no 
cliapoal of my uatter or substance tbat contaim chemical COIIS1itllellts wbich are barmful to 
hWIIIDI or which ad¥USely affect my other water UM iD tbil claa. No radioac:tift matter or 
substaDc:e shall be permitte4 in these waters which would be harmf1ll to hiiiiiiDI, mimal or 
aquatic life ancl there shall be no disposal of my matter or 111bltulce which would result iD 
radi011uclide concentrations in edib&e fish or other aquatic life thereby rencle!ina them 
dangerous for human consumption. 

There shall be no disposal of sewa&e, illclustrial wastes or other wastes in such waters, 
except those which have receivecl treatment for the adequate removal of waste constituents 
inc:luding. but not limited to, solids, color, turbidity, taste, odor or toxic material, such that 
these treated wutes will not lower the stanclards or alter the usapa of this classification. 
Treated wastes discharging to these waters shall not create a public nuisance as defaned in 
Title 17,  Section 2802, by the creation of oclor producing sluclge banks and deposits or 
other nuisance conditions. 

With respect to all classifications hereinbefore set forth, the board may take such actions as 
may be appropriate for the best interests of the public, when it fmds that any such classifica· 
tion is temporarily lowered due to abnormal conditions of temperature or stream flow. 

R.S. 1954, c. 79, §2; 1955, c. 425, §5; 1959, c. 295, §2; 1961, c. 305, §3 ;  1963, c. 274, 
§ 1 ;  1967, c. 475, §4: 1969. c. 431,  § §  1 .  2; 1972, c. 618;  1979, c. 529. 
§363-A. Standards of classification of great ponds 

The board shall have 2 standards for the classification of great ponds. 
Oass GP·A shall be the hiJhest classification and shall be of such quality that it can be used 

for recreational purpose.s. includin[! bathing, fish and wildlife habitat and for public water sup
plies after disinfection. Such waters shall have a Secchi disk transparency of not less than 2.0 
meters or as naturally occurs. and contain not more than 20 fecal coliform bacteria per 100 
milliliters. Total phosphorus concentration shall not exceed 15 parts per billion, and chloro
phyll A concentration shall not exceed 8 parts per billion as measured in samples taken at or 
near the surface nf the W3ter. 

These waters shall be iree from slud�e deposits, solid refuse, floatinlt solids, oils, ltfease and 
scum. No radioactive matter or substance shall be permitt�d in these waters other than that 
occurring from natural phenomena. 

There shall be no direct or indtrect dischar�e of sewa�e. poUuunu or other substances harm· 
ful to water qualit}' or aquatic l.i:c mtn "·atcrs of th•� classification except as provided in sec· 
tion 371-A and 413 .  l"o mJtenais sh�U be: pl;u:e<l on the ,\hores or banks thereof in such a man· 
ner that the same may fall or be: wa,hc:J tntu the "·aters or tn suc.h a. manner that the drainage 
therefrom may flow or leach into those w;u�rs. 

1979. c. 495. 
Oass GP·B, the 2nd hi!Utest classifscauon. shall be acceptable for recreational purposes, 

including water contact recreauon. for use as potable water supply after adequate treatment, 
and for a fiSh and wildlife habitat. The fecal coliform bacteria count is not to exceed 60 per 
100 milliliters. The total phosphorus concentration shall not exceed 50 parts per billion as 
measured in samples taken at or near the surface of the water. 

1bese waten shall be free from slucl[!C deposits, solid refuse ancl tloatiq solids, such u oUs, 
greue or scum. There shall be no disposal of any matter or substance iD these waters which 
imparts color, turbidity, taste or odor which would impair the usages ascribed to this classifica· 
tion nor shall such matter or substance alter the temperature or hydrogen-ion concentration of 
these waters so u to render such waters harmful to .fish or other aquatic life. There shall be no 
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discmrgc to these waters which will cause the "pH" of these waters to fall outside of the 5.5 to 
8.5 range. There shall be no disposal of any substance that contains chemical constituents 
which are hatmful to humans. animals or aquatic life or which adversely affect any other water 
usc in this class. No radioactive matter or substances slull be discharged to these waters which 
will raise the radio-nuclide concentrations above the standards established by the United States 
Public Health Service as being acceptable for drinking water. These waters shall be free of any 
matter or substance which alters the composition of bottom fuuna, which adversely affects the 
physical or chemical nature of bottom material, or which interferes with the propagation of 
fish. 

There shall be no disposal of sewage. industrial wastes or other wastes in such wattts, except 
those which have received ueatment for the adequate removal of waste constituents. including, 
but not limited to, solids, color. turbidity, taste, odor and toxic material, such that these 
treated wastes will not cause any violation of water quality standards or alter the usages of this 
cbssification, nor shall such disposal of sewage or waste be injurious to squatic life or cause it 
to be dangerous for human consumption. There shall be no additional discharge of phosphorus 
to waters of this classification, which discharge does not employ the best available technology 
for phosphorus removal 

1977, c. 373, §6; 1979, c. 495, § §  1, 2. 

§363-B. Standards of claaificatioa of pouad water 

The board shall have 2 standards for the clulification of ground water. 
a- GW-A shall be the highest classification and shall be of such quality that it can be used 

for public watey supplies. These waters shall be free of radioactive matter or any matteT that 
imparts color, turbidity, taste or odor which would impair usage of these waters, otheT than 
that occurring from natural phenomena. 

Class GW·B. the 2nd highest classification, shall be suitable for aU usages other than public 
water supplies. 

1979, c. 472, §10. 
§ 364. Tidal or Maline Waters 

The board shall have S standards for classification of tidal waters. 
1971, c. 470, § 2; 1972, c. 618. 
C.. SA, shall be suitable for all clean water usages. including water contact recreation, and 

fishing. Such waters shall be suitable for the lwvesting and propagation of shellfish and for a 
fiSh and wildlife habitat. These waters shall contain not less than 6.0 parts per million of 
dissolved oxygen at all times. The median numbers of coliform bacteria in any series of samples 
representative of waters in the shellfi.sh -�wing � or .!)9n-shel!fish gr� .ar.ea shall not be 
in excess of 70 per 100 milliliters, nor shall more than 10% of the samples exceed 230 coliform 
bacteria per 100 milliliters. The median numbers of fecal coliform bacteria in any series of 
samples representative of waters in the shellfish growing area or non-shellfish growing area shall 
not be in excess of 14 per 100 milliliters, nor shall more than 10% of the samples exceed 43 
fe<:al coliform bacteria per 100 milliliters. 

1977, c. 373, § 1. 
There shall be no floating solids, settleable solids, oil or sludge deposits attributable to 

sewage, industDal wastes or other wastes and no deposit garbage, cinders, ashes, oils, sludge 
or other refuse. There shall be no d.isclwge of sewage or othtt wastes, except those which 
have received treatment for the adequate removal of waste constituents including, but not 
limited to, solids, color, turbidity, taste, odor or toxic: material, such that these Ueated 
\ll:lstes will not lower the Standards or alter the usages of thi.s classification, nor shall such 
disposal of sewage or waste be injurious to aquatic life or render such dangerous for human 
consumption. 

There slull be no toxic: wastes, deleterious substances, colored or other waste or heated 
liquids discharged to waters of this classification either singly or in combinations with other 
substances or wastes in such amounts or at such temperatures as to be injurious to edible 
fish or shellfish or to the culture or propagation thereof, or which in any manner shall 
adversely affect the flavor, color, odor or sanitary condition thereof; and otherwise none in 
sufficient amounts to make the waters unsafe or IDISuitable for bathing or impair the waters 
for any other best usage as determined for the spec:ific: waters assilned to this class. There 
shall be no d.isclwge which will cause the hydrogen-ion concentration or "plf' of these 
'':lters to fall outside of the 6.7 to 8.5 range. 
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There stwl be no disposal of any matter or substances that contains chemical 
constituents which are harmful to humans. 3IIimal or aquatic life or which adversely affect 
any other water use in this class. No radioactive matter or substance stwl be permitted in 
these waters would be harmful to humans. animal or aquatic life and there slull be no 
disposal of any matter or subst3IIce which would result in radio-nuclide concentrations in 
edible fish or other aquatic life thereby rendering them dangerous for human consumption. 
These waters shall be free of any matter or subst3IIce which alters the composition of 
bottom fauna. which adversely affects the physical or chemical nature of bottom material. or 
which interferes with the propagation of fish or shellfiSh if indigenous to the area. 

Qass SB-1 shall be suitable for all cle311 water usages including water contact recre
ation, and fiShing. Such waters shall be suitable for the harvesting and propagation of 
shellfish, and for a fish and wildlife habitat. These waters shall contain not Jess than 
6.0 pans per million of dissolved oxygen at all times. The median numbers of coliform 
bacteria in any series of samples representative of waters in the shellfiSh growing area 
shall not be in excess of 70 per 100 mi1liliters, nor shall more than 10% of the 
samples exceed 230 coliform bacteria per 100 milliliters. Tile median numbers of fecal 
coliform bacteria in any series of samples representative of waters in the shellfiSh 
growing uea shall not be in excess of 14 per 100 mi1liliters, nor shall more thm 10% of the samples exceed 4 3  fecal coliform bacteria per 1 00 mi1liliten. In a non-shellfish growing area the 
median numbers of coliform bacteria in a series of samples representative of the waters shall not 
exceed 240 per 100 milliliters, nor shall more than 10% of the samples exceed SO coliform 
bacteria per 100 milliliters. In a non-shellfish growing area the median numbers of fecal coli
form bacteria in a series of samples representative of the waters slull not exceed SO per 100 
milliliters, nor shall more than 10% of the samples exceed 1SO fecal coliform bacteria per 100 
milliliters. 

1977. c. 373, § 8. 
There shall be no floating solids, settleable solids, oil or sludge deposits attributable to 

sewage, industrial wastes or other wastes and no deposit of garbage, cinders, ashes, oils, 
sludge or other refuse. There shall be no discharge · of sewage or other wastes, except those 
which have received treatment for the adequate removal of waste constituents including but 
not limited to, solids, color, turbidity, taste, odor or toxic material. such that these treated 
wasta will not lower the standards or alter the usaees of this classification, nor shall such 
disposal of sewage or waste be injurious to aquatic iiie or render such dangerous for human 
consumption. 

There shall be no toxic wastes, deleterious substances, colored or other wastes or heated 
liquids discharged to waters of this classification, either singly or in combination with other 
substances or wastes in such amounts or at such temperatures as to be injurious to edible 
fish or shellfish or to the culture or propagation thereof, or which in any maMer shall 
adversely affect the flavor, color, odor or sanitary condition thereof; and otherwise none in 
sufficient amounts to make the waters unsafe or unsuitable for bathing or impair the waters 
for any other best usage as determined for the specific waters which are assigned to this 
c:lasa. There shall be no waste discharge which will cause the hydrogen-ion concentration or 
"pH" of these waters to fall outside the 6. 7 to 8.S range. There shall be no disposal of 
matter or substance that contains chemical constituents which are harmful to humans, 
animal or aquatic life or which adversely affects any other water use in this class. No 
radioactive matter or substance stwl be permitted in these waters which would be harmful 
to humans. animal or aquatic life and there shall be no disposal of any matter or substance 
which would result in radio-nuclide concentrations in edible fish or other aquatic life thereby 
rendering them dangerous for human consumption. These waters shall be free of any matter 
or substance which alters the composition of bottom fauna. which adversely affects the 
physical or chemical nature of bottom material or which interferes with the propagation of 
fiSh or shellfish if indigenous to the area. 

Oass SB-2 shall be suitable for recreational usages. including water contact, and fiShing. 
Such waters shall be suitable for the harvesting and propagation of shellfish, for a fiSh and 
wildlife habitat, and suitable for industrial cooling and process uses. These waters shall 
contain not less than 6.0 paru per million of dissolved oxy�n at all times. The median 
numbers of coliform bacteria in any series of samples representative of waters in the shellfiSh 
!!fOwing area shall not be in excess of 70 per 100 mi1liliters. nor shall more than 10% of the 
samples exceed 230 coliform bacteria per 100 milliliters. The medi311 numbers of fecal 
coliform bacteria in any series of samples representative of waters in the shellfish growing 
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:ue:� shall not be in excess of 14 per 100 milliliters. nor shall more than 10% of the s:�mples 
exceed 43 fecal coliiorm b:�cteri:l per 100 milliliters. In a non-shellfiSh growing :uea the median 
numbers of coliform bacteria in a series of S:�mples representative oi the waters shall not exceed 
500 per 100 milliliters, nor slull more than 10':0 of the samples exceed 1 .000 coliform bacteria 
per I 00 milliliters. In a non-shellfiSh growing area the median numbers of fecal coliform 
bacteria in a series of samples representative of the waters shall not exceed 100 per 100 
milliliters, nor shall more than 10% of the samples exceed 200 feca.l coliform bacteria per 100 
milliliters. There shall be no floating solids. settleable solids, oil or sludge deposits attnlnnable 
to sewqe, industrial wastes or other wastes and no deposit of garbage, cinders, ashes, oils, 
sludge or other refuse. There shall be no discharge of sewage or other wastes. except those 
haYing received treatment for the adequate removal of waste constituents inc:luding but not 
limited to, solids, color, turbidity , taste, odor or toxic material, such that these treated wastes 
will DOt lower the standards or alter the usqes of this classification. nor shall such disposal of 
sewage or waste be injurious to aquatic life or render such dangerous for human consumption. 

1917, c. 373, § 9. 

There shall be no toxic wutes, deleterious substances, colored or other wastes or heated 
liquids discharged to waters of this c:lassification either singly or in combination with other 
substances or wastes in sw:h amounts or at such temperatures as to be injurious to edible 
fish or shellfish or to the culture or propagation thereof, or which in any manner shall 
advasely affect the flavor, color, odor or sanitary condition thereof; and otherwise none in 
sufficient amounts to mate the waters unsafe or unsuitable for bathing or impair the waters 
for any other best usage as determined for the specific waters assigned to this class. There 
shall be no waste discharge which will cause the hydrogen-ion concentration or "plf' of the 
receiving waters to fall outside of the 6. 7 to 8.5 range. There shall be no disposal of any 
matter or substance that contains chemical co.nstituents which are harmful to humans, 
animal or aquatic life or which adversely affects any other water use in this c:lass. No 
radioactive matter or substance shall be permitted in these waters which would be harmful 
to humans, animal or aquatic life and there shall be no disposal of any matter or substance 
which would result in radio-nuclide concentrations in edible fish or other aquatic life thereby 
rendering them dangerous for human consumption. These waters shall be free of any matter 
or substance which alters the composition of bottom fauna, which adversely affects the 
physical or chemical nature of bottom material, or which interferes with the propagation of 
fish or shellfi.sh if indigenous to this area. 

Oass SC, the 4th highest classification, shall be of sw:h quality as to be satisfactory for 
recreational boating, fishing and other similar uses except primary water contxt. Sw:h 
waters may be used for the propagation of indigenous shell1lsh to be harvested for depura· 
tion purposes, for a fish and wildlife habitat, and for industrial cooling and process uses. The 
dissolved oxypn content of such waters shall not be less than S parts per million at any 
time. The median numbers of coliform bacteria in any series of samples representative of 
'A'aters in the shellfish growing area shall not be in excess of 700 per 100 milliliters, nor shall 
more than 10% of the samples exceed 2,300 coliform bacteria per 100 milliliters. The 
median numbers of fecal coliform bacteria in any series of samples representative of waters 
in the she1lfi.sh growing area shall not be in excess of ISO per 100 milliliters, nor shall more 
than 10% of the sample.s exceed SOO fecal coliform bacteria per 100 milliliters. In a 
non-shellfish growing area the median n.umber of coliform bacteria in a series of samples 
representative of the waters shall not exceed 1,500 per 100 milliliters nor shall more t.ha.n 
10:0 of the samples exceed 5,000 coliform bacteria per 100 milliliters. 

In a non-shellfish growing area the median numbers of fecal coliform bacteria in a series 
of samples representative of the waters shall not exceed 300 per 100 milliliters, nor shall 
more than 10% of the S:lmples exceed 1 ,000 fecal coliform bacteria per It() milliliters. 

There shall be no floating solids, settleable solids. oil or sludge deposits attributable to 
sewa�. industrial waste or other wastes, and no deposit of garbage, cinders, ashes, oils, 
slud� or other refuse. There shall be no discharge of sewage or other wastes, except those 
which have received treatment for the adequate removal of waste constituents including, but 
nc>t limited to, solids, color. turbidity, wte, odor or toxic materials, such that these treated 
'A�stes 'Aill not lower the standards or alter the usages of this c:lassification, nor shall such 
duposal of sewa�c or waste be injurious to aquatic life or render such dangerous for human 

10 

consumption. 

There shall be no tOXI ·'"J 

liquids disch.u�d to waters o: 
substances or wastes in such . 
flsh or shellfiSh or to th cul 
adversely affect the flav< C< 

discharge ascribed to watc:u o 
will cause the hydrogen-ion cor 
6. 7 to 8.5 range. There ·'"all 
chemical constituents wh 1 : 

adversely affects any othe vat 

be permitted in these waters wr 
there shall be no disposal nf a 

concentrations in edible 1 , c 

human consumption. 

Oass SD waters shall be a. 

attained after utilizing the best 
Waters of this class may b ISe 

or cooling waters. and for igr: 
less than 3.0 parts per miwon 
these waters shall be only those 
indicate a condition harmr \ t 

c:lassifica tion. 

1972, c. 618. 

These wa ten shall be free f· 
oils, grease or scum. There tall 
which imparts color. turbic ·, t 

c:lassification, nor shall sue.. rr: 

concentration of the waters so a! 

disposal of any matter or st•h�u: 
humans or which adversely "fe< 
substance shall be permitte• n 

aquatic life and there shall be n 
radio-nuclide concentrations in 

dangerous for hunun consut •tic 

There shall be no dispc I c 

except those which have re�:ctve, 
including, but not limited to. so 
these treated wastes will n · ·  lo 
Treated wastes discharged 1 th 
Title 17, Section 2802, by t cr 
nuisance conditions. 

With respect to all cbssifirati 
as may be appropri:lte for 1e 

classiflcaticn is temporarily •Wf 

flow. 

1963, c. 274 . § 2:  1967. c . .  

476, §§ 2, 3; 1972, c. 6 1 8. 

§ 368. Inland waters 

ttl< 
1 .  All segments of the little 

fied - Oass IH. 
1967, c. 451, § 1. 

2. Andrews Brook (Wool oc; 



I 

I 

. I 

: I  
l 

�I 
��I ,. 

��· ,. 
:Jt . . 
1 

. .  
, . 

I 

I 

I 

consumption . 

Tnere shall be no toxic wastes. deleterious substances. colored or other wastes or heated 
liquids discharged to waters of this cl:ISSification either singly or in combinations with other 
substances or wastes in such amounts or at such temperatures as to be injurious to �dible 
fish or shellfish or to the culture or propagation thereof, or which in any manner shall 
adversely affect the flavor. color, or odor thereof or impair the waters for any other 
discharge ascribed to waters of this classification. There shall be no waste discharge which 
will cause the hydrogen-ion concentration or "pH" of the receiving waters to fall outside the 
6. 7 to 8.5 range. There shall be no disposal of any matter or substance that contains 
chemical constituents which are harmful to humans, animal or aquatic life or which 
advenely affects any other water use in this class. No radioactive matter or substance shall 

be permitted in these waters which would be harmful to humans, animals or aquatic life and 
there shall be no disposal of any matter or substance which would result in radio-nuclide 
concenuations in edible fJSh or other aquatic life thereby rendering them dangerous for 
human consumption. 

Class SD waters shall be assigned only where a higher water classification cannot be 
attained after utilizing the best practicable treatment or control of sewage or other wastes. 
Waters of this class may be used for power generation, navigation, industrial process waters 
or cooling waters, and for migration of fish. Dissolved oxygen of these waters shall not be 
less than 3.0 parts per million at any time. The numbers of coliform bacteria allowed in 
these waters shall be only those amounts which will not, in the determination of the board, 
indicate a condition harmful to the public health or impair any usages ascribed to this 
classification. 

1972, c. 618. 

These waters shall be free from sludge deposits. solid refuse and floating solids such as 
oils, grease or scum. There shall be no disposal of any matter or substance in these waters 
which imparts color, turbic.ity, taste or odor which would impair the usages ascribed to this 
classification, nor shall such matter or substance alter the temperature or hydrogen-ion 
concentration of the waters so as to impair the usages of this classification. There shall be no 
disposal of any matter or substance that contains chemical constituents which are harmful to 
humans or which adversely affect any other water use in this class. No radioactive matter or 
substance shall be permitted in these waters which would be harmful to humans, animal or 
aquatic life and there shall be no disposal of any matter or substance which would result in 
radio-nuclide concentrations in edible fish or other aquatic life thereby rendering them 
dangerous for human consumption. 

There shall be no disposal of sewage, industrial wastes or other wastes in such waters, 
except those which have received treatment for the adequate removal of waste constituents 
including, but not limited to. solids, color, turbidity, taste, odor or toxic material, such that 
these treated wastes will not lower the standards or altar the usages of this classification. 
Treated wastes discharged to these waters shall not create a public nuisance as defined in 
Title 17, Section 2802, by the creation of odor-producing sludge banks and deposits or other 
nuisance conditions. 

With respect to all cl:wifications hereinbefore set forth, the Board may take such actions 
as may be appropriate f'>r the best interests of the public, when it fmds that any such 
cl:lssification is temporarily lowered due to abnormal conditions of temperature or stream 
flow. 

1963, c. 274, § 2; 1967. c. 475, § 5; 1969, c. 431,  § 3; 1970, c. 58 1 ,  § 2; 1971, c. 
476, §§ 2. 3; 1972, c. 618.  

§ 368. Inland waters 

Androscoggin River Basin 

1957, c. 322, § 1 

Litde AndrOKOgin River Drainage 
1 .  All segments of the Litde Androscoggin River drainage system not otherwise speci

fied - Class B-1. 

1967. c. 451, § 1.  

2. Andrews Brook (Woodstock and Paris) - Oass B-2. 

1 1  



3. ll1rd Brook I Norway) - Qass C. 

4. llo� Brook, in Hebron, Mechanic Falls and Minot and tributaries not otherv.ise 
specified ..: Oass B-2. 

5. Dav1s Brook (Poland) - Oass C. 

6. Hodgkins Brook (Auburn) tributary of Taylor Pond - Qass B-2. 

7. Indian Brook (Minot) - Qass B-2. 

8. upham Brook (Auburn) tribuwy of Taylor Brook - Oass B-2. 

9. Little Androscoggin River, main stem, from a point 0.25 miles above the bridge at 

West Paris to the confluence with Andrews Brook - Class C. 

10. Little Androscoggin River, main stem, from the Andrews Brook confluence to the 
Route 26 Bridge in South Paris - Oass B-2. 

1 1 .  Little Androscogin River, main stem, from the Route 26 Bridge in South Paris to 
the confluence with the outlet of Thompson Lake in Oxford - <lass D. 

12. Little Androscogin River, main stem, from the confluence of the Thompson Lake 
Outlet (Oxford) to the confluence with the Androscogin River in Auburn - Oass C 

1967, c. 451, § 1 .  

1 3 .  Meadow Brook (Oxford and Poland) - Class B-2. 

14. Minister Brook (Oxford) - Oass B-2. 

1S. Moose Pond Outlet at Otisfield (does not include Greeley Brook) - Class B-2. 

16.  Morgan Brook (Minot) - Class B-2. 

17. Outlet of Little Pennesseewassee Lake (Norway) - Class B-2. 

18. Outlet of Thompson Lake (Oxford) - Qass C. 

19. Pennesseewassee Lake Outlet (Norway) - Oass C. 

1967, c. 304, § 9. 

20. Range Brook and its tributaries, Mechanic Falls and Poland - Oass B-1. 

21. Taylor Brook (Auburn) - Qass B-2. 

1969. c. 88. 

2::!. Unnamed Stream entering Bryant Pond. rising in the vicinity of Bucks Lodge and 
flowing through Bryant Pond Village - Class B-2. 

23. Unnamed Brook (Minot) the fmt stream entering the little Androscogin River on 
upstream of and on the same side of the river as Morgan Brook - Class B-2. 

24. Unnamed Brook in Auburn which enters the Little Androscogin River from the 
nonh about 1.3 miles east of Minot VLIJ.age - Class C. 

25. West Branch of unnamed stream which enters north and �nnessewassee Lake from 
vicinity of Nobles Comer - Class B-2. 

26. West Branch of Bog Brook and tributaries, Gardiner Brook and tributaries, and 
llrickwell Brook and tributaries, all in the Bog Brook drainage in the Mechanic Falls, Minot 
and Hebron - Oass B-1. 

!otain Stem. AndroscofUCin River. that POrtion located below the most downstream 

crossml! of the Maine-New Hampshire boundary to a line formed by the extension of the 
Urunswick-West Bath town line across Merrymeeting Bay in a northwesterly direction - Class 
c. 

1967. c. 451, § 2. 

Minor tributaries, Androscogin River, those tributaries located below the most down
stream crossing of the Maine-New Hampshire boundary a line formed by the extension of 
the bruns,.ic k-West Bath town line across Merrymeeting Bay in a nonhwesterly direction. 

1 2  
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1. All tributaries, direct and tn< 
State of Maine, not otherwise sno>cif" 

A. No Name Brook (Lewis 11 
1969. c. 120. 

B. Logan Brook (Auburn) - Q_ 
1969, c. 120. 

C. �nley Brook (Auburn) 0. 
1969. c. 1 20. 

2. All tributaries, direct 2 � i 
Hampshire boundary and the b: ge 
B-1. 

3. Alder River, Bethel, main st< 
scogin River - Qass B-2. 

1977, c. 373, § 10. 

4. Alder River, main stem, frorr 
confluence with Kendall Brook - � 

S. Austin Brook (or Abbo1 Bn 
River - Class C 

6. Bean Brook (or Swain Brool· 
River to the dam at the rendering cc 

7. Olapman Brook and it tril 
Bethel to Gilead on the north s : c 

8. Qillds Brook (Canton) and it 
9. Ellis River from its cor"ue 

East Andover including We! B 
Andover - Qass B-2. 

10. Keith Brook (Livermore) -

1 1 .  Lake Auburn Outflow ' • ub 

12. Mill Brook, Bethel, frc it: 
Bridge near the Bethel inn Golf ....vur 

1977, c. 373, § 10. 

13. Nezinscot River. main :en 
confluence with the Androscogg Ri 

14. Sabattus River (from Sabatt 

1S. Sevenmile Stream (Jay\�- C 
1977. c. 373, § 10. 

16. Spear Stream, Peru, fro. th 
17. Swift River from point at · 

Osgood Avenue to the Androsc �-

18. Unnamed Stream (one le 
19. Webb River. Dixfield. from 

20. Whitney Brook (Cantor\ an 
21. All tributaries, direct : I iJ 

nature by virtue of having port 1s 
Maine are classified as follows: 

A. Drainage systems of Wil(l Riv 

1965, c. 82, § 1 .  

B .  Drainage systems o f  La., Br 
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1. All tributaries, direct and indirect of the Androscoggin River, lying wholly Within the 
State of Maine. not otherwise specified or classified - Oass &-I.  

A. No Name Brook (Lewiston) - Oass C 

1969, c. 120. 

B. Logan Brook (Auburn) - Class C. 

1969, c. 120. 

C hnley Brook (Auburn) - Class C. 

1969, c. 120. 

2. All tributaries, direct and indirect, of the Androscogin Ri�r between the New 
Hampshire boundary and the bridge at West Pt:ru not otherwise specified or classified - Class 
IH. 

3. Alder Ri�r. Bethel, main stem, from the confluence of Kendall Brook to the Andro
scoggin River - Class B-2. 

1977. c. 373, § 10. 

4. Alder River, main stem, from the outlet of South Pond at Loc:lces Mills Vlllap to the 
conlluence with Kendall Brook - <lass B-2. 

S. Austin Brook (or Abbott Brook), in Mexico, from Fourth Street to the Androscogin 
River - Class C 

6. Bean Brook (or Swain Brook), Rumford, from its confluence with the Androscogin 
River to the dam at the rendering company - Oass C. 

7. Chapman Brook and its tributaries above the bridge at the highway leading from 
Bethel to Gilead on the north side of the Androscoggin River - Oass A. 

8. Childs Brook (Canton) and its tributaries - Oass B-2. 

9. Ellis River from its confluence with the Androscoggin Ri�r to the sawmill dam at 
East And�r including West Branch of the Ellis River to the sawmill dam at 
Andover - Oass &-2. 

10. Keith Brook (Livennore) - Oass B-2. 

1 1 .  t..ke Auburn Outflow (Auburn) - <lass B-2. 

12. Mll1 Brook. Bethel. from its confluence with the Androscogin River to the Route S 
Bridp near the Bethel Inn Golf Course - <lass B-2. 

1977, c. 373, § 10. 

13. Nezimc:ot River. main stem, from its junction with the outlet of South Pond to its 
confluence with the Androscogin River - Class B-2. 

14. Sabattus River (from Sabattus Lalte to limits of Lisbon urban area) - Oass C. 

IS. Sevenmile Stream (Jay) - Oass B-2. 

1977, c. 373, § 10. 

16. Spear Sueam, Peru, from the sawmill dam to the Androscogin River - Oass C 

17. Swift River from point at which Mexico-Rumford town boundary leaves the river at 
Osgood Avenue to the Androscoggin River - Oass C 

18. Unnamed Stteam (one mile below Livermore Falls Bridge) - Class B-2. 

19. Webb River, Dixfield, from the White Bridge to the Androscoggin River - Oass C 

20. Whitney Brook (Canton) and its tributaries - Oass C 

21. All tributaries, direct and indirect, of the Androscogin River which are interstate in 
nature by virtue of having portions of their drainage areas in New H:impshire and portions in 
Maine are classified as follows: 

A. Drainage systems of Wild River in the Township of Gilead - Class &-1. 

1965, c. 82, § 1. 

B. Drainage systems of Lary Brook and lnpUs Brook in the Townships of Gilead and 
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Riley - <lass IH. 
1965, c. 83, § 1 .  
Upper Androsc:oJIPn Dninap, that portion lying above the most upsuam croaing of the 

Maine-New Hampshire boundary. 

1. All waters and segments thereof of the Androscogin River Drainap System lyina 
above the most upstream crossing of the Maine-New Hampshire boundary and wholly within 
the State of Maine, not otherwise specified or c:lassifted - Oals B-1 . 

2. Cupsuptie Stream &Dd its tributaries above its contluenee with Cupsuptie Lake - Oass 
A. 

19S4, c. 79, § 15. 

3. Kennebqo Stream and its tributaries above its contluenee with Moolcloolaneguntic 
Lake - Oass A. 

1954, c. 79, § 15. 

4. The Maplloway River and its tributaries above the fint crossinJ of the Maine-New 
Hampshire state line - Oass A. 

1954, c. 79, § 15. 
5. Mill Stream, Rangeley - Qass B-2. 

1977, c. 373, § 1 1 .  

6. All waters and segments thereof of the Androscoggin River Watershed which are 
interstate in oarure by virture of having portions of their drainage area in New Hampshire 
and portions in Maine are classified as follows: 

A. Waters tributary to the Stearns Brook (Milan & Success, New Hampshire) drainage in 
the Township of Riley - Oass B-1. 

B. Waters tributarY to the Qlickwolnepy Stream (Milan, New Hampshire) dninqe in 
the Township of Grafton - Oass B-1. 

C Waters tributary to the Mollidgewock Stream, ( Errol, New Hampshire, ) drainap 
in the Township of Upton - Oass B-1. 

D. Waters, not otherwise classified, tributary to the Umbagog Lake drainap in the 
Townships of Upton, <iafton. Andover, North Surplus, C·Surplus, Township C and 
Magalloway Plantation - Oals B-1. 

E. Waters not otherwise classified tributary to the Maplloway River dninap in the 
Townships of Magalloway Plantation, Lincoln Plantation, Pukertown, Lynchtown, 
Parmachenee and Bowmantown - Qass B-1. 

1965. c. 83, § 2. 
Aroostook River Basin 

1957, c. 322, § 4 

Aroostook River, Main Stem 

I .  Aroostook River above the junction with St. Croix Stream - Oass A. 

1954. c. 79, § 15. 

2. Aroostook River from junction with St. Croix Stream to injunction with Machias 
River - Qass B-1. 

3. Aroostook River from Machias River confluence to the Castle Hill-Ashland Town line -
Cass B-2. 

1967. c. 19, § 1; 1977, c. 373, § 12. 

4. Aroostook River from the Ashland-<:asUe Hill town line to the Wade-Washburn town 
line - Qass 8-2. 

5. Aroostook River from the Wade-Washburn town line to the crossing of the Aroostook 
V:illey R.l.ilroad about 6 miles below Washburn - Class B-2. 

1967, c. 19, § I ; 1977. c. 373. § 1 2. 
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6. Aroostook River fro th· 
below Washburn to the JUDCU w; 

1977, c. 373, § 13 .  

7 .  Aroostook River from th 
boundary, except for that p ior 
Caribou water supply and ext dir. 

1967, c. 19, § 1 .  
8. Aroostook River frol'l' " p 

intake to a point 3 miles upst tm 

1. All tributaries, direct and i 
St. Croix Stream - Oass A. 

1954, c. 79, § 1S. 

2. All tributaries, direct and i; 
Croix Stream to its junction with 
fied - Class B-1. 

3. All waters of the Aro• oo! 
are wholly within the State of Main 

4. Amsden Brook bdow the sta 

1967, c. 19, § 2. 

5. Bryant Brook, Fon Fa... ... eld 
<lass B-2. 

1967, c. 304, § 10; 1977, c. 73, 

6. Butterfield Brook. lim on• 
junction with limestone Stream - a 

7. Butterfield Brook above Loril 

8. Caribou Stream from C •Y 
River - Oass B-2. 

1977, c. 373, § 1 5. 

9. Dudley Brook, Castle u;IJ, 
Stream - Class B-1. 

10. Four Comers Brook CL �st 
11 .  Goodrich Brook (:ilio kno" 

the starch factory - Class B- 1 .  
1967. c. 19, § 2. 
12. Hardwood Brook (C;uibou .:. 
13. Libby Brook above the M:o1 
14. limestone Stream, irot .he 

Bridge - <lass B-2. 

1967, c. 19, § 2; 1977, c. 373, § I 
14-A. limestone Stream frc th' 
1977, c. 373, § 17. 
15. Little Machias River ana Its t 

19S4, c. 79, § 5. 

16. Little Madawaska River td 
the Route 161 Highway Bridge i )tc 

1954, c. 79, § 15. 

17. Machias River and its ·.:rit 
line - Class A. 

1954. c. 79, § 15. 
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6. Aroostook River from the crossing of the Aroostook V:illey Railroad about 6 miles 
below Washburn to the junction with Presque Isle Stream - Qass 8-2. 

1977. c. 373, § 13.  

7.  Aroostook River !rom the entrance of Presque lsle Stream to the international 
boundary, except for that portion beginning at a point 100 yazds below the intake of the 
Caribou water supply and extending upstream a distance of 3 miles - Oass C. 

1967, c. 19, § 1. 

8. Aroostook Riftt from a point 100 yuds downstream of the Caribou water supply 
intake to a point 3 miles upstream from this starting point - Oass B-1. 

Tnouuriel 

1. All tributaries, direct and indirect, of the Aroostook River above the junction with 
St. Coix Stream - Clau A. 

1954, c. 79, § 15. 

2. All tributaries, direct and indirect, of the Aroostook Riftt from its junction with St. 
Coix Stream to its junction with the Machias River, IIDiesa otherwise specified or. classi· 
lied - Clau B-1. 

3. All waterS of the Aroostook River Buin not othenrise specified or classified which 
are wholly within the State of Maine - Clau B-2. 

4. Amsden Brook below the starch factory dam (Fort Fairlleld) - Cass 8- 1 .  

1967, c .  19, § 2. 

5. Bryant Brook, Fort Fairfield, from Fisher Street to the Aroostook River confluence -

Oass B-2. 

1967, c. 304, § 10; 1977, c. 373, § 14. 

6. Butterfield Brook, limestone, from the northern fence of Loring Air Force Base to its 
junction with limestone Streazn - Oass B-1. 

7. Butterfield Brook above Loring Air Force Base - Oass B-1. 

8. Caribou Stream from Colby Siding Road Bridge to its confluence with the Aroostook 
Ri\·er - Oass 8-2. 

1977, c. 373, § 15. 

9.  Dudley Brook. C:Lslle Hill, above confluence with North Branch of Presque lsle 
Streazn - Oass B-1. 

10. Four Comen Brook (Umestone) - Oass B-1. 

1 1. Goodrich Brook (also kno•"D as Colony Brook), Fort Fairfield, below the dam at 
the starch factory - Class B-1. 

1967, c. 19, § 2. 

12. Hardwood Brook (Caribou &. Presque ls.le) - Oass B-1. 

13. Ubby Brook above the Mapleton-Washburn Road - Oass 8-1. 

14. limestone Stream. from the Route 165 Bridge in Umestone Village to the Long Road 
Bridge - Oass 8-2. 

1967, c. 19, § 2: 1977, c. 373. § 1 6. 

14-A. limestone Stream from the Long RoaJ Bridge to the Canadian border - Class C. 

1977. c. 373, § 17. 

15. Uttle Machias River and its tributaries - Oass A. 

1 954, c. 79, § 15. 

16. Uttle Madawaska River and tributaries including Madawaska Lake tributaries above 
the Route 1 6 1  Highway Bridge in Stockholm - Oass A. 

1 954. c. 79, § 1 5 .  

' 7. Machias Riftt and its tributaries above the Garfield Plantation-Ashland town 
line - Oass A. 

1954, c. 79, § 15. 
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1 8. Machias River. Ashland, from immediately upstream of the starch factory outfall to 
the Ashland-Garfield Plantation boundary - Oass B-1.  

1 9 .  Machias River. Ashland, from a point immediately abo� the starch factor)" outfall 
to its junction with the Aroostook Ri� - Class B-1. 

1967, c. 19. § 2. 

20. Otter Brook (Caribou) - Oass B-1. 

21. Pattee Brook at Fort Fairfield and its tributaries above the dam just upstream of the 
highway bridge on Route 167 - Oass A-

1954, c. 79. § 15. 

22. Pattee Brook, Fort Fairfield, from dam at starch factory to confluence with 
Aroostook River - Oass B-1. 

1967, c. 19, § 2. 
23. Presque Isle Sueam and its tn'butaries above its confluence with, but not including, 

the North Branch of Presque Isle Stream - Oass A-

1954, c. 79, § 15. 

24. Presque Isle Sueam, from its confluence with the Aroostook River to the Bangor and 
Aroostook Railroad Bridge nearest Olapman and High Streets in Presque Isle - Class B-2. 

1967, c. 19, § 2; 1977, c. 373, § 16. 

25. Prestile Brook (Caribou) - Oass B-1. 

26. Rand Pond Outlet (Presque Isle) - Oass B-1. 

27. St. Croix Sueam and its tributaries above its confluence with the Aroostook 
River - Class A-

28. Salmon Brook and tributaries upstream of the dam immediately upstream of 
Washburn VIllage - Oass B-1. 

29. Salmon Brook, Washburn, from the dam immediately above the village to its 
junction with the Aroostook River - Class C. 

1967, c. 304, § 10. 

30. Silver Springs Brook - Oass B-1. 

31. Small sueam (unnamed) in Presque Isle near vining station on Washburn 
Road - Oass c 

32. Spring Brook, Mapleton, above confluence with North Branch of Presque Isle 
Sueam - Oass B-1. 

33. Squapan Stream and tributaries abo� the B. & A- Railroad Bridge - Qass A-

Kennebec River Basin 

1957. c. 322. § 2 

Curabassett River 

1 .  Cazrabasset River, all portions, tributaries and portions of tributaries not otherwise 
specifically described and otherwise classified - Qass B-1. 

2. Cazrabasset River and its tributaries above a point immediately downstream of its 
junction with the West Branch of the Carrabasset River in Kingfield - Qass A. 

1954, c. 79, § 15. 

3.  Carrabasset River, main stem. from junction with West Branch at Kingfield to a point 
1 mile above the railroad bridge in North Anson - Oass B-2. 

4. Carrabasset �. main stem, from point 1 mile .above railroad bridge at North Anson 
to its junction with the Kennebec River - Oass C. 

5. Gilman Stream, main stem, from bridge at New Portland to confluence with the 
Carrabasset River - Qass C. 
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6. Harris Brook. New Pc .m 
confluence with Gilman Stream -

7. Lemon Stream. main ·tel 
confluence with Carrabasset f er 

8. Mill Stream, Anson, trom 
flue nee with the Carrabasset River 

9. Stanley Stream. Kingfio 

Cob o55e 
1. All water and portions o 

specified or classified - Oass B-1. 

2. Carleton Pond Outlet . 1 i· 
Class B-2. 

1977. c. 373, § 18. 

2-A- Cobbosseecontee Su m, 
the Dam at latitude 44L 13.3 ', 1 git 

1967, c. 304, § 1.  

3. Miniwah (Jock) Stream, WaJ, 

1977, c. 373, § 18. 

4. Outlet Ulce Mar:lnacol be 
B-2. 

1977, c. 373, § 18. 

5. Tributaries of Lake AI 1be 
specifically defined - Oass B-2. 

6. Tributaries of Tacoma Lake 
Cobbosseecontee Stream - Oa! 1-1 

1977, c. 373, § 18. 

7. Unnamed stream entering Co 
south of Manchester Village - Qass < 

8. Unnamed stream and tr 
tributaries of Loon Pond - Cas 1-2. 

9. Magotta Meadow Brook and 
Pond from the south - Class B-1. 

1977. c. 373, § 18. 

10. Unnamed stream and tr 
Pleasant Pond - Class B· 2. 

1 1 .  Unnamed brook and ;,. tn 
Readfield across Route 17 - Q.; C. 

12. Wilson Stream (�lud �I . �: 
with the branch from Wilson Pond. u: 

1977, c. 373. § 18. 

13.  W'tlson Stream (Monm thJ 
with the branch of Wilson Strea ... (M 
Village below the tracks of the Maine 

1967, c. 304, ·§ 2; 1977. c. 3-- . § 
14. Wilson Stream (Monm• th). 

Stream (Mud Mills Stream), entenng f 
the Maine Central Railroad to iu enm 

1977. c. 373, § 18. 

Kennebec River, Main Stem , d t. 
the tide from Wyman Dam at Mosco' 



.I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

6. Harris Brook, New Portland. below Route 16 in Vtllage of North New Portland to its 
confluence with Gilman Stream - Qass C. 

7. Lemon Stream. main stem. from outlet of Mill Pond in New 'Vineyard to its 
confluence with Carrabasset River - Oass B·2. 

8. Mill Stream. Anson. from the r:iliroad bridge in North Anson V'tllage to the con· 
fluence with the Carrabasset River - Oass C. 

9. Stanley Stream. Kingfield - Qass C. 

Cobbosseecontee Stream Drainage System 

l. All water and portions of the Cobbosseecontee Drainage System not otherwise 
specified or classified - Oass B-1. 

2. Carleton Pond Outlet and its tributaries from Carleton Pond to Upper Narrows Pond -

Qass B-2.· 

1977, c. 373, § 18. 

2-A. Cobbosseecontee Stream. main stem, from iu confluence with the Kennebec River to 
the Dam at latitude 44&13.3', longitude 69"-47.2' (approximately) - Oass C. 

1967, c. 304, § l. 

3. Miniwah (Jock) Stream, Wales, and its tributaries - Class B-2. 

1977' c. 373, § 18. 

4. Outlet Lake Maranacook between L3ke 1\br:ulacook and Lake Annabessacook - Class 
B-2. 

1977, c. 373, § 18. 

S. Tributaries of Lake Annabessacook with the exception of Wilson Stream and others 
specifically defined - Oass B-2. 

6. Tributaries of Tacoma Lakes. direct and indirect, and the outlet of Taconia Lakes to 
Cobbosseecontee Stream - Oass B-1. 

1977, c. 373, § 18. 

7. Uruwned stream entering Cobbosseecontee Lake through golf course from immediately 
south of Manchester Vtllage - Class C. 

8. Unnamed stream and its tributaries flowing from Loon Pond in Utchfield and the 
tributaries of Loon Pond - Oass B-2. 

9. Magotta Meaclow Brook and its tributaries entering the southerly extremity of Pleasant 
Pond from the south - Oass B-1. 

1977, c. 373, § 18. 

10. Unnamed stream and its tributaries entering the cove at the southwest extremity of 
Pleasant Pond - Class B-2. 

-

1 1 .  Unnamed brook and its tributaries entering northerly cove of Lake Maranacook at 
Readfield across Route 17 - Oass C. 

12. Wilson Stream (Mud Mills Stream). southerly branch, and tributaries above its junction 
with the branch from Wilson Pond, including the outlet of Cochne'!agan Pond - Class B-1 .  

1977, c .  373, § 18. 

13. Wilson Stream (Monmouth). main stem. from outlet of Wilson Pond to the junction 
with the branch of Wilson Stream (Mud Mills Stream I. entering from the vicinity of Monmouth 
Vtllage below the tracks of the Maine Central Railroad - Class B·2. 

1967, c. 304, § 2; 1977, c. 373, § 19. 

14. Wilson Stream (Monmouth). main stem. from the junction with the branch of Wilson 
Stream (Mud Mills Stream), entering from the vicinity of Monmouth Vtllage below the tracks of 
the Maine Central Railroad to its entrance to Annabessacook Lake - Oass B-2. 

1977, c. 373, § 18. 

Kennebec River, Main Stem, and those portions of tributaries affected by the rise and fall of 
the tide from Wyman Dam at Moscow to a line drawn between the most easterly point of land 
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3t the southerly end of Poph3m Beach in Phippsbul'{! :md the southernmost extension of Bay 
Point in Georgetown. not including the Androscoggin River and tributaries northwest of a line 
formed by the extension of the Brunswick-West Bath town line across Merrymeeting Bay in a 
northwesterly direction. 

1. From Wyman Dam in Moscow to Fall Brook, Solon -Qass B-1. 

1977, c. 373, § 20. 

1-A. From Fall Brook. Solon, to the head of the island immediately below Great Eddy in 
Skowhegan - Oass C 

1977. c. 373, § 21. 

2- From the head of the islaDd immediately below Great Eddy to the power company 
dam iD Fairfield - Oass B-2. 

1961, c. 300. 

3. From the power company dam in Fairfield to a point 0.5 miles above the southerly 
boundary of the Towns of Fairfield and Benton - Oass C 

1961, c. 332. 

4. From a point 0.5 miles above the southerly boundary ,of Fairfield and Benton to a 
line across the Kennebec River Tidal Estuary drawn due west from the southerly extension 
of Green Point on the easterly shore of the Kennebec River across the channel east of Swan 
Island to the island, along the easterly shore of Swan Island to southernmost point of the 
island. thence due west to the westerly shore of the river - Qass C. 

1967, c. 304, § 3. 

5. From a line drawn due west across the Kennebec River Tidal Estuary from the 
southerly extension of Green Point on the easterly shore of the Kennebec River, across the 
channel east of Swan Island to the island, along the easterly shore of Swan Island to the 
southernmost point of the island, thence due west to the westerly shore of the river, to a 
line drawn across the Tidal Estuary of the Kennebec River, due east, from Abagad.asset 
Point, and including tidal portions of tributaries not .otherwise classified - Qass C 

6. From a line drawn across the tidal estuary of the Kennebec River, due east from 
Aba.pdas1et Point, and bounded by a line across the southwesterly ann of Merrymeeting Bay 
formed by an extension of the Brunswick-West Bath town line across the bay in a 
northwesterly direction to the westerly shore of Merryrneering Bay and to a line drawn from 
Chop Point in Woolwich to West Chop Point in Bath and including tidal portions of 
tribuwies not otherwise classified - Qass B-2-

1963, c. 274, § 4. 

7. From a line drawn from Chop Point to Woolwich to West Chop Point in Bath to a 
line :across the Kennebec River bearing due west from Bluff Head in the Town of Arrowsic 
:�nd including tidal portions of tributaries not otherwise classified - Qass SB-2. 

1963. c. 274, § 4. 

8. From 3 line extending due west from Bluff Head in the Town of Arrowsic to a line 
dr�wn between the most easterly point of land :at the southerly end of Popham Beach in 
Piuppsbur!! :1nd the southernmost extension of Bay Point in Georgetown and including tidal 
portions of tributanes not otherwise classified - Class SB-1. 

1963, c. 274, § 4. 

9. With respect to subsections I to 8. a municipality, sewer district, person, firm, 
corporation, the Sute or any subdivision thereof, or other legal entity shall not be deemed 
to be in violation of section 451 at any time or times prior to October 1 ,  1976 with respect 
to any of said classifit:�tions if by such time or times he or it, with rep•d to a project 
designed to achieve compli3nce with the applicable classification, shall have completed all of 
the steps required to be then completed by the following schedule: 

A. Preliminary plans and engineers' estimates shall be completed and submitted to the 
Bo:lrd of Environmental Protection on or before October 1, 1964. 
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B. Arrangements for adm tSu 
October 1. 1 968. Tnis peri· . t: 
including obt:lining of st:�te :llld • 

C. Detailed engineering and fi· 
October l ,  1969. 

D. Review of fmal plans " t ti 
and consuuction commenced on 

E. ConstruCtion shaU be Cl'mple 

1961, c. 330. 

Messalo• 

1. AU waters and segmen :>f · 

or classified - Class B-1. 

2- Clear Brook. between East P 

3. Mesalonskee Stream, --in 
Dam - Class c 

1967, c:. 304, § 4. 

4. Messalonskee Sueam, -ruu 

Waterville - Qass C 

5. Messalonskee Sue:am, .. tail 
River - Class C 

1967, c. 304, § 4. 

6. Tributaries of Messalo •ec 
and its junction with the Keru • .:be 

Minor Tribu 

1. AU tributaries, direct 1d 
specified, entering the Kenne c: I 
is in no way intended to incluae ti 

2. AU waters of the Carra� 
classified - Qass B-2. 

3. Austin Sueam and i• tril 
Town of Bingham - Qass A. 

1954, c. 79, § 15. 

4. Bog Brook, West Atl tS • 
B-2. 

5. Bond Brook and its tributar 
of this route in 1955 - Qass r 

1967. c. 304. § s. 

6. Cold Brook :1nd liS triu�t:l! 

7. Currier Brook. Skowheo. 
Kennebec River - Class C. 

-

8. Fall Brook, Solon, f n 
confluence with the Kennebec Ri\· 

9. Greeley Pond Brook. belo\• 
to the confluence with Togw tre. 

10. Kennedy Brook, Aut ta · 

1 1 .  Mill Stream, in the vill3 
village - Qass c 
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B. Anangements for adminisuation and financing shall be completed on or before 
October 1 ,  1968. Tnis period. in the case of municipalities, shall encomp:us all financing 
including obuining oi state and federal grants. 

C. Detailed engineering and final plan formubtion shall be completed on or before 
October l .  1969. 
D. Review of final plans �ith the Bo:ud of Environmental Protection shall be completed 
and construction commenced on or before October 1. 1970. 
E. Construction shall be completed on or before October 1, 1976. 

1961, c. 330. 

Messalonskee Stream Drainap System 
1. All waters and segments of the Messalonskee Drainage System not otherwise specified 

o.r classified - <lass B-1. 

2. Oear Brook, between East Pond and North Pond - <lass B-2. 
3. Messalouskee Stream, main stem from outlet of Messalonskee Lalte to Rice's Rips 

Dam - <lass c. 
1967, c. 304, § 4. 

4. Messalonskee Stream. main stem, from Rice's Rips Dam to Union Dam in 
Waterville - <lass C. 

5. Messalonskee Stream. main stem. from Union Dam to junction with Kennebec 
River - <lass C. 

1967, c. 304, § 4. 

6. Tributaries of Messalonskee Sueam entering between the outlet of Messalonskee Lake 
and its junction with the Kennebec River - Oass C. 

Minor Tributaries below Wyman Dam in Moscow 

1 .  All tributaries. direct and indirect, or portions thereof. not otherwise classified or 
specified. entering the Kennebec River between Wyman Dam and Olop Point in Bath. (This 
is in no way intended to include the Androscoggin River) - Oass B-1. 

2. All waten of the Carrabasset Stream System not specifically mentioned or otherwise 
classified - <lass B-2. 

3. Austin Stream and its tributaries above the highway bridge on Route 201 in the 
Town of Bingham - Oass A. 

1954, c. 79, § 15. 

4. Bog Brook. West Athens Vicinity, above confluence with Bradbury Stream - Oass 
B-2. 

5. Bond Brook and its tn'butaries below the crossing of Route 1 1  prior to reconstruction 
of this rou1e in 1955 - <lass C. 

1967, c. 304, § 5. 

6. Cold Brook and its tributaries (Wesserunsett Drainage) - Oass B-2. 

7. Currier Brook, Skowhegan. from Fairview Avenue to its confluence with the 
Kennebec River - Oass C. 

8. Fall Brook. Solon. from the dam upsueam of Route 201 in Solon Village to its 
confluence with the Kennebec River - O:lss C. 

9. Greeley Pond Brook. below the outfall of the V.A. Hospital sewage ueatment plant 
to the confluence with Togus Stream - Oass B-2. 

10. Kennedy Brook, Augusta - Oass B-2. 

1 1 .  Mill Stream, in the village of Norridgewock. below the upsueam bridge in the 
village - Class C. 
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.. 
12. Mill Stream. and tributaries, Norridgewock. above upstream bridge in Norridgewock 

Village - Oass B-2. 

13.  Sevenmile Stream from the enuance of Webber Pond Outlet to the Kennebec 
River - Oass B-2. 

14. Togus Stream, from Greeley Pond Brook junction to the Kennebec: River - Oass 
B-2. 

15. Twomile Brook, Augusta, from the entraDce of the Cushnoc Housing Development 
sewer to the Kennebec; River - Oass C 

16. Unnamed stream, in the village of Anson, below its upstream bridp to iu con
fluence with the Kennebec River - Oass B-2. 

17. Unnamed stream and tributaries crossing Banaor Sbeet in Augusta near Coca Cola 
bottling plant - Oass c. 

18. Unnamed tributary of Cathanoe River in Bowdoinlwn which enters the tidal portion 
of the West Branch of the Cathance River approximatdy 0.7 miles above the bridge in 
Bowdoinham from a northwesterly direction - Class C 

1967, c. 304, § s. 
19. Webber Pond Outlet, Vassalboro, from Webber Pond to the confluence with 

Sevenmile Stream - Oass B-2. 

20. West Branch of Wesserunsett Stream. bewteen Wesserunsett Lake and Smith Pond; 
including Pain Brook, Kincaid Stream, Haley Stream and Longley Brook - Class B-2. 

Sandy River 

1. All tributaries, or portions thereof, of Sandy River not otherwise classified · or 
recommended for classifications - Oass B-1. 

2. Bean Brook, Strong, between its junction with Doctor Brook and with Valley 
Brook - Oass C 

3. Cascade Brook, Farmington, between the Route 2 B.ridge and Sandy River - Class B-2. 

1977, c. 373, § 22. 

4. Lemon Stream. Starks, from darn ill Starks Village to its confluence with the 
Sandy River - Oass C 

S. Little Norridgewock Stream and tn"bl!taries above confluence with Wilson 
Stream - Oass B-2. 

6. Meadow Brook, Wilton, from Depot Street to its confluence with Wilson 
Stream - Oass C. 

7. Sandy River and its tributaries above Phillips at the highway bridge on Route 
142 - Oass A. 

1954. c. 79, § IS. 

8. Sandy Raver. main stem. from the Route 142 Bridge in Phillips to R<>ute 4 Bridge ill 
Farmin�on - Oass B-2. 

9. Sandy River, main stem, from Route 4 Bridge in Farmington to the entrance of 
Beales Brook - Cbss C. 

1967, c. 304, § 6. 

10. Sandy River, main stem. from the entrance of Beales Brook to its confluence with 
the Kennebec River - Oass C. 

11.  Temple Stream, between the bridge in the Vlllage of Temple and Sandy 
River - Oass C 

12. Unnamed stream. Farmington, urban area vicinity of Middle Streat - Oass C 

13. Unnamed stream. below canning factory in New Sharon VIllage - Oass C 

1967, c. 304, § 6. 

20 

14. Valley Brook. Suons. betw 
Sandy River -Oass C 

15. Wilson Stream, main :rr. 
crossing - Oass C. 

1967, c. 304, § 6. 

16. Wilson Stream, main : m, 
River - Oass C 

Sebaticook River, Mair 

l. All portions and segmen•· of 
specified or classified above he 
Wmslow - Class B-2. 

2. East Branch from outlet of La 
Puffers Pond -Oass C 

1965, e. 336. 

3. East Branch from the j�w.:nc 
Lake - Oass C 

4. East Branch from outlet Cc 

1965, c. 336. 

S. East Branch from outlet of Se 

1967, c. 304, § 7. 

6. West Branch from ou t 
Hartland - Oass c 

7. West Branch from Route 4: 
Branch - Oass C. 

1967, c. 304, § 7. 

8. Main Stem from Eelweir t!ndg· 

1967, c. 304, § 7. 

9. Main Stem from a point S 1 
mile above the highway bridge a· len 

10. Main Stem below dam of th• 

1967, c. 304, § 7. 

Tributaries o G te 

l. All portions and sepnents c 
otherwise specified or classified · ( 

1967, c. 304, § 8. 

2. All tributaries on the wes siri darn of the Central Maine Power Com 

3. Bracken Brook (Palmyra 

1967, c. 304, § 8. 

4. Carlton Stream and tributaries 

S. China Lake Outlet, main m 
road to junction with main stem ba 

1967, c. 304, § 8. 

6. China Lake Outlet, main ster 
and North Vassalboro to the Ou t o 

7. Farnham Brook below R :e l 
1967, c. 304, § 8. 
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14. Valley Brook. Strong, between the Route 145 Bridge and the main stem of the 
Sandy River - Oass C. 

15 .  w-ilson Stream. main stem, from outlet of Wilson Pond to the Route 1 33 
crossing - Oass C. 

1967, c. 304, § 6. 

16. Wilson Stream, main stem, from Route 133 crossing to junction with Sandy 
River - Oass C. 

Scbasticook River, Main Stem, indudifta East aad West Branches. 

1. All portions and segmenu of the main stem of the Sebasticook River not otherwise 
spe<:ified or classified above the dam of the Cenual Maine Power Company at 
Wtnslow - Oass B-2. 

2. East Branch ftom outlet of Lalte Wassoolteq to confluence of tributary entering from 
Puffers Pond - Oass C. 

1965, c. 336. 

3. East Brmch from the junction of Puffers Pond tributary to the outlet of Corundel 
Uke - (]ass C. 

4. East Branch from outlet of Corundel Uke to Sebasticook Lake - (]ass C. 

1965, c. 336. 

5. East Branch from outlet of Sebuticook Lalte to Eelweir Bridge - Oass C. 

1967, c. 304, § 7. 

6. West Branch from outlet of Great Moose Lalte to Route 43 Bridge in 
Hartland - Oass c. 

7. West Branch from Route 43 Bridge in Hartl.md to its junction with the East 
Brmch - Oass c. 

1967, c. 304. § 7. 

8. Main Stem from Eelweir Bridge to Pituf�eld ·Bumham town line - Oass C. 

1967, c. 304, § 7. 

9. Main Stem from a point 0.5 mile above the highway bridge. at Ointon to a point 1.0 
mile above the highway bridge at Benton Falls - Oass C. 

10. Main Stem below dam of the Central Maine Power Company at Wtnslow - Oass C. 

1967, c. 304, § 7. 

Tributaries of the Scbuticoolt River Dninap System 

1. All portions and segments of waterways of the Sebasticook River Drainage not 
otherwise specified or classified - Oass B-2. 

1967, c. 304, § 8. 

2. All tributaries on the west side of the main stem of the Scbasticook River below the 
dam of the Central Maine Power Company at W'tnslow - Oass B-2. 

3. Brackett Brook (Palmyra and Newport) - Oass C. 

1967, c. 304, § 8. 

4. Culton Stream and tributaries - Oass C. 

S. Olina Lalte Outlet, main stem, from crossing of East Vassalboro to North Vassalboro 
road to junction with main stem Sebasticook River - Oass C. 

1967, c. 304, § 8. 

6. Olina Lake Outlet, main stem, from crossing of highway between East Vassalboro 
and North Vassalboro to the Outlet of China Lalte - Oass C. 

7. Farnham Brook below Route 100 - Oass C. 

1967, c. 304, § 8. 
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8. Fifteenmile Stream and trib•ltaries below its junction "'ith Mill Sucm near 
Albion - Oass C. 

9. Higgins Brook. main stem. from crossing of Route 154 above Harmony to its outlet 
to Great Moose Lake - Oass C. 

10. Joaquin Brook and its tributaries - Oass B-1. 

11. Meloon Brook and its direct and indirect tributaries - Oass B-1. 

12. Mill Stream from immediately above crossing of Albion-Benton Road to junction 
with Fifteenmile Stream - Oass C. 

1967, c. 304, § 8. 

13. Pratt Stteam and its tributaries above its junction with Fifteenmile Sttearn - Oass 
B-1. 

14. Puffen Pond ttibllwy and all branches thereof - Cass &-1. 

15. Sandy Stream, main stem. from its junction with Bacon Brook to a point � mile from 
the enttance of Mussey Brook - Oass C 

1967, c. 304, § a. 

16. Sandy Stteam. main stem. from outlet of Sandy Pond to its junction with Halfmoon 
Stream - Oa.ss C 

1967, c. 304, § 8. 

17. Small stteams and tributaries. direct or indirect, not otherwise specified or classified, 
entering the Sebasticook River from the east between Twentyfivemile Stteam and 
Fifteenmile Stteam - Oass C 

18. Small streams and their ttibutaries not otherwise specified entering the Sebasticook 
River from the east between the outlet of Fifteenmile Stteam and the point of discharge of 
<lUna Lake Outlet - Oass C 

Upper Kennebec River BaWD, 

that portion !yin& above Wyman Dam in Moscow. 

1. All waten tributary to the flowage of Long Falls Dam on the Dead River with the 
exception of the North Branch of Dead River, the South Branch of Dead River and Sttatton 
Brook - Oass &-1. 

1965, c. 426. § 2. 

2. All waters ttibutary to the Dead River between Long Falls Dam and its junction with 
the Kennebec River at the Forks - Oass &-1. 

1955, c. 426, § 2. 

3. Dead River, South Branch, segments and ttibutaries thereof, not otherwise defined 
above the normal highwater mark of the reservoir created by the Long Falls Dam - Oass 
B-1. 

1955, c. 426, § 2. 

4. KeMebec River and tributaries below Moosehead Lake (including East and West 
Outlets). the sections of Dead River (main stem) below Long Falls Dam, to Wyman Dam in 
Moscow - Oass B-1. 

5. Moose River and its tributaries above the outlet of Big Wood Pond in 
Jackman - Oass A. 

1954. c. 79, § 15. 

6. Moose River, all ttibutaries, main stem excluded, entering between the outlet of 
Wood Pond at Jackman and the mouth of Moose River at Moosehead Lake in 
Rockwood - Oass B-1. 

7. Moose River, Jackman Plantation, between Big Wood Pond and Long Pond - Oass C 
8. Moose River, from enttance to Long Pond to enttance to Moosehead Lake - Oass 

&-1. 
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9. Moosehead Lake. all tri ta: 
River below First Roach Pond OJ-: 
of Moosehead Lake respectively thr< 

1955, c. 426, § 2. 

10. North Branch of Ileac tiv. 
Lalte - Oass A. 

1955, c. 426, § 2. 

1 1. Roach River, main ste1 F'11 

1955, c. 426, § 2. 

12. Sttatton Brook and its trib 

1955, c. 426, § 2. 

13. Unnamed sueam and tl 
Greenville VIllage - Oass B-2. 

1955, c. 426, § 2; 1977, c. �7-. � 
14. UMamed stream and u 

Greenville Junction - Oass B-2. 

1955, c. 426, § 2; 1977, c. 373, � 
M 

1. All segments and branches 
the international boundary - C :s I 

2. All segments and tribut es 
national boundary - Oass C. 

1965, c. 42, § 1; 1967, c. 18. § 1 

3. Big Brook tributary. rna ste 
the outlet of the stream at the t. hu 

1977, c. 373, § 24. 

4. Meduxnekeag River, m�· su 
bridge at the road just upstream · H· 

5. Meduxnekcag River, rruw. st< 
compact area in Houlton to the inten 

1977. c. 373, § 24. 

6. North Branch of the M· .1.-u 
boundary - Oass A. 

1954, c. 79, § 15. 

1. North Branch of the M• J lx: No. 1 to the international boun< y -
1957, c. 322, § 2; 1977. c. 373, � 
8. Pearce Brook tributary ift Ho 
1967, c. 304, § 1 1 ;  1977, c. '3. 
9. Ptestile Stteam, main steul. 1 

in the Town of Bridgewater - Qass C 
1965, c. 42, § 1; 1967, c. H � 1 
10. South Branch of the � lu.x 

outlet into the main river - Oass B-2 

1957, c. 322, § 2; 1977, c. 373, � 
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9. Moosehead Lalce. all tributaries above normal highwater with the exception of Roach 
Rlver below First Roach Pond Dam and the UMamed streams entering East and West Coves 
of Moosehead Lake respectively through the Village of Greenville - Oass B- 1 .  

1955, c .  426. § 2. 

10. North Branch of Dead River and its tributaries above its confluence with Flagstaff 
Lalce - Oa.ss A. 

19SS, c. 426, § 2. 

11.  Roach River, main stem, First Roach Pond Dam to outlet - Oass B-2. 

19SS, c. 426, § 2. 

12. Stratton Brook and its tributaries above the Suatton-Kincfleld highway - Class B-1. 

19SS, c. 426, § 2. 

13. Unnamed stream and its tributaries entering Moosehead Lake at East Cove through 
Greenville VJ.lla&e - Class B-2. 

19SS, c. 426, § 2; 1977, c. 373, § 23. 

14. Unnamed stream and its tributaries entering Moosehead Lake at West Cove through 
Greenville Junction - Oass B-2. 

19SS, c. 426, § 2; 1977, c. 373, § 14. 

Meduxnekeag River Basin 

19SS, c. 426. § 4 

1 .  All segments and branches of the Meduxnekeag River, not otherwise defmed above 
the international boundary - Class B-1. 

2. All segments and tributaries of Prestile Stream, not otherwise defined, above the inter· 
national boundary - Oass C. 

196S, c. 42, § 1; 1967, c. 18, § 1. 

3. Big Brook tributary, main stem, from the bridge at the Bangor &. Aroostook Railroad to 
the outlet of the stream at the Meduxnekeag River - Class B-2. 

1977. c. 373, § 24. 

4. Meduxnekeag River, main stem, from outlet of pond at New limerick downstream to a 
bridge at the road just upstream of Houlton's compact area leading to gravel pits - Oass B-2. 

S. Meduxnekeag River, main stem, from bridge at gravel pit entrance just upstream of the 
compact area in Houlton to the international boundary - Class B-2. 

1977, c. 373, § 24. 

6. North Branch of the Meduxnekeag River and its tributaries above the Monticello-TCR2 
boundary - Class A. 

19S4, c. 79, § 1S. 

7. North Branch of the Meduxnekeag River, main stem, from the bridge at U.S. Highway 
No. 1 to the international boundary - Class B-2. 

19S7, c. 322, § 2; 1977. c. 373, § 2S. 
8. harce Brook tributary in Houlton - Class B-2. 

1967, c. 304, § 11;  1977. c. 373. § 26. 

9. Prestile Stream, main stem, from the bridge at Westfield to the mtemational boundary 
in the Town of Bridgewater - Class C. 

196S, c. 42, § 1 ;  1967, c. 18, § 1. 

10. South Branch of the Meduxnekeag River, main stem, from the dam at Hodgdon to the 
outlet into the main river - Class B-2. 

19S7, c. 322, § 2; 1977, c. 373, § 2S. 
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I I .  Whitney Brook and its tributaries above the confluence with Prestile Stream - Oass 
B-2. 

1957, c. 322, § 2. 

Mousam River Basin 

1957, c. 322, § 8 

1. All portions of Mousam River drainage not otherwise specified or classified - Cass 
B-1. 

2. Hay Brook - <lass C 
3. Mousam River, main stem. and tributariea, West Branch from dam at Emery's Mills to 

northerly boundary of compact area of Sanford about 0.5 mile above Mill Street in the 
SprinraJe section - Oass B-2. 

4. Mousam River, main stem. West Branch, from DOrthedy boUDdary of compact area of 
Sanford about 0.5 mile above MiB Street in Sprinrale section to its junction with the East 
Branch - <lass C 

1971, c. 106, § 1 .  
Time Schedule 

A. A municipality, sewer district, person, firm. corporation or other legal entity shall 
not be deemed in violation of this subsection at any time or times prior to October l ,  
1974 with respect to those classifications if by such time or times he or it with respect 
to any project necess:ary to achieve compli3nce with applicable classification shall have 
completed :ill steps required to then be completed by the following schedule. 

(I)  Preliminary plans and engineers estimates shall be completed ancl submitted to 
the Board of Environmental Protection on or before March l ,  1972. 

(2) Arr.mgements for administration and financing shall be completed on or before 

March 1 ,  1972. This periocl. in the case of municipalities, shall encompass all 
fmancing including obtaining of state and federal grants. 

(3) Detailed engineerin& and final plan formulatio.n shall be completed on or before 
October 1 .  1972. 

(4) Review of final plans with the Board of Environmental Protection shall be 
completed and construction commencecl on or before June 1, 1973. 

(�) Construction shall be completecl ancl in operation on or before October 1, 1976. 

1971, c. 618. 

This rec:lassification shall not be deemed to exempt any municipality, sewer district, 
person, fum, corporation or other legal entity from complying with the water quality 
standarcls of the last previous classification. as such standarcls existed on December 31, 1970, 
and enforcement action may be maintained or noncompliance therewith. 

1971, c. 106, § 2. 

5. Mousam River, main stem and tributaries entering from west from junction of East 
and West Branches to tidewater - <lass B-2. 

6. Mousam River, Middle Branch, from bridge near Yeaton Hill to junction with West 
Branch - Oass B-2. 

1967, c. 1 80, § 3. 

7. Mousam River, East Branch, main stem. through Waterboro Village and tnoutary 
entering at downstream edge of Waterboro Village - Oass C. 

Pe:noblcot RiYer Basin 
1957. c. 322, § 3 

Eut Branch hnobscot River Drainage System 
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l .  East Branch or tne Penoi: 
Mattagamon Lake - Oass A. 

1954, c. 79, § IS. 

2.  Pmobscot River. East Branc: 
and the darn at Grand Lake M.a ttag;u 

1955, c. 420, § 2. 

Main Stem. that portion of tne P1 
Branches south to a line drawn due 1 

1. The main stem of the 'es1 
Ferguson and Qualtish Lakes in Iilli 
the East and West Branches m 
Branch - Ciass D. 

2. The main stem of the · 101 
highway bridge in Medway to im 
Reed Brook in the Village of &.updt 

Whereas the segment of the hno 
Branches thereof and Weldon ':liT 
bacterial cellular and other rna i.al 
that created by the ferment.atio .. of 
before this source of oxygen dem.ar 
state regulatory agencies. if at Th>.t t 
to a value which could reasonal · b· 
cumulative deposits and will be >m 
tion, with the added and special pr 
below 7.0 p.p.m. at the Old Town-Mi 

3. The tidal estuary of tl' Pe 
direction across the estuary frc tl 
lighlancls to a line extended in a ' 

Veroaa lsland to the westerly bank o 
of Verona Island to the easter!) can 
town boundary - Cass SC. 

1965, c. 179, § 1 .  

1 .  All segmenu an d  tributaries 
defined, above its outlet to the P- ob 

2. Bask.ahegan Stream, main ter: 
narrows in Crooked Brook I ..,w� 
Danforth - Oass C. 

3. Cold Brook, a tributary c the 
Mills, the main stem thereof fror he 
to the East Branch of the M.att.av nkt 

4. Fish Stream. main stem only 
Mattawamkeag Ri-n:r to the entn -e o 

S. Fish Stream, main stem c y, l 
point * mile upstream of the Ro-...e 1 

1967, c. 304, § 12. 

6. Huntley Mill Pond in Me: I, t 
the confluence with Cold Brook . ::las 

7. Mattalteunk Stream, main stel 
Pond - Oass C. 
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1. East Bl'3nch of the Penobscot River and its tributaries above the outlet of 
Mattagamon Lake - Gass A. 

1954, c. 79, § 15.  
2. Penobscot River, East Branch, se�m�ents and tributaries thereof, between its outlet 

and the dam at Grand Lake Mattagamon :. Class B-1. 

1955, c .  420, § 2. 

Main Stem, that portion of the Penobscot River between the confluence of East and West 
Branches south to a line drawn due east from Fort Point on Cape Jellison. 

1. The main stem of the West Branch of the Penobscot River from the outlets of 
Ferguson and Quakish Lakes in Millinocket to the highway bridge just above the junction of 
the East and West Branches in Medway which carries Route 1 16 across the West 
Branch - Oass D. 

2. The main stem of the Penobscot River and the West Branch from the Route 1 16 
highway bridge in Medway to a line extended in an east-west cli.rection from the outlet of 
Reed Brook in the Village of Hampden Highlands to the Penobscot River - Cass C. 

Whereas the 5e!D'CDt of the Penobscot River between the junction of the East and West 
Branches thereof and Weldon Dam is now heavily loaded with cumulative deposits of 
bacterial cellular and other materials exening 3 significant oxygen demand over and above 
that created by the fermentation of cunent d:Wy loads and whereas some time will elapse 
before this source of oxygen demand is stabilized, no abatement action shall be taken by 
state regulatory agencies, if at that time cunent daily upstream loadings have been reduced 
to a value which could reasonable be expected to result in conditions which will not foster 
cumulative deposits and will be compatible with the specifications or the segment classifica· 
tion, with the added and special provisions that the dissolved oxygen level shall not fall 
below 7.0 p.p.m. at the Old Town-Milford bridge or :1t the Stillwater bridge. 

3. The tidal estuary of the Penobscot River from a line extended in an east-west 
direction across the estuary from the mouth of Reed Brook in the Village of Hampden 
Highlands to a line extended in a westerly direction across from the southernmost tip of 
Verona lsland to the westerly bank of the Penobscot EstU:Il)' and from the southernmost tip 
of Verona lsland to the easterly bank of the Penobscot Estuary at the Bucksport-Penobscot 
town boundary - .Oass SC. 

1965, c. 179. § 1. 

Mattawamkeag River Drainage System 
1955, c. 426, § 2 

1. All segments and tributaries of the Mattawamkeag River Drainage, not otherwise 
defined, above its outlet to the Penobscot - Cass B-1. 

2. Basltahegan Stream, main stem, from its outlet to the MattaW:Imkeag River to the 
narrows in Crooked Brook Flowage approximately one mile above the village of 
Danforth - Oass C. 

3. Cold Brook. a tributary of the Mattawamkeag River. East Branch. entering at Smyrna 
Mills. the main stem thereof from the confluence with Huntley Mill Pond Brook to its outlet 
to the East Branch of the Mattawamkeag River - Class B-2. 

4. FISh Stream, main stem only, from its confluence wit.:l the West Branch of the 
Mattawamkeag River to the entrance of the Crystal Brook tributary - Cass C. 

5. Fuh Stream, main stem only, from its confluence with Oystal Streams tributary to a 
point % mile upstream of the Route 1 1  Bridge in Patten - Oass C. 

1967, c. 304, § 12. 

6. Huntley Mill Pond in Merrill, the main stem from the outlet of Huntley Mill Pond to 
the confluence with Colci Brook - Cass B-2. 

7. Mattakeunk Stream, main stem, from the outlet of Dwinal Pond to Mattalteunk 
Pond - Oass C. 
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8. Mattawamkeag River, main stem, outlet to the junction of the East and West 
Branches in the Town of Haynesville - Oass B·2. 

9. Mattawamkeag River, East Branch, between the junction of the East and West 
Branches in Haynesville and the entrance of the Cold Brook tributary near Smyrna Mills 
Village - Oass B-2. 

10. Mattawamkeag River, West Branch, main stem, from the junction of the East and 
West Branches of the ri"Ver to, and including, the thoroughfare between the upper and lower 
Mattawamkeag Lakes - Oass B-2. 

1 1. Mattawamkeag Ri"Vei, West Branch, main stem, from its outlet to upper 
Mattawamkeag Lalte to a point 100 feet upstream of the railroad bridge at Island 
Falls - Oass C. 

1967, c. 304, § 12. 

12. Molunkus Stream, main stem, from its outlet to the Mattawamkeag at Kingman to a 
point � mile above the highway bridge at Shennan MiDs - Class B-2. 

13. Webb Brook and its tributaries in the Town of Patten - Class C. 

1967, c. 304, § 12 

Penobscot River, Minor Tributaries, from the conJluence o f  the East an d  West Branches 
to a line drawn due east from Fort Point in the Town of Stockton Springs, not including the 
Piscataquis and Mattawamkeag Rivers Drainage Systems. 

1. All tributaries, direct and indirect, and segments thereof, of the Penobscot Ri"Vei from 
the confluence of the East and West Branches of the Penobscot, with the exception of the 
Piscataquis and Mattawamkeag Rivers Drainage Systems, to and including Pushaw Stream on 
the west shore of the �nobscot River and to and including Blackman Stream on the east 
shore of the �obscot River, unless otherwise specified or classified - Oass B-1. 

1971. c. 273. 

2. All minor tributaries on the west shore of the Penobscot River between Pushaw 
Stream and the Hampden-Winterport line, not otherwise designated - ClasS C. 

3. All minor tributaries on east shore of the Penobscot River between Blackman Stream 
and the Orrington-Bucksport line, not otherwise designated - Class C. 

4. All streams, segments and tributaries thereof, not otherwise defined, entering tide
water between the head of tide on Marsh Stream (Frankfort) and Fort Point (Stockton 
Sprinp) - Oass C. 

S. All minor tributaries, segments, direct and indirect, not otherwise defmed, enterin& 
tidewater from the head of tide on the Orland River south to a line drawn due east from 
Fort Point (Stockton Springs) - Oass B-1. 

6. Cambolasec Stream, Lincoln, from the Route 2 crossing to the �obscot 
River - Oass C. 

7. Great Works Stream and its tributaries above the highway bridge on Route 178 in the 
Town of Bradley - Oass A. 

8. Halfmoon Pond (Searsport), and its tributaries above the pond outlet - Oass B-1. 

9. Kenduskeag Stream and its tributaries above the Bullseye Bridge (Bangor) - Class B-2. 

10. Kenduskeag Stream and tributaries below the Bullseye Bridge {Bangor) - Oass C. 
1967, c. 304, § 13. 

11.  Marsh River (Prospect), segment and tributaries thereof, not otherwise defined, 
above tidewater - Oass B-2. 

12. M::.-si: Stream (Frankfort, etc.), segments and tributaries, not otherwise defined, 
above tidewater - Class B-2. 

13. Marsh Stream, main stern, from a point 0.4 mile above the bridge at Brooks Village 
to the inlet of Basin Pond - Oass B-2. 

1969. c. 286. 

14. Marsh Stream, main stem, from its junction with the North Branch of Marsh Stream 
to the bridge at West Winterport - Oass B-2. 
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1969, c. 286. 

15. Marsh Stream, No••l-t : 
Monroe Village to the junct 1 o 

1969, c. 286. 

16. Marsh Stream and its tr 
bridge in Brooks Village - C: ;s I 

17. Mattanawcook Sue: • L 

1967, c. 304, § 13. 
18. Olamon Stream and its tr 

19. Orland River and it rib: 

20. Orland River, segm •.• ts 
water - Class B-1. 

21. Orland River or Na mi� 
cemetery - Class &-2. 

22. Outlet of Silver Lak.., ab< 

23. Passadumkeag River and 

24. Sourdabscook · Stre: a: 
District at Hampden - Oass . 

2S. Sourdabscook Stream : 
Penobscot River - Oass C. 

26. Sunkhue Stream d 
River - Class A. 

27. Unnamed stream and i· 
Point, above the fust highwav br-

'isc 

1 .  All waters, segrnen ts anc 
Drainage System not otherv : Sf 

2. All tributaries of th1 'isc 
or classified between, not includ 
at Dover-Foxcroft - Qass B-2. 

3. Carleton Stream, Sa :rvi 

4. Carleton Stream and > tr 

S. Davee Brook below Nort! 
below Grove Street in Dove·-IOo:-. 

6. East and West Bra; 1es 
confluence near Blanchard · :Ia: 

1954, c. 79, § 15. 

7. East and West Brar .es 
the confluence of these 2 s am 

1954, c. 79, § 15. 

8. Kingsbury Stream, Abbot 
Route 1S in Abbott Village 0. 

9. Pbillip Brook, Me on. 
Stream - Oass C. 

10. Piscataquis River below 

ll .  Piscataquis River :on 
around - Class B-2. 
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1969, c. 286. 

15.  M.:ush Stream, North Branch, main stem. from a point 0.25 mile upstream of 
Monroe Village to the junction of the North Branch with the main stem - Class B-�. 

1969. c. 286. 

16. Marsh Stream and its tributaries upstream of a point 0.4 mile above the highway 
bridge in Brooks Vlllage - Oass B-1. 

17. Mattanawcook Stream, Lincoln, below outlet of Mattanawcook Pond - Oass C. 

1967, c. 304, § 13. 

18. Olamon Stream and its tributaries above the bridge on Horseback Road - Class A. 

19. Orland River and its tributaries above the outlet of Alamoosook uke - Class A. 

20. Orland River, segments and tributaries thereof, not otherwise defmed, above tide
water - Class B-1. 

21. Orland River or Narramissic River from tidewater to a point opposite the Oak Grove 
cemetery - C1ass B-2. 

22. Outlet of Silver Uke above the village limits of Bucksport - C1ass B-1. 

23. Passadumkeag River and its tributaries above Grand Falls - C1ass A. 

24. Sourdabscook ·suearn and its tributaries above the dam of the Hampden Water 
District at Hampden - Class A. 

25. Sourdabscook Stream from the dam of the Hampden Water District to the 
l'erlobscot River - Class C. 

26. Sunkhaze Stream and its tributaries above its confluence with the �nobscot 
River - Class A. 

27. Unnamed stream and its tributaries entering tidewater at Mill Cove near Sandy 
Point. above the first highway bridge west of the Route 3 Highway Bridge - Class B-1. 

Piscataquis River Drainage System 

1965, c. 426, § 2 

1. All waters, segments and tributaries, direct and indirect, of the Piscataquis River 
Drainage System not otherwise specified or classified - Class B-1. 

2. AD tributaries of the Piscataquis River and segments thereof not otherwise designated 
or classified between, not including, the Sebec River and the Maine Central Railroad Bridge 
at Dover-Foxcroft - Class B-2. 

3. Carleton Stream, Sangerville, from its mouth to the crossing of Route 23 - Oass C. 
4. Carleton Stream and its tributaries above Route 23 - C1ass B-2. 

5. Davee Brook below North Street, Dunham Brook below Forest Street and Fox Brook 
below Grove Street in Dover-Foxcroft - Class C. 

6. East and West Branches of the Piscataquis River and their tributaries above their 
confluence near Blanchard - Class A. 

1954, c. 79, § 15. 

7. East and West Branches of the Pleasant River and their respective tributaries above 
the confluence of these 2 streamS above Brownville Jet. - Class A. 

1954, c. 79, § 15 .  

8. Kingsbury Stream, Abbott, from its mouth to a point 100 yards above the bridge on 
Route 15 in Abbott Vlllage - Class B-2. 

9. Phillip Brook, Monson, from uke Hebron to the junction with Monson 
Stream - Oass C. 

10. Piscataquis River bdow the dam near the mouth of the river at Howland - Class C. 

1 1 .  Piscataquis River from the dam at Howland to the Penobscot River run
around - Oass B-2. 

27 



- --- ---- -- ------

1 2. Piscataquis River. main stem. from Abbot-Guilford town line to the junction with 
Pleasant River - Class C. 

1 967, c. 304, §14. 1979, c. 495. 

1 3. Repealed. 1979, c. 495, §4. 

14. Piscataquis River. main stem, from junction with Pleasant River to Schoodic Stream 
confluence - Oass B-2. 

IS. Piscataquis River, main stem, from Abbot-Guilford town line to mouth of Kingsbury 
Stream - Oass B-2. 

16. Pleasant River, main stem, from its mouth to the end of Maple Street in Brownville 
Junction - Oass C. 

I 7. Sebec River, main stem, from iu mouth to the dam at Main Street in Milo - Oass C. 

1 8. Sebec River and its tributaries above the outlet of Monson Stream - Oass A. 

1 �54. c. 79, §15 .  

19 .  Repealed. 1979, c .  495, §6. 

1 967. c. 304, § 1 5 : 1971, c. 1 38, § 1 ; 1979, c. 495, §§ 4 to 6. 

West Branch Penobscot River Drainage System 

1955. c.. 322, § 2 

I .  All w:�ters. tribuuries and segments thereof of the Penobscot River Draina'ge System, 
not otherwise specified or c:lassified, upstream of the outlets of Ferguson Lake and 
Ouakish Lake and North Twin Dam - Class IH. 

2. Penobscot River and its tributaries above Seboomook Lalce - Oass A. 

1954. c. 79. § 15. 

3. That portion of the main stem of the Penobscot River (West Branch) between the 
outlet of Fer,:uson Lake and of Qua!Dsh Lake and North Twin Dam at the outlet of North 
Twin Lake or Elbow Lake. which would include the reservoin known as Quakish Lalce and 
Fer,uson Lake - Oass B-2. 

4. Tributaries. direct and indirect, and segmenu thereof, of the West Branch of the 
Penobscot River from the outlet of Quakish and Fequaon Lakes (Millinocket) to iu 
confluence with the East Branch; with the exception of the segmenu of Millinocket Stream 
(Millinocket) between the railroad bridge and the West Branch of the Penobscot 
River - Oass B-1. 

5. Segmenu of Millinocket Stream (Millinocket) between the railroad bridge near the 
Millinocket-Indian Purchase town boundary and the Penobscot River - Oass D. 

1965. c. 179, § 2. 

Schedule or Completion Applicable to Certain Waters 
of the Penoi!Kot River Basin 

1965, c.. 179, § 2 

1. The classification set forth as follows shall become effective on October 1, 1965 . 

A. Subsections 1, 2 and 3 m11ier main stem; 
B. Subsection S under West Branch Penobscot Ri� Drainage System. 

2. A municipality, sewer district, penon, firm, corporation or other legal entity shall not 
be deemed in violation of these sections at anr time or times prior to October 1, 1976 with 
respect to those classifications if by such time or times he or it with respect to any project 
necessary to achieve compliance with applicable classification shall have completed all steps 
required to then be completed by tl1e following schedule. 
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A. Preliminary plans and ng
owned projects shall be cc ?le 
abatement steps by othe� .hal 
1969. 

B. Anangements for adt · list 
October 1, 1971. 1n the se 
scheduling of grants-in-aid. 

c DeUiled plans and specific. 
Protec:tion and consuuctior 'leg 

D. All requirements are t< e c 
1965, c. 179, § 2; 1967, c. 475 

Presumpscot -.m 
tht 

l. All waters, tnoutaries and 
specified or classified. with f ex 
upstream compact limits of W br• 

2. Frank Brook, and Pleasant 
with tributaries thereof - Class B-2 

3. lit tie River. main ste. <' 
fluence with the Presurnpscot .ve: 

4. Outflow from Panther Pond 

S. Outlet of Tuttle Pond, Wmc 
6. Pleasant River, and tri tar 

Sebago Lake - Qass B-2. 
7. Presumpscot River. main st< 

c 
1967, c. 446. 
7-A. Presumpscot River, .. ..lin 

Dundee - Qass A. 

1972, c. 612. 

8. Second westerly tribut: · o: 

9. Stevens Brook, Bridgton - ( 

1967, c. 304, § 16. 

10. Tannery Brook. and i trii 
11. Tributaries, direct anc.. -ldl 
12. Tributaries of Papoose Por 

13. Tributaries of Coff a 
Lake - Qass B-2. 

14. Unnamed stream. enteiing 

1 .  All portions of the l. st 
classified - Qass B-1. 

2. Saco River. main sterr ro1 
the Fryeburg-Lovell road - Oass E 
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A. Preliminary plans and engineers estinutes involving municipal and other publicly 
owned projects shall be completed on or before October 1 .  1968 and plans ior required 
abatement steps by others shall be sub nutted and approved not later than October 1 ,  
1969. 

B. Arrangements for administration and financing shall be completed on or before 
October 1 ,  1971. In the case of municipal projects this period is to include defmite 
scheduling of grants-in-aid. 

C. Detailed plans and specifications shall be approYed by the Board of Environmental 
Protection and construction begun prior to June 1 ,  1973. 

D. All requirements are to be completed and in operation on or before October 1, 1976. 

1965, c. 1 79, § 2; 1967, c. 475, § 7; 1972, c. 6 1 8. 

Presumpsc:ot River Basin (lnc:hides all d.niftlae uea abaft 
the Presumpsc:ot Falls Dam) 

1957, c. 322, § 6 

1. All waters, tn"butaries and segments of the Presumpsc:ot River Basin, not otherwise 
specified or classifiecl, with the exception of the Preswnpscot River, main stem, below the 
upsueam compact limits of Westbrook - Oass B-1.  

2. Frank Brook, and Pleasant River above its confluence wi th  Frank Brook, together 
with tributaries thereof - Oass B-2. 

3. little River, main stem, (Wmdham) from canning plant on Route 114 to its con· 
fluence with the Preswnpscot River - Oass C. 

4. Outflow from Panther Pond to Sebago Lake - Cass B-2. 

5. Outlet of Tuttle Pond, Wmdham - Oass B-2. 

6. Pleasant River, and tributaries between Frank Brook (Gray) and its entrance to little 
Sebago Lake - Oass B-2. 

7. Preswnpsc:ot River, main stem, below Village of South Windham to tidewater - Oass 
c. 

1967, c. 446 . 

7-A. Presumpscot River, main stem, from the outlet of Sebago L:lke to the dam at 
Dundee - Casa A. 

1972. c. 612. 

11. Second westerly tributa.Jy of the North Branch of little River {Vtindham} - Oa.ss B-2. 

9. Stevens Brook, Bridgton - Casa C. 

1 967, c. 304, § 16. 

10. TannerY Brook, and its tributaries, Gorham - Oass B-2. 

1 1 .  Tributaries, direct and indirect, of Songo Pond (Albany vicinity) - Class B-2. 

12. Tributaries of P:lpoose Pond(Waterford) - Cass IH. 
13.  Tributaries of Coffee and Dumpling Ponds, Casco. above inlet to Pleasant 

Lake - Oass B-2. 

14. Unnamed sueam, entering Sebago Lake at North Sebago Village - Class B-2. 

Saco River Basin 

1957. c. 322, § 7 

Main Stem, Saco River 

1. All portions of the main stem, Saco River, above tide'Q,·ater not otherwise specified or 
classified - Oass B-1. 

2. Saco River, main stem, from Route 5 (FrYeburg-Lovell road) to a point * mile below 
the FrYeburg-Lovell road - Oass B-2. 
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3. Saco River, main stem, from junction with Ossipee River to the entr.tnce of Quaker 
Brook - Qass IH. 

1973, c. 401 . 

4. Saco River, main stern, from entrance of Quaker Brook to the Central Maine Power 
Co. dams at Bar Mills - �  B-1. 

1967, c. 180, § 1; 1973, c. 401. 

5. Saco River, main stern, from the Central Maine Power Co. dams at Bar Mills to the 
Route #4-A highway bridge at Salmon Falls village - Oass B-2. 

1967, c. 1 80, § 1; 1973, c. 401. 
6. Saco River, maiD stem, from umon Falls Dam to Thatcher Brook - Oass B-2. 

1973, c. 401. 

7. Saco Riftr, main stem, from lbatdter Brook to tidewater - Class C 

1967, c. 180, § 1; 1973, c. 401. 

Tnbutuies, Saco River 

1. All tributaries, direct and indirect, and sqments thereof, of the Saco River Drainqe, 
above tidewater, not otherwise specified or classified - Oass B-1. 

2.  Brown Brook. Umericlt. main stern, from outlet of Holland Pond to junction with 
little Ossipee River - Qass C 

3. Goodwins Mills Brook, main stem, from 0.5 mile above crossing of Route 35 at 
Goodwms Mills to Saco River - Qass B-2. 

4. Kimball Brook, vicinity North Fryeburg, from point 0.5 mile above- Route 1 1 3  
c:rossmg to Owles Pond - Class C 

5. little River, from crossing of Route 5 approximately 1.0 mile above Cornish Village 
to its outlet to the Ossipee River - Oass C 

1967, c. 1 80, § 2. 

6. Ossipee River. main stem, from 0.5 mile upstream of Route 25 bridge at Kezar Falls 
to the entrance of Wadsworth Brook - Class C. 

1967, c. 180, § 2. 

7. Ossipee Riftr, main stem, from entrance of Wadsworth Brook to junction with Saco 
River - Oass C 

8. Wards Brook (Ward Pond to outlet of brook) - Oass C 

St. CIOix River Balin 

1. All tributaries of the St. Croix River upstream from the dam at Calais, the drainage 
areas of which are whoUy within the State of Maine, and including the West Branch of the 
St. Croix River and its tributaries which enter through Grand Lake Flowage - Class A. 

1954, c. 79, § 15. 

2. Waters of the St. Croix River Watershed, within the State of Maine, not otherwise 
cl:l.Ssified. including those of the Main Stem of the St. Croix River and of Monument Brook on 
the M:Une side of the international boundary above the Grand Falls Dam - Oass B-2. 

1967, c. 156; 1977, c. 373, § 27. 

3. WaterS of the St. Croix River Watershed, within the State of Maine, not otherwise 
cl.usified, including those of the Main Stem of the St. Croix River on the Maine side of the 
international boundary from the Grand Falls Dam to the head of tide - Class C. 

1977. c. 373, § 27-A. 

St. Jolua River Balin 

Allapsll River Draiup Area - Class A 

1954, c. 79, § 15 
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1. All waters. se2!T1ents : l l 
cifJed or classified - Class B-2. 

2. Fish River and its tributan 
outlet of St. Froid Lake on H twa 

1954, c. 79, § 15. 

3. FISh River from the bridge . 
of St. Froid Lake - Oass B-1. 

4. Fish River main stem, ·on 
River - Oass C 

1967, c. 304, § 17. 

1. St. John River, main stem, a: 

2. St. John River, main aet 
Frenchville-Madawaska town li: - • 

3. St. John River, main ster: 
Carwiian border - Class C. 

Tr. 

1. All waters of the St. John l 
receive drainage from lands en�·-ly 

2. All tributaries direct Ill in• 
Maine, on the Maine side f 
classified - <l:lss B-2. 

3. All tributaries of the St Fra 
the State of Maine - Qass A. 

4. All tn'butaries and bran�.o .. �'S < 
the drainage areas of which are whc 
the river above the St. John PorA IT.. 

5. All streams and tributaJ ;, t 
John River in Fort Kent, Fre: wil 
Brook), Grand We, Van Buren, St. J 

6. Martin Brook, Madawa·'·a, 
Road - Oass C. 

7. Negro Brook, Allagash P�.tat 

8. Oquisiquit Brook and its ti 
border - Oass B-2. 

9. Riviere des Chutes, Eastc an 
10. lhibodeau Brook. Grand lsk 
1 1. Violette Brook Van Rure: 

Stream - Class C. 

12. Violette Stream, Van : ren 
John River - Class C 

13. Prestile StreaJn - Class " '2. 
1965, c. 42, § 2: 1967. c. 30< § 1 
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Fish River Drainage Area 

1955, c. 322, § 5 

1. All waten, segments and tributaries of the FISh Ri� Drainage not otherwise spe
cified or classified - Oass B-2. 

2. FISh Riwr aDd iU tributaries above the highway bridge owr the FISh Ri� at the 
outlet of St. Froid Ulte on Highway Route 1 1  - Oass A. 

1954, c. 79, § 1S. 

3. Fish Rmlr from the bridp at Fort Kent Mills to the Route 11  Bridge .u the foot 
of St. Froid Ulte - Oau 11-1. 

4. Fllh � mmn stem, from briclre at Fort Kent Mills to confluence with St. John 
Ri� - Oasa c 

1967, c. 304, § 17. 

Main Stem, St. John River 

1969, c. 268. 

1. St. John Riwr, main stem, abow the International Bridge Fort Kent - Oass B-1. 

2. St. John Ri�. main stem, from the International Bridge Fort Kent to the 
FrenchvUle-Madawaska town line - Oass 11-2. 

3. St. John Riwr, main stem, from the FrenchvUle-Madawaska town line to the 
Canadian border - Oass c 

Tn'butaries, St. John River 

1969, c. 268 

1. All watcn of the St. John Drainage Basin not otherwise specif�ed or classified which 
receiw cl.rainqe from lands entirely within the United States - Oass B-1. 

2. AD tributaries direct and indirect of the St. John River not whoUy in the State of 
Maine, on the Maine side of the international border not otherwise spec:ified or 
classified - Oasa II-2. 

3. All tn'butuies of the St. Frmcis Riwr, the drainage areas of which are wboUy within 
the State of Maine - Oass A. 

4. AD tributaries and branches of the St. John Riwr above the outlet of Allapsh River, 
the clraiJJage areas of which are whoUy within the State of Maine, including that portion of 
the riwr above the St. John Pond Dam - Oass A. 

S. All streams and tributaries, unless otherwise specified or classified, entering the St. 
John River in Fort Kent, Frenchville, Madawaska (including the upper portion of Martin 
Brook). Grand lsle, Van Buren. S\. John Plantation and Hamlin Plantation - Oass B-2. 

6. Martin Brook, Madawaska, downstream of the bridge on the Back Settlement 
Road - Oass C 

7. Negro Brook, Allagash Plantation. and its tributaries - Class A. 

li. Oquisiquit Brook and its tributaries, Mars Hill and Easton, above the Canadian 
border - Oass 11-2. 

9. Riviere des Olutes, Easton and Mars Hill, abow the Unadian border - Oass B-1. 

10. Thibodeau Brook. Grand Isle, from Route 1 to the St. John River - Oass C. 
1 1. Violette Brook Van Buren. below the railroad to confluence with Violette 

Stream - Oass C 

12. Violette Stream. Van Buren, below Olamplain Street to the junction with the St. 
John River - Oass C. 

13. Prestile Stream - Oass B-2. 

1965, c. 42, § 2; 1967, c. 304, § 18: 1969. c. 268: 1977, c. 373, § 27-B. 
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Salmon Falls-Piscataq� River Basin 

1. Waters not pre\iously classified of the main stem and direct and indirect tribut:uies of 
the Salmon Falls and Piscataqua Rivers, within the State of Maine. above tidewater - Class 
IH. 

1961, c. 321, § 1. 

R.S. 1954, � 79, § 15;  1955, � 426, § §  1, 2, 4; 1957, � 322, § §  1-8; c. 412; 1961. c. 
330; 1!:63, � 274, § 4. 

§ 369. Coutll streamS 
1971, � 470, § 5. 

Cumbedaacl Couaty 

1959, c. 133, § 1 
Those waten draiJiina directly or iDdirectly into tidal waten of CumberlaDd Co110ty with 

the exceptioa of the PresampKOt Ri'nlr Drainap Area 11pstream from the Presumpscot Falls 
Dam and the Androlcoain Ri'nlr Buill Dninap Area. 

1. AD c:outal streams, direct IJid indirect segments thereof, dJaiJiing to tidewater of 
Cumberland County, not otherwise specified or classified - Oass C. 

2. Bl'lllllwiclt. Unnamed Stream entering tidewater of New Meadows River at Middle 
Bay - <lass A. 

3. Cape Elizabeth. Alewife Brook - Oass A. 

4. Falmouth. Mill Creek and tributaries thereof - Oass B-2. 

S. Falmouth and Portland. Unnamed Stream forming a portion of the Portland
Falmouth town line and located on the southwesterly shore of the Presumpscot River 
esuwy - Oass D. 

6. Freeport. 
A. Harvey Brook - Oass B-1 . 

B. Frost Gully Brook - Class A. 

C. Merrill Brook - Class B-2. 

D. !\terrill Brook and tributaries below Maine Central Railroad crossing to confluence -
Class B-1. 

E. Collins Brook and tributaries - Class B-2. 

F. � Sueam and tributaries - Class B-1 . 

G. Kelsey Brook and tributaries - Class C. 

H. Little Rivet and triblltaries - Class B-2. 

D-H added 1979, c. 495. 

6-A. Gray. 
A. Collier Brook - Class B-2. 

1965. c. IS3. 

7. Portland. Suoudwater River from its origin to its confluence with Indian Camp Brook 
Class B-2. 

7-A. Pownal. Chandler Brook - Oass B-2. 

1967, c. l7. 

8. Scarboro. 
A. Finnard Brook - Class B-2. 

B. Phillips Brook - Class C. 

1967, c. 304, §1 9. 

C. Stuart Brook - Class B-2. 

9. South Portland. Red Brook from the Rye Pond outlet dam to its origin and tributaries 
thereof - Oass B-2. 
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10. Yarmouth. 

A. Pratts Brook - Oass B-1 . 

B. Royal River. main stem, frn"1 ; 
Street, Yarmouth - Cla.ss B-2. 

1979, c . . 495. 

Those waters draining direct or 
exception of those tributary tc he 
from Fort Point in Stockton Springs 

1 .  All coastal streams, dirr-· a. 
Hancock county, not otherwist pe< 
to tbe hnobKot Ri� Eatuar) tor 
Sprinp - Cass B-1. 

2. Blue HilL 
A. Carleton Stream, ntain s· n, l 
1977, � 373, § 28. 

B. Carleton Stream, main stem. 
Oass C 
1977. c. 373, § 28. 

C Unnamed stream at edge of 
Oass C 
1967, c. 304, § 20. 

D. Unnamed stream flowin1 ·or 
1967, � 304, § 20. 

E. Mill Brook Stream from - pc 
outlet at tidewater - Oass B-
1977, � 373, § 28. 

F. Unnamed Stream about 100 

1967, � 304, § 20. 

3. Brootsville. 

A. Outlet of Wallter Pond, frorr 

B. Shepardson Brook (or '•ill 
tidewater - Oass C 
4. Ellsworth. 
A. Card Brook, main stem. fror 
No. 1 to tidewater - Oass I? �  
1963, c. 23. 

B. Gilpatrick Brook, main ster 
the Union River - Qass B-:!. 

C Union River, main stem ·ro' 
at Ellsworth Falls - Oass S. 
D. Union River, ntain stem. fr 
tidewater - Oass C 
E. Unnamed Stream south · L 

5 .  Fnnk.lin. Unnamed Str n 
Bay - Oass c. 

6. Go11l..isboro. All coastal cttea· 
on the easterly mainland of Gc isb 

7. Lamoine. Spring Brook lo\0 
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10. Yarmouth. 

A. Pratts Brook - Oass B-1 . 

B. Royal River, main stem, from its origin to the head of tidewater (dam) above Main 
Street. Yarmouth - Oass B-2. 

1979. c .. 495. 
Hanc:oc:k County 

1955, c. 426, § §  1-7 

Those waten drainin& directly or indirectly into tidal waters of Hancock County with the 
exception of those tributary to the Penobscot Riwr Estuary north of a line drawn due east 
from Fort Point in Stockton Sprinp. 

1. All c:outal stra.1111, direct and indirect sepnents thereof, drainin& to tidewaters of 
Hancock county, not otherwise specified or classified, with the exception of those tributary 
to the Penobscot Riwr Estuary north of a line drawn due east from Fort Point in Stockton 
Sprinp - Oass B-1. 

2. Blue HilL 
A. Carleton Stream, main stem. between Fi.nt Pond and Second Pond - Class C. 

1977, c. 373, § 28. 

B. Carleton Stream, main stem, from the outlet of Fint Pond to tidewater at Salt Pond -

Class c. 
1977. c. 373, § 28. 
C. Unnamed stream at edge of Blue Hill Vtllage entering tidewater near "Big Rock" -
Class c. 

1967, c. 304, § 20. 
D. Unnamed stream flowing from near "Old Cemetery" to the Town Wharf - Oass C. 

1967, c. 304, § 20. 

E. Mill Brook Stram from a point just above the sewer of the consolidated school to its 
outlet at tidewater - Class 8-1. 

1977, c. 373, § 28. 
F. UnDamed Stream about 100 yards east of Mill Brook Stream - Class C. 

1967, c. 304, § 20. 

3. Brootmlle. 

A. Outlet of Wallcer Pond, from the dam at Lymebumer's Mill to tidewater - Oass B-2. 

B. Shepardson Brook (or Mill Brook), main stem, from Route 176 to its outlet at 
tidewater - Qass C. 

4. Ellsworth. 

A. Card Brook, main stem, from the Farm Pond about 250 yards west of U.S. Highway 
No. 1 to tidewater - Class B-2. 

1963, c. 23. 
B. Gilpatrick Brook, main stem, from bridge at U.S. Highway No. 1 to its outlet into 
the Union River - Class B-2. 

C. Union River, main stem, from head of Grah:lm Lake to bridge :1t U.S. Highway No. 1 
at Ellsworth Falls - Class B-2. 

D. Union River, main stem, from bridge :It U.S. Highway No. 1 at Ellsworth Falls to 
tidewater - Qass C. 

E. Unnamed Stream south of Laurel Street in Ellsworth - Class C. 

5. Fnaklin. Unnamed Stream flowing near r lroad station in Franklin Village to Hop 
Bay - Oass c. 

6. Gouldsboro. All coastal streams. dlrect and indirect segments, discharging to tidewater 
on the easterly mainland of Gouldsboro - Class C. 

7. Lamoine. Spring Brook below washer :�t Grindle's gravel pit - Class C. 
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8. Penobscot. 

A. Cements Brook, main stem, from tidewater to a point 100 feet upstream of Route 
166 - Oass B-2. 

B. Tributary of �1nslow Stream entering from the south of South Penobscot Village 
from its confluence with Wtnslow Stream to the crossing of Route 177 - Oass B-2. 

C. Wmslow Stream, main stem, from tidewater to darn at the sawmill of S. C. 
Condon - Oass C. 

1967, c. 304, § 21. 

9. Sedpick. 
A. Sucent Brook at SarJentville VIllage, main stem. from tidewater to a point 300 feet 
upsueam of the bigbway - <lass C. 
B. Tluee U111W11ed Streams entering tidewater immediately north of Sedpjck 
Village - Class C. 
C. Unnamed Stream entering tidewater at the head of Salt Pond near North 
Sedgwick - Qass B-2. 

10. Trenton. Stony Brook from Route 3 crossing to tidewater - Oass C. 

11 .  Waltham. Webb Brook, main stem. from dam immediately downsueam of bridge on 
Route 179 to its outlet to Graham Lake - <lass B-2. 

12. Winter Harbor. Coastal streams between the southerly point of Schoodic �ninsula 
to the Winter Hatbor·Gouldsboro town line - Oass C. 

Knox County 

1955. c. 426. § 1 

St. George River Drainase System 

1. All segments and tributaries direct and indirect of the St. George River Drainage 
System. above tidewater, not otherwise defined or classified - <lass C. 

2. All segments and tribuuries direct and indirect of the St. George River above the 
outlet of St. George Lake in Liberty - Oass B-1. 

3. Castner Brook below Hillcrest Poultry Plant - <lass C. 

4. Crawford Pond Outlet and Crawford Pond tributaries - Oass B-1. 

5. Fuller Brook and its tributaries - Qass B-1. 

6. North and South Pond tributaries and outlet to the St. George River - Oass B-1. 

Other Coascal Streams of Knox County 

1. Camden. 

A. All coastal stream, direct and indirect segments thereof, draining to tidewater in 
the Town of Camden, not otherwise specified or classified - Oass B-1. 

B. Megunticook River, main stem, below a point 300 feet above the darn at the Mount 
Bat tie Mill - Qass B-2. 

1977, c. 373, § 29. 

2. Cushing. 

A. All coastal stream, direct and indirect segments thereof, draining to tidewater in the 
Town of Cushing - Class B-1. 

3. Friendship. 

A. All coastal streams, direct and indirect segments thereof, draining to tidewater in the 
Town of Friendship unless otherwise specified or classified - Qass B-1. 

B. Goose River, main stem, tidewater to darn at the Herbert Tibbetts' sawmill - <lass C. 

C. Goose River, main stem, from Tibbetts' sawmill darn tv the outlet of Havener 
Pond - Class B-2. 
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4. Owls Head. 
A. All coastal streams. duect 
Town of Owls Head - Class C. 

5. Rockland. 

A. All coastal streams, d ct 
Oty of Rockland - Oass C. 

6. Rockport. 

A. All coastal streams, d ct 
Town of Rockport, unless :he 
B. Goose River and its t 
Comen - Oass B-2. 

C. Goose River and t. 
Comen - Class B-1. 

D Lily Pond outlet - <lass B-: 

7. Sl Georp.. 
A. All coastal streams, d ct . 
Town of St. George. unless oth< 

B. Unnamed Stream and its 
northwesterly comer of T• mt" 

C. Unnamed Stream and s t: 
of Long Cove - Qass B-1. 

8. South Thomaston. 

A. All coastal streams, d' :t : 
Town of South Thomastor · C 
9. Thomaston. 

A. All coastal streams, eli :t : 
Town of Thomaston, unle! :>th 

B. Mill River, main stem. uom 

C. Oyster River, main stem, fl 
Mill - Oass c. 
D. Oyster River, main st 1, l 
junction with the tributary of Ill 
E. Tributary of Oyster River. 
17 bridge at West Rockpor md 
F. Unnamed Stream flow · fr 

10. Warren. 

A. All coastal streams, dir · t a 
St. George River Estuary u !SS 

B. Oyster River. See: ThL·.uasl 
C. Unnamed Stream and its tri 
boundary upstream of a P· · •t ! 

D. Unnamed Stream to ::.t. 
between a point 500 feet above 
c. 
E. Unnamed Stream and tr 
George River 'n mile belo"' .ne 

1 1 .  Other coastal streams. A! 
draining to the tidal waten < K 
B-1. 

1973, c. 423, § 4. 
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4. Owls Head. 

A. All coasul streams. direct and indirect segments thereof. draining to tidewater in the 
Town of Owls Head - Oass C. 

S. Rockland. 

A. All coastal streams, direct and indirect segments thereof, draining to tidewater in the 
Oty of Rockland - Oass C. 

6. Rockport. 

A. All coastal sueams, direct and indirect segments thereof, draining to tidewater in the 
Town of Rockport, unless otherwise described or classified - Class C 

B. Goose River and its tributaries below the hiJ!hway bridge near Simonton 
Comers - Qass B-2. 

C Goose River and its tributaries above the hisbway bricl&e near Simonton 
Comers - Oass B-1. 
D. Uly Pond outlet - Oass B-2. 

7. St. Georp. 
A. All coastal streams, direct and indirect segments thereof. draininJ to tidewater in the 
Town of St. George, unless otherwise described or classilied - Class C. 

B. Umwned Stream and its tributaries above tidew:lter, entering tidewater at the 
north-tedy comet of Tenant's Harbor - Oass B-1. 
C Umwned Stream and its tributaries, above tidewater. entering tidewater at the bead 
of Long Cove - Class B-1. 

8. South Thomaston. 

A. All coastal streams, direct and indirect segments thereof, drainage to tidewater in the 
Town of South Thomaston - Oass C. 

9. Thomaaton. 

A. All coastal streams, direct and indirect segments thereof. draining to tidewater in the 
Town of Thomaston, unless otherwise described or classified - Class B-1. 
B. MiD River, main stem, from tidewater to a point Y1 mile· above tidewater - Qass C. 

C Oyster River, main stem, from tidewater to a point 200 feet upstream of Packard's 
MiD - Cass c 
D. Oyster River, main stem, from a point 200 f�t upstream of Packard's Mill to the 
junc1ion with the tributary of which is the outlet of Rocky Pond - Cass B-2. 

E. Tributary of Oyster River, main stem, coming from Rocky Pond between the Route 
17  bridge at West Rockpon and the junction with Oyster River - Class B-2. 

F. Unnamed Stream tlowina from Mace's Pond to Chickawaukee Pond - Oass B-2. 

10. w--. 

A. All coastal streams, direct and indirect sepnents ther.eof, draining to tidewaten of the 
St. George River Estuary unless otherwise specified or classified - Class B-1. 

B. Oyster River. See: Thomaston above. 

C Unnamed Stream and its tnbutaries to St. George River tidewater near Wanen-Cushing 
boundary upstream of a point 500 feet above South W=en-North CUshing Road. Oass B-2. 

D. Unnamed Stream to St. George River tidewater near WarrerH:ushing boundary 
between a point SOO feet above the South Warren-North Cushing road to tidewater - Oass 
c 
E. Umwned Stream and its tributaries above tidewater which enters tidewater of the St. 
Geor&e River Y1 mile �ow the South Warren bridge - Class B-2. 

11. Other coastal streams. All ooastal streams, direct and indiJec:t sqmellts thereof, 
drainiD& to the tidal waters of Knox County, not otherwise specified or claslified - Class 
IH. 

1973, c. 423, § 4. 

---------- . - -
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Lincoln County 

1955, c. 426, § 1 

Those w:1ters draining directly or indirectly into tidal waters of Lincoln County. 

Damariscotu River Drainage 
1. All segments and tribuuries of the Damariscotta River. not otherwise defined. above 

tidewater - Class B-1. 

2. D:unariscottl River, main stem, from the outlet of Damariscotta Lake to tidewater at 
Salt Bay - Oass B-2. 

3. Inlet of Damariscotta Lake at Jeffenon VIllage, from the outlet of the mill pond 
above Jeffenon Village to the lake - Oass B-2. 

Medomak Rmr Dniaap 

1. AD SCIJDents and tributaries of the Medomak lllier Drainage, not otherwise deftned 
or classified. above tidewater - Oass B-2. 

2. Repealed. 1965, c. 425, § 22. 
3. Tributaries of little Medomak Brook, principally in the Town of Washington - Class 

B-1. 
Sheepscot River Drainage 

1. All segments and tribuuries of the Sheepscot River Drainage above tidewater not 
otherwise defined or cbssified - Class B-1. 

2. Sheepscot River, lll:lin stem, from tidewater to junction of East and West 
Branches - Class B-2. 

3. Sheepscot River, West Branch lll:lin stem. from outlet of Branch Pond to junction of 
the East and West Branches - Oass B-2. 

4. Turner Pond outlet iit Somerville Plantation from Turner Pond to Long Pond - Class B-2. 

Other Coastal Streams of Lincoln County 

1. AlnL 

A. All coastal streams, direct and indirect segments thereof, draining to tidewater in the 
Town of Aln:l. not otherwise specified or classified. with the exception of the Sheepscot 
River Drainage above tidewater - Oass B-1. 

B. Ben Brook, main stem, dowustre:am of the second road crossing above its 
mouth - Class B-2. 

C. Unnamed Stream and its tributaries enterina tidewater of the Sheepscot River at a 
point approximately one mile due east of the Alna Cemetery - Oass B-2. 

D. Unnamed Stream at Head nde Village mtering the Sheepscot River about O.lS mile 
below the Route 218 crossing - Class B-2. 

2. Boothbay. 

A. All coastal streams, direct and indirect segments thereof, draining to tidewater in the 
Town of Boothbay, not otherwise specified or classified - Class B-2. 

B. Adams Pond - Class B-1. 

3. Boothbay Harbor. 

A. All coastal streams, direct and indirect segments thereof, draining to tidewater in the 
Town of Boothbay Harbor, not otherwise specified or classified - Class B-2. 

B. Meadow Brook and its tributaries mtering Lewis Cove - Class B-1. 

C. Unnamed Brook and its tributaries enterina the most eas1erly cove of Campbell Pond -
Class B-1. 

4. Bn-n. 

A. All coastal streams, direct and indirect 5e1J11ents thereof, draining to tidewater in the 
Town of Bremen - Class B-1. 

. --- ------
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5. Bristol. 

A. All coastal streams cnt ng 
the Bristol-South Bristol tc 1 i 
B. All coastal streams enterin� 
the head of tide on the Pr-lq 
C. All coastal streams en in; 
River and the Bristol-Bren ••. : t 

D. Panaquid River, segments 
tidewater - Class B-1. 
E. l'anaquid River, main :m 

F. l'lmlaquid River. main sten 
Boyd Pond - Class c. 

G. Unnamed Stream ent1 tg 
west of Pemaquid Village - :Ia 
H. Umwned Stream. above 
Briltol - Class B-2. 

6. Daawilcotta. 

A. All coastal streams em .ng 

7. Dresden. See : Section 368. 

8. Edgecomb. 

A. All coastal streams, : mt 
Town of Edgecomb, not otner' 

B. All coastal streams, segme 
(not including) the outlet L. 

C. All coastal streams, s ne 
the Edgecomb-Boothbay line o· 

9. Newcasde. 

A. AD coastal streams dr lin 
Newcastle - Class B-1. 

B. AD coastal streams draini 
Town of Newcastle - Clas.• "R-1 

10. Nobleboro. 

A. All coastal streams dr.wlin 
Nobleboro - Class B-2. 

ll. South Bristol 

A. All coastal streams ;u se 
Bristol, unless otherwise speci1 
B. Unnamed Stream enterir 
Bristol-South Bristol bout II) 
12. SouthporL 

A. All coastal streams 3nd 
Southport - Class B-1. 

13. Waldoboro. 
A. All coastal sueams _td 
Waldoboro, except as othe!:" 
Medomak River and its trihut: 

1963, c. S4, § 2. 

B. Goose River. See: KJ,v.< C 
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S. Bristol. 

A. All coasul streams entering tidew:1ter between the Bristol-Damariscotta town line and 
the Bristol-South Bristol town line - Qass B-2. 

B. All coastal streams entering tidewater between the Bristol-South Bristol town line and 
the head of tide on the Pemaquid River, not otherwise specified or classified - Oass B-2. 

C. All coastal streamS entering tidewater be�en the bead of tide on the Pemaquid 
River and the Bristol-Bremen town line, not otherwise specified or classified - Cass B-1. 

D. hmaquid River, segmenu and tributaries thereof, not otherwise defined, above 
tidewater - Class B-1. 

E. hmaquid River, main stem, entrance to Boyd Pond to tidewater - Cass B-2. 

F. Pemaquid River, main stem, from dam upstream of Bristol Villap to the entranCe of 
Boyd Pond - Cass C. 

G. Unnamed Stram entering a cove in the tidewater of Pemaquid River immediately 
west of Pemaquid VIllage - Class B-1. 

H. Unnamed Stream, above tidewater, entering Buc:lt Cow in the Town of 
Bristol - Class B-2. 

6. o.n.rilcotta. 
A. All coastal streams entering tidewaters of the Damariscotta River - Class B-2. 

7. Dresden. See: Section 368, Kennebec River. 

8. Edpcomb. 

A. All coastal streams, segmenu and tributaries thereof, draining to tidewater in the 
Town of Edgecomb, not otherwise specified or classified - Class B-1. 

B. All coastal streams, segmenu and tributaries thereof, draining to tidewater berween 
(not including) the outlet of Lily Pond to the Edgecomb-Boothbay town line - Cass B-2. 

C. All coastal Streams, segmenu and tn"butaries thereof, draining to tidewater between 
the Edgecomb-Boothbay line on the Damariscotta River and Bennett Neck - Oass B-2. 

9. Newcude. 
A. All coastal nreams draining to tidewaters of the Damariscotta River in the Town of 
Newcastle - Class B-1. 

B. AD coastal streams draining to tidewaters of the Sbeepscot River Estuary in the 
Town of Newcastle - Class B-1. 
10. Nobleboro. 
A. All coastal streams draining to tidewaters of the Damariscotta River in the Town of 
Nobleboro - Cass B-2. 

11 .  South BristoL 

A. All coastal streams and segmenu thereof draining to tidewaters in the Town of South 
Bristol, unless otherwise specified or classified - Class B-2. 
B. UDJWDed Stream entering tidewaters about '1: mile above Prentiss Cove at the 
Bristol-South Bristol boundary - Class B-1. 

12. Southport. 

A. All coastal streams and segmenu thereof draining to tidewaters in the Town of 
Southport - Class B-1. 

13. Waldoboro. 

A. All coastal streams and segmenu thereof draining to tidewaters in the Town of 
Waldoboro, except as otherwise specified or classifJCd and with the exception of the 
Medomak River and iU tributaries above bead of tide - Oass B-1. 

1963, c. s-4, § 2. 

B. Goose River. See: Knox County Coastal Streams. 
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14. Wesrport. 

A. All coastal streams and segments thereof draining to tidewaters in the town of 
Westport - Class C 
1967, c .. 304, § 22. 

15. w i.scasset. 
A. All coastal streams and segments thereof dtaining to tidewaters in the Town of 
WJSCaSset, not otherwise specified or classified - Class B-1. 

B. Unnamed Stream and tributaries entering tidewater by way of Olewonke 
Creek - Class B-2. 

C Unnamed Stream and tributaries in WlSCUSet entering the tidal estuary which lies 
immediately west of Bailey Point - Class B-2. 

D. Ward Brook and tributaries - Class B-2. 

16. Other coastal streams. All coutal sueams, direct and indirect segments thereof, 
draining to the tidal waters of lincoln County, not otherwise spec:ified or classified - Class 
B-1. 

1973, c. 423, § 5. 

Sapdahoc County 

Those streams above tidewater which drain to tidal waters of Sagadahoc County. directly 
or indirectly. not including that portion of Merrymeeting Bay north and west of the Otops 
at Bath or those streams draining to the Androscoggin River Estuary - Oass C. 

1967. c. 304, § 23. 

Waldo County 

1955, c. 426, §§ 1-7 

Those streams above tidewater which drain to tidal waters of Waldo County between the 
Waldo-Knox County line to Fort Point in Stoclcton Springs. 

1. Coastal streams, segments ou.J tributaries thereof, not otherwise described, above 
tidewater, entering tidewater between the Knox-Waldo County line and the head of tide on 
the little River at the Northport-Belfast boundary - Class B-1. 

2. Coastal streams, segments and tnoutaries thereof, not otherwise defmed, above tide
water, entering tidewater between the head of tide on Goose River and Fort Point in 
Stoclcton Springs - Class C. 

3. Ducktrap River, segments and tributaries thereof, not otherwise described, above 
tidewater - Class B-1. 

4. Goose River (Belfast), main stem, below the upstream crossing of Route 101 - Oass 
c 

5. Goose River {Belfast), segments and tributaries thereof. not otherwise defined. above 
tidewater - Class B-2. 

6. little River, Northport-Belfast. segments and tributaries thereof, not otherwise 
defmed, above tidewater - Class B-1. 

7. Mill Brook and its tributaries in Searsport upstream of a bridge site on an abandoned 
road about 1 'h miles northerly of the village at Searsport which includes McOures Pond and 
Cain Pond - Class B-1. 

8. Mixer Pond (Morrill and Knox) tributaries - Class B-1. 

9. Passagassawaukeag River, segments and tributaries thereof, not otherwise defined, 
above tidewater - Class B-2. 

10. Passagassawaulteag River Drainage above the outlet of Ellis Pond, to include Ellis 
Pond, Halfmoon Pond, Passagassawaulteag l..ake and their respective tributaries - Class B-1. 
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11. Sanborn Pond and Duttor Por 

12. Shaw Brook and its tribu ,es 
13. Unnamed Stre3m entenn� .id•· 

14. Unnamed Sueam and tiS tril 
Long Cove - 03ss B-1. 

15. Wescott Stream, enterin• tde 
otherwise defmed, above tidewat�r - C 

16. Other coastal streams of Wa 
segments thereof, draining to tht id: 
classified - Class B-1. 

1973, c. 423, § 6. 

W; in5 

I 5. • 

Those streams above tidewater ' 
directly or indirectly, including those 

1. AB coastal streams. segm cs 
tidewater, entering the tidal wa -s , 
County line to and including those to 

2. Boyden Stream, main sterr fro 
below Boyden Pond - Oass B-2. 

3. Otandler River and its trit •. ari 
4. Dennys River and its tributari< 

of Dennysville - Class A. 
S. Dennys River, main stem ·ro• 

Dennysville - Class B-2. 

6. Dyke Brook, East Branch, mai: 
the Maine Central Railroad - Oa! � 

7. East Machias River anc its 
191 - Oass A. 

8. East Machias River, main stem, 
the darn of the Bangor Hydro-Ele ic 

9. Machias River and its tribl ric: 
10. Machias River, main stem, frc 

the site of the low darn opposite 
Machias - Cass B-2. 

11. Machias River, main sten bel 
the ends of West Street and Hardwood 

12. Middle River, main stem. bet 
tidewater - Class B-2. 

13. Narragaugus River. East d 
fluence of the 2 streams - Qass A. 

14. Narruual!US River, main <ten 
Central Railroad ::: aass B-2. 

15. Orange River and its tribu :ies 

16. Orange River, main stem, be 
Highway No. 1 in Whiting - Oass Q 2. 

17. Pennamaquan River, mair ten 
Maine Central Railroad and tidew1. .• r -

18. Pleasant River, main stem, f 
water - Class B-2. 
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1 1 .  Sanborn Pond and Dutton Pond tributaries in Morrill and Brooks - Class B-1. 

12. Shaw Brook :utd its tributaries in Northport - Class B-2. 

13.  Unnamed Stream entering tidewater at lincolnville Beach - Class B-2. 

14. Unnamed Stream and its tributaries entering tidewater at the northwest comer of 
Long Cove - Class B-1. 

15. Wescott Stream, entering tidewater in Belfast. segments and tributaries thereof not 
otherwise defmed, above tidewater - Qass B-1. 

16. Other coastal streams of Waldo County. All coastal streams, direct and indirect 
segments thereof, draining to the tidal "l!.�ters of Waldo County, not otherwise specified or 
claslified - <lass B-1. 

1973, c. 423, § 6. 

WuhinJton County 

1955. c. 426, § 7 

Those streams above tidewater which dr:U.n to tidal waters of Washington County, 
directly or indirectly, including those which dzain to the tidal waters of the St. Croix River. 

I. All coastal streams, segments and tributaries thereof, not otherwise defined, above 
tidewater, mtering the tidal watm of Washington County from the Washington-Hancoclt 
County line to and including those to the tidal waters of the St. Croix River - Class B-1. 

2. Boyden Stream, main stem, from the outlet of Boyden Pond to the fmt road crossing 
below Boyden Pond - Class B·2. 

3. Olandler River and its tributaries above the Highway Bridge on Route I - Class A. 

4. DeMys River and its tributaries above the Highway Bridge on Route 1 in the Town 
of DeMysville - Class A. 

S. DeMys River. main stem, from tidewater to the �ridge at U.S. Highway No. 1 at 
DcMysville - Qass B-2. 

6. Dyke Brook, East Branch, main stem in Columbia from tidewater to the crossing of 
the Maine Central Railroad - Qass C. 

7. East Machias River and its tributaries above the Highway Bridge on Route 
191 - <lass A. 

8. East Machias River, main stem. from head of tide to a point 2,000 feet upstream of 
the dam of the Bangor Hydro-Electric Co. - Oass C. 

9. Mac!Das River and its tributaries above the mill pond at Whitneyville - <lass A. 

10. Machias River, main stem, from the dam creating the mill pond in Whitneyville to 
the site of the low dam opposite the mds of West Street and Hardwood Street in 
Machias - Qass B-2. 

11. Machias River, main stem, between the site of the low dam approximately opposite 
the mds of West Street and Hardwcod Street in Machias to the head of tide - Class C. 

12. Middle River, main stem. between the 2nd upstream crossing of Route 192 and 
tidewater - Qass B-2. 

1 3. Narrapugus River. East and West Br:utches and their tributaries, above the con
fluence of the 2 streams - Qass A. 

14. Narraguagus River, main stem, between tidewater and the bridge of the Maine 
Central Railroad - Qass B-2. 

IS. Orange River and its tributaries above the highway bridge on Route 1 - <lass A. 
16. Orange River, main stem, betwem tidewater and the highway bridge at U.S. 

Hi�way No. 1 in Whiting - <lass B-2. 

17. Pennamaquan River, main stem, between the crossing of the Eastport Branch of the 
r.blne Central Railroad and tidewater - Class B-2. 

18. Pleasant River, main stem, from tidewater to a point 1,000 feet above tide
water - Class B-2. 
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19. Tributary of Tunk Stream. the outlet of Round Pond, from Round Pond to the 
confluence with the main stem of Tunk Stream - Oass B-2. 

20. Tunk Stream, main stem, from the bridge at Unionville to tidewater - Class B-2. 
· 21. Unnamed Stream entering northerly end of Brooks Cove in Robbinston - Oass C. 

22. Unnamed Stream immediately north of Schoolhouse Lane in Robbinston - Oass C. 

23. Unnamed Stream at easterly edge of Columbia Falls Village from tidewater to Maine 
Central Railroad near Pleasant River Canning Company plant - Oass C 

24. Unnamed Stream entering tidewater portion of St. Croix River at Calais crossing 
North Street bet-wen Beech and Union Streets - <lass C. 

1971, c. 138, § 2. 

25. Unnamed Stream passing through Harrington Village, the segment thereof, between 
tidewater and a point immediately upstream of the school sewer - <lass C. 

26. Unnamed Stream flowing through Dennysville Village immediately west of school 
building - Class B-2. 

27. Whitten Parrin Stream in TI, S.D. and Steuben - Oass C. 
28. Wiggins Brook at South Trescott, main stem, between Route 1 9 1  and tide

water - Class C. 
York County 

1957, c. 322. § 8. 

Those streams above tidewater which drain to tidal waters of York County with the 
exception of those streams draining to the inland waters of the Piscataqua-Salmon Falls 
River Drainage, the Presumpscot River Dtainage, the Mousam River Dtainage and the Saco 
River Drainage. 

1. All coastal streams draining directly or indirectly to the tidal waters of the Salmon 
Falls-Piscataqua River north of Sisters Point in Kittery - Class B-1. 

2. All coastal streams above tidewater bet-wen Roaring Rock Point (York) and the head 
of tide on Branch River (Wells) except as otherwise specified or classified - <lass C. 

3. All coastal streams and their tributaries not otherwise specified between Walker Point 
(KeMebunkport) and Fletchers Neck in Biddeford - Class C. 

4. All coastal streams above head of tide and tributaries thereof not otherwise 
lesignated or classified entering tidewater from Fletchers Neck, Biddeford, to the 
York-Cumberland County line - Oass B-2. 

S. Biddeford-Unnamed streams and tributaries, the main stem of which crosses Route 9 
two-tenths of a mile southerly of the intersection of Route 9 and Guinea Road - Oass C. 

·6. Branch River (Brook), \\'ells - Class B-1. Goosefare Brook (Saco), from its origin ot 

7. Goosefare Brook (Saco), from its origin to head of tide - Qass C. 

8. Josias River Tributary and branches thereof, entering from the north approximately 
2 'h miles above tidewater - Class B-2. 

� .  KeMebunk River and tributaries not otherwise classified including streams entering 
tidewater portion of KeMebunk River - Oass B-2. 

10. Milliken Brook (Saco) - Class C. 

1 1 .  Webhannet River and tributaries - Class B-2. 

12. West Brook (Biddeford) and tributaries above head of tide - Class C. 

13. Coastal streams and direct or indirect tributaries thereof above head of tide, not 
otherwise designated or classified, which enter the tidal waters of York County - Ow B-2. 

1970, c. 538, § 1. 

R.S. 1954, c. 79, § 1 5 ;  1955, c. 426, § §1 -3, 5,  7 ;  1957, c. 322, §8; 1959, c. l 83, § §1 ,  2; 
1 963. c. 23: c. 54, §1 ; c. 420, §2; 1979, c. 495, § §7, 8. 
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§ 370. Tidal waters 
c 

All tidal waters of Cumberland Cc 
the tidal estuary of the Androsco n 

1. Brunswick. 
A. Tidal waters of the Town of 
estuary of the Androscoggin - f1as 
2. Cape Elizabeth. 

A. All tidal waters of Cape E....ab• 

B. From a point where longitude 
Scarboro mainland to a poin1 •he 
mouth of the Spurwink River tu; 
Spurwinlt River estuary to het of 

C Waters surrounding Richmond 

D. From the southernmost r 11t 
of land on the Cape Elizabeth air 
E. From a point directly west of 
line - Class SC. 

3. Cumberland. 

A. From Cumberland-Falmo• . t 
SB-2 . 
B. Waters of Great Olebeague Isla 
C. Waters of Great Olebe:un 1st 
latitude 43°-45' (approxirnat�l 1 r 
D. Waters of Great OlebeagL 
70°-07'-37" - Class SB-2. 

E. Waters surrounding isu ls 
designated - Class SA . 

4. Falmouth. 

A. Presumpscot River estuar; ·or. 
1967, c. 447, § 2. 
B. Presumpscot River estuary fror 
sc. 
C. From the Route 1 crossi1 nc 
one mile north of Maclcworth •in 
D. Waters surrounding Maclcworth 
E. All other waters of Falmo· 'h r 
5. Freeport. 

A. All waters in the Town of heep 
B. Harraseeket Harbor upstream i: 
Point to Moore Point. includin tar 
below the Mast Landing Road Cia 
B added 1979, c. 495. 
6. H:upsweU. 
A. All waters in the Town of i rps 
7. Portland. 

.-\. All tidal waters within the City ' 
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§ 370. Tidal waters 

Cumberland County 

1963. c. 214, § 3 

All tidal waters of Cumberland County with the exception. of those in or borderi'lg on 
the tidal estuary of the Androscogin River and Merrymeeting Bay. 

1. BruDIWick. 

A. ndal waters of the Town of Brunswick except those in or bordering on the tidal 
atuuy of the Androscoggin - Oass SR-1. 

2. Cape Elizabeth. 
A. All tidal waten of Cape Elizabeth not otherwise specified - Oass SR-2. 

B. From a point where longitude 70"-16'-40" Gust north of Higjpns Bach) c:roua the 
Scarboro mainland to a point where longitude 70"-1 6'-14" (about one mile south of the 
mouth of the Spurwinlc River estuary) crosses the Cape Elizabeth mainland, includin& the 
Spu!Wink River estuary to head of tide and tidal tnl!utaries thereof - Oass SC. 

C. Waters surrounding Richmond lsland - Oass SB-1. 

D. From the southernmost point of land at M:lckeMey Point to the easternmost point 
of land on the Cape Elizabeth mainland - Cbss SA. 

E. From a point directly west of Chimney Rock to the Cape Elizabeth-South Portland 
line - Oass sc. 

3. Cumberland. 

A. From Cumberland-Falmouth town line to Cumber1and-Yarmouth town line - Oass 
SB-2. 

B. Waters of Great Olebeague Island not specifically desi�ated - Oass SA. 

C. Waters of Great Olebeague Island from the northernmost point of land southeast to 
latitude 43°-45' (approximately 16 mile of shoreline ) - Qass SB-1. 

D. Waters of Great Olebeague Island in Coleman Cove east of longitude 
700.07'-37" - Oass SB-2. 

E. Waters surrounding islands in the Town of Cumber1and not specifically 
designated - Oass SA. 

4. Falmouth. 

A. Presumpscot River estuary from head of tide to Route 9 crossing - Oass SC. 

1 967, c. 447, § 2. 
B. Presumpscot River estuary from the Route 9 crossing to the Route 1 crossing - Qass 
sc. 

C. From the Route 1 crossing northeast to a point where lon!Zitude 70"-13'-40" (about 
one mile north of Macitworth Point) crosses the Falmouth nuinlmd - Qass SC. 

D. Waters surrounding M:lckworth Island - Qass SC. 

E. All other waters of Falmouth not otherwise desi�tcd - Class SB-2. 

5. Freeport. 

A. All waters in the Town of Freeport unless otherwise specified - Oass SB-1. 

B. Harraseeket Harbor upstream from an imaginary easterly line drawn from Stockbridge 
Point to Moore Point, including Harraseeket River to the confluence with Frost Gully Brook 
below the Mast Landing Road - Class SB-2. 

B added 1979, c. 495. 

6. Harpswell. 

A. All waters in the Town of Harpswell - Class SB· l .  

7.  Portland. 

A. All tidal waters within the City of Portland not otherwise speciiied - Class SC. 
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B. All tidal waters east of longitude 70•-to• not otherwise specified - Oass SA. 

C. Northerly shoreline of Fore River and Portland Harbor from the Vaughn Bridge crossing 
to the most easterly point of land on the Portland mainland - Oass SC. 

1967, c. 447, §1.  
D. All waters west of Grand Trunlt Bridge which includes Back Cove - Oass SC. 

1967, c. 447, § 1. 

E. Presumpscot River estuary from head of tide to Route 9 bridge - Oass SC 

1967, c. 447, § 1. 

F. Waters of Peaks bland from the most northerly point of land on the island to a 
point where latitude 43°·39'-S2" crosses the easterly shoreline (approximately one mile of 
shoreline) - Oass SB-2. 

G. Waters of Peaks Island from a point where latitude 43°·39'·S2" crosses the easterly 
shore line to the southernmost point of land on the island - Oass SB-1. 

H. Waters on the easterly shore of little Diamond Island from the southernmost point 
of land to the northernmost point of land on the island - Oasa SB-2. 

L From the most westerly point of land on Long Island to the most northerly land 
formation on the island - Class SB-2. 

J. From the most northerly land formation on Long Island to the most westerly point 
of land on the island in a southeasterly direction with the exception of Harbor Grace 
north of latitude 43°� 1 '·21" - Qass SB-1. 

K. Waters of Harbor Grace north of btitude 43"�1'-21" on Long Island - Oass SB-2. 

L. Waters on the easterly shore line of Cushing Island from the northernmost point of 
land to the southernmost point of land on the island - Oass SB-2. 

8. Scarboro. 
A. All tidal waters in the Town of Scarboro not otherwise designated - Oass SB-2. 

B. Nonesuch River esruary from head of tide to the B. & M. (Dover line) railroad 
crossing - Oass SC 

C. little River estuary from head of tide to its confluence with the Scarboro River and 
tidal tributaries thereof - Class SC 

D. Dunsun River estuary from head of tide to its contluence with the Sc:uboro River 
and tidal tributaries thereof - Oasa SB-1. 

196S, c. 84. 
E. libby River esruary from head of tide to a point where longitude 70°-19' (about l'h 
miles below the Route 207 crossing) crosses the estuary, and tidal tributaries 
thereof- Qass SB-1. 

F. From a point directly west of the most northerly point of land on Shooting Rock 
Island to a point on the mainland directly north of Cool Rock - Oass SA. 

1973, c. 267. 

G. From a point where longitude 70°·16'40" crosses the Scarboro mainland to a point 
where longitude 70°·16'-14" (a point about a mile south of the confluence of the 

Spurwiclc River esruary) crosses the Cape Elil.abeth mainland including the Spurwink 
River estuary to head of tide and tidal tributaries thereof - Oass SC. 

8-A.. South Portland. 

A. All tidal waters in the Oty of South Portland - Oass SC 

1965, c. 42S, § 23. 
. 

9. Yarmouth. 

A. All tidal waters of the ':own of Yarmouth not otherwise designated - Class SB-2. 

B. Waters of little John Island from the northernmost point of land on the island 
southeast to a point where longitude 70°-07'-32" intersects the shore line - Oass SB-1. 
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1. Bar Harbor. 
A. Tidewater from a point 0 : 
Harbor town line, with the exceptio 
B. Tidewaters witltin the T:�w 
described - Oass SB-1. 
1968, c. S16, § 1. 

2. Blue Hill. 
A. Tidewater from Sand Poir U\C 
B. Tidewaters of Salt Pond - las 

C. Tidewater from the most so 
northerly and easterly including 
liDe - Oass SB-1. 

D. Tidewater witltin the ·o\\ 
described - Oass SA. 

3. Broolclin. 

A. Tidewaters of Herrick B: nc 
latitude 44°·16'·18" - Oass s· 0 

B. Tidewater from the tidal port 
latitude 44 °·15 .5' at Center H• •!Jor 

C. Tidewaters of Salt Bay - l.SS 
D. Tidewater witltin the Tow .. �f f: 
4. Brooksville. 

A. Tidewater from Blalte >in 
Horseshoe Cove at latitude 4 ·IS 
1968, c. S 16, § 2. 

B. Tidewaters forming the •<t11:1 
and east of a point of lane t a 
Lord's Cove) - Qass SA. 
1963, c. S 16, § 2. 

C. Orcutt Harbor north of latitu 

1968, c. S16, § 2. 1 D. Easterly shoreline of E. ks 
68°-44.5' - Oass SB-2. 

E. Westerly shoreline of B I ks 
tude 68°-44.5' at Norembega C 
F. Tidewater of Bucks Harb r n 

1968. c. 5 16, § 2. 

G. Tidewater aloug the sh 'lir. 
longitude 68°43.25' - Qass 1-1. 
1968, c. 516, § 2. 

H. Tidewater from longituA 6: 
town line - Oass SB-1. 

1. Tidewater witltin this · vn 
Sedgwick town line not previous!: 

J. Tidal waters from a JX'r· t ( 
44°·24 ' by w. 68°�6.3' tl 
Point - Qass SB-1. 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
-I 
I 
I 

1. Bar Harbor. 

Hancock County 

1963, c. 320 

A. Tidewater from a point 500 yards south of Bear Brook to the Mount Dessert·B:u 
Harbor town line, with the exception of Otter Cove north of latitude 44"-18.75'- Qass SA. 

B. Tidewaters within the Town of Bar Harbor not specifically mentioned or 
described - Qass SIH. 

1968, c. 516, § 1. 

2. Blue HiU. 
A. Tidewater from Sand Point and southerly a distance of 500 yards - Qass SB-2. 

B. Tidewaters of Salt Pond - <lass SB-1. 

C. Tidewater from the most southerly bridge crossing at Salt Pond at the "Nub" 
northerly and easterly includins all bays and esnwies to the Blue Hill-Surry town 
line - <lass SB-1. 

D. Tidewater within the Town of Blue Hill not previously mentioned or 
described - <lass SA. 
3. Brooklin. 

A. Tidewaters of Herrick Bay north of a line drawn due east from a point of land at 
latitude 44°-16'-18" - <lass SB-2. 

B. Tidewater from the tidal portion of the Benjamin River and including this river, to 
latitude 44°·15.5' at Center Harbor - Qass SB-1. 
C. Tidewaters of Salt Bay - Oass SB-1. 
D. Tidewater within the Town of Brooklin not otherwise mentioned or described - Qass SA. 

4. Brocksville. 

A. Tidewater from Blake Point at longitude 68°48' to 1 point of land south of 
Horseshoe Cove at latitude 44°·19.25' - Oass SB-1. 

1968, c. 516, § 2. 

B. Tidewaters forming the estuary known u Bagaduc:e River in the Town of Brooksville 
and east of a point of land at approximately N. 44°·24' by W. 68°46.3' (just south of 
Lord's Cove) - Class SA. 
1963, c. 516, § 2. 
C. Orcutt Harbor north of latitude 44°·20.75' - Oass SB-1. 

1968, c. 516, § 2. 

D. Easterly shoreline of Bucks Harbor from latitude 44°·20'-10" south of longitude 
68°44.5' - Clus SB-2. 

E. Westerly shoreline of Bucks Harbor south of latitude 44°�20'-10" easterly to longi
tude 68.44.5' at Norembcp - Class SB-2. 

F. Tidewater of Bucks Harbor north of latitude 44°-20'-10" - Class SB-1. 

1968, c. 516, § 2. 

G. Tidewater along the shoreline at Norembega from longitude 68"44.5' southeast to 
longitude 68°43.25' - Class SB-1. 

1968, c. 516, § 2. 
H. Tidewater from longitude 68°42.25 · ne:�r Herricks Village to Sedgwick-Brookville 
town line - Oass SB-1. 

1. Tidewater within this town along iu southerly shoreline from Blake Point to the 
Sedgwick town line not previously mentioned or described - Qass SA. 

J. Tidal waters from a point of land just south of Lord's Cove at approximately N. 
44°-24' by W. 68°46.3' on the Bagaduce Estuary around Cape Rosier to Blake's 
Point - Class SB-1. 
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5. Castine. 

1965. c. 179, § 3; 1 968, c. 5 16, § 2. 

.. . .  - - · - - - - - - -·-·- -----

A. Tidewaters in the Town of Castine between a point on Dice Head due south of the 
li!,!hthouse to the point of land at approxim:l!ely N. 44°-24', W. 68.-47' - Oass SB-2. 

1963, c. 274. §3. 
B. Tidewaters of the estuary known as Bagaduce River bordering on Castine east of a point 
of land at approximately N. 44°-24' - Class SA. 

C. Tidal waters of Castine bordering the Penobscot River Estuary between the Penobscot
Castine boundary and a point on Dice Head due south of the lighthouse - Oass SB-1. 

1 965, c. 179, §4. Chapter revised 1979, c. 495. 
6. Deer Isle. 

A.. Tidewater bordering the settled area of Egemogin between longitwie 68·�· and 
latitude 44•-18.25' - Class SB-1. 
B. Tidewater of Blastrow Cove in little Deer Isle - Class SB-2. 

1969, c. 121,  § 1. 

C Tidewaters on the westerly shoreline south of latitude 44•-14.25' to the Deer 
Isle-Stonington town line, including Northwest Harbor, Pressey Cove and Sheephead 
Island - Class SB-1. 

D. Tidewater from the Stonington-Deer Isle town line at the Holt Pond outlet to the 
northeasterly point of land at latitude 44°-13.25' at Greenlaw Cove and including Stinson 
Neck - Class SB-1. 
E. Tidewaters of Town of Deer Isle not otherwise mentioned or described - Oass SA. 

7. Elbworlh. 

A. All tidal waters within the City of Ellsworth - Class SB-1-
1968, c. 516, § 3. 

8. Franklin. 
A.. All tidal waters within the Town of Franklin - Class SB-1-

9.  Gouldsboro. 
A.. All tidewaters within the Town of Gouldsboro - Class SB-1. 
1968, c. 516, § 4. 

10. Hancock. 
A.. Tidewaters of Hancock north and westerly of a line drawn due west from Pecks 
Point in waters known as Killtenney Cove, Skillins River and Youngs Bay - Class SB-2. 
1967. c. 153, § 1 .  

B.  Tidewaters of the Town of Hancock not otherwise specified or described - Class 
SB-1. 

1967, c. 153, § 1; 1968, c. 516, § 5. 

1 1. Lamoine. 
A. Tidewaters from the Hancock-Lamoine toWn line at Killtenney Cove south to a line 
drawn due west from Pecks Point in the Town of Hancock - Class SB-2. 

1967, c. 153, § 2. 

B. Tidewaters wtihin the Town of Lamoine not otherwise specified or �Iassified - Class 
SB-1. 

1967, c. 153, § 2. 

12. MOWit Detert. 
A. Tidewater from Otter Cove south of latitude 44•-18.75' to Ingraham Point - Class 
SA. 

B. Tidewaters wi thin  the Town of Mt. Desert not otherwise specified or classi· 
fied - Oass SB-1. 
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1968, c. 516, § 6. 

13. Penobscot. 

A. Tidewaters of the estu y 
SA. 

B. Tidal waters of Penobswt i 
1965, c. 179, § 5. 

14. Sedgwiclt. 
A. Tidewaters of the est :y 
SA. 
a Remaining tidewaters witl 
classified - Class SB-1. 

15. Sonento. 
A.. All tidewaters within the T 

16. Southwest Harbor. 

A.. All tidewaters within t T 
1968, c. 516, § 7. 

17. Stonington. 
A.. Tidewater from the l os 
Moose Island - Class SB-2 

1969, c. 121. § 2. 

B. Tidewaters within ' 'le 
classified - Class SB-1. 

1969, c. 121, § 2. 

18. Sullinn. 
A.. All tidal waters within te 

19. &any. 
A.. All tidal waters within the 

20. Swans Island. 
A.. All tidal waters withir 1e 

1968, c. 516, § 8. 

21. Tremont. 
A. All tidal waters withir ne 

1968, c. 516, § 8. 

22. Trenton. 
A. All tidal waters withi .h� 

1968. c. 516, § 8. 

23. Winter Harbor. 
A. All tidal waters lli<ithin the 
1968, c. 516, § 8. 

24. Cranberry Isles. 

A. All tidal waters within tht 
1 967, c. 475, § 8; 1968, 5 

25. Long Island Plantati • 

A. All tidal waters within Lo 

1968, c. 516, § 9. 
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1968. c. 5 16. § 6. 

13. Penobscot. 

A. Tidewaters of the estuary known as Bag:�duce River bordering on Penobscot - Class 
SA. 

B. Tidal waters of Penobscot bord.ering the Penobscot River estuary - Class SB-1.  

1965. c. 179, § 5. 

14. Sedgwick. 

A. Tidewaters of the estuary known as Bagaduce River bordering on Sedgwick - Class 
SA. 

B. Remaining tidewaters within the Town of Sedgwick not otherwise specified or 
classified - Class SB-1. 

15. Souento. 

A. All tidewaters within the Town of Sorrento - Oass SB-1 . 

16. Southwest Harbor. 
A. All tidewaters within the Town of Southwest Harbor - Class SB-1. 

1968, c. 516, § 7. 

17. Stonington. 

A. Tidewater from the Moose Island Bridge to Ames Pond outlet including waters of 
Moose lsland - Class SB-2. 
1969, c. 121. § 2. 

B. Tidewaters within the Town of Stonington not otherwise specified or 
classified - Class SB-1. 

1969, c. 121, § 2. 

18. Sullivan. 
A. All tidal waters within the Town of Sullivan - Oass SB-1. 

19. Surry. 
A. All tidal waters within the Town of Surry - Oass SB-1. 

20. Swans Island. 
A. All tidal waters within the Town of Swans lsland - Class SB-1 . 
1968, c. 516, § 8. 

21. Tremont. 

A. All tidal waters within the Town of Tremont - Class SB-1. 

1968, c. 516, § 8. 

22. Trenton. 

A. All tidal waters within the Town of Trenton - Oass SB-1. 

1968, c. 516, § 8. 

23. Winter Harbor. 

A. All tidal waters within the Town of �inter H:lrbor - Oass SB-1.  

1 968. c.  516, § 8 .  

24. Cranberry Isles. 

A. All tidal waters within the Town of Cranberry Isles - Class SB· l .  

1967, c. 475, § 8 ;  1968, c. 516, § 9. 

25. Long bland Plantation. 

A. All tidal waters within Long Island Plantation - Class SB-1. 

1968, c. 5 1 6, § 9. 
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26. Exceptions. 

A. A municipality, sewer district, person, firm. corporation or other legal entity shall 
not be deemed subject to penalty under this subchapter at any time prior to October l ,  
1976 with respect to any of said classification in Hancock County if by such time he or 
it. with regard to facilities designed to achieve compliance with the applicable classifica· 
tion shall have completed all the steps required to be then completed by the following 
schedule: 

l )  Preliminary plans and engineer's estimates shall be completed and submitted to 
the Board of Environmental Protection on or before October l,  1969. 

2) Anangements for administration and financing shall be completed on or before 
October 1 ,  1971. 

3) Detailed engineering and final plan formulation shall be completed on or before 
January 1, 1972. 

4) Detailed plans and specificatiom shall be approved by the Board of Environ
mental Protection and construction begun prior to JUDe 1, 1973. 

5) Comtruction shall be completed and In operation on or before October 1, 1976. 

1968, c. 516, § 10; 1972, c. 618. 

Knox County 

1963, c. 274, § 3 

General classification - Tidewaters of Knox County not otherwise specifically desig-
nated - Class SA (includes: Cushing, Warren, Thomaston). 

1. Camden. 

A. Tidewater bordering Camden from Northeast Point to Ogier Point except that 
assigned to Class "C' - Class SIH. 

B. Tidewater bordering Camden from Metcalf Point to Eaton Point - Oass SC. 

2. Cushing. 

A. Tidewaters bordering Cushing - Oass SA. 

3. Friendship. 

A. Tidewaters of Friendship Harbor north of a line drawn from the point of land 
opposite the northerly tip of Garrison Island to Jameson Point - Oass SC. 

4. North Haven.. 

A. Shoreline of North Haven for � mile east of the point of land on the eastern side of 
Brown's Cove - Class SB-2. 

S. Owls Head. 

A. Tidewaters from the point of land immediately southwest of Cresent Beach to the 
Owls Head-Rockland town line - Class SC. 

6. Rockland. 

A. All tidewaters in the Oty of Rockland - Class SC. 
7. Rockport. 

A. Rockport Harbor north of a line extended due east from end of Sea Street, near 
Harkness Brook - Class SC. 

B. Tidewater from Rockland Town Une to the next point of land to the north - Class 
sc. 
C. Oam Cove in Rockport from Brewster Point to Pine Hill - Class SB-2. 

D. Rockport Harbor north of a line due west of Beauchamp Point except that portion 
assigned to Class "C' - Class SB-1. 

8. SL George. 

A. Tidewaters between a point 100 yards south of the cannery at Port Oyde and the 
point of land west of Fish Cove - Class SC. 
B. Tennants Harbor west of a North-South line at the harbor entrance (approximately 
longitude 69°-12' W. ) - Oass SC. 
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C. Small Cove just northeast _f i 
point oi land forrnin!.! east side of c 
D. Tidewaters between M:u ' all 
"C'' - Class SB-1. 

9. South Thomaston. 

A. Northerly cove of Seal Harbor 1 
B. Shoreline St. George River 1ut 

C. Weskcag River north of a ! d 
10. Thomaston. 

A. All tidal waters bordering ...._on 

1 1. Vinalhaven. 

A. Tidewaters of Carvers Haroor 
Sand Cove to the bridge to Lane lsi 
12. Wuren. 
A. Tidewaters of Oyster Rive · C 

B. Tidal waters of Warren not otht 

1. Alna. 
A. All tidal waters within the -O\\ 
1963, c.

"
320. 

2. Boothbay. 

A. All tidewaters within the Town 

3. Boothbay Harbor. 

A. Tidal waters bordering thL :o� 
east from the point of land off Cor 

B. Tidal waters not otherwi! cia 
SB-1. 

4. Bremen. 

A. All tidewaters within the Town 

S. BristoL 

A. All tidewaters not oth wis 
Bristol - Class SA. 

B. Ptrnaq uid Harbor and New H3J 
a point 100 yards east of Gilb• 's ' 

C. Tidewaters in the Town o Iris 
River, except that segment assig:no 
closest points on north and south -

D. Tidewater of Long Cove •rtl 
extending southward on the e2 sid 

6. Damariscotta.. 

A. All tidal wa ten not otherv · � d 

B. Tidewaters from latitude · •-2. 
44•-1.6' (south of Day Cove) - ua.! 
1967, c. 304, § 24. 

7. Edgecomb. 
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C. Small Cove just northeast of Terunts Harbor. nonh of a line drawn due west from 
point of land forming east side of cove - Oass SB-1. 
D. Tidewaters between �brshall Point and Hooper Point not assigned to Oass 
"C' - Oass SS.l. 
9. South Thomaston. 
A. Northerly cove of Seal Harbor near Sprucehead - Oass SB-1. 
B. Shoreline St. George River south of Hospital Point - Oass SB-1. 
C. Weskcag River north of a line due west from Hayden Point - Oass SB-1. 
10. Thomuton. 
A. All tidal waters bordering Thomaston - Oass SA. 
ll. ViDalbana. 
A. Tidewaters of Carvers Harbor and Sand Cove from the point on the south side of 
Sand Cove to the bridge to LaDe Island - Oass SB-2. 
12. Wu:ren. 
A. Tidewaters of Oyster River - Oass SB-1. 
B. Tidal waters of Wanen not otherwise specified - Oass SA. 

1. Alna. 

Lincoln County 
1963, c. 274, § 3 

A. AU tidal waters within the Town of Alna - Oass SB-1. 
1963, c. -320. 
2. Boothbay. 

A. All tidewaters within the Town of Boothbay - Oass SB-1. 
3. Boothbay Harbor. 

A. Tidal waters bordering the Town of Boothbay Harbor northerly of a line drawn due 
east from the point of land off Commercial Street nearest McFarland 1s1and - Class SB-2. 
B. Tidal waters not otherwise classified within the Town of Boothbay Harbor - Class 
SB-1. 
4. Bremen. 

A. All tidewaters within the Town of Bremen - Class SA. 
S.  BristoL 

A. AU tidewaters not otherwise described or classified within the Town of 
Bristol - Class SA. 

B. �maquid Harbor and New Harbor, including back cove in Bristol from FISh Point to 
a point 100 yards east of Gilbert's Wharf - Class SC. 
C. Tidewaters in the Town of Bristol from Fish Point to the point of land east of Johns 
River, except that segment assigned to Class SC, and Round Pond Harbor inside the 
closest points on north and south - Class SB-2. 
D. Tidewater of Long Cove north of a line drawn due west from the point of land 
extending southward on the east side of the cove - Class SB-1. 
6. Damariscotta. 

A. All tidal waters not otherwise described or classified - Class SB-1. 
B. Tidewaters from latitude 44•-2. 7' (near present Route # 1 Bridge) south to latitude 
44•-1.6' (south of Day Cove) - Oass SB-2. 
1967, c. 304, § 24. 

7. Edsecomb. 
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A. All tidal waten bordering t}le easterly shoreline of Edgecomb - Class SA. 
B. All tidal wa ten bordering the westerly shoreline of the Town of Edgecomb - Class 
SIH. 

1963, c. 320. 
8. Newcude. 
A. Tidal waters not otherwise classified or described within the Town of Newcasde on 
iu easterly shoreline - Oass SA. 
B. Tidewater from head of tide at Damariscotta Mills in Newcastle south to the Railroad 
Bridge - Class SB-2. 
1967, c. 304, § 2S. 
C. All tidal waters bordering the westerly shoreline of the Town of Newcastle - Class 
SB-1. 
1963, c. 320. 
D. Tidewaters from the Railroad Briclp at Damariscotta Mills south to a point at 
latitu4e 44•-2. 7' (ncar present Route # 1 Bridge) - Oass SB-1. 

1967, c. 304, § 2S. 
E. Tidewaters from a point at latitude 44•-2.7' (near present Route # 1 Briclp) to a 
point of land at latitu4e 44°·1.6' (about � mile above little Point) - Oass SB-2. 

1967, c. 304, § 25. 
F. Tidewaten of the Damariscotta River from a point of land at latitude 44°·1.6" (about 
� mile above little Point) south of little Point - Class SB-1. 

1967. c. 304, § 2S. 
9. Nobleboro. 
A. Had of tide at Damariscotta Mills in Nobleboro to Railroad Bridge - Class SB-2. 
1967, c. 304, § 26. 

B. Tidewaten in Nobleboro not otherwise classified or described - Class SB-1. 
10. South Bristol. 

A. All tidewaters within the Town of South Bristol not otherwise classified or 
described - Class SA. 

B. Tidewaters south of a line drawn due east from Jones Point except waters around 
Inner Herron Island and Thrumpcap Island - Class SC. 

1 1 .  Southport. 

A. All tidal waters bordering on the Town of Southport - Oass SB-1. 
1963, c. 320. 

12. Waldoboro. 
A. All tidewaters within the Town of Waldoboro not otherwise classified or 
described - Oass SA. 
B. Tidewaten north of a line drawn from Hoffses Pt. to Waltz Pt. - Oass SB-1. 
13. Westport. 

A. All tidal waten within the Town. :;f Westport - Clus SB-1. 
1963, c. 320. 

14. Wiscaslet. 
A. All tidal waten within the To1m of W"tseaSSet - CI.'ISS SB-1. 
196 3, c. 320. 

Sapdaboc County 

I. General classifJCation. 
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A. All tidal waters of Sapd oc 
exception of Merrymeeting _ y : 
tidal estuary, from the Chops. s• 
easterly pont of land at the so 
southernmost extension of lk Po 
1963, c. 274, § 3. 
2. Other category. 

A. Tidal waters of the Sas oa 
Kennebec River and Upper H G: 
1961, c. 273. 
B. Tidal waters bordering·the Tc 
Satanoa River and the Kenn· lC 
SB-2. 
1961, c. 273. 

1. Belfast. 
A. Tidewaters from the Northpo. 
SB-1. 
B. Tidewaters between "Th Ba· 
city park - Oass SB-2. 

C. Tidewaten between a JX''"t o 
mouth of Goose River, exce fo 

1967, c. 1SS. 
D. The portion of the tidal estu; 
of a bridge about one mile ur ··rea 

E. Tidewaters between Goa! Ri' 

2. Frankfort. 
3. Islesboro. 
A. Tidewaten within the lWI 
fied - Oass SA. 
B. Tidewaters from Manhall Pt. t 
C. Dark Harbor inside the ti .. -1 d 
D. Segment of coast betwe G. 
Cove - Qass SB-1. 
4. lincolnville. 

A. Tidewaters within the lwt 
fied - Oass SA. 
B. Tidewater creek or estuary of 

C. Tidewaten between the l<lesl 
north of the tidewater creek Li· 
near Carver's Comer except I th• 

D. Tidewater of the mouth of 
approximately 1,000 feet southeas 

S. Norlhport. 

A. All tidewaten within t..- T1 
fied - Oass SA. 
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A. All tidal waters of Sagadahoc County not otherwise classified or described, with the 
exception of Merrymeeting Bay north md west of the Chops and the Kennebec River, 
tidal estuary. from the Chops, so called, southerly to a line drawn between the most 
eastedy pont of land at the southerly end of Popham Beach in Phippsburg and the 
southernmost extension of Bay Point in Georgetown - Oass SB-1. 

1963, c. 274, § 3. 

2. Other category. 

A. Tidal waters of the Sasanoa Rher bordering the Town of Arrowsic, between the 
Kennebec River and Upper Hell Gate - Cass SB-2. 

1961, c. 273. 

B. Tidal waters bordering the Town of Woolwich between the junction of the S4X:Illed 
Sasaooa River and .the Kennebec Rner md Upper HeU Gate on the Sasanoa River - Oass 
SB-2. 

1961, c. 273. 

1. Belfast. 

Waldo County 

1963, c. 274, § 3 

A. Tidewaters from the Northport-Belfast town line to "The Battery" in Belfast - Oass 
SB-1. 

B. Tidewaters between "The Battery" and a point opposite the swimming pool at the 
city park - Oass SB-2. 

C Tidewaters between a point opposite the swimming pool at Belfast city park and the 
mouth of Goose River, except for portions otherwise classified or described - Qass SC. 

1967, c. 155. 

D. The portion of the tidal estuary of the Passagassaw_amteag River ups�am at the site 
of a bridge about one mile upstream of the Route # 1 Bridge at Belfast - Oass SB-2. 

E. Tidewaters between Goose River and the Searsport-Belfast town line - Class SB-1. 

2. Frankfort. 

3. blesboro. 
A. Tidewaters within the Town of Wesboro not otherwise designated or classi
fied - <lass SA. 

B. Tidewaters from Manhall Pt. to Coombs Pt. - Oass SB-1. 

C Dark Harbor inside the tidal dam - Oass SB-1. 

D. Segment of coast between Grindle Pt. and the point of land to the east of Broa4 
Cove - Cass SB-1. 

4.  Lincolnville. 

A. Tidewaters within the Town of Lincolnville not otherwtse described or classi
ticd - Cass SA. 

B. Tidewater creek or estuary of sm3.11 stteam which rises near Carver's Comer - Oass SC 

C. Tidewaters between the Wesboro Ferry wharf. LincolnviUe. :md a point 1 .000 feet 
north of the tidewater creek at Lincolnville Beach, or estuary of smaU sueam, which rises 
near Carver's Comer except for the �;aters of this tidal creek - Oass SB-2. 

D. Tidewater of the mouth of Duckuap River from the head of tide to a point 
;approximately 1 .000 feet southeasterly of Route '1 - Oass SB-1. 

5 .  Northport. 

A. All tidewaters within the Town of Northport not otherwise described .or classi
fard - Qass SA. 

49 



j ' ' 
l 
l 
l I ' t : 
L 
t · l:.l . , 

I 
t : 

i . . 

_,; -- . 

! ' · ' 
' 

�· :  ,_ ! 

�·-

B. Tidewaters between Saturday Cove and the Northport-Belfast town line - Oass SB- 1 .  
6 .  SearsporL 

A. All tidewaters within the Town of Searsport not otherwise described or classi
fied - Oass SA. 

B. Tidewater from Belfast-Searsport town line and the point of land in Searsport Harbor 
which is formed by the landing or wharf at the end of Steamboat Avenue - Oass SB-1. 
C From the wharf at the end of Steamboat Avenue in Searsport to a point opposite the 
site of the Searsport Railroad Station - Class SB-2. 
D. Tidewaters between a point opposite the site of the Searsport Railroad Station and a 
point 100 yards east of the wharf at Summers Fertilizer Company - Oass .SB-1. 
7. Stoclttoo Springs. 
A. Tidewater from Ft. Point westerly to the Stockton Springs-Searsport town 
line - Class SB-1. 

B. From a point on the westerly bank of the Penobscot River Estuary at a point where a line 
drawn in a westerly direction through the southernmost point of Verona Island intersects this 
bank southerly to Fort Point on Cape Jellison - Oass SB-1. 
1965 c. 179 § 6. 

8. Effective date. 

A. The classifications set forth in subsection 7 shall become effective on October 1 ,  
1965, A municipality, sewer district, penon, fum, corporation o r  other legal entity shall 
not be deemed in violation of these sections at any time or times prior to October 1 ,  
1976 with respect to those classifications i f  by such time or times h e  or it with respect 
to any project necessary to achieve compliance with the applicable classification shall 
have completed all steps required to then be completed by the following schedule: 

(1) Preliminary plans and engineers' estimates involving municipal and other pub
lically owned projects shall be completed on or before October 1, 1968 and plans for 
required abatement steps by others shall be submitted and approved not later than 
October 1, 1969. 

(2) Arrangements for administration and financing shall be cpmpleted on or before 
October l ,  1971. ln the case of municipal projects this period is to include deftnite 
scheduling of grants-in-aids. 

(3) Detailed plans and specifications shall be approved by the Board of Environ
mental Protection and construc:tion begun prior to June 1, 1973. 
{4) All requimnents are to be completed and in operation on or before October 1, 1976. 

1965, c. 179, § 8; 1967, c. 475, § 9; 1972, c. 618. 

1. Addilon. 

Washington County 

1963, c. 274, § 3 

A. All tidewaters of Addison not otherwise described or classified - Class SA. 

B. Tidewaters between a line extending due east from Whites Pt. to the east side shore 
and the Columbia Falls-Addison town boundary - Class SB-1. 
C Tidewaters in Addison north of a line across the estuary of lndian River 100 yards 
below the Route 187 Bridge at lndian River Village - Class SB-2. 
2. Beals. 

A. Tidewaters of Beals not otherwise classified - Class SA. 

B. Tidewaters around the northern end of Beals lsland between lndian Pt. and the point 
of land on Beals lsland nearest French House Island - Class SB-2. 
3. Calais. 

A. Tidewaters from the Cal.aD-Robbinston town line to a point of land immediately 
upstream of Devils Head in Calais - Class SB-2. 

so 

B. Tidewaters of the St. r:ro 
upstream of Devils Head m l:u 
4. Cherryfield. 
A. Tidewaters of N:maguagus R 
S. Columbia. 
A. Tidewaters of West I •ok 
ary - Oass SB-2. 
6. Columbia Falls. 
A. Tidewater portions of te 
boundary - Class SC 
7. Cutler. 
A. Tidewaters within the T-·vn 
B. Tidewaters of Cutler � bo1 
approximatdy at N. 44°-39._ an 
C Tidewaters of Money Cove iJ 
8. Dennysville. 
A. Tidewaters within the 1 vn 
B. Tidewaters of Dermys Bay at 
9. Eut Machias. 

A. All tidewaters within tl> To· 
1 o. Eutport. 
A. Tidewaters of Eastport not c 

'-B... Tidewaters of Bar Har r i 
"' Moose Island and Carlow I nd 

lsland - Class SB-2. 
:c '  Tidewaters of Carryingplace · apptoximatdy N. 44•-ss .; w 
44•-ss.3', w. 61•-01 7' - a. st 
D. Tidewaters of Prin.:� Cove 

"Southerly extension of the P' 
located - Class SB-2. 
E. Tidal waters not other e < 
near Dog lsland in Eastport - Cl 
1 1. Edmunds. 
A. Tidewaters of Edmunds ot 
B. Orange River estuary td 
northwesterly and southwester() 
ary of Whlting - Oass SB-1. 

C Tidewaters of Dennys ive 
Hinclcley Point in Dennysvi 
D. Tidewater of Dennys River 
Hinclcley Pt. in Dennysvi '\� t• 
67°·11.7' - 0ass SB-1. \ 
12. Harrington. 
A. All tidewe !P.rs of Harrington 
B. Tidewaters of Mill R: r a 
Harrington - Class SB-1. 
C Tidewaters bordering Harrin! 
at a point 1,000 feet down-river ' 
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B. Tidewaters of the St. C1oix River estuary from the point of land uumediately 
upstream of Devils Head in Ca.L:Us to the he:�d of tide also in Calais - Oass SC. 

4. Cherryfield. 
A. Tidewaters of Nanaguagus River estuary - Oass SC. 
5. Columbia. 

A. Tidewaters of West Brook estuary above the Columbia-Addison town bound
ary - Oass SB-2. 
6. Columbia Falls. 

A. Tidewater ponions of the Ple:�sant River above the Columbia Falls-Addison town 
boundary - Oass SC. 

7. Cutler. 

A. Tidewaters within the Town of Cutler not otherwise classified - Oass SA. 

B. Tadewaters of Cutler Harbor inside a line I'WIIIin& northeast from the point of land 
approximately at N. 44"-39.3' and W. 67°·12.4' - Oass SB-2. 

C. Tidewaters of Money Cove inside the tidal falls - Oass SB-1. 

8. Deanynille. 
A. Tidewaters within the Town of Dennysville not otherwise classified - Oass SB-1. 

B. Tidewaters of Dennys Bay and River west of Hincldey Pt. - Oass SC. 
9. East Machias. 

A. All tidewaters within the Town of East Machias - Oass SC. 
10. Eastport. 
A. Tidewaters of Eastport not otherwise classified or described - Class SA. 

·-B� Tidewaters of Bar Harbor in Eastport from the fill between nonhwesterly point of 
·· Moose lsla.nd and Carlow Island and the old highway bridge fiom the mainland to Moose 

Island - Class SB-2. 

£. · Tidewaters of Carryingplace Cove. east of a line drawn from the point of land at 
approximately N. 44"-55.3', W. 67"-Ql.T to the point of land at approximately N. 
44"-55.3', W. 67"-Ql .T - Oass SB-1. 

D. Tidewaters of Prince Cove west of a line extending from Estes Head to the most 
southerly extension of the point of land on which Counuy Road, so called, is 
located - Oass SB-2. 

E. Tidal waters not otherwise classified between Shackford Head and the point of land 

neu Dog lsland in Eastpon - 0ass sc. 
1 1 . Edmunds. 

A. Tidewaters of Edmunds not otherwise classified or descnl!ed - Oass SA. 
B. Orange River estuary and Whiting Bay from a line drawn across the bay in a 
northwesterly and southwesterly diJection through Wilbur Pt. and the easterly bound
ary of Whiting - Class SB-1. 

C. Tidewaters of Dennys River in Edmunds west of a line drawn due south from 
Hinckley Point in Dennysville - Class SC. 

D. Tidewater of Dennys River Estuary and Bay east of a line drawn due south from 
Hinckley Pt. in Dennysville to a point of land at approximately N. 44"-54.5' W. 
6 7"- 1 1 .  T - Oass SB-1. 
1 2. H.urington. 

A. All tidewaters of H.urington not otherwise described or classified - Class SA. 

B. Tidewaters of Mill River and Cole Creer. Estuary northwesterly of Oak Pt. in 
H.urington - Class SB-1. 

C. Tidewaters bordering HaJrington west and south of a line across the HaJrington River 
at a point 1.000 feet down-river of the canning factory in HaJrington - Class SC. 
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D. Tidewaters west and north of a line across the Harrington River drawn due east from 
Oliver Lord Pt., except those west and north of a line across the Harrington River at a 
point 1 .000 feet downriver of the canning factory at Harrington - Oass SB-2. 

1 3. Jonesboro. 

A All tidewaters in Jonesboro not otherwise described or classified - Oass SA 

B. Tidewaters of the Olandler River in Jonesboro upstream of a line drawn normal to 
the sueam at a point 2/10 mile below the Route # 1 Bridge at Jonesboro Village - Oass 
sc 

C Tidewaters along the Olandler River in Jonesboro between a line normal to the 
stream at a point 2/10 mile bdow the Route # 1 Bridge at Jonesboro Village and a line 
drawn from Carlton Point to Deep Hole Point - Qass SB-1. 
14. Jonesport. 

A All tidewaters of Jonesport not othetWise desaibed or classified - Qass SA 
B. ndewaters in Jonesport north of a line across the estuary of Indian River 100 yards 
below the Route 187 Bridge at Indian Ri� Village - <lass SB-2. 
C Tidewaters between Hopkins Pt. and Indian Pt. - Qass SC. 

15. Lubec. 

A All tidewaters of Lubec not otherwise descn"bed or classified - Oass SA 
B. Tidewaters of Bailey's Mistake west of a line drawn due north from Balch Head in 
the Town of Trescott - Oass SB-1. 

C Tidewaters between a point 1 ,000 yards westerly of Leadumey Pt. and a point 100 
yards south of the creek entering tidewater approximately 2/10 mile south of Woodward 
Pt. - Oass SB-1. 

D. Tidewaters between Leadumey Pt. and a point 1.000 yards westerly along the 
shore - Class SB-2. 
E. Tidewaters between Leadumey Pt. and a point of land approximately N. 44°-51.2' 
and W. 67°.00.3' - <lass SC 

F. Tidewaters between the site of the North Lubec Ferry landing and a point of land at 
approximately 44°-51.2' and W. 67°-00.3' - Oass SB-1. 
16. Machias. 
A All tidewaters within the Town of Machias not otherwise specified or classi· 
tied - Qass SC 
B. All tidewaters of little Kermebec Bay - Oass SA. 
17. Machiasport. 

A All tidewaters not othetWise descn'bed or classified - Oass SA. 
B. Tidewaters of Machias and East Machias Rivers north of a line drawn from Ft. 
O'Brien Pt. to Randall Pt. in Machiasport - Oass SC 
18. Millbridge. 

A All tidewaters of Millbridge not otherwise described or classified - Qass SA 
B. Tidewaters north and west of a line from Fish Pt. to the point of land approximately 
N. 44°-31 .8' by W. 67°·52.5' - Class SC. 
C. Tidewaters of Wyman Cove from Mitchdl Pt. to a wharf location approximately 0.4 
mile northerly from Mitchell Pt. - Oass SB-2. 
D. Tidewaters north and west of a line from Tunmy Pt. to Fickett Pt., except those 
defined as Class "SC" - Oass SB-1. 
E. Tidewaters of the Mill River and Cole Creek estuary southwesterly, westerly and 
northerly of Blasket Pt. - Oass SB-1. 

19. Pembroke. 

A Tidewaters of Pembroke not otherwise described or classified - Oass SA. 

B. Tidewater estuaries of Cobscook River and Wilson Sueam in Pembroke lying north 

52 

and west of a line drav f: 
67°-1 1.7' in Edmunds. due no· 
Dennysville described as lving 
SB-1. 
C. Tidewaters of Pennan 1ua 
and west of a line drawn due 
6r-1o· - Class sc 

D. All waters of Hersey •ve 
of a line drawn due south ·on 
Hersey Cove to Leighton Neck 

20. Peny. 
A All tidewaters of Pern ot 

B. Tidewaters of small cove, t 
�. southwest of ��t 

C Tidewaters of little R :r a 

21. Robbinston. 

A Tidewaters from Uberty Pt. 
B. Tidewaters from tiber· Pt. 
22. Roque Bluffs • 

A. All tidewaters within tne Tt 
23. Steuben. 

A. All tidewaters within t T< 

24. Trescott. 

A. All tidewaters not othe 
Trescott - Oass SA. 
B. Tidewaters of Bailey's fist 
north from Balch Head in u.lSCl 
C Tidewaters of Whiting Bay, 
southeasterly through W"llb· Pt. 

25. Whiting. 
A. Tidewaters of Whiting not o 

B. Tidewaters southwesterlv of 

C. Tidewaters of Holme Ba 
factory - Qass SB-2. 

1 .  Biddeford. 

A. Tidewaters of Biddeford not 

B. Estuary of little River ort 
tributaries thereof - Oass S 

C From the southemmos _>oi 
latitude 43°-25 '-07" crosses the r. 
D. From a point where .t-3•-2! 
43°·26'-0S" crosses the mail nd 

E. From a point where 1:.. tud 
north of the Coast Guard Station 

F. } ; om the most easterly air. 
west of the most northerly ::>in 
Pool" - Oass SB-1. 
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and west of a line drawn from the point of land at approximately N. 44°-54.5' W. 
67°-1 1.7' in Edmunds, due northeasterly to the Pembroke shore except those portions in 
DennysviiJe described as lying west of a line drawn due south from Hinckley Pt. - Oass 
SIH. 

C. Tidewaters of Pennamaquam River and Meadow Brook estu:uies in Pembroke north 
and west of a line drawn due east and west through a point of land at N. 44°-56.5', W. 
67°-10' - Class sc. 

D. All waters of Hersey Cove and tidewaters of the Ptnnamaquam River north and west 
of a line drawn due south from the headland forming the easterly side of the entrance to 
Hersey Cove to Leighton Neck - Class SB-1. 

20. Perry. 
A.. All tidewaters of Peny not otherwise descn'bed or clasaified - Class SA.. 

B. Tidewaters of small cove, the first cove westerly of Eastport Branch of Maine Central 
Railroad, southwest of Pleasant Point school at Pleasant Pt. - Cass SB-1. 

C. Tidewaters of Little River above the Route # 1 Bridge - Cass SB-2. 

21. Robbinston. 

A.. Tidewaters from Liberty Pt. north to Calais-Robbinston town line - Class SB-2. 
B. Tidewaters from Liberty Pt. south to Robbinston-Ptny town line - Qass SB-1. 

22. Roque Bluffs . 
A. All tidewaters within the Town of Roque Bluffs - Oass SA. 

23. Steuben. 

A.. All tidewaters within the Town of Steuben - Class SA.. 

24. Trescott. 

A.. All tidewaters not otherwi5e described or classified within the Town of 
Trescott - Class SA.. 

B. Tidewaters of Bailey's Mistake in the Town of Trescott west of a line drawn due 
north from Balch Head in Trescott - Class SB-1. 
C. Tidewaters of Whiting Bay, between a line drawn across the bay northwesterly and 
southeasterly through Wilbur Pt. and the easterly boundary of Whiting - Class SB-1. 

25. Whiting. 

A.. Tidewaters of Whiting not otherwise described or classified - Oass SA.. 

B. Tidewaters southwesterly of the easterly boundary of Whiting - Cass SB-2. 
C. Tidewaters of Holmes Bay for a distance of 100 yards around the canning 
factory - Class SB-2. 

1. Biddeford. 

York County 

1963, c. 274, § 3 

A.. Tidewaters of Biddeford not otherwise defmed or classified - Class SB-2. 

B. Estuary of Little River north of latitude 43°-24 · .{)4" to head of tide. including tidal 
tributaries thereof - Class SC. 

C. From the southernmost point of land on the Biddeford mainland to a point where 
latitude 43°-2S'-Q7" crosses the mainland - Oass SA.. 

D. From a point where 43°-25 '-33" crosses the mainland to a point where latitude 
43°-26'-QS" crosses the mainland - Class SB-1. 

E. From a point where latitude 43°-26'-QS" crosses the mainland to a point directly 
north of the Coast Guard Station at Aetchers Neck - Class SA.. 

F. From the most easterly point of land on the Biddeford mainland to a point directly 
west of the most northerly point of land nn Basket lsland, including tidewaters of "The 
Pool" - Class SB-1. 
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1967, c. 1 54, § 1.  
G. Tidewaters from a point directly west of the most northerly point of land on Basket 
Island to head of tide on the Saco River estuary - Oass SC. 

1967. c. 1 54, § 1 .  
2. ElioL 

A. TidewaterS within the Town of Eliot - <lass SB-1. 
3. Kennebunk. 

A. Tidal watm of Kennebllllk not otherwise classified or described - <lass SB-2. 

B. Estuary of Mousam Rner from hea4 of tide to Route 9 bridp crossing and tidal 
tnoutaries thereof - Class SC. 

C. Kennebllllk River estuary from he.d of tide to the Route 9 crollin& and tidal 
tributaries thereof - Oass SC. 

4. Kennebllllkport. 

A. TidewaterS of Kennebunkport not otherwise classified or descnDed - Oass SB-2. 

B. Kennebunk River estuary from he.d of tide to the Route 9 croain& and tidal 
tnoutaries thereof - Class SC. 

C. Tidewater from a point where longitude 70•·27'-37" crosses the Kennebunkport 
mainland to a point where longitude 70°·26'48" crosses the mainland of 
Kennebunkport - Oass SA. 

D. Tidewater from a point directly west of the most northerly point of Vaughn Island 
to a point directly west of the most northerly point of land on Redin Island - <lass SC. 

E. Estuaries of Smith Brook and Batson River north of latitude 43°-23'-22" and tidal 
tnoutaries thereof - Class SC. 

F. Tidewater from the mainland of Kennebunkport at latitude 43°·23 '-22" north to a 
point where longitude 70.·24'-33" crosses the mainland - Oass SB-1. 

G. Tidewater from a point where longitude 70°·24'-33" crosses the mainland north to a 
point where longitude 70°·24'.05" crosses the mainland - Oass SA. 

H. Estuary of Little River north of latitude 43•·24 '-{)4" to head of tide, including tidal 
tnoutaries thereof - Oass sc. 
s. Kittery. 

A. TidewaterS of Kittery not otherwise specified or classified - Oass SB-1. 

B. TidewaterS from Sister's Point to Kittery-York town boundaJy, with the exception of 
Brave Boat Harbor - Oass SA. 

6. Old Orclwd Beach. 
A. All tidewaters of Old Orchard Beach - <lass SB-2. 

7. s.co. 

A. Tidewaten of Saco not otherwise described or classified - Oass SB-2. 

B. Saco River estuary from head of tide to the Camp Ellis breakwater - <lass SC. 

1967, c. 154, § 2. 

8. South Berwick. 

A. All tidewaten of South Berwick - Class SB-1. 

9. Wells. 
A. Tidewaten of Wells not otherwise descnDed or classified - <lass SB-2. 

s. From Wells-York town line to a point of land at longitude 70•-3s'-3S" and latitude 
43°-14'44': - Class sc. 
C. Tidewater from a point where latitude 43°·16'-15" crosses Moody Beach to a point 
where latitude 43°·1 9'-{)4" crosses Wells Beach - <lass SA. 

54 

-------- ----- - ----

Ill 

D. Estuary of Webhannet ive 
Latitude 43°·17'-48" - Class ... c. 
E. Estuary of Webhannet Rl' 
43•·18'-lS" to its ocean co ue; 

F. Estuary of Merriland .ve1 
ocean confluence at latitude 430. 
10. York. 

A. Tidewatm of York no ·tht 

B. ndewatm from Kitter. {or 

C. Tidal estuary of York Ri· 
tidal tributaries thereof - ,.,.'\SS 
1970, c. 538, § 2. 
D. Tidewatm from East rt. 
longitude 70°-36'-1 1 "  - Oass SB 

E. Estuary of Cape Neo ick 
700-36'46" crosses - <lass :-2. 
1910, c. 538, § 2. 
F. Ttdewaten from Weare Pt 
mainland of York - Oass H 

G. Tidewater from a poiJ wt 
York-Wells town line - Oass SA 

R.S. 1954, c. 79, § 1 5 :  195 - c. 
§2; c. 1 5 7 ;  c. 274, §3; cc. 316 20 

§371. Repealed. 
1955, c. 426, §8; 1957, c. · -.2, 

1973. � 29; 1977. � 373, §30 

§371-A. Clasai.fication of great p< 

1. Great ponds classif'Jed. .ill 1 
not less than Class GP-A, exce1 u ' 
tion by any interested person, ay 
dure and if it shall find it is for th 
thereof would be otherwise classifie 
dure of this subchapter. 

2. Existing discharges. E: tin 
allowed to continue until practtcal 
to Oass GP-A great ponds after the e 

3. Exemption. Aquatic c mic 
Protection shall be exempt fror he 

1979, c. 281 & 495. 

4. Oas GP-B. The following g· 
A. Annabessacook Lake, M 1m< 
B. Repealed. 1979, c. 281 � 4� 
C. Cobbosseecontee Lake, Wintl 
Kennebec County; 

D. Douglas Pond, Pittsfield JWI 
E. Estes Lake, Sanford and AJfn 
F. Repealed. 1979, c. 281 r 4S 

G. Little Cobbosseecontee ke, 

r 
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D. Estuary of Webhannet River from head of tide to a point at longitude 70't34'-32", 
Llutude 43"-1 7'-48" - Class SC. 

E. Estuary of Webhannet River from the most easterly bridge crossing at latitude 
43"-18'-lS" to iu ocean confluence at latitude 43°·19'-14" - Class SB-1. 
F. Estuary of Meniland River and tidal tributaries thereof from head of tide to iU 
ocean conJluence at latitude 43°-20'-10" - Class SC 

10. YoU. 

A. nde'nters of York not otherwise described or classified - Class SB-2. 

B. Tidewaters from Kittery-York town line to point of land mown as Argo Pt. - Oasa SA. 

C. ndal estuary of York River from Route 1 crossina to head of tide, including 
tidal tributaries thereof - Class SB-2. 
1970, c. 538, § 2. 

D. ndewaters from East Pt. to the oorthemmoat point of land at ConcordviUe at 
loOiitude 7G--36'-l l"  - <lass SB-1. 
E. Estuary of Cape Neddick Rmr from head of ti4e to point where loOiitude 
7G--36'�" crosses - Class SB-2. 

1970, c. 538, § 2. 

F. ndewaters from Weare Pt. to a point where longitude 70°-36'-46" crosses the 
maiDland of York - Class SB-1. 
G. Tidewater from a point where longitude 70°-35 '  croases the mainland of York to 
York-Wells town line - Qass SA. 

R.S. 1954, c. 79, §IS ;  1957. c. 322, §9; 1959, c. 183 , §3; 1961, cc. 213, 284; 1963, c. 54, 
§2: c. 157; c. 274, §3; cc. 316, 320; 1979, c. 495, §§ 9, 10. 

§ 371. Repealed. 
19SS, c. 426, §8; 1957, c. 322, § §2, 10; 1963, c. 420, §3; 1967, c. 342, § 1 ;  1971, c. 335; 

1973. c. 29; 1977. c. 373, §30. 

§37l·A. Claslific:ation of great ponds 
1 .  Great poacb claaiCJed.. All great ponds within the State of Maine shall be classified as 

not less than Class GP-A, except as otherwise provided in this section. The board, upon applica
uon by any interested person, may hold a hearing in accordance with the classification proce
dure and if it shall find it is for the best interests of the public that such waters or any part 
thereof would be otherwise classified, it shall do so in accordance with the classification proce
dure of this subchapter. 

2. Existing dischuges. Existing licensed discharges to Class GP-A great ponds will be 
lllowed to continue until practical alternatives exist, but no new discharges will be permitted 
:o Class GP-A great ponds after the efiective date of this section. 

3. Exemption. Aquatic chemical applicltions approved by the Board of Environmental 
l'rotection shall be exempt from the "no discharge·· provision. 

1979. c. 281 & 495. 
4. a .. GP-8. The following great ponds shall be classified Class GP-B: 

A. Annabessacook Lake, Monmouth and Winthrop Townships, Kennebec County; 

B. Repealed. 1979, c. 281 & 49S. 
C. Cobbosseecontee Lake, Winthrop. Monmouth, West Gardiner and Litchfield Townships, 
Kennebec County; 

D. Douglas Pond, Pittsfield Township, Somerset County; 
E. Estes Lake, Sanford and Alfred Townships, Franklin County;

. 

F. Repealed. 1979, c. 281 & 495. 

G. Little Cobbosseecontee Lake, Winthrop Township, Kennebec County; 
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H. Lovejoy Pond. Albion Township. Kennebec County; 

H-1 . Monson Pond. Fort Fairfield and Easton Townships, Aroostook County; 

H·l added 1 979. c. 281 & 495. 

I. Nubble Pond. Raymond Township, Cumberland County; 

1. Pattee Pond, Winslow Township, Kennebtc County; 

K. Pleasant Pond, Litchfield and Gardiner Townships. Kennebec County; 

L. Repealed. 1979, c. 281 & 495. 

M. Sabattus Pond, Sabattus, Green and Wales Townships, Androscoggin County; 

N. Salmon Lake, Belgrade and Oaldand Townships, Kenn.ebec County; 

0. Sebasticook Lake, Newport Township, Penobscot County; 

P. Spaulding Pond, Lebanon Township, York County; 

P-1. Togus Pond, Augusta Township, Kennebec County; and 

Q. Webber Pond, Vassalboro Township, Kennebec County. 

P-1 added 1979, c. 281 & 495. 

1977. c. 373, §31;  1979, c. 281, §2: 1979, c. 495, § § 1 1  to IS. 

DEPARTMENT OF ENVIRONMENTAL PROTECfiON 

BUREAU OF WATER QUALITY CONTROL 

REGULATIONS 

These regulations are cunent as of the date printed on the cover of this booklet. There may 
have been changes after this booklet was printed. The reader is urged to contact the Bureau of 
Water Quality Control 207-289-2591 or the Citizens' Environmental Assistance Service 
1·800-452-1942 if there are any questions. 

581·1 - 581.7 WATER QUALITY EVALUATIONS 

EFFEctiVE DATE NOVEMBER 29, 1973; AMENDED DATE MARCH 14, 1977 

581.1 Alsimilative Caplcity-Rivers and Saeams 

For the purpose of computing whether a disclw:ge will violate the classification of any river 
or stream, the assimilative capacity of such river or stream shall be computed using the 
minimum seven day low flow which occurs once in ten years. Waste disclw:ges shall be 
appropriately reduced when flows fall below the seven clay ten year low flow if the board 
determines that such reduction is necessary to maintain such applicable classification. 

581.2 Minimum Flow-Regulated Rivers and Streams 

For regulated rivers and streams, the Department may establish a minimum flow necessary 
to maintain water quality standards. This flow will be based upon achieving the assigned 
classification, criteria and protection of the uses of the stream. The Department will cooperate 
with appropriate Federal, State and private interests in the development and maintenance of 
stream flow requi.tements. 

581.3 Assimilative Capacity-Great Ponds 

The hydraulic residence time will be used to compute the assimilative capacity of great 
ponds. Hydraulic rL,sidence time will be computed by dividing Jake volume by the product of 
watershed aJU and the precipitation runoff coefficient . 

581.4 Reserved 

581. � Zooe or Pusage 

All discharges of pollutants shall, at a nwumum, provide for a zone of passage for 
free-swimmin� and drifting organisms. Such zone of passage shall not be less than '14 of the 
cro�s-sectional area at any point in the receiving body of water. Such zone of passage may be 
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redu�d whenever the applicant 
rhenomena in the receiving · >d· 
such minimum zone of pas' e 1 
water from substantial adver ef 
581 .6 Gsut Ponds Trophic St: 

For the purposes of det mi: 
index will be used. 

Zero on this scale indicates 1 
The TSl is defined as 40 + � 1 ( 
chlorophyll a and spring tou >he 

581.7 Stteam Species Diversity 

The FJ!eric diversity of the b 
than 2.2 as measured by the .an 
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El EC 
582.1 Freshwater Thermal Disc 

No discharge of pollutan sh: 
measured outside a mixing z e, 
of any lake or pond. ln no o•�nt 
body to exceed 84°F at any po: 
such disch::rge cause the te-">er 
S31mon waters to exceed 68•: t :.  
582.2-4 Reserved 

582.5 Tidal Water Therm2 >is• 

No discharge of pollut.ar sh 
temperatures in any tidal body < 
more than 4"F nor more than 
disclw:ge cause the temper� re 
mixing zone established by t1 bo 

582.6-8 Reserved 

583.1 - 5 
EFFECfiVE DATE N"..VE 

583.1 Phosphorus 

There shall be no addition:ll 
thereto which discharge does not 

583.2 

Existing discharges of phospht 
October 1 ,  1976, be treated to ret 

583.3 Ph01phorus Concen tio 

Notwithstanding Sections .)83 
m all tributaries to Great Ponds sh 



I 
I 
I 

I 
I 
I. 
I 
I 
I 
I 
ll 

reduced whenever the applicant for a discharge can demonstrate that (a) because of physical 
phenomena in the receiving body of water such minimum zone cannot be maintained and (b) 
such mirumum zone of passage is not necessary to protect organisms in the re�e�\ing· body of 
water from subsuntial adve.rse effects. 

58 1.6 Great Ponds Trophic State Index (TSI) 

For the purposes of determining trophic state of g:reat ponds the following trophic state 
mdex will be used. 

Zero on this scale indicates poor water quality and 100 indicates excellent water quality. 
The TSI is defmed as 40 + 33 (log1 o minimum Secchi disk transparency in meters). Average 
chlorophyll a and spring total phosphorus may also be related to TSI. 

581.7 Stream Species Divenity Index 

The generic diversity of the bottom fauna of waters classified B·l and B-2 shall not be less 
than 2.2 as measured by the Shannon-Weiner diversity index. 

582.1 - 582.8 TE.\IPERATURE 

EFFECTIVE DATE NOVEMBER 29, 1973 

582.1 Flelhwater Thennal Disehuges 

No discharge of pollutants shall cause the ambient temperature of any freshwater body. as 
measured outside a mixing zone, to be raised more than 5"F or more than 3"F in the epilimnion 
of any lake or pond. In no event shall any discharge cause the temperattlfe of any freshwater 
body to exceed 84"F at any point outside a mixing zone established by the board, nor shall 
such discharge cause the temperature of any waters which presently are designed as trout or 
ulmon waters to exceed 68"F at any point outside a mixing zone established by the board. 

582.2-4 Reserved 

582.5 Tidal Water Thenn31 Discharges 

No discharge of pollutants shall cause the monthly mean of the daily ma:<imum ambient 
temperatures in any tidal body of water, as measured outside the mixing zone. to be raised 
more than 4"F nor more than 1.5"F from June 1 to September 1. In no event shall any 
discharge cause the temperature of any tidal waters to exceed 85"F at any point outside a 
mixing zone established by the board. 

582.6-8 Reserved 

583.1 - 583.3 NUTRIENT CONCENTRATION 

EFFECTIVE DATE NOVEMBER 29, 1973; AMENDED DATE MARCH 14, 1977 

583.1 Phosphorus 

There shall be no additional discharge of phosphorus to any lake or pond or tributary 
thereto which discharge does not employ the best av:illable technology for phosphorus removal. 

583.2 

Existing discharges of phosphorus to any lake, pond or tributary thereto shall. on or before 
October 1, 1976, be treated to remove :-hosphorus to the maximum extent technically feasible. 

583.3 Pbosphorus Concentntions in Tributaries to Great Ponds 

Notwithstanding Sections 583.1 and 583.2, the ambient concentration for total phosphorus 
in all tributaries to Great Ponds shall not exceed SO micrograms per liter (50 ug/1). 
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584 - 584.1 WATER QUALITY CRITERIA 

EFFECTIVE DATE MARCH 14, 1977 

584 Water Quality Cricr:ria 

The criteria listed below will apply only to Seciton 363, standards of classification of fresh 
waters, class B·l and B-2. The numbers represent maximum acceptable concentration limits in 
the reuiving waters. All numbers are expressed in micrograms per liter (ug/1). 

584.1 Metals 

M�tiZI 
A. Ouomium 

Con em trrltion 
50 ug/1 

590.1 - VARIANCES FROM VARIOUS REGULATIONS 

EFFECTIVE DATE NOVEMBER 29, 1973: AMENDED DATE MARCH 14, 1977 

59Q.1 Variances 

The board may, in any license or Order issued by it, impose on any dischuge limitations 
more stringent than those required by Regulations 580. 581, 582, 583 and 584 whenev� the 
physical or chemical properties or biological phenomena in the receiving body of water so 
require in order to maintain the statutory classification. The board may authorize a variance 
from any of the limits established hereby whenever the applicant demonstrates that (a) because 
of physical or natural conditions in the receiving body of water such limits cannot be attained 
and (b) maintenance of such limits are not necessary to protect organisms in the receiving water 
from substantial adverse effects and (c) the proposed dischuge will assure the protection and 
propagation of a balanced and indigenous population of fish. shellfish and wildlife in and on the 
receiving body of water. 

591.1 

591.1 - EXCEPTIONS FOR VARIOUS REGULATIONS 

EFFECTIVE DATE NOVEMBER 29, 1973: AMENDED DATE MARCH 14, 1977 

No provision of Regulations 580, 581, 582, 583, 584 and 590 shall be deemed to change, 
alter, affect or supersede the terms or conditions of any Order or license heretofore issued by 
the Board of Environmental Protection. 
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The German Association for Water Resources and 
Land Improvement (DVWK) Is a technical-scientific or
ganization which promot�s water resources devel�p
ment and agricultural engmeering under consideration 
of all environmental aspects. 

Membership 
• is open to anyone who is prepared to support the 

DVWK objectives 

Members \ 
• are federal state and local authorities of the Federal 

Republic of Germany, as well as businesses and ?r
ganizations which apply the results of the Assoc1a· 
tion's activities. 

Membership since 1978 

DVWK Members 
• support the overall technical effort by voluntary par

ticipation in the committees and working groups 
• regularly receive the DVWK-Nachrichten (News

letter) and various information 
• receive in some instances extensive rebates for ad

vanced training programs and conferences 
sponsored by the Association 

. . , • pay a lower subscription rate for the Assoc1at1on s 
periodicals WASSERWI RTSCHAFT (Water Re
sources) and WASSER UNO BODEN (Water and 
Soil) 

• establish valuable contacts with colleagues and 
technical institutions 

Finances 
The Association's work is supported and financed to a 
great extent by the Federal Government and the St�te 
Authorities. Their grants enable the transfer of workmg 
results to the professional public. 
Further funds are derived from membership fees, 
general Income and special projects. 

Association's Finances 

3 
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Interdisciplinary exchange of thoughts and ex· 
perlences enables the integration of experts from unl· 
versltles, authorities, engineering firms and industry. 
The DVWK considers Itself to be a mediator between 
theory and practice, research and application. Its com· 
munlty of experts is primarily active In the following 
areas: 

State of the Art 
The DVWK evaluates the latest research results, com· 
bines them with the most recent practical experiences 
and provides application oriented suggestions. 

Recommendations 

The Association publishes the "DVWK·Regelwerk" 
(Technical Rules). Its "Regeln und Merkblatterzur Was· 
serwirtschaft" (Standards and Guidelines for Water 
Management), which contain recommended methods 
and procedures, are developed with the aid of the 
experts Inside and outside the Association. 

Standardization 

The DVWK participates in the developement of standards 
by sending experts to the "Water Practice Standards 
Committee" (NA W) of the German Institute for Standar· 
dizatlon (DIN). This Involves hydrology, hydraulics, agri: 
cultural engineering and landscaping. 

Collaboration 

The DVWK sets Its experts' competence at the dispo
sal of other technical-scientific working groups and ex· 
pects the same of these organizations. 

International Activities 

The DVWK participates In the symposia and working 
groups of international organizations; seeks consulta· 
tion and technical contributions; gives organizational 
and financial support to German participants; spreads 
information on international technical activities and 
their results. 
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ReMerch 

The DVWK Initiates research projects resulting from its 
working groups' activities and establishes contacts 
with research foundations and Institutions. It has the 
right to recommend reviewers for projects sponsored 
by the German Research Society (DFG). 

Advenced Educ.tlon 

The DVWK organizes application oriented seminars 
and short courses. It also offers a four semester ad· 
vanced study in Hydrology and Water Resources Man· 
agement. 

Meetings 

The DVWK supports and organizes technical meetings, 
symposia and workshops. Its biennial experts' meeting 
and its irrigation symposium are particularly renown. 

Publlcetlons 

� � : , ,-.. 
- · � :  -. 
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= · · · 
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The DVWK has six publication series which reflect the 
results of its working groups. The Association's activi· 
ties are reported bimonthly in the "DVWK-Nach· 
richten" (Newsletter). The Association's periodicals 
are WASSER UNO BODEN (Water and Soil) and WAS. 
SERWIRTSCHAFT (Water Resources). 

Public Reletlons 

The DVWK presents a podium for public discussion of 
actual water resources problems, organizes press con· 
ferences and publishes press releases. 

Consulting 

The DVWK consults for authorities, members and 
professional colleagues, seeks qualified experts in var· 
ious disciplines and makes relevant Informative ma
terial available. 
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Working Groups 

The DVWK has established working groups (FA) in 
which appointed experts from administrative agencies, 
universities, associations and industry work together 
to achieve the goals set by the Executive Board. Each 
working group Is composed of up to eight voluntary 
members who meet two to three times yearly at different 
locations for one or multiple day meetings. Here they 
discuss their drafts of technical-scientific opinions 
prepared during their free time and produce a final re
port following appropriate consultation and extensive 
evaluation. 

Teclloolal T ........ T-..c.l Tecllnlcal 
_ ,  Oiwleloll 2 Oiwleloll 3 Oiwleloll 4 
ltydrolovy ..,._.... �- w--

1'1-*'1 
FA 1.1 FA 2.1 FA3.1 FA 4.8 

PNclpll811on Pipe ..... Ch8nnel Loc8tlng pt8nnlng ol Region81 
Hydmillca Groundwat• Wat• F!Mouree 

FA 1.2 Syatema 
Snow Hydrology FA 2.2 FA3.2 

Hydraulic Groundwater FA 4.7 
FA 1.3 Modelling and u .. Operation ResMtch 

!.ow Dlactwge M ... urement lorWat• 
FA 3.3 F!Mource Systems 

FA 1.5 FA 2.3 Groundwater 
RunoH Models Dilution Hydraulics FA 4.8 

ProcesMs and Models Water Resources 
FA 1.8 EconO<nlcs 

Water l..rlel 8nd FA2.4 FA3.4 
DiSCharge Foracat Groundwater Grounc:twater 

Transport Biology 
FA 1.8 ProcaMs 

Forests and Water FA 3.5 
FA 2.8 Groundwater 

FA U Sediment Cl>emlstry 
Anthropogenetic: Transport 

lnltucences on FA 3.8 
Surface Olactwges Groundwater 

Meaaurement 
FA 1.10 

Watw Reaourees 
lnftS!igatlona In 

Semi-Arid Reglona 

= � � -
== · ·  

Ta :hn icai Activit ies 

Technical Divisions 

The working groups are each categorized into one of 
eight technical divisions (FG) representing a basic over
all discipline. These promote the exchange of ideas and 
collaboration In a particular technical field. Each 
DVWK member can declare in writing to the respective 
technical division chairman his membership to one or 
more technical divisions. The responsibil ities of the 
Technical Division Board include both the coordination 
of working groups and the plann!'1g and undertaking of 
symposia. This board consists of the technical division 
chairman and the leaders of the associated working 
groups. 

T-... Tedlnlc8l T-..cal Tedlnlc8l 
_ ,  - ·  DIMion 7  Dlwl�l 
Hydraullca W- and Sail Wat• and a-.I Talla 

EmWoowMftt 

FA 5.1 FA ll. I FA 7.1 FA8.1 
RIWr Dik .. Slle andSoll Rl- Tralntng L.awand Tu" 

FA 5.2 FA 8.2 FA 7.2 FA 8.2 
ReMtvolrs Drainage u .. and Conser· AdVanced 

•ation ol Agrl· Education and 
FA 5.3 FA 8.3 cultural L.ands Training 
Welra Soii U .. and 

Nutrient Wasnout FA 7.3 FA8.3 
Lakes and Earth Publlcauons and 

FA8.4 Embankments Public Relations 
lrrigatoon 

FA 7.4 FA 8.4 
FA 6.5 Contam1nant International 

Soil Eros1on loads Collaboration 

FA8.6 FA 7.5 FA8.5 
Rural llo.ds Obtaining and Data Processong 

Evaluating Water In Water 
Ouallty Data RMourees 

FA 7.8 
Influence ol Man 
on RI- Ouallty 
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Division 
HYDROLOGY I 
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the water cycle Is a prerequisite for Jn effective - runoff phenomena; parameters and boundary condl-
plannlng and implementation of water management lions which control these processes; short and long 

I 
measures. Hydrological investigations are, therefore, term water levels and discharge forecasts; and the 
Integrally coupled with water management. The Hydro- consequences of anthropogenetic measures. 

I Tasks: 

I 
I 
I 
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• Procedures for analysing precipitation data 
• Determination of rainfall intensity distribution 
• Determination of runoff from snow covered catch

ment areas 
• Statistical techniques in the analysis of low dis

charges 
• Procedures for applying precipitation-runoff mod

els to small catchment areas 

8 

• Transport of substances into forests by rainfall 
• The effects of human intervention on the runoff 
situation 

• Determination of hydrological design data in arid 
regions 
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Division 

HYDROMECHAN ICS 
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Hydromechanics provides a multi-sided tool for hy
draulic, water resources and agricultural engineering. 
The Hydromechanics Division deals with the appl ica
tion of theoretical models and experimental data, the 
use of hydraulic and numerical models and practical 
implementation of measurement techniques. The 
basic topics include the improvement and standardiza
tion of design criteria for hydraulic structures; the 
theory and simulation of transport processes; and the 
role of hydraulic modelling in engineering applications. 
Questions of water qual ity receive rising importance. 

Tasks: 

• Numerical hydrodynamic models 
• Application and l imits of hydraulic models 
• Roughness coefficients for natural and art ificial 

channels 
• Transport of heats and substances in waters 

Sedimentation in Reservoirs 
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lechnical Activit ies 
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Groundwater quality is infl uenced by physical, chem
ical and (micro) biological processes. The Groundwater 
Division is particularly concerned with the anthropo
genetic threat to groundwater quality and the ne
cessary criteria for reasonable groundwater manage
ment. Of primary importance is the development of 
concepts for improving groundwater qual ity and gui
delines for in  part conflicting riparian rights and re
storation. 

Tasks: 
• Groundwater replenishment and avai labil ity 
• Reconnaissance of deep lying groundwater tables 
• Hydrochemical groundwater c lassification 
• Improvement of groundwater management 
• Transport and di lution of contaminants 
• Infiltration of contaminants into groundwater 
• Evaluation and removal of anthropogenetic 

groundwater pollut ion 

Groundwater Measurement Station 
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Division 

WATER RESOURCES PLAN N I NG 

The Water Resources Planning Division is responsible 
for revising the water resources planning and imple
mentation concepts developed during the past two de
cades, in such a manner, as to extremely simplify their 
application. Regional planning, economics and cy
bernetics are essential elements of this effort. 

Tasks: 

• Project evaluation i n  water resources management 
• Operation research and simulation techniques 
• System's operation and regulation 
• Structure of water resources regional planning 

Water Resources Regional Planning for the lsar 
(map extract BaylfU) 

1 1  
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Division 

HYDRAULICS 
- �  . ..... ·--:--- --��-- ."' .. _ ........ . . 

The Hydraulics Division treats questions related to the 
design and construction of hydraulic structures. This 
also includes questions of structure safety, consider
ing as well the choice of appropriate measurement and 
control systems; the goal oriented implementation of 
relevant measures; analysis and evaluation tech
niques. 

Tasks: 

• Planning, construction and inspection of river dikes 
• Documentation of reservoirs in the Federal Re

public of Germany 
• Measurement equipment and control structures for 

dams 
• Design of i ntake and disch:uge structures 
• Safety risks at weirs due to hydrodynamic pheno

mena 
• Modernization of old weirs 

Weir In Geisling 
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Present land management measures cause long term 
and in part negative changes in soil qual ity and its 
water balance. Revision of both land and water re
source management pol icies are necessary in order to 
restore land ferti l i ty and improve the groundwater 

Tasks: 
• Investigation on site to determine indicators for soil 

improvement measures 
• Reduction of nutrient washout from farmland 
• Techniques for effective use on irrigation water 
• Recommendations for determining sprinkling rates 
• Influence of heavy rains on soil erosion 
• Guidelines for rural road construction 

, . . � .  - . -
. . . 

Division 
WATER AN D SOIL  
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budget. The Water and Soil Division must, therefore, 
not only seek ways to guarantee agricultural productiv
ity but also address the problems of erosion and nut
rient washout. 

Mud Formation Following Heavy Rains 
-----·�---���������� 
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Rivers and Lakes are one of the most strained and en
dangered components of our environment. Man gen
erates unsuitable contaminants, impurities and a dis
ruption of the natural ecological cycle. The Waters and 
Environment Division seeks solutions for limiting the 
misuse of surface water, develops criteria for setting 
water quality goals for rivers and lakes; establishes ap
propriate techniques for collecting and evaluating 
water quality data; and defines ecological constraints 
to be considered for the development and maintenance 
of flowing and stagnant surface water. 

Tasks: 

• Impact of land use on the water balance 
• Mapping surface water pollution 
• Statistical analysis of water quality data 
• River training under ecological aspects 
• Improvement and restoration of lakes 
• Decision aids related to data acquisition for water 

quality control 

14 
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Division 
GEN ERAL TASKS 

The General Tasks Division is responsible for overall 
organization and coordination. The most important 
areas are consultation in legal matters; planning of ad· 
vanced professional training; the preparation of pub
lications; and activities related to international 
cooperation. The Working Group for Data Processing 
in Water Resources, established In 1983, is also part of 
this division. Its primary goal is the transfer of ex
perience and information relating to questions of 
electronic data processing. It provides interdiscip
linar-y support in this field for the DVWK Working 
Groups and Federal Government and State Institu
tions. 

Advanced Education + Tiain ing 

The Association offers a wide range o f  possibilities for 
advanced education and training courses. 

Seminars (1 -2 days) 

A limited number of participants are presented lec
tures and examples of practical problem solutions and 
are exposed to modern water resource and land man
agement techniques. Over 100 seminar topics have 
been offered as a response to requests from ministries, 
water resource agencies, DVWK regional groups and 
other associations. 

Short Courses (3-5 days) 

Short courses on the subjects technical hydraulics, hy
drology, groundwater, river training and irrigation are 
offered in cooperation with universities or federal and 
state authorities. They do not only afford an opportun
ity for the transfer of knowledge in a particular topic, 
but also serve as a podium for the exchange of ex
periences and information with experts familiar with 
the state of the art. 

Advanced Studies 

Established on October 1, 1982, the 4-semester corres
pondence course Advanced Studies in Hydrology and 
Water Resources is oriented towards professionals 
who are put into the position to evaluate and solve ap
plied problems using the latest scientific information. 

1 5  
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The DVWK·Regeln zur Wasserwlrtschaft (Water Man· 
agement Standards) include technical procedures and 
measures which have been found to be of practical use 
and are considered by experts to be Indisputable 
technical solutions. The DVWK recommends their ap· 
plication as generally accepted technical standards. 

Procedures and construction techniques as well as 
other technical aspects considered to be the state of 
the art are treated in the DVWK·Merkbllittem zur Was· 
serwlrtschaft (Water Management Guidelines). In· 
formation found in DVWK guidelines can subsequently 
be issued as DVWK Regeln, if the guidelines have been 
proven in practice and been accepted by renown ex
perts in the field. 

The Working Groups' summary reports, background in
formation for DVWK standards and guidelines, as well 
as presented papers are published In the DVWK· 
Schrlften (Journals). 

The DVWK·Bulletln is a foreign language series in 
which the work of mainly German authors and the re
sults of international conferences involving the DVWK 
are reported in English or French. Some editions are 
published in cooperation with international water re
sources and land management organizations. 

1 6  

The annual report, membership lists and conference 
calendars are issued in the DVWK·Mittellungen (Stan
dard Publ ications). Additionally, the working groups 
have a forum for reporting workshop or colloquia re
sults and publishing working or discussion papers 
which were prepared In a l imited edition for a small 
professional group. 

Seminar notes and, when appropriate, lecture manu
scripts are publi shed in the DVWK-Fortblldung (Ad· 
vanced Education) series. Advanced study material, as 
well as a course guide and correspondence notes for 
the study "Hydrology and Water Resources" are also 
issued in this series. 

The bimonthly DVWK·Nachrlchten (Newsletter) is sent 
to members free of charge. Activities of the technical 
divisions and regional groups, as well as information 
on conferences, courses, and the Association's pub
lications are reported here. 



Regional Groups 
The DVWK members have formed regional groups (LG) 
In the various states of the Federal Republic of Ger
many with the exception of Baden-WOrttemberg. There, 
the "Water Resources Association of Baden-WOrttem
berg" Is acting on behalf of the DVWK for the DVWK 
members. 

The Regional Groups' responsibilities Include: 

• Advising and informing members 
• Conducting conferences, assisting in the exchange 

of information with practicing professionals 
• Visits and excursions, incl uding foreign study trips 
• Aid in solving regional water resource and land 

management problems 

Each regional group usually conducts its membership 
meetings biennially. The regional groups of LG Bayern 
and LG Mitte publish their own membership news· 
letters. 

Regional Groups (Member States) � 
-------------------------� 
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The DVWK collaborates with numerous water re
sources associations and related societies on both the 
national and International levels. The German National 
Committee of the International Commission on lrriga· 
tion and Drainage Is incorporated organizationally 
within the DVWK; its secretariat Is located in the As· 
sociation's headquarters. 
Some of the organizat ions with which collaboration oc
curs are: 

National 

ATV - German Association on Water Pollution 
Control 

DGEG - German National Society for Soli 
Mechanics and Foundation Engineering 

DLG - German Agricultural Society 
DVGW - German Gas and Water Association 
FHDGG Hydrology Division of the German 

Geological Society 
MEG Max-Eyth-Society 
VDEW Association of German Electric Utilities 
VOl - Association of German Engineers 

18 

International 

owwv swv 
CIGR 

IAH 

IAHR 

IAHS 

ICID 

I COLD 
IWRA 

- Austrian Water Resources Association 
- Swiss Association for Water Economy 
- International Commission of Agricultural 

Engineering 
International Association of Hydrogeolo
gists 
International Association for Hydraulic 
Research 
International Association of Hydrological 
Sciences 
International Commission on Irrigation 
and Drainage 
International Commission on Large Dams 
International Water Resources Associa
tion 

UNESCO - United Nations Educational, Scientific 
and Cultural Organization 

. · ··
.. ---: -
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\', DONAUKRAFTWERK JOCHENSTEIN 
AKTIENGESELLSCHAFT 

::::=: JocheMteln bo<der power plant 

Multopurpose onstallatlon for navogatlon and power production 
Installed capacity: 132.000 kW 
Mean annual output: 1145 million kWll 

Production of environmentally neutral hydro power 
Abundant supply of electric power Is a basic requirement for economic 
growtto 
lmprooted safety of the waterway 

�MtJLLER 
= � - �ll miiH Sewage traetment 

BtunnenwleMnweg 1�21 planta 

o..o1 Klolclwuth Sewerage ayaterna 
Tel. (ill) 5110ol84, 511Q2!M Power planta 

Plan•••ee•elladulll mbH Weter aupply 
DroyMnatr. 1. �1000 llerllft 12 Hydraulic 
Tel. (30) 323�78 engineering 

0 
�D LAH M EY ER 

INTERNATIONAL 
Consulting Engineers for Energy · Water · Transport-Systems 
Special fields: Water systems and environmental engineering 

Lyoner Strasse 22 · � Frankfur1/Maln 71 
Telephone (69) 66n� · Telex 041 347811d 

HYDROELECTRIC POWER FINANCES 
THE CONSTRUCTION OF THE MAIN-DANUBE 

WATERWAY 

()onaAu- Hocnsladt 
The company Rheln-Maln-Oonau AG and Its affiliated companies 
operate 53 po- stations and 1 pump-feed power station. The 
profits from these power stations are used for financing the 
construction of the Main-Danube waterway. The Free State of Ba· 
varia and the Federal Republic of Germany have granted loans paid 

back from the profits made from generating electric power. 

mRIER 

• Valves • Gates 
• Trahsrak Rakes • Segment Weirs 
• Clarification Plants • Control Technique 

You should contact us, if required. You will be advised 
by a team well acquainted with the hydraulic steel 
structure range. Our company offers the experience 
of more than 50 years, during which many hundreds 
of plants have been designed and supplied on 
tum-key-basis. 

Maschinenfabrik B. Maier GmbH & Co. KG 
Postfach 140640 • D-4800 Bielefeld 14 
Telefon (0521) •4411-1 · Telex 937319 

I I I I I  I I  

tndustriestra&e 32 
�2806 Oyten 
Tel. (4207) 8441&15 

INGENIEUR·DIENST NORD 
Dr.-lng. Gerd Lange - Dr.-lng. Rolf Anselm 
Consulting Engoneers 

Waler resources management. 
Hydrology 
Water supply 
Sewage engoneerlng 
Sewerage systems. Water ;.w 
Bio-engineering 
Consulting. Planning 
Site management --------' 

Agriculture, Natural Raources Surveys, lrrig-'lon. Drainage, Regional 
Planning, Runol DeYeiOC!ment W•ter M•n•gement. Hydr•ulic 
EngiMerlng, Processing lnaustriea. 

Basoc Shldoes. Evaluatoon ol Resources. Pro;ec1 Ptannong. Feasoboloty 
Studoes. Supervosoon ol Works. Agrocultural E•lenS>On 

Huyssena� 66-68 O-ol3DO Essen t CFRGJ. Tet (201} 2016- t T.-: 857SS7 aM d 
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Construction 
Enterprise 

ALFRED KUNZ GmbH & Co. 
Bavariaring 26 
D-8000 M Onchen 2 

Federal Republ ic of Germany 

Phone (89) 51 46-0 
Telex 5 23 354 
Telefax (89) 51 4621 6 

Measuring and 
__ Process Control 
for !f�e. Hydro and Energy Economy 

, :. .. . . � . ..  ·. ;• . 

LAND IMPROVEMENT 
.. ._. i��CrNM of agricultural Jiolds which 

pwwiMS supply of food 
���-.�� �������� 

UFT 

OLTMANNS ZIEGEL UNO KUNSTSTOFFE GMBH 
worldwide well-lcnown producer and supp&er of 

- CXImJ9Clled flexible drainpipes (PVC ond PE) - wrop-<li'OUI'1d filter pipes (coconut, s1oplefibre_) 
- units ond complete plants (mobo1e ond stationary) 

YOUR PARTNER: OLTMANNS MASCHINEN GMBH JEDOaOH 1 · D-2905 EDEWECHT · W-Gf.RMANY 
T8..: (49)-4405-121 · TX: 25 845 ol�e d 

Umwelt- und Auid-Technik 
Dr. H. Brombach GmbH 
SteinstraBe 7 0-6990 Bad Mergentheim 

e Equ1pment and procedures for ph)'S!Cal Storm Water Treatment. 

e Flow and Level Controllers for sewerage systems. 

e Vortex Tlvonfes and Vortex Valves for Aulds being difficult 
to handle. 

SCHLEGEL 
SPIEKERMANN c;3mbH 
CONSULTlNG ENGINEERS 

Duesseldorf Ouisburg Koblenz Stuttgart 

T11rtic lnvesuoauons 
Road Constn.c1JOn � Road Tl1rtic TOCMOilqy 
ROI1id T ,_ Ollld 
SIIIJoQy T OCl100b:Y 
� El9f*1II1Q 

111l• •- "'
·- - - •ot•T
� 
- 
� - l'llllllt Sll llntJI 

CMI Enome.nno ConsuuctJOns 
Treatmonc Plants 
Pipelines 
AortJOns 
Roaos and Ra•lways 
s� 

tJenWlOer Sir. 58-62 . 0-4000 Ouewldor1 30 Pnone 1211) 45475·0 h. 8584620 cssj 
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Surges from ice jam releases: a case study · 

S. BELTAOS AND B. G. KRISHN:<\PPAN 
Em·irmuni'IIICII H_wlrcmlin Section. H_,·tlraulics Dil·isimr. NationCII Water ReseCirclr Institute. 
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Received August I I .  1981  

Revised manuscript accepted January I :?. .  198:?. 

Accounts by witnesses of spring ice breakup in rivers often mention violent icc runs with elltremc water speeds and ro�pidly 
rising water levels. Such events arc believed to follow the release of major icc jams. To gain preliminary understanding of this 
problem. an attempt is made to reconstruct a panially documented ice jam release reponed recently by others . The equations 
of the icc-water flow that occurs after the release of an ice jam arc formulated. It is shown that the problem may be 
approllimately treated as a one-dimensional . unsteady. water-only flow of total depth identical to that of the ice- water flow. 
and average velocity . The retarding effect of the frequently encountered intact ice cover below the jam is considered implicitly. 
that is. by adjusting the friction factor so as to make the predicted and observed downstream stages equal. The effects of jam 
length are considered next by assuming longer jams of the same maximum water depth. The duration of the surging velocities 
increases with jam length and so does the peak stage . Less than 2 h after the jam release the surge was arrested and a new 
jam formed. causing funher stage increases. Present capabilities of modelling the reformation process are discussed and the 
major unknowns identified. 

Can. J. Civ . En� .. 9. 276-284 I I'IM1l 

Introduction 

Witnesses· accounts of spring ice breakup in rivers 
often mention violent ice runs with extreme water 
speeds and rapidly rising water levels. Gerard ( 1 979) 
quoted several accounts of such events and suggested 
that they can only be explained by the action of surges 
caused by the release. and possibly the reformation. of 
major ice jams. This is plausible since an ice jam causes 
a significant local penurbation on the stage profile of a 
stream with very large gradients near its toe or down
stream end. Failure of the jam releases a large water 
wave that results in high speeds and rapid stage rises at 
downstream locations. 

There are several practical problems that are related 
to surges from ice jam releases. such as shon and long 
term forecasting of peak water levels near a populated 
area located downstream of a major jamming site; pos
sible hcd scour and bank erosion due to relatively brief 
hut intense icc runs: and peak stages during reformation 
of a released jam. Such dynamic aspects of ice jamming 
arc poorly understood at present. especially in quan
titative terms . The writers are aware of only two peni
nent i nvestigations: an application of an open-water 
unsteady flow model to assess surge effects on bed 
scour I Mercer and Cooper 1 977) and a theoretical in
vestigation of surging and new jamming (Henderson 
and Gerard 198 1  ) . 

The lack of understanding of ice jam dynamics is 
very l ikely due to the lack of peninent quantitative data; 
indeed one can easily imagine the difficulties involved 
in obtaining adequate documentation of jam releases. 
First. the longitudinal water level profile along and 
downstream of an ice jam must be known shonly before 

its release; second. water level-time vanauons at 
downstream locations are needed as a means of assess
ing the results of the surge: and third. channel geometry 
and flow conditions are necessary as input information 
prior to application of a mathematical model .  Recently. 
a panially documented release case was reponed by 
Doyle and Andres ( 1 979): the 1979 breakup on the 
Athabasca River at Fon McMurray which was triggered 
by the release of a major ice jam upstream. Fonunately. 
it was possible to approximately determine the water 
level profile along this jam and to obtain the subsequent 
stage-time variation at a bridge site in Fon McMurray . 
River cross sections were surveyed later under open
water conditions. Though this information is far from 
complete. it does afford an opponunity for an ex
ploratory case study. principally intended to be a means 
of gaining preliminary understanding of the jam surge 
problem. 

In the following sections. it is attempted to formulate 
the governing di fferential equations of the ice - wa1er 
surge phenomenon and utilize them to reconstruct the 
results reponed by Doyle and Andres ( 1979). 

Unsteady ice-water flow 

In this section. the unsteady flow of water and ice 
that results from the release of an ice jam is considered. 
For mathematical simplicity the flow is assumed to be 
two-dimensional. such as occurs in a very wide. rectan
gular. prismatic channel. With proper adaptation some 
of the final equations can be shown to hold for flow in 
a channel of arbitrary cross-sectional shape and plan 
view. 

03 1 5- l-l68182J020276-09SO I .  0010 
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FIG. I .  Definition sketch. 

With reference to Fig. I ,  two flow layers can be 
distinguished: (i) the fragmented cover of thickness r, 
including the water contained in its voids: if the poros
ity. E. of the cover remains the same for both the re
gions above and below the water surface and if the ice 
is floating. then the submerged thickness of the cover is 
equal to s,t with s, = specific gravity of ice: ( i i )  the layer 
of thickness h that consists of water. between the bot
tom of the cover and the channel bed. Figure I shows 
the assumed velocity distribution across the two layers: 
the fragmented cover is assumed to act as a solid due to 
interlocking among the fragments and thence to have a 
uniformly distributed velocity. u,. 
Continuity equations 

Assuming that the porosity E of the cover is con
stant, ' the mass conservation for ice results in (thermal 
effects are neglected): 

at aq; [ I ]  C l - E> ar + ax = o  

in which T = time. x = longitudinal distance. and q; = 
ice discharge per unit width. given by: 

(2) q; = ( I  - E)U; t 

Substituting [2] in [ I ]  gives: 

[3] 
il t  iJ (  II, t )  

- + -- = 0  ilT ax 

Consideration of the mass conservation of water gives: 

[4] 

in which q .. = water discharge, given by 

[5) q,. = q' + E U,S, t 

with q' = water discharge in the second layer. i.e . .  

(6) q'  = r II dy = Vh ,, 
where V = average velocity in the layer. Substituting 
[5) in [4] and taking [3] into account. gives: 

a , 
[7) ah + ...!!_ 

= 
o 

ar ilx 

which may be viewed as the continuity equation for the 
second layer. 

To write the overall mass flux equation for the ice 
and water flow. multiply [ I ]  by p; (ice density) and [4) 
by p .. ( water density) and add. to find: 

a H  ap_q 
[8] p .. a r + Tx = 0 
in which H = overall water depth. given by: 

[9) H = h + S; l 

and p .. q is the total mass flux. that is: 

[ 1 0] p .. q = p;q, + p .. q., 

It is noted that [8] is identical to the continuity equation 
for water flow of depth H and discharge q. 

Momentum equations 
The momentum equation for the water layer in a 

direction parallel to the channel bed is: 

[ ( au au au) iJp OT I I ) p.. a T + u ax + u iJy 
= p .. gSo - ax + ay 

in which u. u = velocity components in the x and y 
directions respectively: g = magnitude of the acceler
ation due to gravity = 9.8 m/s�: S0 = channel bed 
slope; p = pressure. assumed approximately equal to 
the hydrostatic pressure: and T = shear stress parallel to 
the x-axis. acting on a plane normal to the _v-axis. The 
differential equation of continuity reads: 

[ t Z] au + au =  0 ax ay 

By vinue of [ 1 2]. the bracketed term on the left-hand 
side of [ I I ]  may also be written as ( ou/ an + (au� I ax) 
+ (ouu/oy). Making this substitution and integrating 
both sides of [ I I ] from y = 0 to y =  h. gives: 

{ a J" ah a J" . , ah } a Jh [ 1 3] p .. · a T u u dy + (u), iJT + ax 0 u· dy - (II"), ax +  (u),(u),, = p .. gSuh - d:C 
II 

p dy 

' In reality. e is expected to vary. but only within a narrow range. 

ilh + (plJ, -:-- - (T, + Tu) dX 
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in which Tu = bed shear stress and T, = shear stress on 
the bottom of the cover. considered positive if it tends 
to rct.:rd the water layer and accelerate the cover. as 
�ketched in Fi!L I .  It is noted that ( u lh = u, and p = 
P� l( C H - yl. T� determine (uh. [ I :!] may be integrated 
from y = 0 to y = h; this gives: 

ilh a J� [ 14] (u) = u - - - u dv 
h ' ax a.f u • 

Using [6]. (7], [9], and [ 1 4], [ 1 3] may be simplified to: 

aq' a ') [ 15)  p,.. ( aT + ;; = p,.. ghS,.. - (T, + Tu) 
in which S,.. = slope of the water surface and 

[ 16] m' = f u2 dy 

Consider next the momentum equation for an ele
ment of the cover of length dx. For simplicity. the 
equation is written in a direction parallel to the water 
surface so as to cancel the pressure forces; the cosines 
of small angles that would ordinarily appear in the equa
tion are assumed equal to unity. If dm, is the total ( ice 
and water) mass of the elemeril and a; is its acceleration 
(note that a, = du;/d T = constant across the element). 
then: 

( 1 7] (dm,)a; = g(dm;)S,. + T; dx 

But 

[ 1 8] 

and 

du; au; au; 
a; = d T = a T  + 11' ax 

( 19) dm; = p;( l - E)f dx + p,..ES;f dx = p,..S; f dx 
Substituting [ 1 8] and [ 1 9) in [ 1 7] and rearranging, 
gives: (au, iJu; ) 
[20] p,.s, t 0 T + u, i1:c = p,. gs, tS,. + T, 

A similar form may be obtained for [ 1 5] if we make the 
one-dimensional flow approximation m' '= v :lt and use 
[7] to show that: (av ;w) [2 1 ]  p.,h a T + v iJx = p,.. ghS .. - (T, + Tu) 
Once the initially stationary cover accelerates to the full 
water speed. the one-dimensional approximation will 
indicate that II; ""' V. In this case. addition of [20] and 
[2 1 ]  will give: 

(22) p,. H (�i + V��) = p,. gHS,. - Tu 
which is the same as the momentum equation for flow 

FIG . 2. Location map of study area (after Doyle and 
Andres ( 1979). with changes). 

of depth H and average velocity V. Funher. with u, = 

V, it can be shown that q (defined by [ 10]> becomes 
equal to VH and [8] reduces to 

[2J) 
iJ H  + a< VH) 

= O a T  ax 
It follows that under the conditions of ( i )  the one
dimensional flow approximation and (i i)  full devel
opment of the speed of the cover. the overall equations 
governing the motion of water and ice are identical to 
those of ordinary water flow with depth H and average 
velocity V. With proper boundary and initial condi
tions. the jam release problem could then be handled by 
means of existing unsteady flow models. It is noted that 
a more elaborate derivation for a channel of arbitrary 
cross-sectional shape and plan form gave the same cor
respondence between water-ice flow and water flow of 
the same overall depth and average velocity. 

To estimate the time required for full development of 
the ice cover speed. an order-of-magnitude analysis was 
perfonned assuming a constant water speed and thick
ness t. It was found that II; becomes equal to 95% of the 
water speed within a few minutes. Since the acceler
ation time is quite small. it could. as a first approxi
mation. b<: neglected and the computation based on the 
open-water equations from the very beginning of the 
process ( instant of release ). 

Fort McMurray case study 

Figure :! is a plan of the Athabasca River in the 
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FIG. 3. Initial flow conditions and channel geometry ( T = 0 is taken at 1 950 h. April 28. 1 979). 

vicinity of the town of Fort McMurray I Alberta).  a site 
notorious for troublesome ice jamming. The 1 979 
breakup at this site was documented by Doyle and 
Andres ( 1 979) who reported that breakup at MacEwan 
Bridge was triggered by the release of an ice jam that 
had formed a few kilometres upstream. The longi
tudinal stage profile of this jam was determined shortly 
before its release and can be used to define the initial 
conditions. The passage of the surge was observed at 
MacEwan Bridge and a few stage readings and velocity 
estimates are available. Channel c.ross sections below 
MacEwan Bridge have been provided by Doyle and 
Andres ( 1 979): additional cross sections for the reach 
above the bridge were kindly provided by M. Anderson 
of the Transponation and Surface Water Engineering 
Division of the Alberta Research Council .  

To solve the governing differential equations. a nu
merical algorithm was used that has been developed by 
Krishnappan and Snider ( 1 977) for one-dimensional 
unsteady flow with variable channel width. Though this 
algorithm is capable of dealing with cross sections of 
arbirrary shape. it was deemed sufficient for the present 
purpose to assume rectangular sections. as follows. 
First . a cross section was approximated by a trapezoid 
of depth equal to the distance of the water surface from 
the average channel bed level. This trapezoid was then 
approximated by a rectangle of the same depth and of 
width equal to the average width of the trapezoid. The 

channel width and depth between successive surveyed 
cross sections were determined by linear interpolation. 

Initial conditions for the water surface and bed pro
files as well as for the flow discharge along the study 
reach must be known for the computation. For the 
jammed reach. it is assumed that flow through the voids 
of the jam is negligible. therefore the value of q is equal 
to q' which in tum is equal to the water discharge prior 
to release . Discharge was estimated as 900 m·'/s below 
the mouth of the Clearwater River l see Fig .  2) and 
700 m·'/s above this site. based on Water Survey of 
Canada records. 

In  addition to the initial conditions. Krishnappan and 
Snider's algorithm requires the depth or flow rate at the 
upstream and downstream boundaries of the study reach 
plus an estimate of the friction factor or of the ratio 
V /V • (V  • = shear velocity ).  which is assumed indepen
dent of x and T. Note that V /V • = C /Vg with C being 
the Chezy resistance coefficient. The boundary condi
tions were specified simply by choosing the boundaries 
sufficiently far upstream of the jam and downstream of 
M acE wan Bridge to ensure that surge effects do not 
reach these locations during the computation period. 
The parameter V/V. was left free . i.e . .  it was selected 
by trial and error so as to give optimum agreement 
between predicted and observed stages at McEwan 
Bridge. Though this parameter is known for open-water 
conditions ( V/ V. = 1 6 l  and should probably apply to 
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FIG. 4. Computed versus observed stage- time variations at MacEwan Bridge ( T = 0 is taken at 1950 b. April 28. 1 979; 

observed stages are approximate). 

unimpeded ice- water flow. the same value may not be 
appropriate for the present case study: downstream of 
the ice jam. the river was not open but covered by 1 -m 
thick sheet ice with occasional open-water sections. 
What the friction factor should be in this reach is un
known and cenainly it would be expected to change 
with time and distance as the surge moves in and dis
lodges the sheet ice cover. Because this effect is too 
complex.  it was considered reasonable to use an 
"average'' constant value: clearly. this value should be 
less than the open-water value. 

Figure 3 shows the riverbed profile in the study reach 
along with the initial water surface profile as documen
ted by Doyle and Andres ( 1 9791. The actual data points 
of Doyle and Andres are also plotted so as to show the 
degree of smoothing that was applied for computational 
purpose . The time T = 0 is fixed at 1 950 h. April 28. 
1 979. 

Figure 4 shows stage- time variations as computed 
for different values of V /V * along with available obser
vations. The best agreement between computation and 
observation seems to be obtained when v;v. = 9.0. 
Note that all computed curves have a peak and decline 
slowly afterwards. as might have been expected since 
the simulated surge resembles. to a degree. the dam 
break problem. However. the observations show the 
stage to remain fairly steady after T =- 50 min. This is 
probably due to 1 w jamming that occurred somewhere 
downstream of MacEwan Bridge. According to Doyle 
and Andres. ice movement at the bridge ceased at T = 
1 65 min C2235 h. April 28) and a major jam was ob
�ervcd in the morning of April 29 with its toe 14 km 
below . and head I I  km above. MacEwan Bridge . As
�uming that the new jam was initiated at the location 

indicated above. �  it was estimated that. with V /V * = 

9.0. the time of initiation would have been T = 70 min. 
For T > 70 min. effects of the new jamming would be 
experienced at MacEwan Bridge. 

The downstream variation of the peak stage com
puted with v;v. = 9.0 is shown in Fig. 5. For X 2: 
24 km. the peak stage exceeds the initial stage. whereas 
for x � 24 krn. the peak stage coincides with the initial 
stage. Clearly, in the latter reach the water level drops 
continuously from the very start of the surge. 

Figure 6 shows the variation of V with time at Mac
Ewan Bridge as computed for v;v. = 9.0. At T = 
35 min the computed value of V is 2.2 m/s while the 
surface velocity was estimated by site observe.rs to be 
between 2 and 3 m/s. Considering that surface veloci
ties are typically 1 5% larger than average values. the 
agreement between prediction and observation appears 
satisfactory . This finding provides a measure of con
fidence to the present approach since poor velocity esti
mates despite the matching of water stages would be a 
strong negative indication. 

Considering again Fig. 3. it may be noticed that the 
stage profile of the ice jam does not include any section 
parallel to the normal river slope. This implies that the 
jam did not attain equilibrium in the sense adopted by 
Uzuner and Kennedy ( 1 976) as a result of its limited 
length. Had the supply of ice been larger. an equi
librium section would have formed: this would have 
caused a longer jam than the one that actual ly formed. 

'This is the farthest possible location from MacEwan 
Bridge: the jam might have been initiated ups1ream of this site 
and slowly moved during the night of April :!1!- 19 by intcr
miuent hoves. 
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FIG. 5. Downstream variation of peak surge stage as com
puted with v;v. = 9. 
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FIG. 6. Computed velocity-time variation at MacEwan 
Bridge (V /V • = 9). 

though not necessarily associated with greater overall 
water depth. H (see also Fig. I } . Considering that such 
an occurrence is not inconceivable, it is of interest to 
examine the effects of a hypothetical jam with the same 
maximum H as that of the actual jam but with larger 
length. Figure 7 shows the assumed initial profile of the 
hypothetical jam: a constant water depth. equal to the 
maximum overall depth associated with the actual jam. 
is assumed to occur in a reach of length L • .  and a 
horizontal water surface transition is drawn between 
this reach and the uniform-flow. open-water reach up
stream. Figure 8 shows the resulting peak stage at Mac
Ewan Bridge plotted versus L. using V IV • = 9 .0; for L. 
= 25 km. this peak would have been 1 .3 m higher than 
the one that actually occurred. The main effect of L. on 
V is associated with the duration of surging velocities. 
For L. = 0. Fig. 6 indicates a maximum of 2.3 mls for 
V, whereas velocities in excess of 2 mls lasted for 
about 45 min. For L. = 25 km, the maximum value of 
V was calculated as 2.35 mls but velocities larger than 
::!. mls persis�ed for 1 1 0 min. 

Discussion 
From the foregoing analysis. it appears tht a one

dimensional . unsteady. open-water flow model can be 

260 

x • Downstream Distance lkml 
FIG. 7. Illustration of initial hypothetical jam with an equi

librium reach. 

Le• l..ength ol equolibrun """"' lkml 
FIG. 8. Effed of jam length on peak surge stage at Mac

Ewan Bridge (computed with V/V• = 9). 

applied to the ice-water flow that results from the re
lease of an ice jam using appropriate definitions of the 
mass and momentum fluxes. Realistic predictions can 
be made with this approach provided a suitable value is 
selected for the coefficient V IV •. At this time. it is not 
known how this coefficient is to be predicted because of 
complications arising from the frequent existence of 
solid ice sheets below an ice jam. For the present study . 
the best value of V IV • was found equal to 9, which is 
between the open-water value ( =  1 6) and the apparent 
value (5) for flow under a 1 -m-thick ice cover. The 
apparent value of V I V  • is defined as the ratio of the 
apparent V (equal to q I H) to the apparent V • (equal to 
(gHSr)112); Sr = energy slope). The apparent V IV • ap
plies when the cover is stationary but has to increase r 
when the cover is set in motion. Additional case studies 
would help to develop a method for predicting suitable 
values of V IV • . 

The possible effects of the jam length on downstream 
flow conditions were investigated using VI V * = 9. It 
was found that jams of the same maximum H. but 
longer than. the actual jam would have resulted in in-
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creased peak stages and durations of surging velocities. 
The peak value of V at MacEwan Bridge was calcu

lated a 2 . 3  m/s. occurring at T = 23 min. At T = 
35 min. the calculated V had dropped slightly to 
L !  m/s: this is in accord with an estimated surface 
velocity of 2-3 m/s. reponed by site observers. l l  is of 
interest to note here that surface velocities of 5-6 m/s 
occurred at this site during the 1977 breakup (Doyle 
1977): this implies corresponding average velocities of 
4.3-5.2 m/s which are about twice those of 1979. The 
difference could be produced by one or more of several 
factors such as a jam located closer to the observation 
site than the 1 979 jam: a steeper toe slope: and a higher 
initial discharge. Unfonunately. the origin of the 1 977 
surge is unknown but chances are that the released jam 
was located at about the same distance above MacEwan 
Bridge as the 1979 jam. The 1977 discharge was about 
1 300 m·'/s which may account for a pan but not for all 
of the difference in surging velocities. It can be shown 
that. other things being equal. surge speeds are approx
imately proponional to the square root of the initial 
water surface slope at the jam toe. Figure 3 indicates an 
initial toe slope of about w-J: hence. it is estimated that 
the toe slope of the jam responsible for the 1977 surge 
would be close to but not greater than 4 x w-J_ This 
value is not uncommon for ice jams in the vicinity of 
Fon McMurray lsee Doyle 1 977: Doyle and Andres 
1978. 1979). 

ll has been pointed out that predictions cannot be 
expected to be realistic beyond T = 70 min. due to new 
jamming that occurred at a location no fanher than 
14 km below MacEwan Bridge. The toe of the new jam 
was observed at this location about 1 2  h after the surge: 
it is thus possible that jamming first occurred at a dis
tance less than 14 km from MacEwan Bridge and the 
toe advanced by shoves during the intervening time. 
The probability of this occurrence is enhanced if it is 
considered that in 1977 a much more violent ice run was 
arrested at Poplar Island (9 km from MacEwan Bridge. 
see Fi!!. 2 and Dovle 1977). If this had also been the 
case i� 1979. it is �stimated that the predictions would 
only apply until T = 40 min. 

Regardless of the actual timing and location of the 
new jam. prediction of subsequent flow conditions 
above the new toe depends on several factors. as indi
cated below: 

(i) surge characteristics: 
( i i )  unsteady flow equations under a stationary frag

mented ice cover (new ice jam); 
( i i i )  mechanisms of upstream propagation and veni

cal growth (thickening) of an ice jam: 
l ivl the downstream boundary condition. that is. dis

charge or depth variation with time at the jam toe: 
t v  1 stability of the jam toe. 
Item < i 1 can be dealt with using the approach 

presented herein and item r i i l  has already bo!en di -
cussed in an earlier section where continuity and mo
mentum equation. were developed I see also similar 
equations deriwd by Uzuner and Kennedy r 1 9761 for 
flow under a stationary coveT). For a situation where an 
ice jam lengthens in the upstream direction. two flow 
models must be applied simultaneously: a model of 
ice- water flow for the region upstream of the jam head 
and a model for flow under a stationary cover for the 
region downstream of the jam head. The location of the 
boundary between these regions depends on time in a 
manner dictated panly by item (iii) and panly by the 
incoming ice discharge which is related to item (i).  hem 
Ciii) can be formulated so as to be consistent with gen
erally accepted theoretical developments to date ! see for 
example Kennedy 1 958: Pariset era/. 1966; Uzuner and 
Kennedy 1 976). Some attempts to formulate mathe
matically the propagation and thickening of an ice jam 
have already been made IUzuner and Kennedy 1 976: 
Mercer and Cooper 1977> but the resulting models have 
not as yet been tested against laboratory or field data. 

Items ( iv )  and (v) .  that is. flow and stability condi
tions at the jam toe. are. to a large degree. unknown. 
For example. Uzuner and Kennedy ( 1976) did not at
tempt to solve their time-dependent equations largely 
because the downstream boundary conditions were un
known. On the other hand. Mercer and Cooper ( 1977) 
assumed a floating toe with equilibrium thickness 
which permits one to consider the water surface along 
the jam as an M2 curve. Though floating toes are ob
served frequently. grounded toes are not rare occur
rences (8eltaos 1980). Evidence for the latter situation 
can be either direct ( water surface located fanher below 
the top of the jam than one tenth of the available chan
nel depth) or indirect !mode of failure of an ice jam. 
locally very steep slope of water surface). For the sec
ond ice jam at Fon McMurray in 1979. the results of 
Doyle and Andres indicate a toe slope of 0.005·' over a 
distance of 500 m: this is 26 times the normal channel 
slope at the same location. To withstand the resulting 
forces (streamwise weight component plus bottom 
shear stress) an ice jam would have to be much thicker 
than the available flow depth. 

When a jam toe is grounded. the downstream bound
ary condition may be formulated in terms of a seepage 
type of equation which relates the discharge to the water 
depths upstream and downstream of the grounded por
tion. If it is assumed that. at the time of formation of the 
toe. the flow is stopped completely. i.e . .  the discharge 
becomes zero momentari ly. the upstream depth will 
subsequently increase and the downstream depth will 

'Note that similar toe slopes for icc jams ncar Fnn 
McMurray have also been reponed regarding 1hc 1977 and 
1978 breakup period� !Doyle 1977: Doyle and Andres 19781. 
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decrease: this will establish a hydraulic gradient which. 
in rum. will cause the discharge to increase. This con
cept could be formulated mathematically and incorpo
rated in an overall model of jam formation: however. 
there is an additional consideration that requires in
ve. tigation. As the hydraulic head across the jam toe 
increases. the seepage force also increases. wherea� the 
ability of the jam to resist this force may decrease if 
increased water stages cause panial flotation of the 
grounded ice. Therefore there must be a limit of sta
bility beyond which the jam would fail and move down
stream but it is not known how a peninent criterion 
should be expressed quantitatively. It would thus ap
pear that research on the mechanics of grounded jams is 
necessary before a complete model of ice"jam formation 
can be produced. 

Summary and conclusions 

The results of a preliminary investigation into the 
mechanics of surges due to ice jam releao;es have been 
reponed in the previous sections. The investigation was 
prompted by a recent r.!pon (Doyle and Andres 1979) 
that includes a panially documented case of ice jam 
release. 

The differential equations for the ice-water flow that 
occurs subsequent to the release of an ice jam were 
formulated and it was shown that. with plausible ap
proximations. the problem may be treated as one
dimensional . open-water flow of total depth H identical 
to that of the ice- water flow. and average velocity V. 
This applies to situations where the river is free of ice 
downstream of the releac;cd ice jam. Though this does 
occur in nature occasionally. the downstream reach is 
often covered with an undisturbed or deteriorated ice 
sheet. Arrival of the surge lifts. breaks. and sets in 
motion this ice sheet: the phenomenon is too complex 
to model but itc; main effect is to retard the advance of 
the surge. For practical purposes. it was assumed that 
this effect may be handled by an increased friction 
factor or a reduced ratio v;v • .  

The data provided by Doyle and Andres penaining to 
the releao;e of an ice jam on the Athabasca River above 
ron McMurray were reprocessed to define the initial 
and boundary conditions necessary for the com
putation. Stream geometry was defined on the basis of 
several surveyed cross sections: each cross section was 
approximated by a rectangle of average width and depth 
for simplicity. The computation was carried out by 
means of an algorithm developed by Krishnappan and 
Snider C 1977) for unsteady. one-dimensional. open
water flow. This algorithm uses a constant value of 
V /V * which. in view of previous comments. appears to 
be the weakest assumption of the present study. The 
value V /V * = 9 was found to adequately reproduce 
available stage and velocity estimates at a downstream 

location. This value is between the corresponding open
water value ( 1 6) and the apparent value (5)  for flow 
under a solid ice sheet. 

Using V/V * = 9. it was found funher that. if the jam 
had been associated with the same maximum water 
depth but was longer than the one that actually oc
curred. the peak surge stages and durations of surge 
velocities would increase. 

From the data of Doyle and Andres C 19791 it appears 
that the surge was arrested at a location no more distant 
than 14 km below MacEwan Bridge and the present 
computation cannot be expected to be realistic for T > 
70 min due to changed downstream conditions. Pre
liminary considerations of the mathematical modelling 
of jam reformation indicated that the major unknowns 
are the flow and stability conditions at the toe of an ice 
jam. especially in cases where the toe is grounded. 
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New :;pecies suited to future conditions. 
- Structures to provide access to habitats for migratory species. 
- Extension of the area available to certain species. 
- Promotion of certain species to the detriment of others. 

Water Quality 

The major parameters defining water quality include temperature, 
turbidity, dissolved oxygen and nitrogen, and nutrients. Aquatic 
l i fe depends on the inter-relationship of all these factors. 
T o  rn1nimize the effects of a hydro-electric project on the physical, 
cht::mical, and biological quality of the environment, the planning 
and design of the structures should take into account: 
- Present and potential uses of the water upstream and down

:>tream. 
- E ffects of water storage on dissolved· oxygen and water 

temperature, and repercussions on aquatic life. 
Downstream effects on nitrogen saturation. 
Effects of organic matter and nutrients carried by flood waters 
to the reservoir, where st:>dimentation is accelerated. 

Ground Water Levels · 

Adjacent land where the ground-water level may rise she .. ld be 
studied to determine: 
- Effects of higher ground-water levels. 
- Present and future uses including potential with regard to 

forestry, agriculture, mining, tourism, wildlife and plant life. 

Reservoir Clearing 

Reservoirs can be clear cut, or partially cleared. Decisions on the 
Jegree of clearing should be consistent with environmental uses 
ot the reservoir within the operating level�. Consider the follow
Ing: 
- Wildlife habitat, boating, fishing, swimming, water skiing, as 

well as sightseeing. 
- Proximity and accessibility of the reservoir to urban, industrial, 

agr icultural, and wilderness areas. 
- F1sh and bird reproduction can be enhanced, in some instances, 

11 portions of reservoirs are not cleared. 
- T he salvage of as much wood material as is economically 

possible. 
- Waterway habitat improvement, including bank stabilization, 

control of wind and water erosion in the zone of fluctuation 
and replanting of mudflat areas with water adaptable species. 
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Erosion, Sedimentation, and Ice 
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A reservoir presents a potential source of erosion and sedimenta
tion. To the degree it is economically and technically possible, 
siting and design should ensure stability of the banks, prevent 
land from sliding or breaking, avoid the silting of the reservoir, 
and achieve erosion protection in harmony with the natural sur
roundings. Similarly, the design of structures and remedial or pro
tective devices should take into account the behaviour of ice and 
frazil ice. 

Construction 
Construction activities can be carried on in a way which minimizes 
damage to the environment. Before work begins, a plan to protect 
and manage the environment should be developed and conveyed 
to the construction forces. 
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Excavation, Borrow Pits. and Quarry Areas 

Borrow pits, quarries and disposal areas are unsightly. 
• Choose disposal areas for surplus excavation with care so that 

the landscaping of these spoil areas, when abandoned, will be 
compatible with the natural surroundings. 

• locate pits and quarry sites within the area of the future 
reservoir if possible. landscape and stabilize exploited areas 
outside the limits of the reservoir on completion, including 
slopes and faces. 

Operation 

Reservoir 

During the filling of the reservoir, protect the water and animal 
and plant life, taking Into account the rights of other users of 
the river. 
Permissible reservoir fluctuations should be established by a 
study of the energy production and environmental requirements. 
The best solution that takes these two factors into account 
should be applied. It may be necessary to apply more severe 
operating restrictions during migration or spawning. They should 
be co-ordinated with fish and wildlife management authorities. 
Consider the following elements in the operation of a reservoir: 
- Stability of river or reservoir banks affected by sharp fluctua-

tions in water level. 
- Protection of the rights or property owners by ensuring opera

tion within minimum and maximum operating flows and levels. 
- Monitoring variations in ground-water levels caused by opera-

tion of a reservoir. 
- Appearance of areas affected by variations in levels. 
- Surveillance of water quality and sedimentation. 
- Protection of flora and fauna, taking into account reproductive 

cycles. 
- Recreational activities such as fishing, pleasure boating, 

camping and swimming. 

Rights of Other Users 

The rights of other users upstream and downstream should be 
protected during operation. Clear operating limits should be 
defined for various conditions. Other user rights include: 
-F loating of logs 
-Navigation 
- Drainage, irrigation, Industrial and residential water supply, 

and waste water discharges. 

- - - - - - -

- Appearance of the area 
- Water quality 
- Recreational uses, such as for fishing, swimming and camping 
- Commercial fishing 

De-Commissioning 
De-Commissioning of a hydro-electric plant involves taking it out 
pf service and transferring all rights to the water and land to 
others, and usually occurs when its useful life is completed And 
rehabilitation or redevelopment is not economically justified. 
The economic analysis should consider the environmental effect 
of de-com missioning, especially on the uses that have developed 
over the plant's lifetime. These may include recreation. irrigation, 
flood control, conservation, water supply, and fish farm1n�. 
Returning a site to Its original state should be considered. 
although it is seldom practical to restore levels and flows to their 
natural state when the ecology and human population have 
adapted to a changed regime. 
• Consider the visual quality of the de-commissioned structures 

and site in the economic analysis. 
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. . . . . . . . .  1 5 1 •482-4387 

I 

I 

j<TERNAL AFFAIRS 
CANADA 

• OFFICE 
e 91dg 

•e A3C OP4 
•ro:(tOr . .  a·:· 

:JN . 

I 

I 

949-2 1 84 
94�·2 190 
949-2190 

...;REDIT CORPORATION 
CANADA 

I, · S Donald St R3L 2T4 

I 

949-4039 
949-4034 

AsSistant Aegl0f131 Manager . . . • 

Supvr Office ServiCes . . . . . . . . . . . 
Supvf. Loan Adm1mstration . . . . . . 
Appra1saJ & Advfsory Serw:es Offr . . .  
Supvr, Loan Review . . . . . . . . . . . . . .  
Loan RI!'MW Officers . .  . . . .  . . . . . . .  
Supvr, Accounts . . . . . . . . . . . . . • . . . .  

Loan AdmlnlstrallOI'I Officer . . .  

Farm Credit Distrtct Office 
202-2989 Pembtna Hwy R3T 2H5 
District Superv•sor. . . . . . . . . . . . 

D1stnct Secretary. . . . . . . . . . . . . . . . . 
Credit Advisors . .  . . . .  . . . . . . . . . . . 

949-4035 
949-4036 
949-4038 
949-4040 
949�046 
949-6274 
949-4033 
949-3768 

261-06 1 1 
261-061 1 
261 -06 1 1  

FEDERAL BUSINESS 
DEVELOPMENT BAN K 

Winnipeg 8tanctl 
101 • 386 Broadway Ave R3C 3R6 . . .  944-9991 

COUftllllng Alllstance to 
Smlll Enttn:lriMS (CASE) 
805 • 386 BroadWay Ave R3C 3R6 . . .  949-6166 

flr8irM & Northtm Region Office 
3rd Floor • 3 Lombard Place 
R3B OY4 . . . . . . . . . . .  : . . . . . . . . . . . .  943-8581 

St BonifKe llnlndl 
851 Lag11nod.ete Blvd R2J 3K4 . . . . . .  233-6791 

FEDERAL COURT OF CANADA 

Woodsworth Bldg 
2nd • 405 Broadway Ave A3C 3L6 

District Admmistrator. . . . . . . . . . 

Deputy Dtstnct Administrator . . . . . .  . 
Deputy Clerk of Process . .  

949-2509 
949-2509 
949-2509 

FISHERIES 1\ND OCEANS q 
. ""·��· 

REGIONAL OFFICE ,J '/ (1" FRESHWATER INSTITUTE 
501 University Cres R3T 2N6 
INFORMATION (SWITCHBOARD) . . .  949- 5000 

MANITOBA DISTRICT OFFICE 
Main Floor · 153 Lombard Ave R3B OT4 
Managef . . . . . . . . . . . . . . . . . . . .  949-4060 

WINNIPEG 

HEAL TH AND WELFARE 95E 
Otstoct Clerk . . . . . . . . . . . . . . . . . . . . . 949-4067 
Superv•sor Field Operal;ons. . . . . . . . . 949-4068 
Supervisor Technocal Servoces. . . . . . 949-8092 
Primary Products Inspectors 
Southam Manitoba . . . . . . . . . . . . . . . . 949-4067 
Winnipeg Station . . . . . . . . . . . . . . . . . .  222-8704 

EXPERIMENTAL FISH HATCHERY 
Guntcn. MaOIIoba ROC 1 HO 
Peterstield . .  . .  . .  . .  . .  . .  . .  . .  . . .  . 738-<�613 

SMALl. CRAFT HARBOURS BRANCH 
190-167 Lombard Ave R3B OT4 
Regional Manager. . . . . . . . 949-4081 
Program Ovlp Officer . . . . . . . . . . . . . . 9·;9-6093 

FRESHWATER 
FISH MARKETING 

CORPORATION 
1 1 99  Plessis Road R2C 3L4 

SWITCHBOARD CONNECTING 
AU. DEPARTMENTS . . . . . . . . . . . . . . .  949-8600 

HEALTH AND WELFARE 
CANADA 

CANADA ASSISTANCE PLAN 
270 Osborne St N R3C 1 V7 
INFORMATION . . . . . . . . . . . . .  944-3286/2�.!2 
Field Representatrve. . . . . . . . . . . . 944-321l6 
F.eld Offocef. . . . . . . . . . . . . . . . 944-2442 
Clerk. . . . . . . . . . . . . . . . . . . . . . . . . . 944-3286 

INCOME SECURITY 
PROGRAPAS BRANCH 

CANADA PENSION PLAN 
FAMILY ALLOWANCES 
OLD AGE SECURITY 
Bestlands Bldg 
191 Pioneer Ave A3C 3Ft. 
INFORMATION . . .  
Reg1onal D�te.::tor . . . . . . 

Administration 

949-36�1} 
�4a.23 1 0  

Chief. Admimstration Serv1ces . . . . . 94!1-3623 
EDP Servoces Supvr . . . . . . . . . . . . . .  949-2340 
Office Services Supvr. . . . . 949-2343 
Malena! Management Supvr . . . . . . . . 949-2343 
Benefit Control . . . . . . . . . . . . . . . . . 949-31523 

Finance 
Chief, Financial Admin . . . . . . . . . . . . .  949-23 1 �  
Financial & Pers Offocer . . . . . . . . . . . . 949-2314 

Canada Pension Plan 
Ch1ef. . . . . . . . . . . . . . . . • • . . . . . . .  949-21 77 
CPP Supvr. Section 1 . . . . . . . . . . . . .  943-:551 
CPP Supvr, Sect1on 2 . . . . . . . . . . . . 949-6 1 99 

Old Age Security 
Ch1£:f. OAS/GlS/SPA 949-fi23e 
OAS Supvr, Work Stauons. . . . . . . . . 943-2585 
Family Allowances 
Chief. . . . . . . . . . . . . . . . . . . . . . . . . . 949-28.!7 
FA Supvr. Work Stations . . . . . . . . . . .  949-4 1 59 



ALBERTA 

DEPARTMENT OF ENERGY AND 
NATURAL RESOURCES Pe:rOie.-n P'�a Sc...t., � 99· S· ' OBtr: St Eamor""" T51. ?C9 II,CI)<>r:;. TIOII. CE•ITR: Tetl'COD•er 4�;·2!-4€ Te•e. 037 3,0;6 

BRITISH COLUMBIA 

MINISTRY OF ENERGY, MINES 
AND PETROLEUM RESOURCES 
Par •ame.,r Slogs VrctOt•� VlsV • x.s �ar '"�Utr..s 

MAN ITOBA 

387·51 ,, 

MANITOBA ENERGY AND MINES 
55!>-330 Gt....,. Ave . 
Wrnnopeg, A3C 4E3 

NEW BRUNSWICK 

ENERGY SECRETARIAT 
124 S· Jonn St Freci-fiC'or. 
Moill•ng Acorn� 
P 0 Bo• 6000 FreoeiiC!OI' E38 �1'11 

N EWFO U N D LA N D  

DEPARTMENT OF MINES AND 
ENERGY 
P 0 Box 4750. St JOhn's. A1C 5T7 
Telex 01&-4724 

N OVA SCOTIA 

DEPARTMENT OF MINES.AND 
ENERGY 
J<r.oeph HQwt, Blo·t 
P o  Bn• •0111 ........ ,. B.IJ :>x 1 

ONTARIO 

MINISTRY OF ENERGY 
!,c \\t:ll���y �: :. 1 ,I,. Fir 
lnrnntl) M7A 20.' 
G�nt:or;t' lnQutrttS 

QUEBEC 

M I NISTERE D E  L'ENERGIE ET 

DES RESSOURCES 
200 cnem•n St .. t=oo, Oueoec. G1R 4X7 643-8060 RenseJgnemenls gener�u• 

I 

SA SK A TCH E \A/ AN 
DEPARTMENT O F  ENERGY AND 
MINES 
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ALBERTA 

TIIMISA&. TA UT11,111al CO. 
t tO 121" AweS• 
PO Bo• 1900 
C;ooyMy .. 8 T2P 2" I 

-liT A �-��l.-TI!O 
:oo•o oo•on so 
Eomonoon _.8 T� 2V6 

BRITISH COLUMBIA 

SASKATC HEWAN 
Saskatchewan Power Corporation 
2025 \/octO<• a Ave . Ragona. SU' OS 1 
Tele• 071 -2287 

566- 2 1 2 1  

I British Columbia Hydro & Po
Autnority/B.C. Hydro 

British Columbia Utilities Commission 
21�1 1 77 W MasMqs 51 . 

I 
I 

I 

I 

I 
I 

I 

910 Burrilrt1 Sl ll.w>Cn11vet 116Z I Y:l 1/'lnt:()O OV'!f" V�': 21. 1 

MAN ITOBA 

Manitoba Hydro 
P 0 Bn• 815 \'lonnopeq R3C 2P4 

N EW BRUNSWICK 

N ew  Brunswick Electric Power 
Commission 
515 Kong Sl Frl!<lerocton. EJB 4ll 1 
Tetea 01 4-46265 
T w•· 610-233-4453 
r.enerill lnaooory . . .  453-4444 

N EWFOU NDLAND 

Newfoundland and Labrador Hydro 
PtllloD P•ace Elotdte!n Ave 
Sl Jnnn � A l A  ?X8 

NOVA SCOTIA 

Nova Scotia Power Corporation 
9atr·"�Jton Sl Towef Scoloa SQ . I ? 0 Bo• 910. Halofaa. B3J 2W5 
Tetea 01 �21 736 
r .... 6 1 0  271 -8960 

I ONTARIO 

I 
Ontario Hydro 
,·(..'() Uruv�r ..... iy � ... � r·.uwto MS•i I �" 
r.'IX ij1:) 4'l 1 - 1 4�6 
� ... ,,,..: o.m1 

QUEBEC 
Hydro-Quebec lntematton., 
':·. 1� Ma l>Onn�•e Siva E 41n Fir . 
·�or:r11a1 H2L 458 

'd]-5 1 1 1  

( 5 1 4) 289-6822 

Socoete d" • ..,...gie de Ia Baie James 
•"'<!� B�1 Ererl}y Cnrpor.noo") 

.Ai ono,o 1111 M.lt'!Otlneuve es1 
'! -.�,,�,11 1"1}L IM8 

I 



ALBERTA 
DEPARTMENT OF THE 

ENVIRONMENT 
O•tmage Place. 
�8� 106 St Eamonton TSK 2J6 
tuntess otherw•se •ndtCaled, 
lnforrr aflon 

WATER RESOURCES 
MANAGEMENT SERVICES 
Assl Deputy Minister, 

427-2739 

P.G. Melnychuk 427-6252 
Secretary P Peat 42 7-6252 
OeStgn ana Consrructton Otvtston 
Otrector. J W  Thteuen 427-6t57 
Planntng Oo·IIStOn 
Otrector C L Pnmus . 427-2371 
Techntcal Ser.•ces Otvtston 
Otrec1or R Oeeorose . 427-6276 
Water Resources Admtn•srratton D•v•Ston 
Otreclor A Strome 427-6t68 
Conrrotl., v Carlson . 42 7-6244 
Ol>er�tons ana Ma.nt��r�ance Otv•Ston 
OtrtKtor F G Promus 422- t 361 

BRITISH COLUMBIA 

MINISTRY OF ENVIRONMENT 
Patt.tlfT'I-e,. B'•tgs V•Cin"a ·.�av 1 X5 
Pt.ANNING ANO RESOURCE 
MANAGEMENT DIVISION 

.'Idler ManagerT'enl Brancn 
Ottector P 1.1 Bracy 

MAN ITOBA 

387-6989 

DEPARTMENT OF ENVIRONMENT 

AND WORKPLACE SAFETY AND 

HEALTH 
Slag 2. t39 Tu•edo Ave 
Wtnntpeg RJN OH6 

NEW BRUNSWICK 
DEPARTMENT O F  THE 

ENVIRONME NT 
? 0 So• .;coo. F:eaeflc on EJB sr.• 
Ge<1eral lnQutry 

NEWFOUN DLAND 

J53-J.'IJU 

DEPARTMENT OF ENVIRONMENT 
E•·zJt;elh Tow'!rs. E:,zaoelh Ave 
p 0 B<: •  1150 
<;1  JOhn s A t C �;1 

WATER RESOURCES 
MANAGEMENT DIVISION 
Otrector Or Was. Ullan 717-25o3 

NOVA SCOTIA 

DEPARTMENT OF THE 

ENVIRONMENT 
Centenntal Bldg . 6th Fir 
P 0 Bo1 2107 Halt lax. B3J 387 

ONTARIO 
MINI STRY OF THE ENVIRONMENT 
1 l� 51 t:!Jtr Av� :. 
T\ltt"'lt!O \t.:•.,• tP 
Te·�· '.6-lJJ .c 
r ttf'�rill 'n•;• •"•f'!'S 

QUEBEC 
ENVIRONNEMENT. 

' 2360. Cllemtn St•Foy. 

St•Foy. G1V .... 2 
FII!I'I�IS geN<aua 

SASKATCHEWAN 
DEPARTMENT OF THE 

ENVIRONMENT 
51"'\ t: '  I 955 V•c:on� Ave Peq t1a �4P jVS 

e-'?• Jit -2.!55 
r:. • o l !l  '2: ' 2 ' 0  
GC'n�rat ''Q�&r·M 

643-6071 

565-61 1 3 

-
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SASKATCH E�/ A N  
Saskatchewan Water Corporation 
3rd Fir . 2121 �atcne ... an Or 
Regtna. S4P 4A 7 
M•n•ster resoonStbte 
The 'ion Paul Schoe�hats 
Prestdent. Raymond Rtchards 
Vtce-PreStdent. S.A Blackwell 
V•c•Prestdent. Water 511«1 Management 
J. F  Oanyluk . . 
Vte•Pres.dent. Resource Manag�t 
O.L Macleod . .  
VtC.Presodent. Water Supply and Utthty 
Management , 
R S Pentt.nc! . .  
Cotnptrotter v C Fawloe . 

YUKON 
NORTHERN CANADA POWER 
COMMISSION 
Rm 3C1 Feoerat Stag 
Whttenorse. V I A  2C6 

56S·2�Qe 

566·9651 
565-6t 4 t  

565-6400 

565·ii220 

565·2663 
566-9521 

NORTHWEST TERRITORIES 

Northwest Territories Water Board 
�.0. Boa 5000. 
YeiiOWkntle. XIA 2R3 
Contact Jo MacQuame . . . . . . . . . . . . . . . . . . 92!>-8 191 

Northwest Territories Public 
Utilities Board 
r o Bo• 697 
Yi!IIOWio""e IliA � 
(.Ototacl Oale Thomson . . . 873-74!M. 873-7495 

I 

N EWFOUNDLAND 

Churchill Falls (Labrador) 
Corporation Limited 
P'lohp P1ac. Eloz.,_, Ave 
P 0 Bo• Q200. St. Joh•f&. At A 2X� 
General lnquttoes T:l i - 1 4 �·0 

Newfoundland Commission of 
Public: Utilities 
Prtnce Ct·wt .. s a. �� 
P 0 8·'• >liS� C,t ,r.···· , • · A ]' "' 

QU EBEC 
� .. de dewe6op1M,_.. de Ia B.W James 
(S08J) 
600 t-out 1M Maosanneuve est. 
�ll'ltreal. H2L 4M6 



.· 

:1 industrial effluents, agricultural runoff, and aerosol 
lout. 

1ter Quality Guidelines 

Basic guidelines on the concentration of TOS which 
ve been establ ished relate to taste and palatability rather 
m to detrimental health effects on man and aquatic 
na. TDS concentration less than 500 mg/L has been 
signated as an objective level for drinking water ( Depart· 

ent of National Health and Welfare, 19691 . I t  has been 
cognized that concentrations of 1 000 mg/L may still be 
ceptable for drinking prov iding none of the individual 
ssolved constituents exceed their particular guidelines 
lepartment of National Health and Welfare, 1 969). If the 
1ncentration exceeds 2000 mg/L definite laxative effects 
1ve been observed in man. 

A similar laxative. effect has been shown in l ivestock. 
or animals concentrations less than 3000 mg/L have 
·oven to be satisfactory in most circumstances (Environ· 
1ental Studies Board, 1 9731. 

Industrial- users of waters usually prescribe TOS con
mtrations to be less than 1 000 mg/L, but this is quite 
1riable among individual users and their particular require
lents ( U .S. Geological Survey, 19 70). 

. ffects on Use 

High concentrations of TDS limit the suitability of a 
tater as a drinking source. I ndustries are sensitive to boiler 
caling or to accelerated corrosion associated with sub
tantial amounts of TOS in water. High TOS waters may 
nterfere with the clarity, colour, and taste of manufactured 
�roducts. 

TUNGST E N  

Tungsten i s  a transition metal, chemically similar to 
.hromium, molybdenum and tantalum. I ts physical and 
:hemical properties make it suitable for many commercial 
·nd industrial applications. Tungsten occurs naturally i n  
everal tungstate minerals and i s  obtained commercially 
'rom these ores by reducing tungstic oxide to the metal. 

�nvironmental Range 

Most freshwate�� contain negligible concentrations of 
:ungsten. Seawater typically exhibits concentrations of 
!10001 mg/L tungsten. 

:>ources 

Tungsten occurs naturally in the minerals wolframite 
( ( F e,Mn)W04 f, huebnerite (MnW04 ), ferberite ( FeWO, d ,  
�nd scheelite (CaW0 4 ) .  Tungsten is very insoluble i n  water. 

Tungsten and its alloys are used extensively for 
filaments, electric lamps, electron and television tubes, 
electrical contact points for automobile distributors and for 
numerous high temperature applications, including space 
missiles. Tungsten carbide (W1 C) is used in the metal· 
working, mining, and petroleum industries. Calcium and 
magnesium tungstates are used in fluorescent lighting; and 
other salts of tungsten are used in the chem ical and tanning 
industries. 

Water Quality Guidelines 

No water quality guidelines have been formulated for 
tungsten. 

� ·JI 
. .. _ 

, 
Turbidity is a measure of the suspended particles such 

as silt, clay. organic matter, plankton, and microscopic 
organisms in water which are usually held in suspension by 
turbulent flow and Brownian movement. Turbidity is 
measured by comparing the optical interferences of sus
pended particles to the transmission of light in water in an 
instrument previously standardized with samples of 
standard turbidity units . 

Environmental Range 

It is impractical to assign a range of values to turbidity, 
however, non-detectable turbidity may be approximated by 
pure distilled water (0 Jackson Turbidity Units (JTU )) .  
Values o f  1 000 JTU may be encounted i n  wastewaters; 
waters with very high natural turbidity may be in the range 
of several hundred JTU. 

Sources 

The amount of solid materials in suspension in water 
may result from natural erosion, runoff, and algal blooms, 
although man may contribute to the presence of such 
materials. The concentrat ion and particle size of these 
suspended materials may cause significant variation of 
turbidity values. Turbidity is high during spring runoff. 

Water Quality Guidelines 

High turbidity reduces photosynthesis of submerged, 
rooted aquatic vegetation and algae; this reduced plant 
growth may in turn suppress fish productivity. Turbidity, 
therefore. can affect aquatic biological communities. Water 
quality guidelines suggest that discharges resulting from 
human activity should not alter ambient turbidity levels. 

Turbidity, unless related to asbestiform mi nerals, does 
not affect the safety of a drinking water, but does alter its 
consumer acceptability. Al though water with a turbidity o f  
5 JTU o r  less is acceptable for drinking, a value o f  less than 

6 1  
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THALLIUM 

Thallium is a trace metal with chemical properties 
similar to those of aluminum. Even though thallium has 
two valence states (TI1 •. Tl3 +) in aqueous solution the 
monovalent ion (TI 1  +) is the most stable. 

Environmental Range 

Thallium is present in only trace amounts in fresh 
water. Typical thallium concentrations in seawater are less 
than 0.000 01 mg/L ( 1 0  ng/Ll. 

Sources 

Thallium is present in pyrite (FeS2 ) and is recovered 
from the roasting of this ore in connection with the 
production of sulphuric acid. It is also obtained from the 
smelting of lead and zinc ores. 

Thal l iu m  forms alloys with other metals and readily 
amalgamates with mercury. It also forms a wide variety of 
compounds with varied uses: thallium sulphide is used in 
photocells, thallium bromide·iodide crystals are u"d as 
infrared detectors, thallium with sulphur or selenium and 
arseni�. and thallium oxide are used to produce spec-ial 
glasses; other thallium compounds are used as dyes, 
pigments in fireworks, and as depilatories. Since thallium 
sulphate is odourless and tasteless, giving no warning of its 
presence, and is an �ffective cumulative poison, it is used as 
a rodenticide and as an ant killer. 

Water Quality Guidelines 

Thall ium is a cumulative poison and has sublethal 
effects such as hair loss and high blood pressure, however, 
no drinking water or l ivestock water guidelines have been 
set. 

Although thallium has been shown to inhibit photo
synthesis and plant transpiration by interfering with 
stomatal function, no guidelines have been set for thallium 
levels in irrigation water. 1 

Thallium acts as a neuro-poison in fish and aquatic 
invertebrates. Thallium concentrations of 0. 1 mg/L 
constitute a hazard in the marine environment, whereas 
levels less than 0.05 mg/L present a minimal risk of 
deleterious effects ( E nvironmental Studies Board, 1973). 
No freshwater guidelines have been set. 

TIN 

Tin, a minor constituent of the earth's crust, occurs 
only in minute quantities in natural water. Stannous 
hydroxide is soluble in water but can only be present in 
appreciable concentrations above the pH range of natural 
water. 

60 

Environmental Range 

F reshwater concentrations of tin are minute and 
seawater contains only 0.0008 mg/L tin. 

Sources 

Tin is released by the weathering of igneous rocks that 
contain the mineral cassiterite (Sn01 ) .  I t  is not usually 
transported in solution but is sorbed to clay minerals or 
remains as a resistate deposit. 

Tin is used principally to coat other metals in order to 
prevent corrosion or other chem ical action; for example, 
the tin plating of steel is used in the production of 
containers (tin cans) for the food processing industry. This 
element is  also used in alloys such as pewter. Tin is 
unsurpassed by any other metal in the multipl icity of its 
organic applications. Organotin compounds are used as 
stabil izers for polyvinyl chloride, industrial catalysts, in· 
dustrial and agricultural biocides, and wood-preserving and 
anti-fouling agents. Thus, a variety of industries may 
discharge wastes containing tin into receiving waters. 

Water Quality Guidelines 

Tin itself is not toxic to man, but it has no known 
physiological function in the human body. Tin is not taken 
up by plants. Therefore, no water quality guidel ines for tin 
have been establ ished for drink ing waters; for agricultural 
uses; or for freshwater or marine aquatic environments. 

TOTAL DISSOLVED SOLIDS 

Total Dissolved Solids (TDS) is an index of the amount 
of dissolved substances in a water. The presence of such 
solutes alters the physical and chemical properties of water. 

The range of dissolved solids is variable (Table 8). 

Table 8. Total Dissolved Solids - Saliniry Rebtionships 

Total Dissolved Solids 
mg/L 

0 - I 000 

Degree of Salinity 

Fresh; non-saline 
I 001 - 3 000 
3 001 - 10 000 

10 001 - 100 000 
>100 001 

Slightly saline } 
Moderately saline 
Saline 

Brackish 

Brine 

,: 

The base flow of a waterway acquires mineral constit· 
uents in the form of dissolved salts in solution, such as 
sodium, chloride, magnesium, sulphate, etc. In periods of 
high surface runoff, overland flow contributes dissolved 
materials to waters. I n  addition, significant contributions to 
the TDS load are anthropogenic in the form of municipal 
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SURFAC E WATER QUA LITY OBJECTIVES 

These objectives represent water qua lity 
suitable for most uses either through direct use or 
prepared for use by an economica l ly proctical 
degree of treatmen t .  They apply to surface 
waten except in areas of close proximity to out
fa l ls .  

There are many instances where the na
tural water quality of  a lake or river does not 
meet some of the suggested limits. In these 

1 • Bacteriology (Coliform Group) 

(a) In waters to be withdrawn for treat
ment and distribution as a potable supply 
or used for outdoor recreation other than 
direct contact, at least 90 percent of the 
samples (not le$s than five samples in any 
consecutive 30-day period) should have a 
tota l col iform density of less than 5 , 000 
per 1 00 ml and a fecal col iform density 
of less than 1 ,  000 per 1 00  mi . 

(b) In water used for direct contact re
creation cr vegetable crop irrigation the 
geometric mean of not less than five sam
ples taken over not more than a 30-day 
period should not exceed 1 , 000 per 1 00 
ml tota l col iforms, nor 200 per 1 00 ml 
feca l coliforms, nor exceed these numbers 
in more than 20 percent of the samples 
examined during any month, nor exceed 
2 , 400 per 1 00 ml total col iforrns on any 
day . 

I 
2 .  Dissolved Oxygen 

A minimum of five mg/1 at any time. 

3. Biochemical Oxygen Demand 

Dependent on the assimi lative capacity of 
the receiving water, the BOD must not 
exceed a limit which wou ld create a dis
solved oxygen content of less than five 
mg/1 . 

cases , the limits obviously wi ll not apply.  It 
should be noted, however, that where the na
tural existing qual ity is inferior to desirable 
criteria , it would be unwise to permit further 
deterioration by unlimited or uncontrol led in
troduction of pol lutants . Natura l ly occurring 
circumstances are not taken into account in 
these objectives and due consideration must 
be given where applicable (e . g .  spring runoff 
effect on colour, odour, etc . ) .  

4 .  Suspended Solids 

Not to be increased by more than 1 0 mg/1 
over background va l ue .  

5 .  � 
To be in the range of 6 . 5  to 8.5 pH units 
but not a ltered by more than 0 . 5  pH units 
from background value. 

6. Temperature 

Not to be increased by mare than 3°C 
above ambient water temperature. 

7. Odour 

The cold (200C) threshold odour number 
not to exceed eight. 

8. Colour 

Not to be increased more than 30 colour 
units above natural value. 

Not to exceed more than 25 Jackson units 
over natura I turbidity. 
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There are many instances where the natural water q ualit.\ \II a 

lake or river does not meet some of the suggested limits. In these 
cases. the limits obviously will not apply. It should be noted. 
however. that where the natural existing quality is inferior to 
desirable objectives. it would be unwise to permit further 
deterioration by unlimited or uncontrolled introduction of 
pollutants. Naturally occurring circumstances are not taken into 
account in these "Objectives'' and due consideration must be 
given where applicable (e.g. spring runoff effect on colour. 
odour. etc.) 

Table 1 
SURF ACE WATER QUALITY OBJECTIVES 

These objectives have been prepared in co-operation with the 
Provinces of Alberta and Manitoba and represent water quality 
suitable for most uses either through direct use or prepared for 
use by an economically practical degree of treatment. 

. . ....... ..., 
cc.w- Gr.pl 

5. pH 

7. Oclov 

a. Celeoor 
(A-tl 

-

(a) In waters to be withdrawn for treatment and distribution as a 
potable supply or used for outdoor recreation other than direct 
contact. at least 90 per cent of the samples (not less than five 
samples in any consecutive 30·day period) should have a total 
coliform density of less than 5.000 per 100 ml and a fecal 

coliform density of less than 1 .000 per 100 mi. (Th� Ma•imum 
Permissible limit of total coliform organiSms in a single 
sample shall be determined b�· the Depanment based on the 
type and degree of pollution and other local conditions 
existing within the watershed.)  

;b)  In waten used for direct contact recreation or vegetabl� crop 
irrigation the geometric mean of not less than five samples 
taken over not more than a 30-day period should not exceed 
1 .000 per I 00 ml total coliforms. nor 200 per I 00 ml fecal 
coliforrns. nor exceed these numbers in mor� than 20 per cent 
of the samples examined durina ;�ny month. nor exceed 2.400 
per 100 ml total coliforms on any day. 

A minimum of five mall at any time. 

Dependent on the assimilative capacity of the receiving water. 
The BOD must not exceed a limit which would create a dissolved 
oxyaen content of Jess than five mg/ I .  

Not t o  be increased by more than 1 0  mgll over background 
value. 

To be in the ranae of 6.5 to 8.5 pH units but not altered by more 
than O.S pH units from background value. 

Not to be increased by more than J•c above ambient water 

temperature. 

The cold (20"0 threshold odour number not to exceed eight. 

Not to be increased more than 30 colour units above natural 
value. 

Not to esC'Hd mor. than 25 turbidity unita over natural turbidity. 

- 6 -
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TABLE 1 

SURFACE WAT!& QUALITY OBJECTIVES 
_(see explanatory notes for de!iuition of parameters) 

These obj ectives represent water quality suitable for mast 
uses e ither through direct use or prepared for use by au econOIIlically 
prac t ical degree of trea tmant . They apply to surface vatera except in 
areas of close proJdmity to outfalls . 

There are many instances where the natural water quality o f  
a lake or river does n o t  111eet aome of t h e  suggested limits . I n  these 
cases .  the limits obviously will not app ly . It should be noted. however .  
that where the natural e.xistin& quality i s  inferior t o  desirable 
criteria . it would be unwise to pet'lllit fur ther de terioration by unlillli ted 
or uncontrolled introduction o f  pollutant s .  Naturally occurring circum
stances are not taken into account in these obj ectives and due considera
tion 111ust be 'Sven vhere applicable (e . & .  apring runoff effect on colou r .  
odour. e tc . ) .  ) 

1. lacterioloSY (Co lifora Crou2) 

(a) In vaters to be withdrawn 
for treaemant and distri
bution as a potable supply 
or used for outdoor recrea
tion other than direct 
contact . a t  least 90 per 
cent of the samples (not 
leaa than five samples in 
any consecutive 30-day 
peri.od} should have a 
total coliform density of 
lesa than s . ooo per 100 1111 
and a fecal coliform 
density of leas than 1 . 000 
per 100 aU. .  

(b) In vater used f o r  direct 
contact recreation or vege
table crop iu igation the 
aeometric mean o f  not less 
than five s�ples taken 
over not 1110re than a 30-day 
period should not exceed 
1 . 000 per 100 aU. total 
coliforms 1 nor exceed these 
numbers in more than 20 per 
cent o f  the sa111ples ex�ned 
during any IIIDnth .  nor exceed 
2 . 400 per 100 1111 total coli
forms on any day . 

2 .  Dissolved Oxygen 
A. miulmum o f  five mg/1 at any time. 

3. Biocheftical 0xygen Demand 

Dependent on the assimilative capa
cit y  of the receiving wate r .  the 
BOD must not exceed a limit which 
would crente a dissolved oxysen 
content of less thnn five mg/ 1 .  

- s -

4. S�apended Solids . 

, 

6 .  

7 .  

8 .  

lo t  t o  b e  increased by 
atre than 10 mg/1 over 
backaround value. 

To be in the range o f  
6 . S  t o  8 . S  p B  units but 
not altered by Qore than 
O . S  pR uni t s  fro• back
around value • 

Temp�rature 

Kot ' to b e  increased by 
more than 3°C above 
ambient water tempera ture. 

� 
The cold (20°C} threshold 
odour number not to exceed 
eigh t .  

Not to b e  increased more 
than 30 colour units above 
�tural value . 

Not to exceed more than 
25 Jackson units over 
natural turbidity. 
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SURFACE WATER QUAL I TY OBJECT I VES 

There are many l eg i t imate uses of water w i th i n  the prov ince. 

Some of these uses have been men t i oned b r i efly ear l i er.  The range of 

acceptab l e  water qua l i ty (as measured i n  terms of . s l gn l f i cant phys i ca l . 

chem i ca l  and b i o log ical paramete�s) va r ies depend i ng upon the part i cu l a r  

requ i rement . (6) The ma�y uses may .be rank�d accord i ng to the range o f  

water qua l i ty tha t can be to l e ra ted for the pa r t l cu � ar app l i ca t ion. 
I 

I nvo l ved I n  the rank i ng a re other factors such a s  the ava i l ab i l i ty of 

treatment technology, econom i c  and soc i a l  cos t s  to ind iv i dua l s ,  g roups • 

. I ndustry and to the prov i nce as a who l e ,  re l a t i ve water demand for a 

spec i f i c  purpose and t �e suscep t i b i l i ty of f i sh and w i l d l i fe to m i nor 

or maj or changes . I t  has usua l l y  been ag reed that wat e r  for pub l i c  

wa ter supp l y ,  recrea t i on i nvo l v i ng d i rect water contact , w i l d l i fe and 

aqua t i c  l i fe protection requ i re the h i ghes t qua l i ty of wat e r  wi t h  the 

m i n imum a l lowab l e  va r i ance. 

A l be r ta , In assoc i a t ion wi t h  Saskatchewan and Man i toba , has 

estab l i s hed m i n imum water qua l i ty gu i de l i nes wh i ch wou l d  a l low t he mos t 

sen s i t i ve use . By do i ng so , a l l other demands I nvo l v i ng l esser qua l i t y 

or demands more tol eran t to w i der va r f a t i on wou l d  a l so be sa t i s f i ed .  

The su rface water qua l i ty objec t i ves for A l berta are presen ted 

in Tab l e  1 .  The nume r i ca l  va l ues establ i shed for the var ious pa rameters 

l i s ted i n  Tab l e  1 represent a goal wh i ch shou l d  be ach i eved or su rpassed . 

I n  certa i n  reg ions of the prov ince , natura l  cond i t i ons resu l t  i n  l eve l s  

- 3 -
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of certa i n  meta l s ,  nu t r i e n t s  or o t h e r  wa ter qua l i ty parame t e rs wh i ch 

exceed t hose pre sented a s  obj ect i ves . Th i s  does not mean that the 

obj ec t i ves shou l d  be revi sed to account for these pa r t l cu l � r  s i tua t i o n s . 

Ra t he r, these I nd i v i dua l occur rences w i l l  be t reated as spec i a l  cases 

and rev i ewed accord i ng l y .  The s u r face wat e r  qua l i ty obj ec t i ves app l y  

to a l l s u r face wa t e r s  i n  A l be r t a .  

,. · ... 

- 4 -



PARAMETEr. UNITS 1A lB 

Sulfate (SO�) 118/1 250. 2�0. 

Sulfide (H2S) 118/1 
Te��perature c• 

Thalliua (Tl) 118/ 1 

Threahold 
Odour NUIIIber 4 .  4 .  

Total CoUfora Counu 
OrganiaiDS / 100 al NEG. (Y) 100. (Z) 

Total Dhs olved 
Solida •a/1 500. 500. 

Toxic Algae 

�.Tubicf!t7 Valu' · • :  , - mJ'j . ·:�;f.·��i ,. .. � " ·. :4_t, ,, :1'. ' ,,&., .•i,i.: 'tr · ._. -�' 
Unapecified Toxic 
Subatancea 

Uraniu111 (U) •11/1 
Vanadium (V) 118/1 . . . 
Zinc (Zn) •g/1 5 .  5 .  

SUHHAJlY TABLE � WATER QUALITY OBJECTIVES 

-

lC lD 2A 28 2C lA 

250. 250. 

0.002 0.002 0 . 002 

'0) 0 . 5  (0) 1 . 0  (0)2 . 0  

0 . 05 0.05 0 . 05 

4 .  4 .  

1000. (II) 5000. (P) 100. (D) 500. (R) 1000. (U) 100. (Z) 

1000 . 500. 

'�· .;:;· :r�l;��: ,. . . .. . :· : :·,z�-:' ·, , ,· n/ ... _.; .. �� .::l.l.��· . . .. : '; .. t,�:��: 

(DD) (00) (DD) 

5 .  (DD) (DD) (DD) 5 .  

* See Notea Appendix D Anne� 4 Pa�e• v and vi 

31 

. 
5000. (r) 

I 
f.,J;:f�.�t:i.. 

3C 

., .. � -· - It ·""·'·:'i<'.P t . . . 

4A 

250. 

3 .  

700. 

0 . 1  
2 . 0  

48 

400. 

5. 

1500. 

0. 1 

2 . 0  

4C 

500. 

3000. 

(BB) 

(CC) 

0. 1 

25.  

Appendlx 0 
Annex 2 
Page 1v 

5 
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I I .  2 .  Class 2A 

Appendix D 

Page xvi 

The quality of this class of the waters of the province shall be such 
as to permit the propagation and main tenance of warm and cold water 
aport or commercial fishes and be suitable for aquat ic recreation of 
all kinds , including bathing, for which the waters may be usable .  
Limiting concentrations or ranges of substances or characteris tics 
which should not be exceeded in the waters are given below. 

Substance or Characteristic 

Ammonia (N) , unionized 

Cadmium 

Chlori.des (al) 

Chlorine (Cl2) 

Chromium (as Cr + 6) 

Colour value 

Copper ( Cu) 

Cyanides (CN) 

Dissolved oxygen 

Faecal Coliform Organisms 

Fluorides (F) 

Lead (Pb ) 

Mercury (Hg) 

Nickel (Ni) 

pH value 

I 

Polychlorinated biphenyls (P CB) 

Acceptable Limit or Range 

0 . 02 miliigrams per liter 

0. 01 milligram per liter for 
waters with hardness greater 
than 100 milligrams per 
liter (CaC0 3) 

0 . 004 milligrams per liter for 
waters with hardness lower 
than 100 milligrams per 
liter (CaCO 3) 

200 milligrams per liter 

0 . 01 milligram per liter 

0 . 1  milligram per liter 

30 

0 . 02 milligrams per liter or 
not greater than 1/10 the 
96-hour LCSO value 

0. 005 milligrams per liter 

60% or more saturation at the 
ambient temperature 

The median (50 percen�ile) 
b ased on not less than 5 
samples per month should 
be not greater than 20 
MPN per 100 milliliters . 

1 . 5  milligram per liter 

0 . 03 milligrams per liter 

0 . 0002 milligrams per liter 

0. 025 milligrams per liter 

6 . 5  - 8 . 5  

0 . 000002 milligrams per liter 



II . 2 .  Substance or Characteris tic 

Radioactive materials 

Selenium (Se) 

Silver (Ag) 

Sulfides (HzS) 

Temperature 

Thallium (n) 
Total Coliform Organisms 

Uranium (U) 

Zinc (Zn) 

Class 2B 

Appendix D 
Page xvii 

Acceptable Limi t or Range 

Not to exceed the lowest 
concentrations permitted 
to be dis charged to an 
uncontrolled environment as 
prescribed by the appropriate 
authority having con trol over 
their use . 

0 . 01 of the 96-hour LCSO value 

0 . 01 of the 96-hour LCSO value 

0 . 002 milligrams per liter 

No change greater than O . s• 
Celsius beyond natural 
mni.muDa and maxiJIIWil temperatures 
, 

0 . 05 milligrams per liter 

The median (50 percentile) 
based on not less than 5 
samples per month .should 
be not greater than 100 
MPN per 100 milliliters . 

0 . 01 milligram per liter or 

. 01 of the 96-hour LC50 value 

. 01 of the 96-hour LCSO value 

The quality o f  this class of the waters of the province shall be such 
as to permit the propagation and maintenance of cool o r  warm water 
sport or commercial fishes and be suitable for aquatic recreation of 
all kinds , including bathin g ,  for which the waters may be usable . 
The physical and chemical obj ectives quoted above for Class 2A shall 
also apply to these waters except as listed below. 

S ub s tance or Characteris tic 

Dissolved Oxygen 

Faecal Coliform Organisms 

pH value 

Temperature 

'Acceptable Limit or Range 

47% or more saturation at the 
ambient temperature 

The median (50 Percentile) based 
on not less than 5 samples per 
month should be not greater 
than 200 MPN per 100 millil iters 

6 . 5  - 9 . 0  

No change greater than 1 . 0° 
Celsius beyond natural minimum 
and maximum temperatures . 
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Append i x  D 
Page xvi:i,i 

Substance or Characteristic Acceptable Limit or Range 

Total Coliform Organisms The median (50 percentile) 
based on not less than 5 
samples per month should 
be not greate r  than 500 
MPN per 100 milliliters . -::'ll'!m"""! ... iil ... -4""· ""n�-��);�-""i""ri�� -��t�-u=.::. ����w���;':t�w�-.�.��--iw�®®ll!l'��L�a!ii:!�Y.�,a�� 

Class 2C 

The quality of this class of the waters of the province shall be such 
as to permit the propagation and maintenance of rough fish or species 
c:01111110nly inhabiting waters of the vicinity under natural conditions , 
and be suitable for boating and other forma of aquatic recreation for 
which the waters may be uaable . The physical and chemical object ives 
quoted above for Class 2A shall also apply to these waters except as 
lis ted below. 

Substance or Characteristic: 

Colour value 

Dissolved Oxygen 

Faecal Coliform O rganisms 

pH value 

Temperature 

Total Coliform Organisms 

I 

Acceptable Limit or Range 

100 
35% or more saturation at 

the ambient temperature 

The median (50 percentile) 
based on not less than 5 
samples per month should 
be not greater than 400 
MPN per 100 milliliters . 

5 . 0 - 9 . 3  

No change greater than 2 .  0° 
Celsius beyond natural · · · 
minimum and maximum 
temperatures . 

The median (50 percentile) 
based on not less than 5 
samples per month should 
be not greater than 1000 
MPN per 100 milliliters . 

3 .  INDUSTRIAL CONSUMPTION 

Class 3A 

The quality of this class of the waters of the province shall be such 
as to permit their use without chemical treatment , fo= most indus trial 
purposes , except food processing and related uses , tor which a high 



Total Dissolved 
Solids 

HEAVY METALS 

tative control location plus 1 0° C  ( 1 8° F) or 
the allowed temperature difference, which
ever is the lesser temperature. These maxi
mum temperatures are to be measured on a 
mean daily basis from continuous records. 

(c) Taking and Discharging of Cooling Water 

Users of cooling water shall meet both the 
Objectives for temperature outlined above 
and the "Procedures for the Taking and Dis
charge of Cooling Water" as outlined in the 
Implementation Procedures for Policy 3 (page 
1 5 ). 

Dissolved Solids must not be added to increase 
the ambient concentrations by more than 1 /3 
of the natural concentrations to protect aquat
ic life.  The added solids should not signifi
cantly alter the overall ionic balance of the 
receiving waters. 

Suspended matter should not be added to sur
face water in concentrations that will change 
the natural Secchi disc reading by more than 
1 0  percent. 

The following metal Objectives (except for mercury) are based 
on the total concentration of an unfiltered water sample. It is 
recognized that metals may not be toxic in particulate or bound 
form. It is quite possible for the total concentration in a given sur
face water to exceed the Objective without damaging any aquatic 
life. However, in the absence of any standard technique to mea
sure the toxic components, it is assumed that all of the metal is in 
a toxic form unless specific data show otherwise. Further, an asterisk 
is placed before three parameters, namely arsenic, chromium and 
selenium, which have Objectives for aquatic life protection that are 
less stringent than the criteria for other beneficial uses. 

*Arsenic 

Beryllium 

Concentrations of Arsenic in an unfiltered 
sample should not exceed I 00 p.g/L to protect 
aquatic life. 

· 

For the protection of aquatic life ,  concentra
tions of beryllium should not exceed I I  p.g/L 

..... )6 L.. - -

-

Cadmium 

Copper 

Iron 

Lead 

Mercury 

Nickel 

*Selenium 

' . , 

i n  an unfiltered sample of hardness less than 
75 mg/L of CaC03 and not exceed I I  00 p.g/L 
in an unfiltered sample of hardness greater 
than 75 mg/L of CaC03. 

Concentrations of cadmium in an unfiltered 
sample should not exceed 0.2 p. g/L to prott'ct 
aquatic life.  

Concentrations of chromium in an unfiltered 
sample should not exceed I 00 p.g/L to prott>d 
aquatic life. 

Concentrations of copper in an unfi ltered 
sample should not exceed 5 !Jg/L to protect 
aquatic life. 

Concentration of iron in an unfiltered sampll' 
should not exceed 300 IJg/L to protect aquatic 
life.  

The toxicity of lead is highly dependent o n  
the alkalinity of the water. The toxicity de
clines as the alkalinity increases. The total 
lead concentration should not exceed thr 
values given below : 

Alkalinity mg/L 
as CaC03 

Up to 20 
20 to 40 
40 to 80 
greater than 80 

Maximum lead 
Concentration 

JJg/L 

5 
1 0  
20 
25 

Concentrations of total mercury in filtcrccl 
water should not exceed 0.2 IJg/L nor should 
the concentrations of total mercury in wh oll' 
fish exceed 0.5 p.g/g (See Table 2).  

Concentrations of nickel in an unfilterrd 
sample should not exceed 25 IJg/L to protect 
aquatic life. 

Concentrations of Selenium in an unlil tercd 
sample should not exceed I 00 IJ g/L to profert 
aquatic life. 

,., 
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Parameter 

PIIYSICAL 

pH 
Sellleable substances 
Temperature 

Toxic growths 

units 7 .0-9.2 
Minimized 

Free or heavy algal 
srowths 
<S% incident light 
at surrace not to be 
exceeded on 1 consecu

tive days. 

Table J. (Conl'd) 

-ili&i"� .._r,. 
7.0-9.2 

Minimized 
Avoid changes in 
natural rreezina 
pallerns 

< 10% change in 
compensation point 

-

Sources and Objectives (a) 

Australia 
1 974 

7.0-9.2 

- -

U.S. EPA 
1 976 

-

I .J .C. Great Lakes 
1 974-76 

Free 

(a) Canada, t 972 - Guidelines for Water Quality Objectives and Standards. Dept. of Environment, Inland Waters Directorate, Ol lawa, Ontario. Technical Bulletin 6 7 .  
U.S., NAS/NAE, t 9 7 3  - Water Quality Criteria t 97l.  Environmental Protection Aaency,  Washinaton, D.C., Pub. EPA·R3·7 3-33. 

Australia, t 974 - A Co '71pllation of Australian Wat111 Quality Criteria. Australian Water Resources Council, Canberra, Australia, Tach. Bull. No. 7 .  

U.S. EPA, 1 97 6 - Quality Criteria for Water Environmental Protection Aaency , Washlnaton , D.C. Pub. EPA-440/9·76·013. 

I.J.C., Great Lakes, t 974-76 - Appendices "A" to Great Lakes Water Quality Board Reports t 974, t 975 and t 976 t o  the International Joint Commluion, t OO Ouellette 

Avenue, Windsor, Ontario. 

(b) substantially absent-meanlna less than detection levels as determined hy the best scientific methodnloay available. 

-



PARAMET�R 

URANYL ION 

0 l j f f  I 

�···�···· . : .. . . 

USE AND AGENCY 
RCZJJ Wat•,. 

US Water Qual i ty Criteria 
Wana water 
Cold water 

Canad ian Federal Guideline• 
Objective: 

Michigan State Standard 
Minnesota State Standard 
Ontario Provinc ial Criteria 

Desirable: 
Perrdaaible : 

Drinking Wa ter 
US Drinking Water Standard 
Canadian Drinking Water Object ive• 

Objective: 
Accept able: 

Wisconsin State Standard 
Ontario Provinc ial Drinkina Water 

Objecth'es 
Rt�oreq tion 

Canadian Fe&eral Guideline• 
Objective: 

iMii�ijl������ard 
Ontario Provincial Criteria Aaeociated · 

with waste inputs 
Wana water 
Cold water 

Lakes : 
Warm water 
Cold water or oligotrophic 

RtllJ Wa ter 
US Water Qualtiy Criteri a 

Desirable: 
Permissible : 

Canad ian Federal Guidelines 
Obj ec t ive : 
Acceptable : 

CR I TER I A1 STANDARDS1 OBJECT IVES1 AND GU I DELINES 

SO Jackson unite 
10 Jackson units 

S Jackson units 
no quan t i ty to cause injury 

S Jackson units 

absent 
absent 

Daily aaximu• • 1 un i t  

<1 Jackson unit 
S Jackson units 
1 Jackson unit 

1 Jackson unit 

� Jack•on units 
so Jackson units 

10 Jack�on units 

not to exceed so 
not to e.xceed 10 

not to exceed 2S 
not to exceed 10 

absent 
S mg/1. 

< l . o  mg/1 
s . o  lflg/1 

Jacltaon 
Jsc kaon 

Jackaon 
Jac kson 

I • 

unite 
un its 

uni t  a 
units 

. , .  

. .  

I 
I 
I 
I I 
· I 
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Ice Jams 

S. Bel taos• 

Present tee jam knowledge I s  bri efly revi ewed and assessed tn con
junction wi th pract ical needs . It I s  shown that only upper-bound estt
Ntes of tee j ammi ng severi ty are poss ibl e at present. Major resei!rch 
needs are Ident i fi ed .  
I nt roduct ton 

A major consequence of tee forN t t on In r i vers ts the ja-.tng that occut1 durtng the breakup of the t ee cover and, l ess IMportan t l y ,  during the freeze u p  period .  Due t o  the i r  l arge aggregate thickness and hydraul t c  res i s tance, jans can cause unusua l ly h i gh water stages w l th re.percusstons to flooding, d1111age to structures, channel erosion and I nterference wtth nav i ga t i on. Ice jams are extremely complex phenomena , accurately descri bed as ( 16 )  • , , ,  chao t i c  di sorderly untidy affa i rs . •  To date,  research has concentrated on the rel a t i vely s impl e prob l em  of float i ng equ i l i br i um  jams and a start has been made recently on jam dynamics.  However,  many aspects of tee j ams are e i ther t nsuff t c t ently o r  not a t  al l understood , e . g . ,  t n l t t at t on ,  evol ut ion and release mechani sms as wel l as des tgn crt tert a for control measures . Th t s  paper at temps to s������artze the ex t st t ng knowl edge and tdent t fy gaps wh i ch seriously hamper progre s s .  
Types of Ice Jams 

An tee jam has been defined {9) as "an accumul a t i on of tee at  a 
g t ven l ocat i on lllhtch , I n  a river,  restricts the fl ow of water,•  Th t s  
def i n i t ion encompasses several j c111 types of wh i ch the behavior and 
effects may di ffer, as outl i ned next . 

F reeze u� and breakup �ams: The former type i s  subject to freezI ng  of water etween lce ragments thus bel li!; better abl e to res t s t  the appl i ed forces. Because ,  i n  addi t i on, breakup d i scharges are usual ly much l a rger than freeze up ones , the breakup j c111 has a greater damage potent i a l  and I s  thus given emphas i s  tn thi s paper. 
F l oat i ng and grounded Jams: A jam may be grounded , tf it extends to the river bed, or floating , t f  i t  permi ts unobstructed fl ow beneath I t s  l ower boundary . Very l i ttl e I s  known about e i ther grounded jams or seepage through fragmented tee accumul at ions. The l atter i s  I nvar i ab l y  negl ected when deal i ng wi th float i ng jams . 
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Evoht ng and steady- state jams : Jams are essent ial ly unsteady 
phenomena as witnessed by their t rans i ent nature, I . e. , I ni t i a t i o n ,  
format i on ,  re l ease. However, under certal11 c i rcumst ances , a j am  n.ay 
attain a steady-state cond i t i on. A steady , f l oat i ng  jam may be long 
enough to cont a i n  an "equ i l ibrium" reach , a l ong wh i ch the jam thickness 
and flow depth are approx imately un i form. It  can be shown that the 
f l ow depth ts l argest In the equt l t brtum reach. 

Behav i or of Ice Jams 

l n t t t at i o n :  C0111110n l y ,  jams are t nl t t ate1 by the combi ned effects 
of a stat lo na ry  Ice sheet a nd  one or more rr.orphol oglcal or man-made 
features , e. 9 . ,  constr ict i ons , bends , shal l ows , sl ope reduc t i ons , 
br idge piers (4 ) .  Tl«) t n t t t at t on mecha n i sms have been s t udied so far : 
congest i on ,  t . e . ,  the channel capacity to transport Ice fragments may 
be exceeded depend i ng  on tee fl oe  cha racteri s t i c s ,  Ice d i scharge and 
local fl ow velocity and geomet ry ( 5 , 6 ,  14 ) ;  and I n i t i at i on by a t rans
verse fl oat i ng  obstacle such as a stat i onary Ice sheet or a cover 
formed by congestion. When an tee f l oe comes to rest aga i nst a f l oat
t ng obstac l e ,  it 11ay or NY not submerge depend I ng on I t s  own charac
teristics a nd  the pressure d i stribut ion on its wetted . boundary . 
Ashton' s  s imple theory g i ves good results under most condlt Ions ( see 
Ref. 1 for a rev i ew of perti nent stud i es ) :  

Ve l �(1 - s 1 )gt 1 • 2( 1  - � ) /�5 
t 

- 3 ( 1  - �)2 
u 

( I )  

't n  which V • c r i t ical velocity such that a bl ock of thickness t t 
submerges �en the average upstream vel oct ty exceeds Vc ; g • accel er
a t t on of grav i ty ;  SJ • spec i f i c grav i ty of bl ock materi al ; and Hu 
upst ream flow depth. 1f the blocks do not submerge , a jam compr i s i ng a 
s i ngle l ayer of bl ocks wi l l  be t n l t t a ted. If  the b l ock s submerge , a 
mul t i - l ayered ja11 may for. dependi ng on the ab i l i ty of the fl ow to 
transport the submerging block s .  Us i ng the "no-s p i l l"  cond i t i o n ,  
Partset e t  al ( 12 )  pred icted the thickness , t ,  of th i s  type of jam , 
t .e . :  

( 2 )  
t n  llh t ch Y • average fl ow velocity under the jam . A di fferent theory , 
based on energy considerat ions , was advanced by Tat i nc l a ux ( 1 5) and 
genera l l y  predicts l arger t ' s  than Eq , 2. I f  the fl ow depth Is cont'ar
ab l e  to the s i ze of the submergi ng  b l ock s ,  ground i ng may occur ( 1 0) hut 
l i t t l e  else Is known about t h i s  phenomenon . 

The foregoing mechani sms are pr i nc i pa l l y  founded on l aboratory 
tests and lmp1 1 c l tly assume that Ice is unbreakabl e. In  nature , how
ever , one often observes v i ol ent Ice runs arriv i ng at Ice sheet edqes 
where they eventual ly come to a ha It after I ntense I oca I break I niJ and 
pi l i ng up. It Is un1 1 kely that such events can be successfu l l y des-
cri bed I n  tenms of the above MeChan i sms . · 

Evol ut i on and equ t l  lbrlum: Once a s t ab l e  toe (downstre.wn end of  
jam)  has formed , the ]am lengthens upst ream and the streamwl se forces 
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lppl ted on It lncrtue. These forces gtve rtse to t ntern1l stresses 
lfhlch l tkelftse t ncreue but only to 1 1 hnt t t ng va l ue, owi ng to s i de 
f r i c t ion. If the tntern11 stresses bec0111e large enough, the ja• lff l l  
col l 1pse 1nd thi cken so th1t t t  f s  just 1bl e to lfl thstand the (adjus
ted) stresses. Th i s  phen0111enon has been an1lyzed by cons idering the 
ja• 1 floating gr1nul1r .. ss ( 12, 16 ) .  Wh i l e  thi s  theory hiS h a d  so•e 
success with ste1dy j1•s (see l1ter di scussion ) ,  pred tctton of trln
slent j• par1111eters h not poss i b l e  because the toe cond l t tons are 
unk nOifn ( 1 6 )  • 

The forego i ng suggests two poss lb f t t t tes:  ( I )  1 ja• forMed by 
floe subMrgence lff th a thi ckness g f ven by Eq. 2 or 1 rehted theory 
knOifn • s  the "n•rrOif-ch annel " jam ( 12 ) ;  and (b)  a ja• for�ned by 
co I lapse, known as the "lflde-channe I "  ja•. Under equ f t  t brt u. condf 
t l ons, the force ba lance fn a "wide" ja• I s  exp ressed by ( 12, 16 ) :  

0. 5 ( 1 !  + w1 lW • C1 t + 0.5 � s1 ( t  - St )pgt2 (3)  

I n  lfh l ch W • ch1nnel width; 1 1  • ftOif shear stress on J•• underside; 
Wf • streaMWi se cOMponent of ja. ' s  own weight per un t t  1re1 • 

S f pgtS; S • ch1nnel slope; Ct • ja• cohes ion; � • dt.enstonless 
C;)e f f l ctent that depends on the Internal frtctton of the j1•; 1nd p • 

lflter dens i ty. Comparison of Eqs. 2 1nd 3 has shown that "n1rr01f" ja•s (�j�l d  not occur tn  �� but very SMal l  strea•s, at least dur i ng breakup 

To deter•tne the equ t l t br t u.  depth, H, of 1 floattng j1•, hydrlu
l t c  res i s tance cons tder�ttons for the ftOif under the ja• can be co.
btned lff th ei ther Eq. 2 o: 3. For the �re c0111110n,  "wide" j• ( Eq. 3 ) ,  
thi s procedure gives (2 ) :  

( 4 )  
t n  lfh t ch f0 • compos i te frtctton factor o f  the fiOif under the ja• • 

0 . 5 ( f f + fb l i  f t . fb • tee 1nd bed frlc \fon f,ctor s ,  respec
t i vel y ;  and t • dl.enstontess discharge i (q /gs ) 1 / /liS, wtth q • 

Q/W. Equation 4 neglects Ct lfhtch shou l d  be a fai r approxt .. tton for 
breakup ja•s 1 1 2 ) . The .. I n  Independent va r l 1bl e f n  Eq. 4 t s  ( ,  so 
th1t ffel d dat1 c1n be plotted I n  the for• of � versus t to deftne the 
function F, as shown tn Ff g .  1 .  I t  f s  seen that the equ t t  fbrfu• ja• 
d1t1 pofnts provide 1 s1tlsf1ctory rel atfonshfp wh i l e  the non
equ f l f b r f UIII ones general ly fil l  below thts rel a t i onship, u expected. 
Thi s supports the granul1r .. ss theory of f ee jans but di rect conft r .. -
tlon, based on Eq . 3 ,  fs not poss i b l e  bec1use the thickness of bre1kup 
j1ms fs not �neasurable 1 t  present. for a dehf led di scussion of the 
l•pl fcatf ons of F i g .  1 and an 1l terna ttve method of f i el d data fnter
pret•tlon, see Ref. 2 .  

Release: HOif, why and when jams release ts  unknown but I t  t s  
suspe�at toe cond i t i ons and therMal fee deter i or a t i on pl ay 1 
role.  A sudden J• rel eue un resul t I n  very h i gh speeds and upfd 
st1ge ri ses . These can be roughly predi cted by tgnor f ng the effects of 
the MOvfng I ce and applying the unsteady, open-water equa t i ons of 
Matton ( 3 ,  8 ,  1 1 ) .  

-- - - - - --
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F f g .  1 .  Df���enstonless depth versus d imens ionless d i scharge for 
fl oat i ng breakup j�Ms . 

Pract ical Needs 1nd Appl l c 1 t l ons 

-

At th i s  pofnt , tt fs of I nterest to cons ider prac t i c al needs and 
how wel l the av1 l l abl e knowledge addresses them. 

Break� f n t t f at ton: Thi s  event I s  not d i rec tly rel ated to j�l ng 
but I ts st y and forec1st l ng are f•portant because 1 t heralds the Ice 
jam perfod. Moreover, the factors lfh lch govern breakup I n i t i at ion m�y 
be rel evant to the severity of subsequent jamming ( 1 3 ) .  

Severi ty of bre1ku� : At 1 gfven s f t e ,  t h f s  coul d be quant f f f erl by 
the magnitUde and duraton of h f gh  water l evel s and speeds . In turn , 
these are rehted to the 11111gnttud e ,  IIUIIIber and pers i stence or nearby 
j ams. Present knowledge can only help to fdent f fy potent f ll j am  s f t es ; 
f t  cannot ass f s t  I n  pred f c t f ng whether , where and when jams wf l l  ICtu
a l ly form and release. Sf•f hrly , only the potent ial magn i t ude of Ice 
j ams can be estimated by ISSUIIIf ng tha t ,  for 1 gfven d i scharge , thP 
max imum pos s t b l e  stage f s  that of 1n equ i l ibr i um  float i ng  j am (barr i ng 
occurrence of severe grounded jams ) .  The l atter can be est imated us i ng 
F I g .  1 or by 1 more el aborate procedure described I n  Ref. 2 .  Wlether 
t h i s  potent i a l  stage wf l l  actual ly be rea l i zed du r i ng any one breal:up 
I s  unknown and depends on 1111111 other factors , e . g . , prox imity of j ams 
that actual ly fom to the s i te of I nteres t ;  degree of thef"lllal Ice 
deteriora t i o n ;  1nd poss i b i l i ty of overbank spreading of water and I c e- .  
E xampl es o f  apply! n g  the equ l l l brf UIII jam stage approach are !JivPn I n  
R e f .  z .  Rough estimates o f  h i gh  vel oc i t ies that· may occur dur i ng 
breakup can be made by appl fc1tlon of a jam release model ( l ,  8 ,  I I ) .  
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j ams. Present knowledge can only help to fdent f fy potent f ll j am  s f t es ; 
f t  cannot ass f s t  I n  pred f c t f ng whether , where and when jams wf l l  ICtu
a l ly form and release. Sf•f hrly , only the potent ial magn i t ude of Ice 
j ams can be estimated by ISSUIIIf ng tha t ,  for 1 gfven d i scharge , thP 
max imum pos s t b l e  stage f s  that of 1n equ i l ibr i um  float i ng  j am (barr i ng 
occurrence of severe grounded jams ) .  The l atter can be est imated us i ng 
F I g .  1 or by 1 more el aborate procedure described I n  Ref. 2 .  Wlether 
t h i s  potent i a l  stage wf l l  actual ly be rea l i zed du r i ng any one breal:up 
I s  unknown and depends on 1111111 other factors , e . g . , prox imity of j ams 
that actual ly fom to the s i te of I nteres t ;  degree of thef"lllal Ice 
deteriora t i o n ;  1nd poss i b i l i ty of overbank spreading of water and I c e- .  
E xampl es o f  apply! n g  the equ l l l brf UIII jam stage approach are !JivPn I n  
R e f .  z .  Rough estimates o f  h i gh  vel oc i t ies that· may occur dur i ng 
breakup can be made by appl fc1tlon of a jam release model ( l ,  8 ,  I I ) .  
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St age- frequency rel at i onships : The annual peak st age often occurs 
duri ng breakup at relatively low di scharge, hence flood- frequency est t 
lllates llllst take I nto account the frequency of the ���ax t murn breakup 
stages . The l atter can be determi ned from h i stor i ca l  data ( 7 ) but s uch 
I nforma t i on Is often unava i l ab l e .  In such cases only an upper bound 
for the breakup st age- frequency rel at ionsh i p  can be est l���ated ,  us i ng 
breakup d i scharge frequenc i e s  and the eq11 l l l b r l um  jam theory . llowever, 
t h i s  approach m i ght ser i ously overest l ���at e  the des i red frequenc i e s .  

I ce jam control : There are two ma i n  categories of control 
measures (4) : {a) Ice md l f t c a t l o n ,  compr i s i ng Ice break i ng ;  dust i ng 
to promote heat t rans fer to the Ice cover ; a nd art i f i c i al I nc rease of 
wa ter temperature to weaken or suppress forma t i on of Ice cover at 
cr i t i cal area s .  And ( b) r i ver modi f ic a t i o n ,  ���a l nly cons i st i ng  of 
channel i zat ion to el iMi nate undes i rabl e  geomorph i c  features and erec
t i on of Ice retent i on or d i vers ion st ructure s .  The effec t i veness o f  
these methods I s  uncerta i n  and depends heav i l y o n  exper i ence .  
Major Unknowns 

A brt ef rev I ew  of current tee ja111 knowl edge has been presented 
al ong wi th a d i scus s i on of how wel l t h i s  knowl edge can address pract i 
cal  need s .  I t  was found that only upper-bound est !mates of I c e  jamml ng 
severi ty are pos s i b l e  at present .  Several ser i ous gaps I n  tee j am  
underst andi ng were Ident i fi ed and these are summa r i zed bel ow .  

Jam t h ickness measuremen t :  The thick ness of breakup jams cannot 
be measured at present .  Direct access I s  hazardous a nd even where I t  
can be successful l y  attempted , only a f ew  spot measurements are 
pos s i b l e .  Devel opment of a i rborne ,  remote sens i ng  I ns t rument a t i on 
woul d g ive  a very st rong Impetus to Ice jam researc h .  

B reakab l l  I t� of the t ee cover:  Th i s  aspect has been l argel y  
I gnored despi te 1ts relevance to breakup I n i t i a t i on and Ice jam forma
t i on and rel ease. Thermal tee deter i orat i on just before and dur i ng 
breakup I s  pert i nent I n  thi s regard . 

toes : These rema i n  l a rgely unknown even 
r=-:rr..:,:,..:-�'-7::7--E.�'f:l�TEty and rel ease and have repercus s i ons to 

Control methods:  In  thi s  area , experi ence Is  l i kely to rema i n  our 
best tool for ma ny years . I n  the meant ime , I t  woul d be a good prac t i c e  
t o  systema t i c a l l y  record thi s exper i ence by moni tor i ng and document i ng 
the performance of control measures that are occas l ona l y  Impl emented at 
probl em s i te s .  
Conc l u s i on s  

Present t ee j a� knowl edge I s  l ess  than s a t i s fac tory because I t  c a n  
only fur n i sh upper-bound est ima tes o f  tee  jammi ng seve r i ty and l i tt l e  
gut dance for per t l  nent control methods.  Major research needs I nc 1 ude 
devel opment of jam th ick ness measurement techniques , s tudy of tee  
breakab l l l ty and thermal deter i or a t i on effec t s ,  i nves t i ga t i on of toe 
cond i t i ons and sys tema t i c  recor d i ng of Ice jam con trol expe r i ence . 
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ABSTRACT 

A conceptual moJel of ri ver ice breakup i s  formul ated 

and used to an alyze and compare data from four ri ver gauge si tes . 

Emphasi s  i s  on deve lopment of general i zed short-tenn forecast i ng 

methods �ich to date have been site-spec i fi c .  The features to be 

forecast are the onset and floodi� potenti al of breakup .  These 

are rel ated to the water surface width avai 1 ab l e  for passage of 

1 arge sheets that fonn by transverse cracking of the i ce cover . 

Thus it  i s  poss ib le to study the effects of such parameters as ice 

cover dimensi ons and channel geometry. Owi ng to a l ack of 

perti nent data, other parameters such as ice mechanical properti es 

and flow character i stics are on ly consi dered i nd i rect ly .  Us ing 

recent observations , a poss i b l e  mechani sm of transverse crack 

format ion i s  ident if i ed .  Suggestions for future research and 

improvement of observat ional procedures are made and l imitat ions 

of the model are di scussed . 

KEYWORDS: breakup ; cracks ; fi e ld data; forecast i n g ;  gauge 

records ; ice ; ice-c l ear i ng ;  ice sheets ; model ; onset ; 

ri ver i ce ; r i vers .  
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On e l abore ll'l modele  conceptuel de l a  debacle qui est 

ut i l i se pour l ' analyse et l a  comparai son des donnees provenant de 

quatre empl acements de j augeage. On i ns i ste sur l a  mi se au poi nt 

de methodes general i se•s de previ s i on l court terme qui , 

jusqu ' i c i ,  ne s 1 appl iquai ent qu 1 a des empl acements particul i ers . 

Les caracter i st i ques l prevoir sont l e  moment du decl enchement de 

le debacle et l es possibi 1 i tes de crues . Ces caracter i  sti ques 

sont re l i ees l l a  l argeur en gueul e  di spon i b l e  pour le passage de 

grandes nappes de g l ace qui se forment par fragmentat i on 

transversal e de l a  couverture gl aciel l e .  1 1  est ai ns i  poss ib le  

d 1 etud ier des parametres comne l es dimensi ons de l a  couverture 

gl ac ie l l e  et l a  geometri e du chenal . En rai son d ' un manque de 

donnees perti nentes, d ' autres parametres comme l es propri etes 

mecan i ques de l a  gl ace et les _caracteri sti ques de l ' ecoul ement ne 

sont cons i dere qu 1 i ndi rectement . D ' apres des observat ions 

recentes on propose un mecani sme poss i b l e  de formation de fi ssures 

transversa les .  On presente des suggest ions de recherches futures 

et d 'ame.l i orati on des methodes d ' observat ion en pl us d ' etud ier les 

l imi tes du modele .  

MOTS CLES :  debacle ,  fi ssures, donnees de terrai n ,  prev i sion( s ) , 

donnees de jaugeage , gl aces , degagement des gl aces , 

nappes de g l ace, modele ,  moment du dec l enchement , 

gl ace de ri vi ere, ri v i eres . 
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MANAGEMENT PERSPECTIVE 

The onset of ri ver ice breakup in the spr ing and the 
forces and natural vari ab les contro l l ing i t ,  i s  a phenomenon , 
often observed but not understood . It i s  important that the 
control l i ng factors be under stood and recogn i zed because of 
i ncreased management of rivers and the number of settl ements c l ose 
to rivers . Thi s  paper proposes and i l l ustrates how some sense may 
be �ade from chaos . It i l l ustr ates the need for col l aborati ons to 
en sure useful an alysi s from the col l ection of data .  Env i ronmental 
management now demands qual itat i ve rel ati onsh i ps rather than 
di srupti on s .  Th i s  paper i s  an important signpost . 

T .  Mi l ne Di ck ,  Ch ief 
Hydrau l ics D iv i s i on 
May 30 ,  1983 

PERSPECT I VE GESTIONNELLE 

Le moment du dec l enchement de l a  debac le pri ntani ere 
ai nsi que les forces et les var i ab l es naturel l es qui la comman
dent , sont un phenomene observe ma i s  encore mal expl i que . 1 1  est 
important que les facteurs determi nants so i ent compri s  et reconnus 
en rai son de la regul ati on accrue des cours d ' eau et par suite du 
nombre des loc al i tes ri vera i nes . L ' auteur se propose d ' i l l ustrer 
le beso in de col l aborat ion pour assurer l ' execution d ' an al yses 
uti l es � part i r  de la col l ect i on de donnees . La gestion du mi l i eu 
ex ige mai ntenant des correl at i ons qual i t at i ves p l utot que des 
incoherences . L ' etude est un important si gne av ant-coureur . 

T .  Mi l ne Di ck , chef 
D i v i s i on de l ' hydraul i que 
Le 30 ma i 1983 
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I NTROOUCTION 

A major consequence of 1ce cover format i on in r i vers i s  

the jammi ng that occurs duri ng the spri ng breakup of the cover and 

c l earance of the ice from the ri ver . Due to their l arge thi ckness 

and hydraul ic resi stance , jams can cause unusual ly  high water 

stages . Th i s  has repercuss i ons in many operat ional and desi gn 

prob lems of _,ich spri ng fl ood i ng i s  the most press ing . However , 

the present capabi l i ty for eng i neeri ng predict ions rel ated to 

breakup and jamming prob l ems i s  very l imi ted .  On ly  crude 

est imates of jan stage are poss ib le and only where it can be 

assumed that a fl oat i ng equ i l i bri um  jam has formed nearby. 

C l early, such informati on is hard ly adequate for sati sfactory 

considerat ion of practical questi ons such as short term 

forecast ing of the onset and severity of breakup ; assessment of 

f lood i ng frequency; and fl ood ri sk mapp ing . 

A conceptual model of the breakup process i s  devel oped 

and d i scussed herein as a means of address i ng short term 

forecast i ng prob lems.  

BACKGROUND INFORMATION 

S11u l yakovsk i i  ( 1963 ) and Desl auriers ( 1968) have gi ven 

excel len t  qual i t at i ve description s  of the breakup process i n  
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ri vers whi l e  the former author proposed the fo l l owing functional 

rel ationship for the onset of breakup. 

[ 1 ]  tq = f(h . ,  h , t ,  V , H ,  H ' ,  tq . } 1 s 0 1 

in whi ch tq ., total heat i nput per unit outer surface of the ice 

cover that i s  necessary to i n i t i ate breakup; hi and hs • ice 

thi ckness and snow depth respect ivel y, pr ior to the begi nn i ng of 

mel t i ng ;  t = { a  set of} parameters describ ing stream morphol ogy; V 

= average flow vel oc i ty ;  Ho = i n i t i al water stage ; H '  • ri se i n  

water stage above H0 ; and tqi • total heat i nput per unit  

i nner surface of the cover . Equation 1 i s  usefu l as a compact 

st atement of the prob lem ,  but i nvol ves too many parameters to 

permit empi ri cal assessment . For practica l  purposes , Eq . 1 i s  

simp l i f ied by restri cti ng attention to s ite-spec i fic stud i es 

( Shu lyakovsk i i  1963) . Thi s  approach provi des useful resu lts but 

can only be appl ied  to s i tes with good h i stor ical records .  S i nce 

publ i cation of Shulyakovski i ' s  book { 1963 } , the state of the art 

has not advanced apprec i ably { see, for exampl e, Murakami 1972 and 

Gal brai th 1981 ) .  The forecast ing indices used are empi ri cal and 

often change fran s ite to s ite. Cl ear ly, substanti al improvement 

can onl y  be ach i eved by deve lopment of a general conceptual model 

.of the breakup process whi ch would l ead to the quanti tati ve 

rel ationship env i saged in Eq. 1 .  
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A poss i b l e  start i ng po i nt is  the fol l owi ng quotation 

( Shul yakovski i 1963) : 

" If the ice breakup devel ops duri ng a ri se in  

the  water l evel , the stage " ( H8) •  at wh i ch 

the ice push occurs i s  determi ned by the 

h i ghest pos i t i on of the i ce cover dur i ng the 

wi nter , i . e . ,  by the maximun wi nter 

stage" ( HF } 

Th i s  suggest i on wi l l  be di scus sed l ater and devel oped further . 

For the present , it i s  noted that use of H8 as an i ndex of 

breakup i n i t i at i on i n  conjunction wi th HF • not on ly  appea l s  to 

i ntui t i on but has al so been found sat i sfactory by the wr i ter on 

several occas ions .  The fol l owi ng quotat i on i s  al so perti nent 

( Gerard , 1979 } : 

" . • .  the only quant i tat i ve i nd i cat i on of the 

c i rcumstances requi red to cause breakup of a 

reason ably competent i ce cover i s  an i ncrease 

in water l evel to near that which exi sted just 

after freeze UP.. the previ ous fa 1 1  . Beyond 

th i s  the moment of breakup i s  di ffi cu lt  to 

anti c i pate . • •  " 

In  a l ater work , Shulyakovsk i i  ( 1972} presented a 

theoret i cal model of breakup i n i t i at i on wh ich sheds more l i ght to 

the s ign if ic ance of H8 • as out l i ned next . The mai n  force 

res pons i b 1 e for stresses in the ice cover i s  ident i fi ed as the 

r 
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fl ow she ar stress on the cover ' s  unders i de1 . The cover i s  as sumed 

to be separ ated from the r i ver b anks by a d i st ance d i c t at ed  by the 

d i fference H - Hf ( H  = prev a i l i ng water st age , say gauge hei ght ; 

Hf = max imum stab l e  st age dud ng the preceed i ng freeze up - see 

al so l ater di scus s i on ) . The ri ver i s  assumed to cons i st of l i near 

segments i nter sect i ng at �nown ang l es ( F i g .  1 ) . Normal and 

bend i ng stresses dev e l o p  as i l l ustrated i n  Fi g .  1 .  Breakup 

i n i t i at i on is  def i ned as the i n stant when t he strength of the 

cover is exceeded and transverse crac k s  form . By a s i mp l �  

structural an al ys i s ,  confi ned to a p l ane paral l el to the ater 

surface , i t  i s  shown th at breakup starts when 

in wh i ch a ; = represen t at i ve val ue of ice strength ;  HB = st age 

at breakup i n i t i at i on ;  and f1 = a func t i on of wh i ch the 

mathemat i c al form depends on channel geometry, fl ow vel oc i ty and 

fr i ct i on char acter i st i cs . If a ; and h ; do not change 

apprec i ab l y  from year to year , Eq . 2 reduces to 

[ 3] 

l Th i s  sho u l d  be i ncreased by the streamwi se component of the 

cover ' s  OYifl we i ght per un i t  area .  Total d r i v i ng force per un i t  

area = T .  
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whi ch i s  in agreement wi th ear l i er fi ndi ngs of the same author 

( 1963) . 

A tOOEL CF RIVER ICE BREAKUP 

A conceptual model of breakup i s  developed i n  th i s  

sect ion based on exi st ing understand i ng whi l e  introduc i ng a few 

new condi tions . 

Signi ficance of HF 

The sign i fi cance of the maximum st ab l e  freeze up stage , 

HF , i s  i l l ustrated i n  Fi g .  2 .  It i s  thi s  stage at wh ich the 

width of the cover forms and can thus be approximated by the 

correspondi ng channel wi dth , � ·  To el imi nate very bri ef maxima 

for which there is l i ttl e time for freezi ng , HF is defi ned as a 

dai l y  average val ue . So long as H remai ns less than HF ,  the 
cover i s  supported by the channel banks .  Under th i s  bound ary 

cond i t ion ,  the dr i v i ng forces can be shown to produce very smal l 

stresses , not suff ic ient to break the cover . When warm weather 

and runoff start, a suffi c iently h i gh wave may travel downstream 

so that H>HF upstream of A ( Fi g .  2c ) and H<HF downstream .  

Upstream of A, the cover may be consi dered a beam cant i l evered at 

A. Wi th the passage of time ,  A moves down streilll and the stres ses 

i n  the cover increase lead i ng to format ion of transverse cr acks . 
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The forego i ng suggests that a stage i n  excess of Hf is  

a necess ary cond it ion for bre akup . Th i s  is  val i d  so long as the 

cover remai ns competent in thi cknes s,  wi dth and strength d ur i ng 

the pre-breakup peri od . Though th i s  occurs often in nature , there 

are i n stances of warm weather accompan i ed  wi th i n s i gn if i c ant 

runoff . The cover then deteri orates by thermal effects unt i 1 it  

c an ei ther be broken by the avai l ab l e  dri v i ng forces or s l owly 

d i s i ntegrate in  pl ace . Deteri orat i on may consi st of ful l or 

p art i al l oss of strength ; and reduct ion in i ce t h i c kness and 

wi dth . Th i s  is the "overmat ure" breakup type ( Des l a�riers , 1968 ) , 

known to h ave l i tt l e ,  if  any, d amage potent i a l . Another 

comp l i c at i on i s  the common l y  observed format i on of s ide crac k s ,  

usual ly preceed i ng that o f  transverse one s .  S i de cracks are 

caused by up l i ft pressures wh i ch develop to accommodate the 

i ncreased d i scharge . S i de crack i ng i s , to a degree, pred i ctab l e  

and reduces the effective wi dth of the cover.  For simp l i c i ty,  

th is  effect wi l l  be  temporari l y  i gnored unt i l  certain  basic 

re l at i onsh i ps are demonstrated . 

Description of the breakup process 

Return i ng to the mai n  di scus s i on where it was seen how 

the fi rst transverse cracks may be expected to form , it is  noted 

that new cracks wi 1 1  appear as the fl ood wave advances . 

Eventua l l y , a gi ven ri ver reach wi l l  be covered by l arge separate 
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i ce sheets .  However , general breakup does not fol l ow from th i s  

phase because the sheets may be too 1 arge to advance for any 

s i gn i f icant di stance;  they may be simp ly  re-al i gned into a " l oose" 

but stab l e  arrangement , as shown in Fi g .  3 ( see al so l ater 

d i scussion } . As the stage conti nues to increase,  the water 

surface width i ncreases unt i l  some of the sheets can "cl ear• the 

bends or other obstac 1 es and move for a substant i a  1 di stance . 

These sheets pick up speed and impact wi th stat i onary ones or wi th 

the channel boundari es which causes fragmentat i on . Smal l jams 

begin  to form , caus ing add i t i onal stage i ncreases,  new 

d i s l odgements and so on , unt i l the ent ire reach is cl eared of 

ice.  Based on th is  d i scuss ion ,  it  i s  felt reasonabl e  to def i ne 

breakup in i t i at i on at a gi ven s i te as the instant when a sustai ned 

movement of the cover t akes pl ace.  Th is  defi n i t i on has the 

addi t i onal advantage of deal i ng wi th an eas i l y  observed event 

rel at i ve to transverse crack format ion . 

As breakup progresses , the destruct i on of the ice cover 

is acce l erated by an i ncreasi ng number of impacts and by thermal 

effects . The reach of i nterest wi l l  be cl eared of ice when the 

sheet that hol ds the l ast ice j am  i� f ina l ly d i s l odged . 

Dimensional analysi s 

The forego i ng can be quant i f i ed as fo l l ows . Let L i be 

a length representat ive of the longi t ud i nal dimens ion s  of the 

, 
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separate ice sheets i l l ustrated in  F i g .  3b . Break up starts when 

t he water surface wi dth , Ws · i s  such that it "just"  permi ts a 

suff i c i ent number of i ce sheets to c l ear the v ar i ous  

obstruc t i ons . ( C l ear l y, 1 i wi l l  have a st at i st i c a l  d i str i but i on 

i n  a gi ven reach rather than be a con stant . The concept may be 

made more prec i se by st i pu l at i ng th at Ws i s  such that a fi xed ,  

though unknown , percent age of ice sheets are ab l e  to move . Then 

1 ;  wi l l  be the l ength correspond i ng to thi s  percentage ) . One 

co u l d  now wr i te :  

i n  wh i ch Wi = i ce cover wi dth ; and LK • en = l engths and 

ang l es that defi ne ri ver pl an geometry. By dimen s i onal  reason i ng ,  

E q .  4 c an be reduced to 

[ 5 ]  = f 4 ( .t . /W . ; • • • LK/W . ; • • • 8 ) 1 1 1 n 

F i g ure 4 shows ho examp l es for wh i ch Eq.  5 c an be quant i fi ed .  A 
c urved sheet of average rad i us ,  R ,  and central  ang l e ,  e ,  wi l l  

" c l ear" a str a i ght reach when ( F i g .  4b) 



[6] 

- 13 -

1 + ( !!..._ - .!.) ( 1 - cos �) 
wi 2 2 

It is  noted that 8 • 1i /R  and Eq . 6 appl i es for e <w . The length 

1 i can be expressed as 

in which t = dr i v i ng force per uni t  area .  Eq . 7 impl i c i t l y  

assumes that the mechan i sm  of transverse crack format i on is  as 

shown in Fi g .  1 .  If another mechani sm i s  assumed { e .g . ,  approach 

of a steep water wave) , some add i t i onal ice and water propert i es 

wi 1 1  be needed on the RHS of Eq . 7 ,  as wi 1 1  be di scus sed 1 ater . 

However , t h i s  consider ation does not al ter the es sence of what 

fo l l ows . Equat ion 7 can be non -di mensional i zed and substi tuted in  

Eq .  5 to obta i n  

Based on prev ious di scuss ion ,  i t  can be assumed that W; •WF • 

provi ded the cover has not been subjected to s ign i f i c ant s ide 

crack ing and mel t i ng .  Because Wf var i es l i tt l e  from year to 

year { freeze up flows ) , the parameters LK/ Wi cou l d  be 
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consi dered ri ver con stants as a first approx imat ion .  Moreover , in  

most natural streams, W var i es as a power of Y ( = average depth) so 

that w81wi can be repl aced by the mor� practical  parameter 

v8/YF . Wi th these assumpt ions,  Eq . 8 reduces to 

From the physical under stand i ng descri bed so far , i t  i s  reasonab l e  

to expect that the funct i on f7 i ncreases wi th both h;/WF and 

a i /T. . The dimension l ess r iver constants serve to account for 

the channel pl an geometry. For examp l e ,  the 4< ' s  may be used to 

i dent i fy such dimen s i ons as meander l ength and ampl i t ude,  radi i of 

curv ature of bends, l engths and wi dths of i s l ands, etc . ,  wh i le the 

e n ' s  ident i fy typica l  bend ang les . 

The second major prob l em associ ated wi th breakup is  how 

to forecast its severi ty wh i ch can be part l y  quant i f i ed by � .  

the max imum breakup stage . It  was ment i oned earl i er that a reach 

wi l l  be c l eared of ice when the i ce sheet that is l east amenabl e 

to d is l odgement , is  eventual l y  l i fted to a l evel at which it  can 

adv ance . Let t i ng Yc be the average flow depth at thh level , 

one co uld wr i te ,  as before 

[10] dimension l ess ri ver 

constants ) 
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The inequal i ty symbol has been used because the l ast ice sheet to 

move wi l l  very l i kely be subjected to reductions in competence and 

dimensions during the breakup per iod . The depth , Yc , can be 

expressed in terms of the correspondi ng di scharge intens i ty, etc ,  
v i a  a res i stance formul a  and subst i tuted i n  Eq . 10 to obtai n 

[11] 
1 1/ ( q  /gS) 3 1 59 s . hi c + --=r, ( -,-) < YF f /

3 
YF c 

i n  which g = accelerat ion of grav i ty; S = channel sl ope ; si = 

spec i f i c  grav i ty of ice ; and fc = composi te fr i ct ion factor of 

the flow under the ice sheet . Equat ion 11 impl i es that there 

exi sts an " i ce c l eari ng" di scharge, of whi ch the upper l i mi t 

depends on HF , h; , a ; , 't and on channel geomorpho logy. In 

a l l  probabi l i ty, the l ast ice sheet to move ,  wi 1 1  be hol d i ng back 

an ice jam whose potenti al st age can be est imated in terms of Qc 
and channel . hydraul i cs ( Bel taos 1982a ;  Pari set et al 1966 } . Th i s  

pl aces an upper l im it  on Hm• i ndependent of di scharge but 

dictated oy HF , h; , a ; , T as wel l  as channel geomorph ic 

characteri st ics . 

To test the foregoing resul ts ,  data from several sources 

have been used , as descri bed next . 
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DESCRIPTION OF �TA 

Apart from rel ut i ve l y  few data obt ai ned by d i rect 

observat ion ,  the major data sources have been Water Survey of 

Canada records at hydrometric gauge s i tes ( see Table  1 ) . These 

inc l ude stage records ,  d i scharge measurement notes and l ocal 

observers ' reports on ice cond i t i ons .  Suppl ementary i nformat ion 

cons ists of meteoro l og ical  data and channe l hydrau l i cs obt ai ned by 

hydrometr ic surveys in the gauged reaches . From these dat a ,  

several parameters have been extracted , as descri bed bel ow. 

Maximum stab le  freeze up stage , Hf: A typical , though 

not un i versal , conf igurat ion of the dai l y  average stage hydrograph 

at the start of the ice season is sketched in F i g .  5 .  Wh i le the 

effective stage ( = stage that would have occurred had the fl ow 

been unaffected by ice) decreases cont inuously, the actual stage 

i s  seen to fi rst ri se , reach a peak and then decrease agai n .  The 

r i se is caused by the upstream advance of the i ce cover, formed by 

janming of sl ush panc akes at some point downstream of the gauge . 

Once the ice cover edge arri ves at the gauge s ite,  the st age 

begins  to drop owing to decreasing d i scharge and thermal gnoothing 

of the underside of the cover . 

"Wi nter" peaks :  occasional l y, a bri ef thaw may occur 

dur ing the wi nter, resu l t i ng in a peak on the st age hydrograph . 

I f  th is  peak does not i n i t i ate a break up,  it  can be consi dered a 

l ower l imit for Hs at that time .  
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Stage at i n i t i at i on of breakup, Hg : When a thaw does 

l ead to breakup, the stage hydrograph shows irregul ar it ies that 

cannot be expl ai ned- by di scharge var i ations , as i l l ustrated in  

Fi g .  6 .  A probab 1 e va 1 ue for Hg may be fixed at the fi rst 

s i gni ficant spi ke or sl owdown in the rate of stage ri se. ( It may 

be recal led here that breakup i n i t i at ion has been defi ned as the 

i nstant when a sustai ned movement of the ice cover beg i ns .  When a 

stati onary ice sheet is set in mot i on ;  the stage would tend to 

drop as a result of reduced res i stance to flow. Thi s  effect may 

be masked , however, by simu lt aneous rapid i ncreases in di scharge . )  

However , th i s  defi n i t i on i s  not al ways object ive or meani ngful . 

Onl y a probabl e  range of Hg can then be determi ned by 

con si deri ng ( a) the l atest time for which it can be confi dent ly  

assumed that there sti l l  was conti nuous i ce cover ; and ( b )  the 

earl iest time for which broken ice effects became ev ident . 

Simul taneous consi deration of local observers ' reports and 

fami l i arity wi th local condit ions greatl y  increase the accuracy of 

Hg determi nati on s .  

Maximum breakup stage , Hm =  
strai ght forward ( Fi g .  6) . 

Determi nat ion of Hm i s  

Di scharge. Q :  Dai ly average di scharges are estimated by 

Water Survey of Canada ,  based on i nterpol ations between 

measurements and on such ev i dence as upstream and tri butary fl ows , 

runoff and weather condi tions , etc . Such estimates may invol ve 

1 arge errors during breakup, except where di scharge measurements 

• 
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have been performed . as is  the case for most of the years of 

record at the Thames R .  g auge . For the other gauges i n  Table  1 ,  

di sch arge val ues used herein must be vi ewed as , at best , crude . 

Ice thi ckness , hi : ice thickness can be approx imatel y  

determi ned from di scharge measurement notes , subject to certa i n  

l imi t at i ons ( Be l taos and lane 1982) . For years wi thout measure

ments ,  h i can be est imated from site-spec i f i c  correl at i ons  

between measured val ues and t ime s i nce the  date of  Hf · Such 

va l ues of h; are desi gnated here i n  as "estimated" and invo l ve 

errors of up to ± 30% . 

MODEL TESTING - BASIC VARIABLES 

In th i s  sect ion ,  the dimension l ess re l at i onshi ps derived 

ear l i er are tested in  a prel imi n ary manner , i .e .  by i gnor i ng the 

effects of a ; . T and s ide crac k i ng which wi l l  be di scussed in 

the next secti on .  F igure 7 shows a trend for He to increase 

with HF . The effect of hi is consi dered in F i g .  8 where a 

trend for Hs-HF to i ncrease wi th h i is exhi b i ted . Al so 

shown in Fi g .  8 are data for the Smoky and Peace River s ,  pl otted 

as ranges due to l imited v ar i ab i l i ty. The l atter do not fit the 

Thames Ri ver re l at i onsh i p .  Fi gure 9 shows the same data sets 

pl otted in the dimens i on l ess form suggested by E q .  9 .  Despi te the 

scatter , the ant i c i pated trend i s  confi rmed . More import ant ly,  
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the Smoky and Peace Ri ver data are now much rrore consi stent wi th 

the Thames Ri ver data than they were in F i g .  8 .  The scatter i n  

Fig . 9 can be part ly  attributed to var i at i ons of a i/ T  wh i c h ,  

however , are unknown because nei ther a ;  nor T val ues are 

avai l ab l e .  I t  i s  al so noted that the the present find i ngs can 

expl ain the empi r i cal resu lts of Murakami ( 1972} ( Beltaos 1982b} . 

A simi l ar analys i s  for two rivers in the Uni ted States resul ted in  

a set of data poi nts consi stent wi th those shown in  F ig .  9 

( D . Cal k i n s ,  personal commun i cation ) ;  the range of 100 hi /WF 

for th is  set was from 0 .4  to 2 . 0 .  

To test the predic ted exi stence of the .. i ce c l ear i ng" 

d i scharge , the maximum di scharge �· attai ned dur i ng the breakup 

per iod has been used . To detenni ne the correspond i ng di scharge 

i ntens ity,  C1n •  the water surface wi dth downstrea.'ll of the l ast 

i ce jam just pr i or to its rel ease is needed . Thi s  i s  unknown for 

the present dat a but sett i ng C1n "' <Jm/Ws is  cons i dered a fai r  

approximat ion .  For the Thames ,  Peace and SmOky Ri ver s ,  hi i s  

sma 1 1  re 1 at i ve to Y c . hence the second term on the LHS of Eq . 11 

has been neg l ected . Wi th these ass umptions , data for these three 

r i vers are pl otted in F i g .  10, in the form suggested by Eq.  11 . 

The data points def i ne an upper envel ope that exh i b its  the 

ant i c i pated depet�dency on h; /WF . From earl i er di scussion ,  i t  

i s  reasonab l e  to expect that the function fa i n  Eq . 10 takes a 

va l ue of 1 . 0  when hi /WF van i shes . Inspect ion of Eq . 11 and 

Fi g .  10 suggests further that the intercept ( 2 4 . 0 )  at 
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h i /WF = 0 shou l d  be equal to 1 . 59/fc
11 3 .  Th i s  gi ves 

fc .. 0 . 063 wh i ch is a pl aus i b l e  fr iction factor val ue for a 

channel covered wi th sheet ice at the time of breakup 

(corresponding Manni ng coefficient .. 0 . 032) . Addi t ional support 

for the ice-c l eari ng di scharge concept i s  prov i ded by Fi g s .  11 and 

12 where � i s  . seen to be infl uenced by both Hy: and hi in  

the expected manner . The scatter i s  thought to be due to ( a )  

whether or not the ice c l ear i ng di scharge i s  real i zed i n  any one 

breakup event ; and (b )  as  _yet unknown effects of thermal and 

mechani cal deteriorat i on .  At a g i ven s ite,  a gr aph such as F i g . 

10 cou l d  be ut i l i zed as fo l l ows : Let qp • peak di scharge 

i nten s i ty, forecast for a runoff event expected to cause breakup; 

and � = val ue obtai ned from the upper envel ope i n  F i g . 10 . If 

q�qc • then H,n shoul d  not exceed the potent i al jam stage for 

q = qp . However , if qp>qc • H,n shoul d not exceed the jam 

stage for q = Qc ·  

MODEl TESTING-OTHER EFFECTS 

A pre l imi nary compari son of data wi th the present model 

h as produced encourag i ng resu l ts .  However , there remai n  several 

questi ons thdt need addres s i n g .  For examp l e ,  wh at is the effect 

of side cracks? Is the pre-breakup pattern postul ated in Fi g .  3 

real i stic? What are the effects of a ;  and T?  Is the model a 
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general one or just one of several di fferent break-up processes? 

These quest ions are consi dered in th i s  sect ion. 

Effects o f  side cracks 

. ..... 
•, 

A float ing cover attached to the channel banks and 

subjected to upl ift pressures may be cons i dered a bean on an 

el astic foundat ion ( Bi l l falk 1981) . Usi ng the appropri ate 

structural theory ( Hetenyi 1946) i t  i s  poss ible to pred ict the 

upl ift pressure head (�H) requi red to cause s ide cracki ng and the 

locat i ons of the s ide cracks .  Bi l l fa l k  ( 1981 )  performed th i s  

calcul ation for i nfi n i tely wide channe ls and showed good agreement 

wi th measurements � The type of support ass1J11ed for the ice edges 

has a l arge effect on 1s( =d i stance of s ide cracks from 

respecti ve edges ) . For fi xed ends ,  1s • 0. For hi nged end s ,  i t  

was found that 

[12] A.t.s = w/4 ( i nf in itely wi de channel ) 

in _,ich A i s  defined as 

wi th Y = uni t  wei ght of water ; Ei = el ast ic modu lus of ice; and 

I = moment of inerti a per uni t  cover wi dth .. h i 3 I 12 . 



I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

- 22 -

Bi l l fal k ' s  an alys i s  has been extended to the fin i te wi dth case 

( Bel taos and Wong , unpub l i shed data) and the results are shown in  

Figs . 13 and 14 . For h inged end s ,  the two side cracks merge into 

a s i ngle  central crack for AW�3, whi le Eq.  13 app l i es for AW>6 . 

Fi gure 13 affords a means of applyi ng a correction to WF in  

order to determine Wi . To match observed wi th pred icted ts • s 

for the Thames Ri ver , a va l ue of Ei • 1 . 4  GPa was found 

appropri ate . Th i s  is con s i derab l y  l ess than 6 . 8  GPa,  representi ng 

good-qual i ty, freshwater i ce { Go ld  1971 ) . The d i fference could be 

due to thermal deteri orat ion and creep effects ;  it is much less 

pronounced when compar i ng pred i cted ( wi th 6 .8 GPa) and observed 

t s ' s  because ls varies as the fourth-root of Ei . As an 

i l l ustrat i on ,  let hi .. 0 . 5  m .  Then A .. 0 . 113 m-1 and Fi g .  13 

shows that , for W�26 . 5  m, there wi l l  on l y  be one hi nge crack . For 

W�53 m,  t� hi nge cracks wi l l  form, each l ocated 7 .0 m fran the 

respective ice edge (Eq .  13) . For the l atter case , Fi g .  14 shows 

that y6H/a i ( A hi ) 2 
= 1 . 03 ;  wi th a; .. 600 kPa, th i s  g ives 

6K = 0 .2  m. [Note : a; is now the fl exural ice strength . ]  

To i l l ustrate the effect of the side crack correction , 

w8/WF and w8/Wi ( Wi = corrected wi dth)  are respect ively 

pl otted versus hi /WF and h;/Wi in Fi g .  15  ( see Eq . 8 ) . A 

reduction in  scatter seems to be effected by th i s  correction .  

F igure 16,  compr i s i ng the Nashwaak R i ver data ( see Tab le  1)  

prov ides a more stri k i ng i l l ustrat ion . Whereas the uncorrected 

wi dth p lot shows no trend ( F i g .  16a) , the wi dth correct ion effects 
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a c l ear increas ing trend ( Fi g .  16b) , simi l ar to that found in 

F ig .  1 5 .  At the same time, it may be observed that the Nashwaak 

Ri ver data exh ib it more scatter and a smal l er rate of increase 

with hi /Wi than the Thanes ·Ri ver data . These di fferences wi 1 1  

be di scussed l ater . 

Observed transverse crack patterns 

Because the poss ib le s ign ifi cance of transverse cracks 

was on l y  recent l y  understood , on l y  one documentati on of the ir 

spac ing and l ocation can be furn i shed here i n ,  as shown in F i g .  

17 . The centre of the reach shown i n  thi s  fi gure i s  located some 

25 km .jownstrean of the Thamesv i l l e gauge s ite . Crack l ocations 

are approx imate because they were vi ewed from a hei ght of 400 m 

and drawn on a 1 : 50 , 000 map . Neverthel ess, F ig .  17 shows a fai r ly 

consi stent crack spac i ng ,  remi n i scent of the cond it ions postul ated 

in Fi g .  3b . 

For the reach shown in Fi g .  17 , it i s  estimated that 

Wi = 55 m and hi z 0 . 35 m .  Therefore , 100 hi /Wi = 0 .64 

which ,  from Fi g .  15 , gi ves w8/Wi = 1 . 46 . The photos of Fi g .  

1 7  indi cate that the water surface to ice cover - wi dth ratio was 

l ess than 1 . 46  wh ich agrees wi th the fact that breakup had not yet 

been i n i t i ated . 

2 

A frequency ana lys i s2 ind icated that the average ice 

After transferr i ng the observed crack locat ions to two-fold 

en l argements of 1 : 10 ,000 vert ical air photos .  
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sheet length in  Fi g .  17 was 300 m \llttl i l e  the 16- to 84-percent i l e  

val ues were 225 m and 415 m .  respec t i ve l y .  Correspond i ng val ues 

of 1 i / Wi are 5 . 5 ;  and 4 . 1  to 7 . 5 .  These can be shown to be 

comparab l e  to what is  impl i ed by earl i er find i ng s .  as fol l ows . 

Usi ng Eq . 6 as .a rough gui de  and putting Wf!/Wi • 1 .46 , one can 

so l ve for 1 i /Wi . provi ded R/Wi i s  known . For the sheets of 

Fi g .  17 , it was found that R/Wi • 6 . 2  ( average) ; and 3 . 2  to 15 . 6  

( 16- to 84 -percent i l es ) . With  these val ues,  Eq . 6 gi ves 

1 i /Wi • 5 . 0  ( av�rage) ; and 3 . 8  to 7 . 7  ( 16- to 84 

-percent i l es) . 

Mechanis. of transverse crack fon.ati on 

Shu l yakovsk i i ' s ( 1972 ) postul ated mechani sm has been 

i l l ustrated in Fi g .  1 where it was assumed that the ri ver 

compr i ses l i near segments of un i form width . A sl i ght i mprovement 

that avo i ds th i s  " l i neari z at i on" resul ted in ( see Fi g .  18) 

[14] M = 2'r Wi � 

i n  wh i ch M = bend i ng moment at C ;  and ar-t = area of segment ABC . 

A transve1·se crack wi l l  form at C when 6M/h;Wi 2 becomes equal 

to a ; ( =fl exural ice strength) . By v i rtue of Eq .  14 , thi s 

cond i t i on le ads to 

[15] �. = a . h . W . /12T -� 1 1 1 
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Equations 14 and 15 invo l ve the fo l l owing assumptions : ( a ) ice 

cover curv ature effects on the stress di str i bution at C are 

negl i g i b l e  which i s  a good approx imat ion for mi l d  curv ature 

( Fl ugge 1962 ) ;  ( b )  the el ementary force TWi ds {F i g .  18 ) acts on 

the centrel i ne of the cover which ,  too , i s  a good approx imation 

for mi l d  curv ature ; ( c )  contributi ons to the stresses at C by 

normal forces are neg l i g i b l e  which i s  estimated to apply  in most 

i nstances ; and {d )  moments c aused by forces that may be 

transmi tted between adjacent sheets , { e . g , at A in Fi g .  18) are 

i gnored { see al so l ater di scuss i on ) . 

Equat ion 15 shows that � and thence L ;  must vary 

al ong a gi ven reach owi ng to ch ang i ng pl anform geometry and 

ever-present vari ati ons i n  a ; .  hi , Wi and T .  For the ice 

sheets shown in Fi g  . 1 7 ,  the fo l l owing average val ues have been 

estimated : Wi = 55 m, h; = 0 . 35 m, T 2 5 . 0  Pa and � = 
6400 rrt .  Substi tut ing these i n  Eq . 15 gi ves a ; = 20 kP a which 

is very low re l ative to 600 kPa, a common flexural strength val ue 

for good-qual i ty ice as measured by the wel l -kno_, canti l ever or 

si mpl y supported beam tests ( Frankenstein 1961 ;  Korzh av i n  1971 ;  

Butyag i n  1972} . Th i s  l arge di screpancy i s  moderated by the 

fo l l owi ng con si deration s :  

( a ) The val ue of a; has been found to decrease with 

spec imen si ze .  Usi ng emp ir i cal resu lts ( Butyag i n  1972 ) ,  

a reduction factor of at l east three was estimated for 

the flexural strength of the ent i re ice cover 
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cross-sect ion ,  re l ative to that obtai ned from beam 

tests . Thi s  would bri ng a; up to at least 60 kPa 

which i s  sti 1 1  low but cl ose to the lower l imit oi the 

range of a ;  • s measured near the time of breakup ( • 100 
kPa - Frankenstein 1961) . 

( b )  Equati on 15 i gnores stresses caused by forces that may 

be transferred at exi st ing cracks. It i s  d ifficu lt to 

assess th i s  effect because it depends on the ( unknown) 

confi gurat i on of l ateral restrai nts imposed by the 

channel boundari es on upstream i ce sheets .  It i s  

estimated that , i n  the absence of restrai nts , th i s  

effect cou ld cause a two- to three-fold  i ncrease of the 

ca l c u l ated a ; . 
( c )  Creep effects that reduce the apparent ice strength have 

been i gnored . The wri ter is not aware of creep data 

pertai n i ng to the loading configurat ion at hand . For 

vert ical l oadi ngs of the i ce cover, creep reduces the 

apparent ice strength by 50% wi thi n  a few hours of 

l oad i ng time ( Assur 1961 ;  Panfi l ov 1972) . 

It thus appears that Shul yakovski i ' s mechani sm of 

transverse crack formation may apply but more data are needed for 

a def in ite conc l us ion on its val i d i ty. Another mechani sm that 

can produce transverse cracks i s  the passage of water �aves under 

the cover . Such waves can be caused by sudden rel eases of ice 

j ams or rapid di scharge i ncreases . A fi rst attempt to anal yze 
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t h i s  prob l em was made by Bi l l fa l k  ( 1982 ) who ass umed a l i near 

water surface profi l e  and i gnored dyn am i c  effects based on an 

order -of-mag n i tude compar i son wi t h  stat i c  ones . Th i s  theory 

pred i cts crack spac i ngs that are far too smal l rel at i ve to 

observat i on s  ( F i g .  17 ) but the wave break i ng theory needs further 

devel opment before dec i d i ng on i ts appl i cab i l i ty. For the 

presen t , it i s  noted that wave break i ng woul d  produce .t i • s that 

are l arge l y  independent of Wi and t but dependent on such 

add i t i onal  parameters as i n i t i al water surface con f i gurat i on ,  wave 

ce l er i ty, E i and y .  

Effects of i ce deter iorat i on and dri v i ng forces 

I n spec t i on of F i g s .  15 and 16 suggests the fol l owing 

emp i r i c a l  equat i on 

[ 16] = 1 + C( 100h . /w . ) 
1 1 

Accord i ng to Eq . 8 ,  C shol! 1 d  depend on a i /t and d i men s i o n l ess 

r i ver con stants . The former parameter was i ntroduced v i a  

Shul yakovsk i i ' s ( 1972) mech an i sm  o f  tran sverse crack format i on .  

However , i t  was shown i n  the prev i ou s  sec t i on that th i s  mec han i sm 

cannot as yet be conf i dent 1 y accepted . Hence , a 1 /T  may be 100re 

appropr i at e l y  repl aced by several other dimen s i on l ess factors 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

- 28 -

refl ect ing ice and fl ow propert i es .  In general ,  C -.ould be expected 

to decrease wi th i ncreas ing degree of thermal ice deteri oration and 

poss i b ly  wi th increasi ng T 3 • 

Few data on the mechan ical properties of i ce at the time of 

breakup are avai l ab l e  and the process of thermal deteri orati on i s  not 

we l l  understood at present ( Frankenstein 1961;  Korzhav i n  1971 ;  
Butyag i n  1972 ) . Bul atov ( 1972 ) outl i ned a method for comput i ng ice 

strength based on theoret i cal and experimental correl ati ons wi th 

rad i at ion effects ; however , th i s  paper i s  too general to permit 

appl i cation of the proposed method by others . Thus, thermal 

effects can on ly be stud i ed at present by introduci ng empi rical 

indi ces i ntended to describe weather condi tions . For the Nashwaak 

Ri ver data , prel iminary ana lys i s  ind icated that both accumul ated 

degree - days of thaw and hours of sunsh i ne i nf l uenced the onset 

of breakup . To reduce the number of thermal indi ces as wel l as 

i ntroduce the incoming so l ar rad i at ion ,  a s ing l e  i ndex , Iq, was 

al so tri ed and showed equal effecti veness as that of the 

comb inati on of degree-days and sunshine .  Iq i s  a ca lcu l ated heat 

input per uni t  ice cover area ,  accumul ated to the time of breakup 

i n i t i ation ( see Shul yakovsk i i  1963 and Bel taos and Lane 1982 for 

computat ional detai l s } . For the Nashwaak Ri ver data ,  i t  was 

3 The wave break i ng mechan i sm ,  for exampl e ,  shou ld be l arge ly 

independent of T .  At the same t ime, it i s  d i ffi cult to concei ve 

i nstances where C would increase with increas i ng T .  
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subsequent ly  found that C decreases wi th increas i ng tq ,  i n  

accordance wi th expectat ion .  Pert i nent meteoro l ogi cal data were 

obtai ned from pub l i shed records ( Atmospher i c  Env i ronment 

"Monthly Records" ) for a nearby stat i on and are thus consi dered 

representat i ve of l ocal  weather cond i t i on s .  "Premature• events 

had � val ue of 0 .45 for Co { • C for tq + 0) . Anal ys i s  of the 

Thames Ri ver data ind i cated a simi 1 ar but not as we l l defi ned 

v ar i at i on of C wi th t q.  However , there are no nearby sunshi ne 

record i ng stat i ons so that tq val ues are uncertai n i n  th i s  case . 

The val ue of C0 was 0 . 85 . For the Smoky and Peace Ri ver data ,  

c0 cannot be  determi ned because no premature events have been 

ob served ; al l that can be stated about C0 i s  that it sho u l d  not 

be less than 0 . 45 and 0 . 52 respect ively .  Inspect ion of Tab l e  1 

suggests a trend for C0 to decrease wi th i ncreas ing  r i ver 

s l ope . Th i s  may be a hint for a simi l ar dependency on T but the 

1 atter al so depends on other factors that are gener:-al ly unknown 

for the present data .  

In conc l us i on ,  it may be  stated that the present res u l t s  

show the expected strat i f i cat i on wi th thermal i c e  deter i orat i on 

v i a  empi rical meteorologi c al i nd i ces . Wh i le use of any such i ndex 

can be cr i t i c i sed .on the grounds of not adequately represent i ng 

t he phys ical  processes invol ved , the C0 val ues quoted ear l i er 

are not dependent on the type of i ndex used . For the four ri ver 

s i tes con s 1 dered herei n ,  C0 is between 0 . 45 and 0 . 85 .  Th i s  i s  

remarkab l y  con s i stent , consideri ng the assoc i ated l arge vari at i on 
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i n  magn itude , hydrau l i cs and l ati tude of the respective streams . 

The effects of dri v i ng forces and channel p l an geometry remai n 

unc l ear . Progress in th i s  regat j requi res add it i onal case stud ies 

and conc l us i ve identif i cat ion of the mechan ism  of transverse crack 

format i on .  

The forego i ng d i scuss i on suggests several cond i t i ons  

under which the present model may not app l y, i e :  

( i )  "Over mature" breakup events duri ng which the ice cover 

l argely d i si ntegrates by thermal effects rather tl':an 

break i ng by mechani ca l  act i on .  

( i i )  Reaches where the water l evel i s  strong ly i nfl uenced by 

nearby contro l s .  Art example i s  the Thames Ri ver near 

the mouth where the stage i s  control l ed  by that of 

lake St . Cl ai r .  I n  thi s  reach , the stage hard ly  ri ses 

pri or to breakup i n i t i ation so that the transverse crack 

and loose ice sheet pattern may not occur . Breakup i s  

usual ly i n iti ated by thermal deterioration and 

mechani cal destruct ion effected by advanc i ng ice jams . 

( i i i )  Channel types that are s i gni ficant ly d i fferent from the 

s ing l e ,  meanderi ng channel s consi dered here in ,  e .g . ,  

brai ded ; mu l t i pl e  i s l ands ; straight channe l s ,  etc . 
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DISCUSSION 

A conceptual model of ri ver ice breakup has been 

deve l oped and used as a framework for ana lyzing perti nent data 

from four gauge si tes . The anal ysi s  resul ted in some encourag i ng 

f indi ngs but at the same t ime i dent i f ied several gaps in ex i st i ng 

observat i onal i nformat i on .  Improved knowl edge i s  needed for the 

fo l l owing aspects of breakup : Ice cover thi ckness; d i scharge 

hydrograph ; mechani sm of thermal ice deteri orat ion ;  ice crack ing 

patterns pr ior to breakup i n i t i at ion ;  and accumu l ati on of 

add i t ional case stud ies over representat ive ranges of ri ver 

morpho l ogy and c l i mate . 

The present ana lys i s  focused on forecast ing the onset 

and flood ing potent i al of the breakup . Other thi ngs bei ng equal , 

the breakup in i t i at ion stage increases wi th increas ing freeze up 

stage, ice th ickness and strength; and with decreas i ng channel 

wi dth and slope . The fl ood ing potenti al of breakup i s  l ar·ge l y  

governed by di scharge wh i ch d ictates the - potent i al stage of any 

ice jams that might occ ur . The present model suggests that there 

should be iin " i ce-cl ear i ng" di scharge such that l arger di scharges 

wi l l  be as soc i ated wi th un stab l e ,  if any, jams . Th i s  pl aces an 

add i t i onal l imi tat ion on the f l ood i ng pntenti al of breakup 

dependi ng on freeze up stage , ice th ickness and ch annel wi dth and 

s l ope . 
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A major factor faci l i tat i ng the onset and progress of 

breakup has been identi f i ed as the av ai l ab le  water surface �idth 

in rel at i on to the si ze of separate ice sheets that form by 

tran sverse cracki ng .  In turn, th is can suggest poss ib le  means of 

breakup fl ood control in add i t ion to c0111110n l y  used methods ,  e . g . ,  

keeping freeze up l evel s l ow or pl ac ing dykes some d i stance off 

the channel banks . 

S�Y AND CONCLUSIONS 

The breakup mode l deve l oped herei n prov ides a framework 

for i nterpreti ng and general i z·i ng data pertai n i ng to breakup 

forecasti ng which to date has been si te-spec i fi c .  The mai n factor 

fac i l i tat i ng the onset and progress of breakup has been i denti f i ed 

as the av ai l ab l e  water surface wi dth rel at i ve to the si ze of 

separate ice sheets formed by transverse cracki ng .  Thus, i t  has 

been poss i b l e  to quanti fy the effects  of such factors as ice cover 

dimensi ons and ( part l y} channel geometry. Owing to l ack of data, 

other parameters ( e . g . ,  mechan i cal properti es of ice and dri v i ng 

forces) have on ly been consi dered i ndi rectly to el uc idate trends . 

The mechani sm of transverse cracki ng was exami ned in the l i ght of 

recent observat ions .  Bend i ng on pl anes paral l el to the water 

surface, caused by stream curvature , coul d  account for the 

observed crack spac i ng but more evi dence is needed for posi t i ve 

conc l us ions . The present model does not app ly i n  cases of 
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"overmature" breakup events ,  prox im ity of stage contro l s  and ri ver 

pl anforms s i g n i f i c antly d i fferent from the s i ng l e  meander i ng 

channel type . 
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Table 1 .  Su..ary of gauge site characteri stics 

Long-Term 
Mean Condi t i ons ( ! ) 

S i te 
Descri ption 

Type 
of 

Data Lat i tude 
S l ope Width Depth Di sc� arge 
(m/km) (m)  (m)  (m /s)  

Thames R at Gauge records ,  42. 32 ' 42"N 0 . 23 37 
Thamesv i l le 1960-79; 

Observ at i on s ,  
1980-82 

Nashwaak R at Gauge records,  46. 07 ' 33"N 0 . 73 58 
Durham Br i dge 1965-1 981 

Peace R at Observat i on s ,  56 . 14 ' 4l " N  0 .35 470 
Peace R i ver 1974-76 , 1979 

Smoky R at Observat i on s ,  55.42 ' 56•N  0 . 52 225 
Wat i no 1976-79 

2 . 0  49 

1 .2 36 

3 . 5  1800 

1 .9 370 

Notes : ( 1 )  Wi dth and depth val ues are for open-water cond i t i ons  at the 
l ong-term mean d i scharge . For Peace and Smoky Ri vers ,  data 
were obt ai ned from Kel l erhal s et al  ( 1972 ) . 
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RIVER ICE jAMS: THEORY, CASE 

STUDIES, AND APPLICATIONS 

By Spyridon Beltaos' 

-

AulJIACT: The theory of river Ice j.ms, as developed by several Investigators 
over the put two deadea, Is reviewed and two methods for analyzing cue 
studies are developed. The first method is based on a dimensionless equation 
that relates meuurable Ice jam characteristics. The second method compensates 
for the lack of measured thlckneas values for breakup jams by introdudng a 
relationship between the hydraulic roughness and the thickness of a jam, based 
on data by others with respect to freeze up jams. These two methods of anal· 
ysis are subsequently applied to several case studies performed In recent years 
by the writer and others. The resulta support the theory and at the same time 
show satisfactory consistency in the respective values of various coeffidents 
obtained by the two methoda. Procedures for practical application of the pres· 
ent results are outlined and assessed by means of examples. 

INTAOOUCTION 

-

A major consequence of Ice cover formation on northern rivers is the 
jamming that occurs during the spring breakup of the cover and, to a 
lesser degree, during the freeze-up period. Due to their large aggregate 
thickness and hydraulic resistance relative to those of sheet ice, jams 
tend to cause unusually high water stages. This has repercussions in 
many operational and design problems such as overturning moment on 
river structures due to moving ice, forces on ice booms, spring flooding 
and associated stage-frequency relationships, river bed scour due to surges 
from released jams, to mention but a few. 

At present, complete mathematical simulation of water stages during 
breakup is only a hope for the future. There are simply too many un
knowns: It is not known whether, where, and when a jam will form. 
Even if it is assumed that a jam has been initiated at a specified location, 
it is not known exactly what occurs at the toe (downstream end) and 
thus it is not possible to formulate an appropriate boundary condition 
for the jam's subsequent evolution; and even if the configuration of an 
ice jam at a specified time is given or assumed, it is not known how, 
why, and when the jam will release. 

Faced with such difficulties, research has concentrated on the rela
tively simple problem of equilibrium jams, i.e., jams that no longer evolve. 
This approach has considerable practical merit since it can be argued 
that, under certain circumstances, the highest water stages occur when 
a jam has attained equilibrium. Theoretical work has resulted in a model 
for floating jams in equilibrium that has been tested with some success 
versus experime!'tal results. Virtually nothing is known, however, about 

'Research Scientist, Environmental Hydr. Section, Hydr. Div., National Water 
Research lnst., Canada Centre for Inland Waters, Burlington, Ontario; formerly 
Research Officer, Alberta Research Council, Edmonton, Canada. 

Note.-Discussion open until March 1, 1984. To extend the closing date one 
month, a written request must be filed with the ASCE Manager of Technical and 
Professional Publications. The manuscript for this paper was submitted for re· 
view and possible publication on February 26, 1982. This paper is part of the Joumtll of HydrAulic Engineering, Vol. 109, No. 10, October, 1983. OASCE, ISSN 
0733-9429/83/0010- 1338/$01 .00. Paper No. 18308 . 
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gro1111ded (otherwise known as "dry") jams. Fig. 1 gives a schematic il
lustration of an equilibrium jam. In Fig. 1 it has been assumed that the 
jam was initiated at the edge of an undisturbed ice sheet and attained 
a steady-state condition. Typically, there are three regions within the 
length of such a jam: 

1. Upstream transition: For a certain distance below the head of the 
jam, the thickness increases and approaches an asymptotic value. The 
flow under the jam is of the gradually varied type. As will be analyzed 
later, this should be the case for jams of the "wide channel" kind which 
represent a very common occurrence (see also pertinent measurements 
in Ref. 4). "Narrow channel" jams may not exhibit an upstream tran
sition; from theoretical considerations it could be shown that for a pris
matic channel the thickness of a narrow jam should not change in the 
downstream direction. 
2. Equilibrium thickness reach: The thickness of the jam is relatively 

uniform and approximately equal to the asymptotic value mentioned 
earlier. This value has been termed the equilibrium thickness (21,22). 
The flow under the jam is uniform and the water surface is equal to the 
channel bed slope, 5. This concept applies to prismatic channels but may 
be extrapolated to natural streams by replacing 5 with the open-water 
surface slope, provided: (1) The reach under consideration is long enough 
to permit meaningful averaging of channel characteristics; and (2) the 
flow is free to assume a uniform condition, i.e., there are no significant 
control effects in the reach of interest. 

3. Downstream transition: Below the equilibrium reach, the water sur· 
face profile steepens progressively to meet the relatively low water stage 
that prevails at the toe of the jam (e.g., see Refs. 6-8). The jam and flow 
configurations in this region are difficult to assess and could vary de
pending on local conditions and mode of jam initiation. 

It should be recognized that the type of jam depicted in Fig. 1 occurs 
often but is by no means universal. If the jam is too short, the ·equilib
rium thickness region may not exist, while In reaches that are strongly 
influenced by controls (e.g., river mouths) uniform flow may not occur 
under the jam. 

In the following sections, it will be attempted to review and assess the 
available theory and data on ice jams, present illustrative case studies 

RG. 1 .-Schemetlc llluetretlon of Equilibrium Jam 
1339 
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- - - - - - - - - and tesrTfte theory, andOUTiine methods IQrPractical application of the 
results. 

THEORET1CAL BACKOROUHO 

Hydraulics of Flow under an Ice Jam.-A river cross section located 
in a reach where a floating jam has formed is sketched in Fig. 2. In the 
following, flow through the voids of the jam will be neglected and the 
jam assumed to have an equilibrium thickness reach with uniform flow 
underneath. The longitudinal water surface slope is then equal to the 
river slope under open-water conditions. The velocity distribuHon in any 
one vertical will be as sketched in Fig. 2 where the dashPtl line repre
sents the locus of the maximum velocity points; for a very wide channel, 
relative to its depth, the shear stress along this line is nearly zero. As a 
first approximation, the flows in the two subsections defined by the 
maximum velocity line are, respectively, controlled by the average shear 
stresses on the jam underside, T1 , and on the river bed, T� • 

Let Q1 , A1 , V1 , and R1 be the discharge, area, average velocity, and 
hydraulic radius for the ice-controlled subsection, respectively. Then V1 
• Q;/ A1 and R1 • A;/W (Fig. 2); the Manning roughness coefficient, n1 , 
and friction factor, {1 , for the jam underside are defined as n1 • V /1 R �13 
S 112 (metric units), and f1 • &r;/p V1 with T1 = pg R1S and p = water den
sity, and g = acceleration of gravity. Similar relationships apply to quan
tities pertaining to the bed-controlled flow subsection; in the following, 
such quantities will be designated using the same symbols as in the pre
ceding, but with the suffix "b" in place of "i." 

For the overall, composite roughness flow under the jam (designated 
with the suffix "o"), the well-known Sabaneev equations may be used: 

"• 
= 
(nln ; nf/2) 2/3 

• • • • • • • • • • • • • • • • • • • • • • • • . • • • • • . . • . • • • • • • • • • •  (la) 

f; + f· {. = -
2
- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (lb) 

:: = (�r/2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . (2a) 

� = f �� R� t� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

FIG. 2.-River Croaa Sec:tlon within Equilibrium Thlckneu Region of Flo8tlng J.m 
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in which equivalent relationships in terms of the friction factors instead 
of the Manning coefficients are numbered as Eq. 1b, Eq. 2b, etc. More
over, for wide channels: 

R1 + R6 "" 2R • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (3) 
It can be shown that Eqs. 1- 2 are exact when V1 = V6 • For two-dimen
sional flow, this condition will be nearly satisfied if the shear velocities 
associated with the bed and jam, respectively, are either small compared 
to V1 and V6 or not very different from each other (2). This expectation 
is supported by laboratory and theoretical data (12, 18). For wide chan
nels of arbitrary cross-sectional shape, the condition V1 = Vb can only be 
tested empirically. Examination of field data by the writer (unpublished) 
showed V1 and Vb to be within 10% of each other. However, the data 
used were for the relatively smooth sheet ice covers that occur in mid
winter, thus this finding may not apply to the very rough flows under 
ice jams. To a large degree then, use of Eqs. 1-2 is justified by a lack of 
more reliable information. 

Hydraulic resistance characteristics of the river bed, nb and {b , can be 
obtained from hydrometric surveys in the reach of interest during open
water conditions. Though jam stages are generally high, a large portion 
of the water depth is occupied by the jam itself and the flow part con
trolled by the jam underside (Fig. 2); thus, usual values of R6 may rep
resent low open-water stages at which "• (or {.) is stage-dependent. The 
dependence of "6 on open-water depth Is assumed to apply to flow un
der an ice jam by using Rb in place of the open-water depth. For a given 
reach, one may thus write 

n6 (or {6) = a function of Rb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (4) 
Resistance characteristics of the underside of an ice jam have not been 

documented widely to date. The few pertinent data known to the writer 
·are analyzed briefly in the following. 

Kennedy (11) investigated the characteristics of log jams; the bottom 
roughness of a jam was found to increase with increasing jam thickness, 
based on field and laboratory measurements. The absolute roughness
thickness relationship suggested by Kennedy is shown in Fig. 3. Intui
tively, one would expect that the curve of Fig. 3 should have a horizontal 
asymptote, i.e., the roughness should not Increase indefinitely but attain 
a constant value beyond a limiting value of thickness. The limiting thick
ness and the maximum roughness would probably depend on the di-

FlO. 3.-Kennedy'a Rough nell· Thick· 
ne11 Re .. tlonahlp for Log Jema (Note 
I '  = s,.t; s,. "' Specific Gravity of Wood) 

,.,, 

RO. 4.-Verletlon of d1•84 with I 11 De
duced from Nuhlkovekly'a Reeulte 
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search Council; F. Sampson, B. Tutt, M. 'Vand�rkraan of B. C. Hydro; 
and W. Moody of Environment Canada. Review comments by T. M. 
Dick and Y. L. Lau are greatly appreciated. 
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in which equivalent relationships in terms of the friction factors instead 
of the Manning coefficients are numbered as Eq. 1b, Eq. 2b, etc. More
over, for wide channels: 

R1 + R6 "" 2R • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (3) 
It can be shown that Eqs. 1- 2 are exact when V1 = V6 • For two-dimen
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to V1 and V6 or not very different from each other (2). This expectation 
is supported by laboratory and theoretical data (12, 18). For wide chan
nels of arbitrary cross-sectional shape, the condition V1 = Vb can only be 
tested empirically. Examination of field data by the writer (unpublished) 
showed V1 and Vb to be within 10% of each other. However, the data 
used were for the relatively smooth sheet ice covers that occur in mid
winter, thus this finding may not apply to the very rough flows under 
ice jams. To a large degree then, use of Eqs. 1-2 is justified by a lack of 
more reliable information. 

Hydraulic resistance characteristics of the river bed, nb and {b , can be 
obtained from hydrometric surveys in the reach of interest during open
water conditions. Though jam stages are generally high, a large portion 
of the water depth is occupied by the jam itself and the flow part con
trolled by the jam underside (Fig. 2); thus, usual values of R6 may rep
resent low open-water stages at which "• (or {.) is stage-dependent. The 
dependence of "6 on open-water depth Is assumed to apply to flow un
der an ice jam by using Rb in place of the open-water depth. For a given 
reach, one may thus write 

n6 (or {6) = a function of Rb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (4) 
Resistance characteristics of the underside of an ice jam have not been 

documented widely to date. The few pertinent data known to the writer 
·are analyzed briefly in the following. 

Kennedy (11) investigated the characteristics of log jams; the bottom 
roughness of a jam was found to increase with increasing jam thickness, 
based on field and laboratory measurements. The absolute roughness
thickness relationship suggested by Kennedy is shown in Fig. 3. Intui
tively, one would expect that the curve of Fig. 3 should have a horizontal 
asymptote, i.e., the roughness should not Increase indefinitely but attain 
a constant value beyond a limiting value of thickness. The limiting thick
ness and the maximum roughness would probably depend on the di-

FlO. 3.-Kennedy'a Rough nell· Thick· 
ne11 Re .. tlonahlp for Log Jema (Note 
I '  = s,.t; s,. "' Specific Gravity of Wood) 

,.,, 

RO. 4.-Verletlon of d1•84 with I 11 De
duced from Nuhlkovekly'a Reeulte 
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search Council; F. Sampson, B. Tutt, M. 'Vand�rkraan of B. C. Hydro; 
and W. Moody of Environment Canada. Review comments by T. M. 
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- - - - - - - - 
theory was tested with satisfactory outcome by plotting H/WS versus � 
using the available field <!ata. 

Because the thickness of spring jams cannot be measured at present, 
the data do not pennit direct estimates of the applicable roughness and 
internal friction characteristics. A method ha& been outlined for arriving 
at such estimates indirectly, based on existing hydraulic resistance data 
for winter jams (15) of whic:- the thickness can be measured once freez
ing in place has occurred to allow safe access. This method was applied 
to 13 case studies with the following results: 

1. The coefficient, IL• which depends on the internal friction of the jam 
was between 0.6 and 3.5. The lower limit of this range· was obtained 
under conditions of considerable uncertainty with regard to both jam 
stage and applicable discharge. The upper limit was found for a rela
tively thin jam (jam thickness =- 2x sheet ice thickness) and thus might 
have been influenced by ice-bank friction. In the remaining 1 1  cases, JL 
was between 0.8 and 1.3, which was considered encouraging in view of 
the crudeness of both the data and the analytical procedure. An average 
value of 1 .2 was suggested for applications. 
2. The composite friction factor, /o , varied between 0.09 and 0.67 and 

exhibited a tendency to decrease with increasing dimensionless dis
charge, �- The same tendency was suggested earlier when comparing 
the conventional theory with data on the relationship between H/WS 
and �-
3. The ratio /J/o ranged between 0.6 and 1 .6 but showed no tendency 

to vary with �-

Two methods of applying the present results were outlined: (1) A de
tailed method that makes use of the ice jam theory in conjunction with 
hydraulic resistance considerations; and (2) a simplified method that uses 
the "average" 1J versus � relationship as defined by the data. Examples 
indicated that the detailed method gives better results than the simpli
fied method. 

The major limitations of applying the theory to practical questions de
rive from the assumption of an equilibrium jam affecting fully the site 
of interest. This may or may not be the case in any given year; thus the 
theory can only provide an 'upper bound of anticipated water level as a 
function of discharge. To account for special constraints that may be 
present at a given site (low flood pl'!ins, by-pass channels, etc.) careful 
field inspections are necessary. 
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mensJons and geometry orthe fragments That compose the jam. 

Field data on ice jams in the Soviet Union have been reanalyzed by 
Nezhikhovskiy (15) for the period of freeze up. He found that the jam 
roughness, defined as the average deviation from the mean of numerous 
thickness measurements, increased with the average jam thickness, t, 
and thus proceeded to establish empirical relationships between n1 and 
t. Three types of accumulations were identified, respectively, comprising 
loose slush, dense slush, and ice floes. The latter type is thought to be 
the most relevant to spring jams. The writer (2) noted that, for the very 
rough boundaries of ice jams, n1 should depend on R1 as well as t, and 
attributed Nezhikhovskiy's findings to a restricted range of R1 values 
(approximately 1 .0 m-1.5 m). With this interpretation, it was possible to 
account for the effects of R1 and derive the following empirical equation 
(2): 
n1 = 0.072 Rio.n,o.4 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  (Sa) ( )0.8 
/; = 0.4 k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . (5b) 
in which 0.5 s t/R1 s 3.0; and t s 3 m. Eqs. 5a-5b are based on Ne
zhikhovskiy's suggestion that the jam roughness increases linearly with t. 

An alternative interpretation of Nezhikhovskiy's data can be obtained 
by assuming that the well-known logarithmic dependence of the friction 
factor on relative roughness (fully rough flow regime) applies to ice jams. 
Then, R1 may be taken as constant (=-1 .25 m) for Nezhikhovskiy's data, 
and the jam roughness can be calculated as a function of thickness. For 
the variation of /1 , an equation proposed by Limerinos (13) has been 
used, derived from natural stream data: 

/; = [ 1 . 16 + 2 log c�:) r2 • • • • • • • • • • • • • • • • • • • • • . • • • • • • • • . • • • • • • •  (6) 

in which d1,84 = (by analogy with stream beds) the roughness value that 
exceeds 84% of the values in a representative set of individual roughness 
measurements. The writer (2) has found Limerinos' equation to apply 
in the range 0.4 s R/d84 s 150, using data of several other investigators. 
Using the identity n/R116 = 0. 113v'j', values of d1•84 were computed to fit 
Nezhikhovskiy's n1-t relationship for ice floes and are shown plotted ver
sus t in Fig. 4. The graph in Fig. 4 is adequately represented by the 
empirical equation (metric units) 

d1•84 = 1 .43{1 - exp (-0.734(1 - 0. 15))} . . . . . . . . . . . . . . . . . . . . . . . . . . . . (7) 
It is noteworthy that the curve of Fig. 4 is similar to that of Fig. 3 that 
applies to log jams. 

Eqs. Sa (or 5b) and 6 (with 7) give two different interpretations of Ne
zhikhovskiy's results, both designed to account for the effects of R1 ; at 
present, it is difficult to state which is more realistic, though the latte.r 
is more appealing to intuition. Finally, it is noted that laboratory data 
by Tatinclaux and Cheng (20) and Calkins and Muller (5) also showed 
f; and n1 to increase with t .  

Ice Jam Theories.-The earliest quantitative treatment of jams known 
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Then, R1 may be taken as constant (=-1 .25 m) for Nezhikhovskiy's data, 
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used, derived from natural stream data: 

/; = [ 1 . 16 + 2 log c�:) r2 • • • • • • • • • • • • • • • • • • • • • . • • • • • • • • . • • • • • • •  (6) 
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in the range 0.4 s R/d84 s 150, using data of several other investigators. 
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to the writer has been reported by Kennedy ( I t )  and deals with the 
forces exerted by log jams. For shores that develop friction, Kennedy 
based his analysis on "the analogy between pulpwood in a river and 
granular material contained between two parallel walls" and noted that 
" . . .  it was subsequently discovered that Janssen had developed the 
same relation in connection with the design of grain elevators." 

Letting T = force per unit width with which the jam upstream is press
ing against the jam downstream in the direction of the current; T; = the 
drag of the current on the undersurface of the jam per unit area (assumed 
constant along the stream); k. = the coefficient of lateral thrust; and X 
= the sliding coefficient of wood against wood, the force equilibrium for 
the jam is 

dT 
- W dx + WT; - 2k.x T = 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (8) 

in which W = streamwidth (assumed constant); and x = streamwise dis
tance measured from the head (upstream end) of the jam. Integrating 
Eq. 8 gives 

T = 2::�[ 1 - exp 
(

-
2k;:x) ] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (9) 

in which it has been assumed that T = 0 at x = 0. According to Eq. 9, 
T =- T. = constant for x/W > 3/2k0'A, with 

WT, 
T. = - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (10) 2k,'A 
Kennedy (11) reported that Eq. 9 was adequate only when the log length 
was less than one-thirtieth of W. Otherwise, the percentage of force 
transmitted directly to the shore increased with the ratio of log length 
to stream width. From laboratory tests, the coefficient 2k,'A was evalu
ated as 0.4. 

There are two shortcomings in this analysis, as has been pointed out 
in Ref. 21: The streamwise component of the aggregate weight of the 
jam has been neglected, and it has been implicitly assumed that t is 
independent of x and that the flow depth under the jam is constant. 
Another debatable point is the assumed boundary condition, e.g., T = 
0 at x = 0, as will be analyzed later. 

An analysis similar to Kennedy's was presented later for ice jams by 
Berdennikov (3) who found an equivalent expression for T. From force 
measurements on ice booms, Berdennikov reported that T /T,. was ad
equately described by Eq. 9 with 2k,'A = 1 .0, and the predicted values 
of T. ranged from 75% to 137% of respective measured values. 

Pariset and others (16,17) developed a more comprehensive theory: 
The streamwise component of the jam weight was accounted for but the 
jam thickness was again assumed to be independent of x. The upstream 
boundary condition was generalized by putting T = r. � 0 at x = 0. The 
resistance to shear at the sides of the jam was assumed to consist of a 
cohesive term as well as a frictional term. It should be noted here that 
cohesion is not likely to develop under spring breakup conditions but 
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the jam released, either due to local blashng that was uhderway at that 
time or due to natural causes. Later, a new jam, some 10 km long, formed 
further downstream. Thl· head of this ja.n was about 15 km below the 
gage and the latter experienced a secondary peak about 1 m less than 
that plotted in Fig. 9. It is estimated that, had the jam formed at the 
gage, it would have caused a stage of about 322 m which is fairly close 
to the prediction of the detailed method-alternative 2. (In reality, such 
a stage is improbable for the gage site where the crest of local flood 
protection dykes has an elevation of only 319.4 m.) The 1975 and 1976 
breakups were mild with only minor and brief jamming. The 1979 breakup 
was caused by the surge of a jam that released a few kilometers up
stream of the gage site and resulted in a maximum rate of water level 
rise of 4.5 m/h. The peak stage was caused by brief downstream jam
ming during which the stage kept rising (1 m/h on release); thus, equi
librium was not attained. 

The 1976 peak at Watino (Fig. 10) was estimated from a post-breakup 
survey of ice shear walls left on the river banks and is 0.6 m higher than 
the predicted value. A jam believed to have reached equilibrium is thought 
responsible for the 1977 peak which is 1 m less than the corresponding 
prediction. The 1979 peak was caused by a surge from a jam that re
leased some 14 km upstream of Watino. 

Fig. 1 1  shows the best agreement between data and theory (detailed 
method). It is perhaps significant that gage malfunction due to ice dam
age, which is frequent at Peace River and Watino, is rare at Thamesville 
owing to relatively deep1 tranquil flow and thin ice cover. 

Figs. 9-1 1  suggest that alternative 2 of the detailed method gives the 
best results; at the same time, an increasing overprediction as the dis
charge increases is evident. This is plausible since the larger the dis
charge the lesser the probability that ice jams will form and attain 
equilibrium. 

Finally, it is noted that the freeze up peaks shown in Fig. 11 appear 
to fit the general trend exhibited by the breakup peaks. The main dif
ference lies in the fact that freeze up flows are generally much less than 
breakup ones so that the free7.e up points occupy the lower left side of 
the graph. 

SUMMARY AND CONCLUSIONS 
The existing theory of floating Ice jams in rivers has been examined 

in the light of field data accumulated in recent years. The theory de
veloped gradually since the late 1950s (11 ,16,17,3,21,22,19) and predicts 
the jam thickness so that the jam, considered a granular mass, can with
stand the applied forces. These forces are caused by the flow shear stress 
and by the streamwise component of the jam's own weight. Two types 
of jams have been identified: "wide" and "narrow" channel jams. It was 
shown herein that the former type should be far more common in nature 
since the latter type can only exist at very small aspect ratios. The theory 
was shown to give the dimensionless jam thickness, t/WS, and overall 
depth, H/WS, as increasing functions of the dimensionless discharge E 
(= (q2/gS)113/WS ). The internal friction of the jam along with the river 
bed and jam friction factors appear as parameters of these functions. The 
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-
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the jam released, either due to local blashng that was uhderway at that 
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in the light of field data accumulated in recent years. The theory de
veloped gradually since the late 1950s (11 ,16,17,3,21,22,19) and predicts 
the jam thickness so that the jam, considered a granular mass, can with
stand the applied forces. These forces are caused by the flow shear stress 
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of jams have been identified: "wide" and "narrow" channel jams. It was 
shown herein that the former type should be far more common in nature 
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was shown to give the dimensionless jam thickness, t/WS, and overall 
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bed and jam friction factors appear as parameters of these functions. The 
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- - ·- - - - - - TJ\eaata pomts in �9-10 are peak stages during breakup as de-
termined from the following sources: Water Survey of Canada gage rec
ords; Alberta Envrionment; British Columbia Hydro; and writer's own 
observations. The open-water rating curves are also shown for conven
ience in assessing the ice effect . The discharge values associated with 
the data points are generally mere estimates since the gage rating curves 
do not apply during periods of ice effects. These estimates are provided 
by Water Survey of Canada based on such evidence as upstream in
flows, runoff conditions, and interpolations between times of discharge 
measurements. The applicable error limits are not known and would 
probably vary from site to site; the percent error should also depend on 
discharge and, at a given site, should decrease with increasing discharge. 

Fig. 1 1 is based on a comprehensive analysis of gage records for 
Thamesville during the period 1959-79 (Beltaos and Poyser, unpub
lished data). The points a�� xiated with breakup are of three kinds: (1) 
Maximum ice-influenced stage; (2) stage at maximum ice effect or "back
water"; and (3) points applicable to discharge measurements that have 
been carried out during breakup. Items 1 and 2 do not generally coincide 
at this site because breakup usually occurs during a relatively steep rise 
in flow. The peak stage may be associated with unstable jams due to 
relatively high flow which results in relatively low backwaters. More sta
ble jams may form at lower flows and thus produce larger backwaters. 
Item 3 provides the most accurate Information but the associated data 
points may or may not represent peak stages or backwaters. Significant 
freezeup peaks are also shown in Fig. 1 1 .  

In general, ice conditions associated with the data points o f  Figs. 9-
1 1  are unknown, i.e., it is unknow� whether a plotted peak was caused 
by an ice jam affecting fully or partly the gage site or by surges from 
released upstream jams. Where simultaneous visual observations are 
available, pertinent notes are made in Figs. 9-1 1 .  

Reach-average hydraulic parameters under open-water conditions were 
obtained from Kellerhals, et al. (10) for the Peace and Smoky Rivers, 
and from a hydrometric survey near Thamesville that was carried out in 
June 1980. For the Peace and Smoky Rivers, constant widths were as
sumed. For the Thames, however, it was necessary to account for the 
(significant) variation of W with stage in applying the detailed method. 
The ranges of the dimensionless discharge, E, for the breakup peaks of 
Figs. 9-1 1 are 34-115 (Peace River), 35-84 (Smoky River) and 900-2,900 
(Thames River). 

Considering that, ideally, the theory should provide upper envelopes 
of the observed peaks, the largest discrepancy between theory and data 
occurs f0r P�ace River (Fig. 9). It is likely that significant equilibrium 
jams do not occur at or near this site and this coincides with the writer's 
experience during observations carried out in 1974, 1975, 1976, and 1979. 
The 1974 peak was caused by a 4.8 km long jam of which the head was 
4.5 km below the gage. Allowing for the channel slope, it is estimated 
that a 1.6 m high stage would have been experienced had the jam head 
been located at the gage. Fig. 9 shows that even this higher stage is low 
compared to the theoretical prediction. This may be attributed to the fact 
that the jam did not reach equilibrium: During the "life" of this jam the 
water level kept rising at the gage. The rate of rise was 0.2 m/h when 
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- - - - - - - - - may occur brieny-duringrreeze up when the water is supercooled. lim-
iting the present analysis to breakup jams, cohesion may be neglected, 
and Pariset, et al.'s (17) prediction of T reads {[W(T1 + W;)] } [ ( 2k.>-x) ] . 
T = T. + 

2k.>. 
- T. 1 - exp ----w- . . . . . . . . . . . . . .  (11) 

in  which ). = tan +; and + = angle of  internal friction of  the jam. The 
asymptotic value of T is 

W(T; + W;) 
T .. "' 

2k.>-
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (12) 

with w1 = streamwlse component of the weight of the jam per unit area: 

W; = p,gSt . . . . . . . . . . . . . . . . . . . . . . . . . . . .  · . . . . . . . . . . . . . . . . . . . . . . . .  (13) 
in which p1 = density of ice. 

Partset, et al. (17) distinguished between "narrow" and "wide" chan
nels depending on the sign of T. - T. : 

1 .  "Na"uw" clumntls: T. - T. < 0. The stress, T, will decrease with x 
and its maximum value Is T. ; the thickness of the jam is governed by 
the "no spill" condition at the head, which leads to: 

v. = V2g(1 - S;)t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (14) 
in which V. = average flow velocity under the jam; and s1 = specific 
gravity of ice. The thickness of "narrow'' channel jams has been inves
tigated recently by Tatinclaux (19) who presented a new theoretical for
mulation and laboratory data. 

2. "Wide" clumntls: T. - T. > 0. The stress, T, increases with x and 
the jam thickness Is governed by structural considerations. The asymp
totic value of T is equal to the compressive strength of the jam. The latter 
is equal to k 1 p1(1 - s1) gt2/2 in which k1 varies from 1.0 to the more 
probable value of tan2 (-rr/4 + +/2), if it is assumed that the full passive 
resistance of the jam is mobilized. This requirement leads to 

j.Lp;(1 - s1 )  gt2 = W(T; + p;gSt ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (15) 
• 2 ('" •) wath 1.1. = k.H1 = k.>. tan 4 + 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (16) 

Eq. 15 provides a means for predicting t if T, can be estimated. From 
data on the Beauhamois Canal, Pariset, et al., reported 1.1. = 1 .28. Using 
this value and putting k.A. = 0.5 as suggested by Berdennikov, Eq. 16 
can be solved for + to give + = 26". Then >. = tan 26° = 0.49 which 
implies k. =- 1 .0; this is the upper limit of the range suggested for k. by 
Pariset, et al. (17). 

A decade later, Uzuner and Kennedy (21,22) formulated the time-de
pendent differential equations describing the force equilibrium within, 
and the flow hydraulics beneath, the jam. These equations are too com
plex to permit general solution. It was shown, however, that after an 
evolutionary period the jam attains a quasi-steady condition. This con-
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dltion is characterized by a steady upstream advance of the jam's head 
at a rate governed by the flux of incoming ice floes; an observer moving 
with the head of the jam perceives a steady condition. Over a certain 
distance below the head, the jam thickness increases to an equilibrium 
value, t, remaining constant thereafter. Uzuner and Kennedy's analysis 
is probably the most precise fo�ulation of the problem so far and in
troduces the least number of assumptions; for this reason, it will be re
viewed here in some detail with a view to comparing it with previous 
theories. 

For an ice jam formed by in ternal collapse, the normal stress, a, , in 
the flow direction and the shear stress, Tf (equal to the strength), at the 
sides are 

a, = k,Ci, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (17) 
T' = c.c;, + c1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (18) 
in which k. , c. = dimensionless coefficients; Ci, = thickness-averaged 
normal stress in the direction perpendicular to the water surface = 0.5 
(1 - s,)(1 - p) p1gt with p = porosity of the jam; and C1 = cohesion of 
the jam. The parameters k, and c. were found to be strain rate depen
dent in laboratory tests and this was attributed to cohesion. According 
to Merino (14), cohesion between ice fragments develops when the water 
film surrounding the fragments freezes, thus forming a natural weld. 
This phenomenon is not expected to occur during breakup, as men
tioned earlier; thus it may be assumed C1 =- 0 and k. "" const., c. = 

con st. 
It can be shown (1) that Uzuner and Kennedy's equation expressing 

the balance of forces within the jam will coincide with that of Pariset, 
et al., for "wide" channels if f.1. is taken equal to c. (1 - p). This coin
cidence might have been expected since the former analysis assumes a 
jam formed by internal collapse which is also the underlying principle 
of the latter for "wide" jams. 

At this point it is of interest to consider further the distinction between 
"narrow" and "wide" channel jams. As indicated earlier, this distinction 
is based on the sign of T .. - T. , which in tum depends on the mag
nitude of T • .  Pariset, et al. (17) suggested that T. is "the hydrodynamic 
force of the current against the upstream limit of the cover." On the 
other hand, Uzuner and Kennedy (22) attributed T. to the momentum 
of ice floes arriving at the head of the jam which implicitly neglects the 
hydrodynamic force. Evidently, the value of T. depends on several fac
tors that cannot be easily Included in a compact equation. There exists, 
however, an upper limit for T. , imposed by the compressive strength 
of the jam: 

T 
k ,pt(l - St) gt2 

• :s 2 0 0 • •  0 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  0 • • • •  (19) 

Since T. must be less than T. for "narrow" jams, the folloWing condition 
must be satisfied (recall Eq. 12): 
W(Tt + w1) < _k.:..:, p..:..1 (!...1_-_s:.!.1)..2g_t 2 

2k,A. 2 0 • • • • •  0 0 • • • • • • • • • • • • • • • • •  0 • • •  0 • • • • • •  
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(20) 

!@ 
.......... .  .,; .. 

FlO. t.-Peak Breakup Stege veraua Dlecharge; Peace River at Peace River (W 
= t100 m, 5 = 0.00035) 

FlO. 10.-Peak Breakup Stage veraue 
Dlecharge; Smoky River at Watlno (W 
= 280 m, 5 = 0.0052) 

I t 
J 

FlO. 1 1 .-Freeze Up and Breakup 
Stagea verau1 Dlechergea; Thame1 
River et Tharneavllle (W = 40-85 m; 5 
= 0.00023) 

sired to account for variations of W with stage, the preceding procedure 
may be modified to carry out the computation as a trial-and-error process. 

Simplified Method.-This is based on direct use of Fig. 7 by first 
drawing an "average" line through the data points. The computation 
steps are then as follows, for any given Q: 

1 . Compute � by Eq. 27 and use the "average" '1\-� line to determine "l ·  
2. Compute H = '1\ WS; this should be dose t o  the average water depth 

and by entering the open-water stage versus R• graph, with H in place 
of R.,  the desired jam stage can be determined. Note that this procedure 
assumes that W does not change with stage. It would be an unnecessary 
elaboration to account for change� of width with stage when using the 
simplified method. 

Examples.-Figs. 9-1 1  give the results of nlculations by the preceding 
methods for the following sites: (1) Peace River at the town of Peace 
River (Fig. 9); (2) Smoky River at the town of Watino (Fig. 10); and (3) 
Thames River at the town of Thamesville (Fig. 1 1). 
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k ,pt(l - St) gt2 

• :s 2 0 0 • •  0 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  0 • • • •  (19) 

Since T. must be less than T. for "narrow" jams, the folloWing condition 
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W(Tt + w1) < _k.:..:, p..:..1 (!...1_-_s:.!.1)..2g_t 2 

2k,A. 2 0 • • • • •  0 0 • • • • • • • • • • • • • • • • •  0 • • •  0 • • • • • •  
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FlO. t.-Peak Breakup Stege veraua Dlecharge; Peace River at Peace River (W 
= t100 m, 5 = 0.00035) 

FlO. 10.-Peak Breakup Stage veraue 
Dlecharge; Smoky River at Watlno (W 
= 280 m, 5 = 0.0052) 

I t 
J 

FlO. 1 1 .-Freeze Up and Breakup 
Stagea verau1 Dlechergea; Thame1 
River et Tharneavllle (W = 40-85 m; 5 
= 0.00023) 

sired to account for variations of W with stage, the preceding procedure 
may be modified to carry out the computation as a trial-and-error process. 

Simplified Method.-This is based on direct use of Fig. 7 by first 
drawing an "average" line through the data points. The computation 
steps are then as follows, for any given Q: 

1 . Compute � by Eq. 27 and use the "average" '1\-� line to determine "l ·  
2. Compute H = '1\ WS; this should be dose t o  the average water depth 

and by entering the open-water stage versus R• graph, with H in place 
of R.,  the desired jam stage can be determined. Note that this procedure 
assumes that W does not change with stage. It would be an unnecessary 
elaboration to account for change� of width with stage when using the 
simplified method. 

Examples.-Figs. 9-1 1  give the results of nlculations by the preceding 
methods for the following sites: (1) Peace River at the town of Peace 
River (Fig. 9); (2) Smoky River at the town of Watino (Fig. 10); and (3) 
Thames River at the town of Thamesville (Fig. 1 1). 
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of a jam's underside which has been evaluated on the basis of only one 
set of field data. 

4. The theory does not take into account special constraints that may 
be present such as existence of low flood plains, by-pass channels, pos
sible effects of bridge piers on jamming frequency, etc. The possible ef
fects of such features require assessment by careful inspection of the site 
of interest. 

Oearly, no great confidence can be placed in predictions based on the 
existing theoretical knowledge. At the same time, such predictions may 
be useful in cases where there is little or no reliable information on breakup 
stages from other sources (e.g., gage records, newspaper accounts, vis
ible high ice marks, etc.). 

With these qualifications, let it be assumed that a jam stage-discharge 
curve is to be generated for a reach about which the following infor
mation is given: channel slope; open-water rating curve (stage versus 
discharge); reach-average flow area and reach-average water surface width 
versus stage. From this information, the relationships R• (reach-average, 
open-water flow depth) versus stage and f• versus R• can be derived. 
From considerations outlined in the previous sections, two methods of 
calculation seem to be possible: a detailed method and a simplified 
method. 

Deuiled Method.-After manipulation of the equations stated so far, 
the following procedure is suggested: 

1 .  Assume a value of t and compute R1 from (see Eq. 28) 

R; = t (13.:
tws - o.92) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (29) 

Use 1J. = 1 .2 unless there exists evidence favoring a different value. 
2. Compute {1 ; this may be done either by Eq. 5b (alternative 1 )  or by 

Eqs. 6-7 (alternative 2). 
3. Determine f• and R• so as to satisfy both Eqs. 2b and 4. This may 

be done conveniently by first preparing a graph of f•IR. versus R. using 
the already known relationship between f• and R•;  since Eq. 2b requires 
that {;/R; = MR. ,  compute {;/R1 and enter the graph with this value to 
find R• and compute f• as (f;/R1) Rb . 
4. Compute {. and h from Eqs. 1b and 3, respectively (note h = 2 R.), 

and determine Q from 

Q = Wh � (J.) ghS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (30) 

5. Enter the open-water stage versus R• graph with h in place of R b ,  
and find the stage corresponding to the bottom surface of the jam; add 
0.92t to find the jam stage for the discharge value computed in the pre
vious step. 

6. Repeat for a few other values of t and plot jam stage versus discharge. 

It is noted that this approach assumes that W does not change with 
stage which is a fair approximation for most natural streams. It it is de-
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- �utti� = pff'!'l, usin�s. 1J.If! and ... and recaJHng earlier anP 
ysis of the hydraulics of flow under a jam gives, after some algebra 

: < e�S;)(�)( 1 - S�) 
-[-ft.-.. -+ -�-

t (-
1
-
-
-2-,�.-)-]-

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (21) 

in which H = overall water depth: 

H = h + S;t . . . . • . • . • • • . • • • • • . • . • . . . . . . . . . . . . . . . . . . . . • . . . . . . . . .  (22) 
with h = average flow depth under the jam. According to Pariset, et at. 
(17), the maximum possible value of t/H is 1/3 for a narrow jam. Using 
this value, and putting It =  1 .3, s1 = 0.92, {;/2{. = 1/2 (relatively "smooth" 
jam), Eq. 21 shows that a "narrow" jam cannot form when the aspect 
ratio, W /H, exceeds the following limiting value: 

(:) _. = oi� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (23) 
Even with a relatively "smooth" jam for which {. is as small as 0. 1, Eq. 
23 gives (W /H)_. = 8.5; if t/H had been taken equal to 0. 1, this value 
would have been reduced to 4.0. Clearly, "narrow" channel jams should 
be rare occurrences in nature. 

Calculation of Jam Stage.-For reasons explained in the previous sec
tion, the remaining analysis will be confined to "wide" channel jams. 
The overall water depth due to an ice jam, H, is given by Eq. 22 and 
represents the most important dependent parameter of the jam. More
over, the present state of technology is such that only H can be observed 
directly; it is practically impossible to measure the thickness of a spring 
jam. 

The depth of flow, h, under the jam is 

h =  [(�rr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (24) 

in which q = Q/W. Recalling Eq. 15 and solving for t gives, after some 
algebra 

_ ws { [ (2{.)1/3 .... (1 _ S;) (�) (;:r3J1'2} (25) t - 1 + 1 +  . . . . . . .  
21J.(1 - S;) S; {0 WS 

Multiplying Eq. 25 by s1 , adding to Eq. 24 and working out the nu
merical coefficients (assume s1 = 0.92), gives 
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of a jam's underside which has been evaluated on the basis of only one 
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5. Enter the open-water stage versus R• graph with h in place of R b ,  
and find the stage corresponding to the bottom surface of the jam; add 
0.92t to find the jam stage for the discharge value computed in the pre
vious step. 

6. Repeat for a few other values of t and plot jam stage versus discharge. 

It is noted that this approach assumes that W does not change with 
stage which is a fair approximation for most natural streams. It it is de-
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jam), Eq. 21 shows that a "narrow" jam cannot form when the aspect 
ratio, W /H, exceeds the following limiting value: 
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Even with a relatively "smooth" jam for which {. is as small as 0. 1, Eq. 
23 gives (W /H)_. = 8.5; if t/H had been taken equal to 0. 1, this value 
would have been reduced to 4.0. Clearly, "narrow" channel jams should 
be rare occurrences in nature. 

Calculation of Jam Stage.-For reasons explained in the previous sec
tion, the remaining analysis will be confined to "wide" channel jams. 
The overall water depth due to an ice jam, H, is given by Eq. 22 and 
represents the most important dependent parameter of the jam. More
over, the present state of technology is such that only H can be observed 
directly; it is practically impossible to measure the thickness of a spring 
jam. 

The depth of flow, h, under the jam is 

h =  [(�rr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (24) 
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algebra 

_ ws { [ (2{.)1/3 .... (1 _ S;) (�) (;:r3J1'2} (25) t - 1 + 1 +  . . . . . . .  
21J.(1 - S;) S; {0 WS 

Multiplying Eq. 25 by s1 , adding to Eq. 24 and working out the nu
merical coefficients (assume s1 = 0.92), gives 

1 346 



(;;rJ 
in which � • ---ws- = :Sc413• . .  • • • . . . .  . .  • . .  • . .  • . .  . .  • •. • • • • • . .  • • (27) 

with y, = critical flow depth. Clearly, the dimensionless jam stage, 'IJ, 
depends primarily on the dimensionless discharge, �. and on the inter
nal friction of the jam, and secondarily on the friction factors at the flow 
boundaries. The dimensionless parameters of Eq. 26 have been chosen 
for convenience in interpreting the data. 

An interesting feature of Eq. 26 is that '11 does not vanish when Q (and 
thus �) are zero. This result is contrary to intuition and can be explained 
as follows. Firstly, it is noted that at � = 0, the flow depth vanishes but 
the (submerged) jam thickness becomes equal to 1 1 .5 WS/tJ.. Recalling 
Eq. 15 shows that the jam thickens to withstand two types of force: the 
hydraulic friction and the streamwise component of the jam's own weight. 
When Q -+  0, the former vanishes but the latter does not since S remains 
constant. Putting T; = 0 and s1 = 0.92 in Eq. 15 gives again 1 1 .5 WS/tJ. 
for the submerged jam thickness. It is now obvious that this implausible 
result Is due to the assumption that the flow through the jam is negli
gible. This assumption is realistic under normal circumstances; however, 
as Q approaches zero, an increasing fraction of Q will flow through the 
voids of the jam and even before Q becomes zero, the jam will ground. 
When this occurs, the jam need not be as thick as indicated by Eqs. 15 
and 25 because additional frictional resistance becomes available by con
tact with the river bed. 

CowARIION WITH CASE STUDIES 
Description of Data.-Most of the ice jam case studies utilized herein 

derive from field research programs that have been described in Refs. 1 
and 9. A novelty of this program consists of documenting the "instan
taneous" water level profile along any observed jam as follows: from 
small aircraft or from ground access points, photos are taken of the jam 
stage against the river banks and used later for identification and survey. 
Examples are shown in Figs. 5-6. When a jam profile has a section that 
Is parallel to the open-water surface, the jam can be assumed to be in 
equilibrium. From cross-sectional measurements and slope surveys, reach
averaged values of H, W, and S can be determined. Unfortunately, it is 
not possible to determine directly h and t because there is no capability 
at present for measuring the thickness of a spring jam. Estimates of the 
average thickness of the jam in the equilibrium reach are possible only 
through an Indirect analysis, as will be analyzed later. The discharge, 
Q, assigned to each jam is that which prevailed at the time the jam was 
observed. The actual value of Q responsible for the formation of the jam 
can be higher than the assumed Q but not lower. Thus, what is observed 
is a jam with possibly oversized thickness for the assigned Q. Letting 
Hobo and Qobo be the "observed" values of H and Q, as outlined previ
ously, and H. , Q. be the corresponding values at the time when the 
jam was formed, we have Q. � Qobo and H. � Hobo . The pair H. , Q. 
satisfies the conditions of ice jam formation, i.e., it satisfies Eq. 26, if 
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the true internal friction of a granular ice 'mas�·: Note that the Tham�s 
River jams, though only 0.7 m-0:9 m thick, represent jam thickness to 
sheet ice thickness ratios of more than 3.5. Overall, Table 1 gives a mea
sure of support to the method of analysis used herein which is based 
on Nezhikhovskiy's (15) resistance data, because it shows that fJ. takes 
on consistent values and at the same time is close to the value of 1.3 
that has been reported earlier by others. 

The parameters f. and {iff. that appear in Eq. 26 are seen in Table 1 to 
range from 0.09 to 0.67 and from 0.63 to 1 .64, respectively; correspond
ing average values are 0.37 and 1 .25. There is no consistent variation of 
{;If. with �, thus the average value of 1 .25 could conveniently be sub
stituted in Eq. 26 considering that '11 is insensitive to f./f • .  At the same 
time, there is a trend for {. to decrease with increasing �. as an earlier 
analysis concerning Fig. 7 had indicated. This trend is shown in Fig. 8. 
It should be understood at this point that no unique relationship be
tween /. and � can be expected because {. should also depend on channel 
bed characteristics. This aspect is probably responsible for the large scat
ter of the data points in Fig. 8. 

Table 2 summarizes additional but less comprehensive data for which 
the detailed analysis has net been performed. These data have also been 
used in Fig. 7. 

· 

METHODS OF PRAcncAL APPUCATION 

Before considering methods of applying the preceding results to prac
tical problems, it is advisable to enumerate the limitations of the theory: 

1 .  The theory assumes a very wide rectangular prismatic channel. Ap
plication to rivers implies that a natural stream may, for the purpose of 
ice jam calculations, be replaced by a rectangular prismatic channel of 
equivalent average dimensions. J 

2. The theory applies to floating jams in Jquilibrium and gives the jam 
stage assuming tlult a jam has fomred, hils ret1ched equilibrium, and fully affects 
the loct�tion of interest.  In reality, one or more of these conditions may not 
be satisfied during a given breakup period. It follows that a theoretically 
derived jam stage-discharge relationship can only provide an upper en
velope of actual events, barring the occurrence of severe grounded jams 
about which no theory is available. 

3. Theoretical prediction depends partly on the hydraulic resistance 
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observed. The actual value of Q responsible for the formation of the jam 
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the true internal friction of a granular ice 'mas�·: Note that the Tham�s 
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Q, ln s. In Probable 

cOOic met ... meter& per W, ln H, ln oondillon 
locallon Date per second kilometer met ... meters t '1 ol jam 

(II (21 (31 (41 (51 (61 m (81 (91 

Smoky R. btlow 
Hunting Creek Apr. 7, 1977 400 0.86 145 4.6 77.3 36.8 Evolving 

Smoky R. ot Walino Apr. 7, 1977 456 0.52 250 4. 1 66.7 31.5 Evolving 
Smoky R. near 

mouth Apr. 30, 1979 1,360 o.n 280 8.0 74.6 39.8 Evolving 
Smoky R. near 

mouth Apr. 29, 1979 1,270 o.n 286 9.2 68.8 44.9 Evolving 
Peoce R. below 

Pe� River �y I, 1979 3,930 0.15 600 9.3 342 103 EquUibrium 
Heart R. near 

mouth Apr. 8-9, 1977 10.5-13.3 4.36 36 2.8 8.G-9.4 17.8 Equilibrium 
Thames R. near 

Middlemiss )an. 14, 1980 100 0.05 45 4.8 1,766 584 Equilibrium 
Thames R. near 

Bothwell )an. 14, 1980 165 0.26 56 4.4 1,002 296 Equilibrium 
Thames R. neor 

Fairfield Museum Mar. 18, 1980 130 0.81 44 4.2 290 118 Evolving 

up nor for breakup. Thus, use of this approach cannot be considered 
"satisfactory" but may be viewed as the "least objectionable," for the 
present. 

The procedure of analysis is as follows. For an assumed value of t, 
plot the lower jam boundary (0.92 t below the water stage) on each river 
cross section and determine reach-averaged values of A, W, V(= Q/A ), 
R. (= A/2 W), and thus n. (or /.). Use Eqs. 1-4 to determine the re
maining four unknowns, Rb,  R ; ,  and n b ,  n; (or fb , /; ). Repeat for a few 
additional values of t and plot n; (or f;) versus t. The intersection of this 
plot with Eq. 5 (5b) or with Eq. 6 (with 7) which can be evaluated from 
the data already generated, gives the value of t that satisfies all of the 
specified relationships and is, thus, the desired jam thickness. With this 
information, the coefficient u may be computed from 

IL = 12.5 5� ( 1 + o.�;,) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (28) 

which is a rearranged version of Eq. 15. 
Thirteen case studies, analyzed according to the aforementioned pro

cedure, are summarized in Table 1 where it may be noted that fairly 
wide ranges of stream width, slope, and discharge are represented. The 
coefficient IL has an average value of about 1 . 2 and, for most case stud
ies, individual IL's are close to this average. The lowest IL (= 0.6) was 
obtained for the jam on the Athabasca River near Pelican rapids. The 
data for this jam are, however, uncertain because it was documented 
using post-breakup evidence. The highest value of IL (= 3.5) was ob
tained for the Smoky River near Hunting Creek and does not seem to 
fit the pattern of the other jams. The sheet ice thickness in that case was 
about 0.6 m, i.e., one-half of the estimated jam thickness. It is possible 
that, as a jam approaches the configuration of a single layer of ice floes, 
IL will more and more reflect the effective ice-bank friction rather than 
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FIG. 6.-Profllel of Lower Smoky River under Open-Water and Breakup (Apr. 1877) 
Conditione (38-56 km above Mouth) 

the theory is assumed valid. As Q decreases from Q. to Qobs , it is rea
sonable to assume further that the thickness of the jam does not change 
but tha� the flow depth under the jam decreases, as indicated by Eq. 24. 
Thus, the pair Hobs , Qobs will not satisfy Eq. 26; if H1 is the value of H 
obtained from Eq. 26 with Q = Qob, , then H I s H ub• . With plausible 
values of j.L, f; , f. (see later analysis), Eq. 26 can be used as a rough guide 
to evaluate the relative error, (Hobs - H')/H' ,  inherent in the pair Hobs , 
Qob, . Fortunately, it is found that even if Q. is as large as 2Qobs I this 
error does not exceed 7% . This is acceptable considering the errors in
herent in field data pertaining to ice jams. 
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Q, ln s. In Probable 

cOOic met ... meter& per W, ln H, ln oondillon 
locallon Date per second kilometer met ... meters t '1 ol jam 

(II (21 (31 (41 (51 (61 m (81 (91 

Smoky R. btlow 
Hunting Creek Apr. 7, 1977 400 0.86 145 4.6 77.3 36.8 Evolving 

Smoky R. ot Walino Apr. 7, 1977 456 0.52 250 4. 1 66.7 31.5 Evolving 
Smoky R. near 

mouth Apr. 30, 1979 1,360 o.n 280 8.0 74.6 39.8 Evolving 
Smoky R. near 

mouth Apr. 29, 1979 1,270 o.n 286 9.2 68.8 44.9 Evolving 
Peoce R. below 

Pe� River �y I, 1979 3,930 0.15 600 9.3 342 103 EquUibrium 
Heart R. near 

mouth Apr. 8-9, 1977 10.5-13.3 4.36 36 2.8 8.G-9.4 17.8 Equilibrium 
Thames R. near 

Middlemiss )an. 14, 1980 100 0.05 45 4.8 1,766 584 Equilibrium 
Thames R. near 

Bothwell )an. 14, 1980 165 0.26 56 4.4 1,002 296 Equilibrium 
Thames R. neor 

Fairfield Museum Mar. 18, 1980 130 0.81 44 4.2 290 118 Evolving 

up nor for breakup. Thus, use of this approach cannot be considered 
"satisfactory" but may be viewed as the "least objectionable," for the 
present. 

The procedure of analysis is as follows. For an assumed value of t, 
plot the lower jam boundary (0.92 t below the water stage) on each river 
cross section and determine reach-averaged values of A, W, V(= Q/A ), 
R. (= A/2 W), and thus n. (or /.). Use Eqs. 1-4 to determine the re
maining four unknowns, Rb,  R ; ,  and n b ,  n; (or fb , /; ). Repeat for a few 
additional values of t and plot n; (or f;) versus t. The intersection of this 
plot with Eq. 5 (5b) or with Eq. 6 (with 7) which can be evaluated from 
the data already generated, gives the value of t that satisfies all of the 
specified relationships and is, thus, the desired jam thickness. With this 
information, the coefficient u may be computed from 

IL = 12.5 5� ( 1 + o.�;,) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (28) 

which is a rearranged version of Eq. 15. 
Thirteen case studies, analyzed according to the aforementioned pro

cedure, are summarized in Table 1 where it may be noted that fairly 
wide ranges of stream width, slope, and discharge are represented. The 
coefficient IL has an average value of about 1 . 2 and, for most case stud
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tained for the Smoky River near Hunting Creek and does not seem to 
fit the pattern of the other jams. The sheet ice thickness in that case was 
about 0.6 m, i.e., one-half of the estimated jam thickness. It is possible 
that, as a jam approaches the configuration of a single layer of ice floes, 
IL will more and more reflect the effective ice-bank friction rather than 

.. . I 1351 

-- - - - - - -

----· 
Toe ol j.l,. nt., Hi.ftt"'a CtMkl Uow •• lro.n kh 10 ri&ht 

foe ol ...-n upttrc11n• ol • t�oeoatn& .c. ct.ma ,..,_ • tlont l•il w '""' 

- =-
' . 

-

k.C IHic' "'' hlh o..af .. •llef' , .. ,., ....... ut w.uno .-.u 

J&in Uo ,e 4.J.&Ioi1U b6flkJ I .. II 1- ltUIUiftC 
Crccka llo�ftl b lro " ''':11 IU I• It 

;;s--� . �-,,. 

!':<�:.-:. . • �-".; � 
• 0 

-'-'< 
•••••-..-. ul � h.lnf.lna k.e .w,,, .altet p..,�,� of Lw�cn •ua llo• It lr�w '-It to rllf•l 

FIG. 5.-Photogntpha of Lower Smoky River Jama, April ten 

.. "' 

-

FIG. 6.-Profllel of Lower Smoky River under Open-Water and Breakup (Apr. 1877) 
Conditione (38-56 km above Mouth) 

the theory is assumed valid. As Q decreases from Q. to Qobs , it is rea
sonable to assume further that the thickness of the jam does not change 
but tha� the flow depth under the jam decreases, as indicated by Eq. 24. 
Thus, the pair Hobs , Qobs will not satisfy Eq. 26; if H1 is the value of H 
obtained from Eq. 26 with Q = Qob, , then H I s H ub• . With plausible 
values of j.L, f; , f. (see later analysis), Eq. 26 can be used as a rough guide 
to evaluate the relative error, (Hobs - H')/H' ,  inherent in the pair Hobs , 
Qob, . Fortunately, it is found that even if Q. is as large as 2Qobs I this 
error does not exceed 7% . This is acceptable considering the errors in
herent in field data pertaining to ice jams. 
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FIG. 7.-Teat of Theory, Eq. 2e 

Teeling of Theory.-Eq. 26 indicates that, according to the theory, the 
dimensionless jam stage, lJ, should depend on ( with {i ,  {. , and 1.1. as 
parameters. Available data are plotted in the form of '11 versus E in Fig. 
7. The data are summarized in Tables 1-2 which will be analyzed later. 
In Fig. 7, different symbols have been used to describe ice jams deemed 
to have been, respectively, in equilibrium and in evolution. Despite con
siderable scatter, the data points in Fig. 7 show an unquestionable trend 
for 11 to increase with E which qualitatively support Eq. 26. For a quan
titative test of Eq. 26, 1.1. and {II{. were fixed at 1 .2  and 1 .25, respectively 
(average values found from a detailed analysis to be analyzed later), and 
11 was calculated for {. = 0. 1 and 0.5. Comparison of the resulting curves 
with the data points indicates that the theory is baslcaUy sound while 
there seems to be a general trend for f, to decrease with increasing E. 
The latter is plausible because {. should decrease when t/H decreases 
and this can be shown to occur when ( Increases. It is of interest to note 
in Fig. 7 that the data points for �volving jams plot at or below the line 
defined by the points corresponding to equiUbrium jams; this gives a 
measure of support to the expectation that the peak stage is attained at 
equilibrium. 

DETAIL!D AHALYSIS-INDIRI!CT MI!THOOI 

Detailed analysis of the data available to date is hampered by a lack 
of means to measure ice jam thicknesses during breakup. Typically, the 
measurable quantities are H, Q, W, S, a few representative river cross 
sections, and the relationship of Eq. 4. It is desired to determine h, t, 
R, , R • ,  and n1 , n b  (or {1 , {. ), i .e. ,  a total of six unknowns. The available 
equations are five, i.e., Eqs. 1 -4, and the flotation relation, Eq. 22. Clearly, 
the problem cannot be solved unless an additional relationship is intro
duced. Pariset, et al. (17) assumed n1 = n• = n, ({i = f• = {.). This as
sumption is arbitrary as there is no a priori reason why n1 should be 
equal to n• for all jams in all rivers. The writer believes that use of Ne
zhikhovskiy's data ( 15), as interpreted in Eq. 5 (or Eq. Sb) or Eq. 6 (with 
Eq. 7), is preferable because these relationships have a basis on mea
surement. It is recognized that Nezhikhovskiy's data are subject to the 
usual inaccurades one may expect for field observations of ice jams; in 
addition, these data have not been duplicated by other investigators 
(though indirectly corroborated in Refs. 5, 1 1 ,  and 20) neither for freeze-
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MANAGEMENT PERSPECTIVE 

R i ver i ce breakup may cause fl oods or cos t l y  del ays to 

n av i g at i on .  Break up and water l eve l s  are a compl ex comb i nation of 

meteoro l og i c al cond i t i ons and phys i c a l  ch aracter i st i cs of the s i t e .  

Under st and i ng and ev entual  control depends very much on usi ng hi stor i c a l  

i nform at i on wh i ch was not obtai ned to st udy i ce j ams . This  report i s  a 

pi l ot study to estab l i sh the i n format i on pert i nenent to under s t and i ng 

the phenomena and to prov i d i ng useful g u i d ance for pl ann i ng and 

management . 

Th i s  report shows t h at exi s t i ng d at a  i n  g auge records of t h e  

Water Survey o f  Canada may be used t o  ob tai n useful informat i on wh i c h 

m ay h e l p  i n  forec asts of future f l ood l evel s .  

However , before genera l  conc l us i o n s  can be dr awn , other 

s i mi l ar s t ud i es at s i t es throughout Canada wi l l  be usef u l  i f  not 

necessary to obt a i n  progres s .  It i s  not ab l e  that if the data gather i ng 

were to be m i n imal l y  suppl emented t h at much more could  be done wHh 

future dat a record s .  

T .  Mi l ne D i ck 

C h i e f ,  Hydrau l i c s  Di v i son 

; 
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PERSPECT IVE lE GESTION 

Les d�b�c l es fl uv i al es peuvent causer des i nondations ou 
retarder indument l a  nav · g ation . Les d�bac l es et les f l uctuations de 
n i veau d ' eau provi ennent d ' un ensemb le comp l exe de condi t ions 
�t�oro l og i ques et de caract�ri sti ques physi ques du l i eu .  Leur 
compr�hens i on et l eur contrO le  �ventuel d�pendent �tro i tement de donnaes 
hi stor i ques qui n ' ont pas �t� recue i l l ies lors d ' �tudes d ' embac l es .  Le 
pr�sent rapport est une �tude p i l ote v i sant � �tab l i r  quel l e  i nformation 
est pert i nente � l a  compr�hension des ph�nom�nes et peut serv i r  a 
pl an i f i er et � g�rer . 

Le pr�sent rapport montre que l es mesures de j augeage des 
Rel ev�s hydro l ogi ques du Canada peuvent serv ir � obtenir de 
l ' i nformat ion uti l e  pour pr�voi r  l a  hauteur de s i nondat ions futures . 

Or , av ant de t i rer des conc l us i ons g�n�ra les ,  i l  serait uti l e ,  
voire n�cessai re , d ' effectuer des �tudes semb l ab l es dans di vers endro i t s 
du Canada pour fai re des progr�s . 1 1  est a noter qu ' en recuei l l ant un 
peu pl us de donn�es , on pourrai t t i rer beaucoup pl us d '  informat ion des 
mes ures fut ures . 

T .  Mi l ne Dick 
Di v i s i on de l ' hydrau l i que 

i i 



1 

STUDY OF R I VER ICE BREAKUP USI NG 

HYDROMETR IC STAT ION RECORDS 

S. Bel taos l  

ABSTRACT 

The po ss ib i l i ty of us i ng hydrometric stat ion records to extract 
i nformat ion rel ated to ice breakup forec asti ng i s  expl ored . Method s for 
i nterpretat ion of the records are outl i ned and uti l i zed to study 
breakup character i st ics of the Nashwaak Ri ver at Durham Bri dge , N . B .  
The resu l ts are then compared wi th recent i ns i tu observ ati ons of i ce 
cond i t ions . It i s  conc l uded th at useful but incompl ete informat ion can 
-be extracted from ex i st i ng records and a need for a theoretical 
framework of breakup processes i s  demonstrated . The val ue of record s 
would be enhanced by co l l ection of add i t i onal data such as actual i ce 
thi cknes s ;  one or more di sch arge measurements dur i ng breakup; and wi der 
uti l i zation of l ocal ob servers for descr i pt ions of ice condi t i ons .  

Rt SUMt 
Les auteurs se sent pench!s sur l es poss ib i l i t it!s d ' uti l i ser l e s  

re l evt!s de stat ion hydrom�tri que pour extrai re des donn�es l i �es C! l a  
pr�v i s ion du d�g l acement .  I l s dt!cri vent l eurs m�thodes d ' i nterpr�tati on 
des rel ev�s et i l s  s ' en servent pour �tud i er les caract�r i s t iques de l a  
d�bac le  de l a  Nashwaak Ci Durhan Bri dge ( N . - B . ) .  Les r�su ltats sent 
en suite compar�s Ci de r�centes observat ions sur pl ace des cond i t ions 
g l ac i e l l es .  I l s  en conc l uent qu ' une i nformation ut i l e mais i ncomplUe 
peut �tre t i r�e des rel ev�s di spon i b l es et i l s  d�ontrent qu ' i l  serai t 
n�cessai re d ' �l aborer un cadre tht!ori que des processus de d�g l acement .  
La val eur des rel ev�s serai t augment�e par l a  col l ecte de donn�es 
suppl�entai res conme ce l l es qui ont trait Ci l ' t!pai sseur de la g l ace, 
une ou pl usieurs mesures du d�b it  pendant l a  di s locat ion et fi nalement , 
un p h·s l arge recours aux observ ateurs 1 ocaux pour 1 a descr i pt ion des 
condi tions gl aci el l e s .  

1 Envi ronmental Hydraul i cs Sect ion ,  Hydrau l i cs Di v i s i on ,  Nati onal Water 
Researc h Insti tute ,  Burl i ngton , Ont ario  
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INTRODUCT ION 

During the sumner 1980 meet i ng of the N . B .  Subcollllli ttee on Ri ver 
Ice ( formerl y: Ad Hoc Colllll i ttee on Ice and Ice Jams) ,  a question arose 
as to �ether ex i sting hydrometric stat ion record s cou ld be uti l i zed to 
forec ast the onset and severi ty of ri ver ice break up. To expl ore thi s 
poss ib i l i ty a joi nt ( NWR I/WSC*) study was i n i t i ated for the hydrometric 
station l ocated on the Nashwaak Ri ver at Durhilll Bri c.Jge in New Brunswick . 
The undert ak i ng of th i s  task was fac i l i t ated by the fact that a simi l ar 
st udy had been i n i t i ated by the wri ter i n  1 ate 1979 for Ontario r iver s ,  
i n  co-operat i on wi th the WSC Gue l ph office . 

Prel imi n ary resul t s  of the Nashwaak Ri ver study ( Be l t aos and Lane 
1982) i nd icated that useful , though i ncompl ete, i nformation can be 
extracted from ex i st i ng record s .  Thi s fi nd i ng prompted the wri ter to 
extend the study to i nc l ude factors not prev iously consi dered and assess 
the resu l t i ng forecast methods usi ng i n s i t u  ice ob servat ions that have 
s i nce been performed under the auspi ces of the N . B .  Subcolllll i ttee and 
N . B .  Env ironment . The resul ts  to date are reported herei n .  

R I VER ICE BREAKUP 

When an i ce-covered ri ver basin i s  subjected to mi ld weather , two 
processes general l y  begi n :  i ncreased runoff due to rainfal l or snowmelt  
or both ;  and heat i nput to the ice cover . The former process resu l ts  i n  
i ncreased upl i ft and frict ional forces appl i ed on the ice cover ; and i n  
i ncreased water st age wh ich ,  in turn reduces the support prov ided to the 
ice cover by the channel banks and prov ides i ncreased channel wi dth for 
movement of the cover . Heat i nput to the ice cover resul ts in reduced 
dimen sion s  and strength . It fol l ows that dur i ng the mi l d  weather spel l ,  
the forces app l ied on the i ce cover i ncrease wh i l e the cover ' s  ab i l i ty 
to resi st these forces decreases . If the mi l d  weather l asts for a 
suffici ent t ime , the i ce cover beg i n s  to break up wh ich i s  often 
fol l owed by format ion of l arge ice jam s ,  major ice runs and eventual 
c l earance of the ice from the reach of i nterest . This general 
descri pt ion of the breakup process inc l udes two extreme cases , i . e . , the 
"premature" and "overmature" breakup ( Des 1 a uri ers 1968} . Premature 
breakup occurs under cond it ions of inten se runoff wi th l i t t l e ,  if any, 
deter ioration of the ice cover . C l ear ly, t h i s  type of event has the 
greatest damage potent i al , other th i ng s  bei ng equal . On the other hanc , 
cond i t i ons of s low or no runoff wi th i nten se ice deterioration lead to 
overmature breaku, . Thi s  event i s  characteri zed by gradual ice 
d i s i ntegrat ion and has mi n imal poten t i al for damage. 

The fi rst question a forec aster might ask would be how to predict 
whether and �en breakup wi l l  be i n i t i ated . And once i n i ti ated , how 

*NWRI = Nati onal Water Research I n sti tute 
WSC = Water Survey of Canada 
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severe it i s  l i ke ly to be in terms of magni tude and durat ion of ice jam 
st ages at various l ocat i ons .  

Concerning breakup i n i t i at ion ,  pert i nent l i terature often advocates 
use of the correspond i ng water st age, H8 ( = hei ght above an arb i trary 
datum ,  e . g .  gauge hei ght ) as a conveni ent and mean i ngful i ndex 
( Shulyakov sk i i ,  1963; Gerard , 1979; Bel taos ,  1981 , 1982) . From our 
earl i er di sc ussion ,  i t  wou l d  ap�ear that Hs i s  indeed a des i rab l e  
parameter because i t  refl ects the ice dr i v i ng forces as wel l  as the 
water surface wi dth av ai l ab l e  for ice movement . Moreover, the above 
noted l i terature suggests th at , in a gi ven reach , Hg depends on : the 
thickness of the ice just pr ior to break up , hi ; the degree of ice 
strength reduct ion caused by thermal effects ;  and the stage dur i ng 
freeze up when a st ab 1 e ice cover forms ,  HF . The 1 at ter i s  an index of 
the wi dth of the ice cover and , except i ng mature breakup events ,  has to 
be exceeded before contact of the ice wi th channel boundar i es i s  
el imi nated . As wi l l  be di scussed l ater , approximate val ues of these 
parameters can be extracted- frcxn gauge record s .  As for i ce strength , 
there i s  no di rect informat i on .  The best th at can be done at present i s  
to use a meteorol ogi cal i ndex i ntended to describe the effec ts of 
thermal deter iorat ion . 

Wi th regard to the sever i ty of breakup , one would ideal l y  wi sh to 
pred ict the compl ete st age hydrograph duri ng the breakup period at any 
�i ven locat ion .  Thi s appears to be too anb i t i ous a task at present ; i t  
1 s  thought more practi cal to l imit the goal of the study to forec asts of 
the maximum st age duri ng break up , Hm· Thi s . stage can be eas i l y  
i dent i fi ed on gauge recorder ch arts and i s  usual ly cau sed by a nearby 
i ce jam.  Theoreti cal consi derat i ons and fie ld data ( P ar i set et al , 1966 
Bel taos , 1983) have shown th at the max imum st age that can be caused by 
an i ce jan occurs when the jan has attai ned a cond i t i on of equi l i bri liTl 
and fu l l y affec ts  the site of i nterest . Th i s  equi l i br i um st age depends 
mai n ly  on di scharge, channel s lope and width . Duri ng any one breakup 
peri od , Hm may or may not reach the equi l i br i um jam stage owi ng to one 
or more of the fo l l owi ng reason s .  ( a ) Ice jam l ocated far downstream of 
the gauge s ite .  Even i f  th i s  jan attai ns equi l i bri lJTl, the gauge s i te 
wi l l  exper i ence a fract ion of the jam ' s effect on st age . ( b )  Ice jam i s  
l ocated far upstrean of the gauge s ite .  The gauge s i te wi 1 1  again 
experi ence a fract ion of the jan ' s effect on stage owi ng to attenuat ion 
effects duri ng the j am ' s  rel e ase . ( c ) Unstab le jan  that rel eases pr ior 
to at tai n i ng equi l i br i um .  ( d )  Overbank fl ood i ng . Water and ice spread 
out onto the fl ood pl ain so that the j am ' s potent i al i s  di ss i pated . 
Th i s  case cou ld be vi ewed as a part icu l ar i nstance of the unstab l e  jam 
case . Cons ideri ng that a major factor contribut ing to ice jan formati on 
i s  the or i g i nal ice cover i t se l f ,  i t  i s  reasonabl e  to expect that not 
only di sch arge but al so competence of thi s cover may i nfl uence the val ue 
of Hm ( see al so l ater di scus s ion ) . 

DESCR IPTION OF DATA 

The mai n  dat a source has been the WSC record of gauge height ver sus 
time for the period 1965-81 . Suppl ementary i nformation con si sted of 
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dai l y  di scharge data ( WSC) ; meteoro logi cal data ( Atmospheric Env i ronment 
-"Month ly Records" ) ;  channel hydrau l i cs in the v i c i n i ty of the gauge 
( B . Burrel l ,  N . B .  Env i ronment ) ;  and recent ice thic kness measurements ( P .Tang , N . B .  Envi ronment ) .  Fran these "raw" data, several parameters 
thought to be characteri st ic of the ice regime have been extracted as 
described bel ow. 

Maximum Stab l e  Fr�eze Up Stage ( HF) 

A typ i cal but not uni versal confi gurat ion of the dai l y  average 
st age hydrograph near the start of the i ce season i s  sketched i n  
Figure 1 .  The so l i d  l i ne represents the ac tual st age whereas the broken 
l i ne g i ves the "effect i ve" st age ( a stage that would have occured had the 
flow been unaffected by ice) . At a cert ai n time which may be termed the 
beg i nn i ng of freeze up, the act ual stage starts to ri se whi l e  the 
effect i ve stage cont inues to drop . Eventual l y, the actual stage at tains 
a peak and then decl i nes . Th i s  sequence refl ects the dynamic nature of 
ice cover format ion in river s .  Wi th the onset of col d  weather , fr azi l 
ice forms and i s  i n i t i al ly tran sported free ly. The effect of thi s 
movi ng ice on the water stage i s  smal l .  As more and more frazi l i s  
produced , i t  beg i ns to ag� l omerate i nto sl ush and pancakes . Eventual l y ,  
the ice transport i s  impeded somewhere downstream of the gauge (d ue to 
border ice growth or other constr i c t i ng feature) and an i ce cover begi ns 
to propagate upstream . The presence of the ice cover causes a local 
stage i ncrease wh ich event ual ly beg i ns to be "fe l t" at the gauge s i te .  
The gauge height then increases unt i l  the time when the edge of the ice 
cover arr i ves at the gauge sHe.. Sub sequent ly  the gauge height 
decreases due to decreasi ng di scharge and thermal smoothi ng of the 
unders ide of the cover . The peak st age ( HF ) dur i ng th i s  peri od i s  
con si dered an import ant factor i nfl uenc i ng the succeed i ng break up 
bec ause i t  defi nes the st age at wh i ch the i ce cover i s  formed ; the wi dth 
of the cover is approximate ly equal to the channel wi dth at the st age 
HF . To el imi nate bri ef peaks duri ng which there i s  l i t t le  time for 
freezi ng ,  HF i s  defi ned as a dai ly average val ue . I t  i s  recogni zed 
that th i s  defi ni tion of HF on ly  prov i des an i ndex for the wi dth of the 
stab l e  ice cover and coul d ,  perhaps  be improved by tak i ng an average 
over a number of days after the peak . Wh i l e th i s  i s  a matter that 
shou ld be i nvesti gated in the future , it was consi dered an unnecessary 
el aborat ion for the present expl oratory study. 

Moreover , it should be kept in mind that the above descri bed freeze 
up process occurs frequent l y  but not al ways due to occas ional presence 
of comp l icat.i ng factor s ,  e . g . ,  severe flow and st age control s ;  
i ncompl ete ice cover ; very rapi d  drop in di sch arge that suppresses 
occurrence of a peak on the st age hydrograph . Bec ause of these and 
poss i b ly other unforeseen di ffic u l t i e s ,  HF should be determi ned i n  
conj unction wi th consul tations of prevai l i ng weather condi t i on s  and ( i f  
av ai l ab l e) l ocal ob servers ' reports* wh i le keepi ng i n  mind i ts physi cal 

* At many gau9e si tes, l ocal ob servers are temporari ly empl oyed by 
the operat i ng agency to prov ide bri ef descript ions of ice 
cond i t i ons at a spec if ied frequency. 

-
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s i gn i f i c ance as out l i ned ear l i er .  In the present study, i nterpretati on 
of freeze up st age records presented l i t t l e  d i ffi c ul ty except on a few 
occ a s i o n s  where Hf determ i n at i on was de s i g n ated " uncert a i n " . 

"Wi nter" Peak s .  

Occ as i on a l l y, a bri ef thaw may occur duri ng the wi nter peri od . I f  
SUCit a thaw causes suff i c i ent runo f f ,  the gauge record wi 1 1  show a peak 
wh i ch m ay or m ay not i n i t i ate break up . In the l atter case,  the peak 
st age represen t s  a l ower l i m i t  for the stage requi red to i n i t i ate 
break up at t h at t i me . The term " wi nter" peak is used conven t i on a l l y  and 
i nc l udes any peak that does not i ni t i ate break u p .  Wh i l e  such peaks 
u s u a l l y  occ ur i n  the wi nter, t here are i n s t ances �here " wi nter" peaks 
occur a few days before the spr i ng breakup . 

S t age at I n i t i at i on o f  Breakup ( HB ) .  

Usu a l l y , when a t h aw does l ead to breakup of the i ce cover , the 
s t age beg i n s  to ri se from i t s  fai r l y  steady wi nter val ue and short l y  
after exh i b i ts s p i kes and peaks t h at c an o n l y  be c au sed by break i ng or 
bro ken ice effect s  ( Fi g . 2 ) . A probab l e  v a l ue of the stage at the 
i n i t i at i on of breakup , HB , may be fi xed at the fi rst s i g n i fi cant 
spi ke* • Unfortun atel y ,  th i s  def i n i t i on is not al ways objec t i ve or 
mean i ngfu l . On l y  a prob ab l e  range of HB can then be determi ned , by 
con s i d er i ng : ( a) the l atest time for wh i ch i t  can be conf i dent l y  
assumed t h at there s t i l l  was conti n uous i ce cover ; and ( b ) the ear l i est 
t ime for wh i c h  broken i c e  effec t s  bec ame ev i dent on the st age 
hydrogr aph . D i ffi c u l t i es may be experi enced i n  c ases of absence of 
spi k e s  owi ng to very rap i d  stage i ncreases caused by intense runoff or 
re l ease of upstrean i ce j ams ; "mi s l e ad i ng" spi kes c au sed by d i sch arge 
red uc t i on s  due to upstream j am format i on ;  or "overmat ure" break up 
events where breakup can be i n i t i ated d ur i ng con stant or even decre a 3 i ng 
st age cond i t i o n s .  

Because o f  such compl i c at i on s ,  HB determ i n at -i on sho u l d  ut i 1 i ze 
al l suppl ementary i n format i on ,  e . g . ,  prevai l i ng weather cond i t i on s , 
l ocal ob servers '  reports and p r i or experi ence of l ocal i ce cond i t i on s .  
For the present study no overmature event s  were encountered , wi t h  the 
po s s i b l e  except i on of the 1964-65 event wh i ch has been d e s i g n ated 
" undefi n ab l e" . Th i s  c i rc umst ance compensated somewhat for the l ack of 
l ocal  observer s '  reports t h at h ave proved ext remel y  hel pful in other 
stud i es ( Bel t ao s ,  Unpub l i shed Dat a ) . 

* I n i t i at i on of break up i s  defi ned here i n  as the i n s tant when a 
sustai ned movement of the i c e  cover beg i n s . When the cover i s  set i n  
mot i on ,  t he resi st ance to f l ow i s  reduced and the stage shoul d ·  tend 
to· drop thus produc i ng a sp i ke on the stage hydrogr aph . Somet ime s ,  
however , the s t age r i se may be so steep as to suppress spi ke 
appearance . On l y  a s l owdown i n  the rate of ri s e  wo u l d  then be 
ev i d ent . 

-
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Thi s i s  the max imllll st age reached duri ng the breakup period and i t s  
determi nat ion i s  strai ghtforward ( Fi g .  2) . 

Effect ive St age and Max imum lee Effect on Stage (�Hm) 
The i ce effect on stage is the di fference between the actual stage 

and the effect ive stage . The time of maximum ice effect can usua·l ly be 
determi ned by simple i n spect ion ( Fi g .  2 )  and does not necessar i l y  
co i nc i de wi th the time of Hm ·  

Dai ly average di sch arge val ues are estimated by WSC based on 
i nterpol ati ons between di scharge measurements as wel l as on such 
evi dence as upstream and tributary f l ows, runoff and weather condi t ions ,  
etc . Such estimates may i nvo l ve con s i derab le  error . Thi s has 
repercussi ons on the acc uracy of the effecti ve st age wh ich is determi ned 
by jo i n i ng dai l y  val ues pl otted at _noon of each day . For the Nashwaak 
R. at Durham Bri dge, very l i tt le confidence can be pl aced on di scharge 
estimates dur i ng breakup cond i t ions ( Bel taos  and Lane 1982 ) . 

lee Thi c kness ( h i ) 

Ice thi ckness can be estimated from WSC d i sch arge measurement 
notes . Such notes g ive the d istance from the water surface to the 
bottom of the ice wh ich, under free flotat ion cond i t ions, represents 
about 92% of the total ice th ickness . However , thi s assumpti on may or 
may not be va  1 id dependi ng on whether there i s  s igni fie ant bank support 
of the ice or snow cover which may cause the free water surface to ri se 
above the top of the ice. The presence of a sl ush deposit under the 
sol i d  ice may render thi ckness val ues compl etely unre l i ab l e  because the 
notes wou ld then show the di stance from the water surface to the bottom 
of the sl ush . Another source of error may be ( unreported ) instances 
when "water surface• has been used nomi nal l y, i .e . ,  substi tuted by a 
more conven i ent datum such as the top of a deep snow l ayer . 

Usual l y, a few ice thickness val ues wi l l  be av ai l ab l e  dur i ng any 
one wi nter season . These can be pl otted versus time and extrapol ated to 
the start of the mi 1 d weather spe 1 1  that l ed to breakup .  Where the 
wi nter season i nvol ves h ighly vari ab l e  weather cond i t i ons, it may be 
preferab l e  to extrapo l ate usi ng a more compl ex corre l at i on ,  e. g . ,  hi versus accumul ated degree-days of frost . Such procedures wou ld 
general l y  g ive fai r i ndi cat ion s  of hi at the time breakup starts but 
i gnore thickness reductions that may occur dur i ng the pre-breakup period 
( onset of mi ld weather spe l l  to onset of breakup) . Thi s  assumpt ion i s  
con si dered adequat� for the present in view of ( a) the crudene ss of the 
other data i nvol ved ; and ( b ) the parti al accounti ng of th is effect by 
i ntroduc i ng a meteoro log i cal i ndex of heat input to the ice cover . 

Meteorol ogical Index of lee Strength 

Few data  on ice strength at the time of breakup are avai l ab l e  and 
the manner of ice strength reduct i on by thermal effects i s  not we l l  

-
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understood at present ( Frankenstei n ,  196 1 ;  Korzh av i n ,  197 1 ;  Butyag i n ,  
1972) . I n  general , i t  i s  reasonab le to expect that i ce strength wi l l  
decrease wi th increasi ng c111ounts of heat absorbed by the ice cover but 
there i s  no consen sus on the most appropri ate i ndex for the l atter . A 
very simp le and wel l known i ndex i s  the accumul ated degree-days of th aw, 
Sr ( see for exampl e ,  Wi l l i ams, 1965; Bi le l l o ,  1980) . However , ST 
can on ly  be sat i sfactory in cases where the time of year when breakup 
occurs and the number of "thawi ng" days do not vary apprec i ab ly .  
Otherwi se , the important effect of so l ar rad i at ion wi l l  not be 
con si dered . For exampl e, a sunny day i n  Apr i l  would be much . more 
effec t ive in weaken i ng the ice than a cloudy day of the same average ai r 
temperat ure in January. To ful ly account for thermal effects on ice 
strength ,  several parameters are needed in add i t ion to ai r temperature , 
e . g . ,  short wave rad i ati on, c l oud i ness, wi nd speed, water temperature , 
snow cover , ice compo s i t i on ,  etc . 

Unfortunately ,  not al l of th i s  information i s  usual l y  av ai l ab l e  and 
even if i t  were ,  i t  would be impracti cal to attempt mu l t i p le correl a
t i on s  wi th so many parameter s .  Shulyakov sk i i  ( 1963) sugge sted the use 
of a ca lcu l ated val ue of heat i nput to the ice cover fran the surface, 
thus ignor i ng heat transfer from the water si nce water temperature i s ,  
as a rule ,  unknown . A simi l ar but somewhat simpl i fied approach was 
suggested by Wi l l i ams ( 1965 ) . Bul atov { 1972) out l i ned a method for 
computi ng i ce strength based on theoreti c al and experimental correl a
t ions wi th rad i at ion effects .  However , Bul atov ' s  paper was too general 
to permit appl ication of h i s  method by others .  Ashton ' s  ( 1983) an a lysi s 
i s  simi l ar to Bul atov ' s  and shows that the mai n  agent of deter. i orati on 
i s  the penetrati ng sol ar rad i at ion ,  once the ice has been warmed to o · c .  
Add i t i onal rad i at ion absorpt ion causes mel t i ng at the grai n boundaries 
wi th a resu l t i ng decrease in strength . However , Ashton ' s  anal ysi s  
cannot be appl i ed to the data under cons i derat ion because i nformat ion on 
snow cover , al bedo and ice structure i s  l ack ing .  

E v i dent ly, only emp ir ical i nd ices of ice strength can be empl oyed 
at presen t .  Some of the simpl est ones  are acctJnul ated degree-days of 
thaw, hours of sunsh i ne and sol ar rad i ation but their simu l t aneous 
con s i derati on would compl i cate the an a lysi s .  Shul yakovski i ' s  ( 1963 ) 
s i ng l e  heat i nput parameter , }: q ,  has the ad vantage of simpl i c i ty as wel l 
as a bac kground of practical usage and was thus uti l i zed by Bel taos and 
Lane ( 1982) . However , there i s  no theoretical ev i dence that thi s 
parameter adequatel y  accounts for the qual i tat i ve ly  di fferent effect s  on 
ice strength of the vari ous heat components i nvol ved . 

ANALYS I S  OF DATA 

Tab l e  1 sunmari zes the dat a for the Nashwaak R. at Durham Bri dge 
( F i g . 3 ) .  Of the 21 freeze up - breakup events that occ urred dur i ng the 
period of record ( 1965 -81 ) , one has proved impo ss i b 1 e to i nterpret , 
wh i l e six presented seri ous di fficul t i e s .  At the time of wr i t i ng the 
report by Bel t aos  and Lane ( 1982 ) , on l y  a few ice thic kness val ues were 
avai l ab l e  and thus no attempt was made to cons i der hi in the an al ysi s .  
Sub sequent ly ,  add i t i onal ice th ickness dat a were made av ai l ab l e  to the 

-
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wri ter by P . Tang of N . B .  Env i ronment which enab l ed determi nat ion of 
hi for many of the events  under con si derat ion .  For events wi thout any 
thi ckness measurements hi was estimated v i a  a correl at ion between 
measured va 1 ues and time from HF . Thi s  procedure invo 1 ves errors as 
l arge as 30% . �ater surface to bottom of ice di stances quoted by WSC 
have been di v ided by 0.92 to obta i n  hi though thi s i s  recogni zed to be 
a first approx imati on . }: q  val ues quoted by Bel tao s and Lane ( 1982 ) have 
been rev i sed to account for dai l y  vari ations of assoc i ated heat i nput 
coeffi c i ents but on l y  in a few instances did th i s  resu lt in substant i al 
changes. 

In i t i at i on of Breakup. 

B�l taos and Lane ' s  an alys i s  ( 1982) fo l l owed Shulyakov sk i i  ( 1963) , 
after some i n i t i a l veri ficat ions of the basic  premi ses . Fi rst , Hs 
was plotted versus HF where a trend for H8 to increase wi th HF was 
i ndi cated . However , there was con s i derab l e  sc atter suggest i ng 
add i t ional · effects .  Nex t ,  the di fference ( Hs - HF) was postul ated 
to depend on hi and }: q, the tota l  �ount of heat input to the ice 
cover per un i t  surface area .  The l atter is an accumul ation of dai l y  
heat f l uxes ( q ) duri ng dayl i ght hours unti l the t ime o f  break up 
i n i t i at i on ;  heat transfer from the water i s  ignored . Calcul at ion of }:q 
i nvol ves many simp l i fyi ng assumpti ons so that }:q must be vi ewed as a 
mere index of the true �ount of absorbed heat ( see Bel t aos and Lane 
1982 for detai l s  of the cal c u l at ion ) . A pl ot of ( H8 - HF ) ver sus }:q 
i nd i c ated the expected trend but exh ib i ted consi derab le  sc atter . To 
expl ore the possi b l e  effects of h j , the fo l l owi ng . procedure was 
adopted . Fi rst , ( Hs - HF ) was pl otted ver sus hi by not i ng the 
val ue of }: q  beside each dat a poi n t .  Th i s  indicated an increase of 
( Hs - HF ) wi th hi and a decrease wi th L q. The upper envelope of 
the dat a poi nts ,  assumed representat i ve of the case }:q "' 0 ,  was then 
descri bed by the straight l i ne ( Hs - HF) "' 2 . 5  hi * ·  Nex t ,  the 
dev i at i on of any one data point  from the upper envel ope [= 2 . 5  hi -
( Hs - HF ) ]  was computed and pl otted versus L q ,  as shown i n  Fi g .  4 .  
Data  ranges in Fi g .  4 indi cate i nstances where on l y  ranges for Hs 
cou l d  be ident i f ied ;  vert ical ranges indicate cases where lower and 
upper 1 imi t s  of Hs occurred wi th i n  a short time per iod so that the 
correspond i ng L q '  s were near ly  equa l . Dat a points wi th arrows denote 
wi nter peaks or otherwi se known l imi t s  for Hs ; such po i nt s  are 
occ asi onal l y  of l i ttl e val ue ( e . g . ,  two uppermost points at }: q  = 0) but 
often g i ve useful i ndi cati ons as to how a correl at ion l i ne should be 
drawn . 

Fi g .  4 conf irms the ant ic i pated trends but wi th consi derab l e  
scatter . The l atter can be part l y  attr i buted to the crudeness of Hs 
determi nat ions  ( no local observer s '  report s )  a.�d the empiric i sm 
i ntroduced in the an alysis ( 1 ack of a theoretical framework for breakup 
processes ) .  A compensat ing feature i s  that even a l arge error in 
pred ict ing H8 usual l y  trans l ates to acceptab le  error i n  forecast i ng 

* Li near p lots of th i s  k i nd have al so been found by the wri ter at other 
s i tes but wi th di fferent numerica l  coeff ic ients ( Be l t aos ,  unpub l i shed 
data) . 
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the time of Hs because the prevai l i ng temporal grad i ents of stage are 
usua 1 1  y 1 arge . 

I t  may be not iced in Fi g .  4 that two dat a ranges are pl otted for 
the 1979 event, de signated ( 1 ) and ( 2 ) .  The former ref l ects the 
i n terpretat ion gi ven by Bel t aos and Lane ( 1982 ) and i nvol ves serious 
uncert ai nty; i t  p lots far off the band of the other data . Later on, i t  
was di scovered ( P .  Tang , personal co���nunication) that a si te vi s i t  by 
WSC staff in March 1979 i nd i cated the presence of i ntact ice cover which 
dictated the fo l l owi ng rev i sion . What was ori g i nal l y  thought to have 
been breakup i n i t i ation was in fact a wi nter peale whereas breakup was 
i n i t i ated l ater in March .  The event des ignated 1979( 2 )  ref l ects the new 
·i nterpretation and p lots  at a much improved pos i t ion .  Th i s  resu l t  
i l l ustrates the importance of loca l  observers •  report s .  

Maximum Breakup Stage 

As di scussed ear l ier ,  fl ow di scharge i s  a major factor infl uenc i ng 
Hm • However , di scharge data for the Nashwaak Ri ver study are 
uncertai n so that the plot of Fi g .  5 ,  showi ng � ·  ( =Hm - st age at 
zero di sch arge ) ver sus prevai l i ng di scharge i s  of qual i t at i ve val ue . It 
i s  noted that some of the data po i nts in F ig .  5 represent cond i t ions of 
max imum ice effect , 6Hm , in instances where the l atter did not occur 
at the same time as di d � ·  Al so pl ot ted in Fi g .  5 i s  the theoretica l 
rel at ionsh i p  between equi l i br i um jam stage and di scharge for compari son 
( Be l t aos 1983) . The l atter i s  seen to provi de a sati sfactory upper 
envel ope up to a certai n di sch arge , but to con si stent l y  overpred ict the 
st age beyond th i s  di scharge . Th i s  i s  a typi cal trend , refl ec t i ng the 
fac t that increasi ng di scharge reduces the probabi l i ty of equi l i bri um 
jam format ion ( Be l taos 1983) . For practi cal purposes, an upper envel ope 
of the dat a points coul d  b� drawn .and used to forecast potenti al Hm 
val ues .  Whether and how close ly  the potent i al � i s  to be real i zed in 
a gi ven season depend s on the number and stabi l i ty of ice jams that form 
near the gauge s i te, as d i scussed ear l i er .  In turn, such effects are 
control l ed by channel and fl oodp l ai n  conf i gurat ion as we l l  as the 
competence of the i ce cover duri ng breakup . The former fac tor i s  
d i ff i cul t to assess at present because the behaviour of ice jams i s  
unknown once the bankf u l l  st age i s  exceeded ( see al so Cal k i ns 1983) . On 
the other hand , exper ience suggests that the competence of an ice cover 
shoul d be an important factor i nf l uenc i ng Hm and thi s  po ssi bi l i ty i s  
con si dered next . 

S i nce the competence of an ice cover can be defi ned in terms of i t s  
strength , thi ckness and wi dth, i t  may be of i nterest to expl ore }: q ,  
h i , and HF ( rough i ndex of ice cover wi dth) as possi b l e  factors 
i nfl uenc i ng Hm · Fi g .  6 shows Hm plotted ver sus HF . The dat a 
poi nts def i ne an upper envel ope that increases wi th HF · The dev i at i on 
of the observed val ue of � from the correspond i ng upper envel ope 
val ue i s  plotted ver sus }: q  in Fi gure 7 .  Th i s  resu l ts  in another upper 
envel ope that conf irms the ant i c i p ated trend . I t  thus appears th at HF 
and }: q  defi ne a potenti al or , an upper l im i t  for , �· Whether .and how 
c l osel y  thi s  potent i al wi l l  be real i zed i n  any one breakup event , 
depends on a number of other factors, e . g . ,  di scharge, l ocal j anvning 
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condi t i on s , etc . One would expect th at hi shou ld al so be re l evant 
here but , owi ng to di scharge uncertai nties , th i s  possibi l i ty has not 
been i nvesti gated here i n ,  though hi effec ts on Hm have been 
di scerned el sewhere ( Bel tao s ,  Unpub l i shed Data ) . Moreover , i t  i s  noted 
that str ict l y  speaki n g ,  }: q  shou ld be ca lcu l ated to the time of �· 
However , the val ue used in Fi g .  7 app l ies to the time of Hs ·  Th i s  was 
thought suff ic ient gi ven th at the present study was expl oratory. 

Frequency of Occurrence of Hm 
A simpl e frequency ana lysi s on � val ues was al so performed by 

Be l taos and Lane ( 1982 ) . The fact that , occasional ly, there have been 
two break up events in the same season was i gnored and a 1 1  events were 
assumed to be i ndependent so as to increase the effect ive l ength of 
record . Th i s  may or may not be v a l i d  but more data are needed to 
c l ari fy th i s  point .  For the present study, i t  was found that the above 
approach resul ted in a frequency curve that di ffered very 1 i tt le from 
the one ob tai ned by use of on ly  the hi ghest breakup stage i n  any one 
season . 

For conven i ence of pl otti ng , use has been made of . � • = Hm -
stage at zero di sch arge . In thi s manner , the event �·  � 0 has a 
probab i l i ty of 1 .  After perform ing the frequency anal ysi s ,  �·  can be 
p l otted ver sus probabi l i ty on vari ous types of charts as a means of 
expl or i ng the mathemat ica l  form of the �· di stribut ion . Gerard and 
Karpuk { 1979) suggested that the log -normal di stri but ion i s  a possi b l e  
cand idate and found a l i near rel at i onship after p lott ing their .data on 
l og -normal probabi 1 i ty paper . Fi gure 8 shows that on ly  in the range 
0 . 1  � P � 0 .9  do the present data adhere to a l i near rel at ionshi p. 

Limi tat ions 

C l ear l y, the resul ts presen ted so far are s i te- spec i fic  and 
empi rical . Therefore , extrapo l at ion to other si tes or hydrometeoro l og i 
cal cond i t i ons di fferent fran those covered by the years of record i s  
not just i f i ed .  Accumul at ion and compari son of several case stud i es suc h 
as the present would fac i l i t ate devel opment of more general forec asti ng 
method s .  

. 

COMPAR ISON WITH OBSERVAT IONS 

Si nce 1981, ice cond i t i ons in the Nashwaak Ri ver near Durham Bri dge 
are moni tored under the auspices of the N . B .  Subconrni ttee on Ri ver Ice 
and N . B .  Envi ronment . The resu l ts of the f ie ld observati ons are used i n  
thi s section to assess the effecti veness of the re l at i on shi ps deri ved so 
far . 

1981 -82 Event 

Ice effects on stage conrnenced on Dec . 26, 1981 , and a val ue of 
2 . 18 m was chosen for HF on Dec . 28 . Breakup was i n i t i ated at about 
1100 h on Apr . 1, 198 1 ,  wi th Hs = 2 . 50 m and � = 3 .00 m occurring 
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at 1800 h on Apr . 3. From measurement s ,  hi was est imated as 0.61  m and 
}: q  was calcul ated as 5784 J/cm2 • The quan t i ty 2 . 5  hi - ( Hs - HF ) 
i s  1 . 21 m and in spection of Fi g . 4 ind icates that the dat a poi nt  for 
th is  event would  not fit the trend defi ned by the h i stor i c al d ata.  To 
expl ai n thi s di screpancy, a cl ose exam i n at i on of the weather records was 
undert aken and reveal ed a h i gh ly  atypical sequence of event s :  A warming 
trend began on Mar . 11 and con t i n ued unt i l  Mar . 20 . Subsequent l y ,  the 
weather t urned cold but q val ues remai ned pos i t i ve,  excepting the dates 
Mar . 22 , 27 , 28 and 29 . A total  of 15 em of snow fel l dur i ng the period 
Mar . 19-22 . A conti nuous warm trend began on Mar . 30 and l ed to 
break up. Bet ween Mar . 11 and 29 , a net of 34. r C - days of frost was 
accumul ated . Thi s  sequence of events suggests that sustai ned thermal 
i ce deter i orat i on woul d have st arted on Mar . 30 even though the val ue of 
L q  up to Mar . 29 was 3789 J/cm2 • Thi s  i l l ustrates a short-:omi ng of 
Shu l yakov ski i ' s  }: q  calcul at i on . The l atter on l y  accounts  for heat 
exchange d ur i ng dayl i ght hours and would  thus serious ly  underestimate 
recovery of ice strength dur i ng a col d  spe l l that intervenes between two 
warm one s .  I f  }:q  were accumul ated from Mar . 30 o n ,  a va l ue of 1995 
J/crrf would  be obtai ned . Thi s  woul d improve the pl otting posi t i on of 
the 1981-82 event in Fi g .  4. However , such a correct i on i nvol ves a 
measure of arbi trari ness and the wr i ter cannot see how to improve thi s 
s i t uation wi thout resort to a theoret i c al model of ice deter i oration . 
Though some research has been done i n  thi s regard ( Bu l atov 1972 ; Ashton 
1983) , i t  h as not advanced to the poi nt where it  can be appl i ed i n  
practice . For the present , i t  can on ly  be hoped that the forec aster 
wou l d  recogni ze atypical events and make necessary a 1 1  owances based on 
experi ence . 

Wi t h  }: q  = 5784 , Fi g .  7 indi cates that the quanti ty ( Hn, - 1 . 22 -
1 . 18HF ) sho u l d  not exceed -0 . 68 m wh i ch gi ves � < 3 . 11 m ,  as was 
the case ( Hn, = 3 . 00 m) . I f  }: q were taken as 1995 J/cm2 , Fi g .  7 woul d 
have gi ven Hm ·< 3 . 63 m.  In  cases where rel i ab l e  di sch arge dat a are 
avai l ab l e ,  a plot such as Fi g .  5 cou l d  al so be used to improve forec asts  
of the potent i al Hn, val ue .  However , thi s is  not pos s i b l e  i n  the 
present study owi ng to the serious uncert ai nt ies  assoc i ated wi th breakup 
d i scharges . 

1982-83 Event s 

lee effects on stage corm1enced on Dec . 13,  1982, whi l e a val ue of 
2 . 50 m was chosen for HF on Dec . 19 . A mi l d  weather spel l in January 
1 ed to breakup wi th  Hs = 2 . 65 m at 0900 h on Jan . 12 and H.n = 3 .  83 m 
at 1500 h on Jan . 12 . The va 1 ues of hi and L q are est imated" as 0.  24 m 
and 375 J/crrf respect ive ly .  It fo l l ows that 2 . 5  hi - ( H6 :- HF ) = 

0 . 45 m and th i s  would  plot sat i sfactori l y  i n  Fi g .  4. Use of Fi g .  7 
g i ves Hm < 4.24 m,  as was the case ( Hn,  = 3 . 83 m) . 

The peak stage dur i ng the January event was c aused by a l ocal i ce 
j am  that d id  not re l ease but froze in  pl ace as col d  weather resumed . A 
new HF of 2 . 55 m occurred on Jan . 16 . Breakup was i ni t i ated at 1000 h 
on Mar . 22 wi th  H6 = 3 . 30 m ,  }:q  = 3669 J/cm2 and Hm = 3 . 97 m at 
1800 h on Mar . 22 . No ice thickness measurements a•e avai l ab l e  for thi s 
event , hence hi can on l y  be est imated , as fo l l ows . I f  other year s '  

-
� . 



I 
I 

I 

I 

I 

I 

I 

I 

I 
I 
I 

12 

exper ience is used and the presence of the frozen jam i s  iqnored , hi wou ld be est imated as 0 .61 m. On the other hand , the thi ckness of the 
j � at the time i t  formed i s  estimated to have been about 1 . 2 m, ( see 
for examp l e ,  Bel taos 1983) . Cal k i n s  ( 1979) has shown that ice growth i s  
accelerated in the presence of a porous ice accumul at i on under the l ower 
bound ary of a so l i d  ice cover . I f ,  as a first approximat ion , hi i s  
assumed to increase as the square-root of degree-days of frost , then a 
factur of /I7j) should be appl ied to the normal ly expected ice thickness 
( p  = porosi ty) . For p = 0 . 4 ,  thi s gives hi = 0.61/10':4 = 0.96 m. 
Wi th thi s ,  the val ue of 2 . 5  hi - ( HB - HF) becomes 1 . 66 m which 
wou l d  plot sat i sfactori ly in Fi g .  4. Use of Fi g .  7 gives � < 3.83 m. 
The observed Hm was 3 .97 m ,  i . e . , 0 . 14 m hi gher than woula have been 
thought possi b l e  from the hi storical dat a . Th i s  i s  very l i ke ly  due to 
the extremely thick ice cover caused by the freezi ng of the January jam .  

CONCLUS IONS 

The present resu l t s  indi cate that useful though incomplete informa
t ion can be extracted fr001 exi st ing gauge record s .  Th i s  i n format i on can 
be uti l i zed i n  forecasti ng the onset and potenti al severi ty of breakup ,  
subject to the l imi tati ons out l i ned next . 

The present an alys i s  i s  empi ri cal and s i te-spec i fi c ;  hence , i t  
cannot be extrapo l ated to other si tes or to hydrometeoro logi cal 
cond i t i ons that are not covered by the years of record . Wh i l e stud i es 
simi l ar to the present can be used as an aid to forecasti ng , i t  was 
shown that some rel i ance on experi ence would be necessary for unusual 
event s .  The l ack of a theoretical framework for breakup processes i s  
consi dered a major obstac le  to e l imi nat i ng empi r ic i sm fr001 perti nent 
forec ast i ng method s .  Accumul at ion and compari son of add i t ional case 
stud i es would contribute toward th i s  goal . 

As a by-product of th is  study, several i n stances were identi fied 
where moderate i ncreases of the gauge operat ion effort would great ly  
i ncrease the va l ue of records for breakup-re l ated stud ies . These 
i nc l ude measurement of the true ice thickness and , where appl i cabl e ,  
de l i neat ion between so l id and s l ush ice l ayers; wi der uti l i zation of 
l ocal observers and increase of report i ng frequency dur�ng freezeup and 
breakup; and performing .one or more d i sch arge measurements duri ng 
breakup events . 
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I Tab le  1 .  Summary of Breakup Charac teri st ics 

I hi (em) 

From Est i -

I Season HF HB Hm Measure- mated 
(m) (m) (m) ments ±30% 

I 1964-65 2 . 56 >2 . 20 NA 55 

1965-66 1 .  40 1 . 58 2 . 23 73 

I 1966-67 1 . 80 1 . 71 1 .  73 70 
1967-68 2 . 34 3 . 25 3 . 87 43 

_ .. _ 3 . 35 >2 . 78 NA 52 
_ .. _ 3 . 35 2 .  71 3 . 40 52 

I 1968-69 2 . 25 > 1 . 84 NA 38 
_ .. _ 2 . 25 1 . 87 1 . 87 74 

1969-70 3 . 44 1 . 98-5 . 31 5 . 31 41 

I 1969-70 2 . 29 1 . 43-1 .80 2 . 05 37 
1970-71 1 .  65 >2 .07 NA 40 

I _ .. _ 1 . 65 > 1 . 83 NA 64 
_ .. _ 1 . 65 0 . 90-1 . 31 NA 64 

1971-72 1 . 19 > 1 . 34 NA 18 

I _ .. _ 1 . 19 > 1 . 43 NA 50 
_ .. _ 1 . 19 >1 . 59 NA 60 
_ .. _ 1 . 19 > 1 .  74 NA 79 
_ .. _ 1 . 19 1 . 62-2 . 19 2 .49 79 

I 1972-73 2 . 72 >2 . 79 NA 50 
_ .. _ 2 .  72 >2 . 16 NA 60 
_ .. _ 2 . 72 1 . 91-2 . 35 2 . 61 60 

I 1973-74 2 . 20 >2 . 22 NA 75 
_ .. _ 2 . 20 1 . 56-2 . 19 2 . 19 76 

1974-75 2 . 19 >2 . 15 NA 70 

I -"- 2 . 19 1 . 48-1 .68 1 . 68 70 
1975-76 2 . 44 >3 . 38 NA 59 

-·· - 2 . 44 2 . 19 2 . 94 73 

I 1976-77 1 . 89 >2 . 69 NA 30 

_ .. _ 1 . 89 > 1 . 91 NA 70 

I _ .. _ 1 .89 1 . 49-1 . 53 2 . 29 72 
1977-78 1 . 82 2 . 15-2 . 51 2 . 51 25 

_ .. _ 2 . 74 1 . 42-1 . 54 1 . 76 64 

I 1978-79 1 . 10 < 1 . 93 2 . 57 30 
_ .. _ 3 .40 >3 . 26 NA 34 
_ .. _ 3 .40 >3 . 12 NA 61 I _ .. _ 3 .40 2 . 07-2 . 56 3 . 20 61 

1979-80 2 . 25 2 . 71-3 .01 3 .03 55 
198C-81 2 . 41 1 . 81-2 . 11 2 . 12 52 

I 
I 

( J��m2 ) 

2125 

5420 
5944 
425 

3748 
6246 

0 
4240 
511 

4782 
197 

2119 
6819-7359 

251 
0 

1370 
0 

978-1467 
241 

3251 
5294 
2900 

5353-7162 
2205 

4642-6267 
338 

3933 
0 

3897 
7442 

21 
8176 
293 

1074 
2650 

6234-6719 
658 

736-2542 
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Breakup unde-
finab l e  

HB uncertai n 
H8 uncertai n 
H8 uncertai n 
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HF and HB 
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HF = 2 . 29 m 
might be bet ter 

HF uncertai n -
r -
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R IVER ICE BREAKUP 
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Envi ronment Canada 

Canada 

Ice breakup i s  an important event i n  the regime of northern ri vers ma i nly 
due to ice janwni ng and associated probl ems , e . g . , fl oodi ng, forces on 
structures and eros ion. Breakup is tri ggered by mi l d  weather and the 
attendant i ncreases i n  runoff and heat i nput to the ice .  At present, the 
onset of breakup can only be forecast empi rical ly ,  usi ng si te-speci fic  
hi storical records. Recent work has  produced parti al understandi ng of the 
early phases of breakup ( formati on of hi nge and transverse crack s ,  fi rst 

. movement of the ice) but more observati onal data are needed for a compl ete 
model of breakup ini tiation. When set i n  moti on , the ice qui ckly break s 
down i nto smal l fragments and ice jams begin to form. Subsequent devel op
ments are hi ghly di sorderly owi ng to the mul ti tude of factors that are at 
work , e . g . , hydrol ogi c ,  geomorphi c ,  structural . Present understandi ng of 
ice jam i ni ti ati on and evol uti on i s  poor and theoretical jam model s have 
to date focused on equi l i br ium conditions . Their practi cal uti l i ty i s  
thus restri cted to forecasti ng potential h igh water l evel s that may or may 
not be real i zed during breakup. Progress i n  th i s  regard requ i res 
consideration of the breakabi l i ty of the ice cover and i ts effects on jam 
formati on and rel ease. 

1 

-. ; -



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

INTRODUCTION 
Ice breakup i s  a rel ati vely bri ef but very important event i n  the regi me 
of northern ri vers . Annual peak stages often occur du ri ng break up , owi ng 
to formation of major ice jams. The resul t i :;  frequent fl ood i ng wi th the 
added i nconveni ence of ice on the fl ood pl a i ns ( F ig .  1 ) . Movi ng i ce du ring 
breakup can apply l a rge l oads on bri dge pi ers and s imi l ar structures , or 
cause damagi ng pi l es on r iver bank s and i sl ands . Sudden rel eases of major 
ice jams can resul t in rapi d ly r i s i ng water l evel s and extreme water 
speeds wi th poss i bl e consequences to channel erosion .  Avoi dance of prema
ture breakup imposes seri ous constrai nts to hydropower production duri ng 
the wi nter. Man-i nduced changes i n  the hydrol ogi c regime of a ri ver can 
have s i gn i f i cant envi ronmental i mpact because of consequent changes i n  the 
ice regime and espec i a l ly  i n  breakup character i st ics .  

,· . 

. �· 

Jam and fl ood i ng at mouth of 
Thames R .  ( Ont . ) Feb. 198 1 .  

Toe o f  a jam i n  Smoky R .  ( Al berta) 
Apr .  1976 . Note l eads in i ntac t 
ice cover. 

Remnants of jam on fl ood pl a i n  
of  Credi t R .  ( On t . ) Ma r. 1980 .  

Shear wal l on bank of Smoky R .  
( Al berta ) . formed by rel ease 
of a jam, Ap r. 1976. Est ' d 
height = 5 m 

F i g .  1 .  I l l u strat i ons of i ce jams and thei r effec ts 
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Desp i te i ts importance,  ri ver ice break up rema i ns l argely intractab l e  from 

the vi ewpoi 11 t  of hydraul ic engi neeri ng.  There i s  l i ttl e gui dance, other 

than hi s torical i nformati on and experi ence, wi th regard to : short- term 

forecasting and warning of the onset and severi ty of breakup or l ong- term 

forecasting of peak break up water l evel s and fl ood ri sk assessment s ;  

eval uati on of the impact of ri ver s truc tures;  and des i gn cri teri a to 

prevent or control some of the consequences of breakup. Thi s  state of 

affai rs is partly due to tne mul ti tude of factors that i nfl uence breakup 

and to the comp l exities  of ice ja11111i ng phenomena . At the same time ,  i t  

must be admi tted that the i ce regime of ri vers has recei ved rel ati vely 

l i ttl e attenti on even in regi ons where ice i s  present for s i gni ficant 

porti ons of the year. 

A brief account of exi sting k nowl edge of breakup is given i n  th i s  paper 
and an attempt is made to i dent i fy gaps that seri ously hamper progress .  

DESCRI PTION OF BREAKUP PROCESSES 

When the basin  of an i ce-covered ri ver is subjected to mi l d  weather , two 

major proces ses begi n :  i ncreased runoff due to snowmel t or rai n ,  or both ; 

and i ncreased heat i nput to the cover. The former process resul ts i n  

i ncreased di scharge wi th consequent i ncreases i n  the upl i ft a n d  fri cti onal 

forces appl i ed on the cover. The water stage al so i ncrea ses and thi s 

reduces the contact areas between the ice cover and the channel boundaries 

and provi des i ncreased channel wi dth for movement of the ice. Heat i nput 

to the cover resul ts in reduced dimens i ons and strength.  Thus ,  mi l d  

weather causes an i nc rease i n  the forces that are app 1 i  ed on the cover 

whi l e  the l atter ' s  abi l i ty to res i st these forces and remai n s tati onary i s  

reduced. Eventual l y ,  thi s process l eads to movement and breakup of the 

cover which 1 s  often fol l owed by l arge ice jams , major i ce runs and 

eventual cl earance of the i ce.  

The  fol l owi ng quotati on from Shulyakovsk i i  ( 1963)  fs  a g o o d , t h o u g h  

not uni versal ly appl i cabl e,  descri ption of the early s tages o f  breakup. 

"On parti al ly freezi ng ri vers the destructi on of the i ce cover when the 

water stage ri ses , begi ns wi th  the formation of crack s and the separa

tion of the ice from the ri ver banks or from the shore ice.  Cracks i n  

the i ce cover form i n  thi s case not only al ong the banks ,  but al so 
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across the ri ver and at vari ous angl es to the bank s .  Th i s  i s  due to the 
nonuni form thickness and strength of the ice cover and to the nonuni form 
strength wi th which it i s  attached to the bank s .  As the water di scharge 
further i ncreases , the ice cover conti nues to ri se and ice fl anges 
form. At the same time the mel ting of the snow on the ice and of the 
ice cover i tsel f conti nues. The strength of the ice decreases , mai n ly 
due to the penetrati on of sol ar radi ati on. The ice cover al so mel ts and 
i s  washed out owi ng to the fl ow of water around i t. If the ice on 
tri butaries breaks up earl ier, the i ntegri ty of the ice cover i s  often 
upset. When the ri s ing water stage reaches a certa in  l imi t , correspond
i ng to the nature of the ri ver bed on the gi ven stretch ,  to the 
thick ness and state of the ice cover, an ice push occurs . "  

Once l arge ice fl oes and sheets are set i n  moti on ,  they qu ickly break down 
i nto smal l er fragments due to impacts wi th channel boundari es or other 
floes. Where the downstream movement of the fragments i s  impeded, jams 
begi n to form, sometimes atta ini ng very l arge dimensions . The water l evel 
ri ses to accommodate the submerged porti on of the jams ' th ickness and 
l a rge hydraul ic res i stance of thei r undersi de. Conti nued thermal 
deteri orati on or i ncreasing di scharge may cause ice jams to rel ease and 
surge-1 i ke phenomena to occur. Such surges may tri gger breakup at down
stream l ocati ons and, if arrested, new jams may form or join exi sti ng 
ones .  Whi l e  such events are i n  progress ,  hydro-thermal processes i nten
s i fy by i ncreasing water temperatures ( due to i ncreasi ng open water 
area ) .  Eventual ly broken or i ntact ice are so far downstream of a gi ven 
s i te that thei r effects on l ocal stage become negl i gibl e  and breakup can 
be consi dered compl ete at thi s l ocati on. 

The precedi ng descri ption impHes the possibi l i ty of two extreme cases , 
the "premature" and "overmature " events ( Desl auriers , 1968 ) . Premature 
breakup occurs under condi tions of i ntense runoff wi th l i ttl e thermal ice 
deteri orat-ion and has the greatest damage potenti al , other thi ngs bei ng 
equal . Th i s  type of breakup i s  common i n  moderately col d regions ( e . g . , 
s .  Ontari o) where brief "thaws" accompanied by i ntense rai nfal l s  occur 
often duri ng the winter. The ensu i ng breakups are bri ef but viol ent. In 
addi tion, i t  is possib le that col d weather resumes whi l e  ice jams are 
sti l l  in pl ace . Thi s  may l ead to renewed freeze up and rel ati vely thick 
ice formati on in the sections where the jams had been ; the damage 
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potential of the next breakup i s  thus enhanced. Overmature breakup occurs 
under condi tions of s low or no runoff wi th i ntense thermal ice weakening .  
The ice cover di si ntegrates gradual l y  and janwni ng is i nconsequenti al . A 
�ommon type of overmature breakup i nvol ves the ( rel ative ly) orderly 
advance of a breakup "front " .  Th i s  is a very short jam that forms 
upstream of stati onary sheet ice. Thermal and mechani cal acti on causes 
the stati onary ice to devel op open l eads and crack s near the toe of the 
jam. Deteri orati on conti nues until the jam i s  abl e to move i nto the l eads 
where it comes to a temporary hal t and the process i s  repeated. A charac
teri stic of th i s  process i s  that the jam does not l engthen which impl ies 
that mel ti ng is one of the governi ng factors . 

The downstream motion of water i ntroduces a simi lar  bias i n  the di recti on 
of breakup advance but thi s must be understood to apply i n  a general and 
"average " sense. Orderly ,  downstream progress ion of breakup i s  the excep
tion rather than the rul e .  Local hydraul ic and geomorphic condi tion s ,  
tributari es , weather patterns and freeze up condi ti ons often combine. to 
e l imi nate any sembl ance of order i n  the progress of breakup. 

Ba sed on the above di scussion, the factors that affect breakup can be 
summari zed as fol lows : 

- hydrol ogic ( di scharge hydrograph ) 
- hydraul i c ( fl ow  vel oci ti es , depth s .  shear stresses )  
- geomorphic ( channel wi dth and pl an geometry) 
- meteorol ogical ( weather condi tions and heat transfer) 
- antecedent condi tions ( freeze up and wi nter) . 

Gi ven the l arge number of perti nent factors ,  i t  i s  easy to appreci ate the 
compl exi ty and vari abi l ity of breakup phenomena. Not only does breakup 
di ffer from one s ite to another but i t  can change character from year to 
year at the same s i te. 

· I N IT IATION OF BREAKUP 

.A major practi ca 1 requi rement i s  to forecast the onset of breakup because 
th i s  event usual ly heral ds the peri od of ice jammi ng and the attendant 
prob l ems . Breakup i ni ti ati on i s  not necessari ly an abrupt and wel l 
defi ned event ; often , i t  i s  a succession of phases , l eadi ng from the 
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condi tion of intact and stati onary ice cover to that of movi ng or jammed 
ice fragments . Moreover. i t  shoul d be kept in mi nd that the breakup 
process can be arrested at any time if col d weather resumes and fl ow 
di scharge begi ns to decrease. A conveni ent, though not always meani ngful , 
defi ni ti on of breakup i ni ti ation i s  the time when the fi rst sustai ned 
movement of the ice cover takes pl ace. 

Using this defi n i tion and confi ning dhcussion to nonovermature events , 
empi rical work ( Shulyakovski i ,  1963 ; Bel taos , 1984a ) suggests that breakup 
i ni ti ation can be roughly forecast f n  terms of the prevai l i ng water stage , 
Ha · At a gi ven s ite, thi s stage depends primari ly on HF ( =  stage at 
formati on of a stabl e ice 'over during freeze up) ; hi ( = ice thickness ) ; 
and competence of the ice cover. The 1 atter parameter i s  di ffi cul t to 
quanti fy at present though theoretical work has shown i t  to be strongly 
dependent on the penetrati ng sol ar radi ati on and crystal structure of the 
ice ( Bul atov , 1972 ; Ashton, 1983 ) .  Empi rica l , si te- spec i fi c ,  correl ati ons 
are useful where good h istori cal records are ava i l abl e but cannot be 
extrapol ated to si tes wi th no records. An attempt to general i ze empi rical 
forecasti ng techni ques was presented by Margol i n  ( 1980 ) but thi s ,  too, 
requi res hi stori cal ( and not usua l ly avai l ab le )  i nformation .  

Lack of theoreti cal model s of breakup processes is  an obstacl e to progress 
in foreca sting the onset of breakup. In recent years , however ,  tangi ble 
advances i n  our understandi ng of the early stages of breakup have been 
made and are revi ewed next, even though they are not suffic iently detai l ed 
to al l ow  compl ete descri pti on of the probl em. 

Formati on of l ongi tudi nal crack s 

Duri ng the wi nter, when the di scharge i s  fai rly steady ,  the ice cover i s ,  
for the most part, i n  a condi tion of free fl otation .  If  a pri smatic 
channel wi th uni form flow and fee th ickness is assumed for s impl i c i ty ,  
then the 1 ongi tudi n a  1 pressure gradi ent shoul d be zero. The fl ow i s  
·dri ven by grav i ty .  much a s  i n  a n  open channe 1 .  An i ncrease i r1 di scharge 
whi l e  the ice cover rema in s  fi rmly attached to the channel boundaries can 
only occur i f  a pressure gradi ent devel ops . The resul t i s  that an upl i ft 
pressure i s  appl ied on the undersi de of the cover i n  addi ti on to that 
requi red to keep the cover fl oati ng .  Structural considerati ons i ndi cate 
that the cover may then be considered a pl ate supported by an el astic 
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foundati on whose modul us i s  equal  to y .  the uni t wei ght of water ( Hetenyi , 

1946 ) .  A fu rther s i mpl i f i cati on can be made by assumi ng that the pressure 

gradi ent i s  smal l enough to al l ow a two-dimensi onal analysi s .  i . e . •  to 

v i ew  the i ce cover not as a pl ate but as a series of beams of u n i t  wi dth 

that do not i nterfere wi th each other . 

B i l l fal k ( 1 981 ) con s i dered th i s  probl em for the case of an i n fi n i tely wi de 

channel . as sumi ng el astic response of the cover;  mea surements showed good 

agreement wi th predi cti on s .  The sol u ti on was extended to fi ni te channel 

wi dths ( Bel taos , 1984b)  and the resul ts are dep i cted i n  F i gs .  2 and 3 (W = 

beam l ength = cover wi dth ; t s z di s tance of a crack from the respecti ve 

edge ; h;  = i ce cover thi cknes s ;  a; = fl exural strength of i c e ;  6H = 

u pl i ft pressure head)  • 

. 5 ....-------
Honged ends / [ls • o tor foxed ends] 

I /5/W • r:I 4 AW 
tor >..w > 6  

0o�---�---2��3��4��5��6��7��8��9 
'A w  

F i g .  2 .  Locat i on o f  l ongi tudi nal c rack s 

HINGED ENDS 

' 
', FIXED ENOS '------------------------

0o����2��3��4--�5��6��7��8 
'AW 

F i g .  3 .  D i mens i onl e s s  upl i ft pressure head requi red 
to cause l ongi tudi nal crack i ng 
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The parameter A i s  defi ned by 

( 1 )  

w ith Ei = el astic modul us of ice; and I = moment of i nerti a per unit 
cover wi dth = hi 3 f12 ( note 1/ A has the dimension of l ength ) . The type 
of edge support assumed for the ice cover has a 1 arge effect on ts as 
shown in Fi g .  2 ( t s > 0 for hi nged ends ; ts = 0 for fi xed ends ) .  In 
nature , longi tudi nal cracks are often observed some di stance off the edges 
which suggests hi nged end condi ti ons . These cracks are conmonly cal l ed 
•hi nge " crack s .  Fi gure 3 indi cates that, for AW < 3 ,  only one central 
hi nge crack devel ops whereas ,  for AW > 6, the sol ution becomes i ndependent 
of· w and coi nci des wi th Bi l l fal k ' s  resul ts (1981 ) for the i nfi n itely wi de 
channel case. 

Formati on of crack s permi ts the water to escape upwards and, wi th i ncreas
i ng stage , to l i ft and detach the mi ddl e portion of the cover ( i f two 
cracks form) . The strips that are attached to the shore become submerged 
but they too may eventual ly detach owing to thermal effects. 

Formati on of transverse crack s 

An i ce cover that i s  no l onger restrai ned by the channel boundari es 
becomes subject to substanti al bendi ng moments both on vertical and 
"hori zontal '' pl anes (the quotati on mark s i ndi cate that thi s  term i s  used 
wi th some l i cense - such pl anes are paral l el to the water surface ) .  As 
shown by Bi l l fal k ( 1982 ) , steep waves can cause transverse crack s by 
verti cal bendi ng wh i l e  Shulyakovsk i i  ( 1972) suggested that "hori zontal " 
bendi ng coul d al so produce transverse crack s .  Though such crack s  are 
often observed and mentioned i n  the l i terature , ( see for exampl e MacKenzie  
Ri ver Bas i n  Conmittee 1981 ) few attempts have been made to document thei r 
spac i ngs and patterns .  Bel taos ( 1984b) reported a fai rly regul ar pattern 
observed in a S. Ontari o stream ( Thames R . ) duri ng the 1982 breakup. The 
medi an spaci ng was :r300 m wi th hi and W :r0 .35 m and 55 m, respecti vely. 
Duri ng a secondary breakup event i n  the same ri ver (p rimary breakup in 
February 1984 and new ice cover formation i n  March ) , the medi an crack 
spac i ng was :r130 m wi th hi :r0 . 10 m and W :r40 m (F ig .  4) . Such spac i ngs 
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are far too l arge to have been caused by vertical bendi ng ( B i l l fal k 
1982 ) .  Bel taos ( 1984b )  consi dered "hori zontal " bending as a possibl e 
cause but the outcome was i nconc l usive .  More data and theory are thus 
needed to el uci date the causes of tran sverse crack s . 

. . 

F i g .  4 .  Transverse crack s i n  Thames R .  (Ontari o) 

Other types of frac ture 

Mi chel and Abdel nour ( 1976 ) presented the resul ts of a l aboratory study on 
the i ni tia l  breakup of a sol id  ice cover, us ing a wax-based materi al to 
.s imul ate the scal ed-down ice properti es .  However , i t  i s  di fficul t to 
dec i de how appl icabl e their re sul ts are to natural streams because ( a )  a 
rectangu l ar strai ght fl ume wa s used as opposed to the meanderi ng pl an form 
and outward sl oping banks of natural streams ; and ( b )  the fa i l ure 
mechani sm i nvol ved submergence of the l eadi ng edge of the cover and subse
quent osci l l ati ons whi ch suggests that ,  i f  thi s  mechani sm occurs i n  
nature , i t  shoul d be l i mi ted to the vic i ni ties of l eadi ng edges . 

Another crack i ng pattern that has been observed invol ves the passage of a 
s teep fl ood wave i n  a very wi de stream (Mackenzie R . , Park i nson 1982 ) .  I n  
t h i s  case both transverse and l ongi tudi nal crack s  appeared fi rst, fractur
i ng the cover i nto l arge sheets wi th dimens ions of the �rder of hundreds 
of meters . Wi th cont i nued ri se of the water l evel , some of these sheets 
moved unti l they wedged agai nst the shore. Th i s  movement was accompani ed 
by wi despread breakage and crush i ng ,  resul t ing i n  format ion of fl oes of 
the order of tens of meters. After these in i tial movements , the water 
l evel dropped and the ke rema i ned stati onary unt i l  "the ri s i ng di scharge 
reached the poi nt where i t  coul d l i ft the broken ice and carry i t  
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downstream• .  The i ni tial crack i ng pattern prior to ice move:nent suggests 
three-dimensional i ty in the shape of the fl ood wave. 

I n iti al movement of the ice cover 

We have seen so far some of the mechani sms and patterns by wh ich an i ntac t 
ice cover can be fractured i nto large sheets and fl oes . Such l arge sheets 
may or may not be set in n1oti on, dependi ng on whether there exi sts suffi 
ci ent room on the water surface . Us i ng thi s notion and fiel d observati ons 
in the Thames R. ( S .  Ontari o } , Bel taos ( 1984b} formul ated a dimensionl ess 
cri teri on for the i n itial movement of the ice. The pri nci pal factor 
fac i l i tati ng the movement was i denti fi ed as the water surface wi dth i n  
rel ati on to the dimensions of the sheets that form after the i n i tial 
cracki ng of the cover. Thi s concept l ed to some success i n  general i zing  
forecasts of breakup in iti ation but it was poi nted out that many addi 
ti onal factors remai n to be accounted for. 

limi tati ons 

The precedi ng di scussion focused on phenomena that resul t from the i nter
action among the forces appl i ed on the ice cover by the fl ow ,  the cover • s  
structural integri ty and the boundary constrai nts imposed by channel 
geometry . Therm�l processes may greatly compl i cate the picture because 
they i nterfere wi th the i ntegri ty of the ice i n  l argely unpredi ctabl e 
ways ,  e. g . , formation of hol es and open l eads i n  the ice, reducti on of 
thickness and wi dth by mel ti ng, l oss of strength and candl i ng .  

SEVER ITY OF BREAKUP - ICE JAMS 

Once the i n i tial phase of breakup has been compl eted and the ice cover has 
been set in motion , subsequent devel opments become almost chaoti c .  Movi ng 
i ce sheets impact on channel boundaries or on other sheets and break down 
� nto smal l fragments. Ice jams begi n to form and the water l evel profi l e  
becomes hi ghly i rregular and unsteady as i t  i s  now control l ed by the back
water of the jams . Wi th i ncreasi ng di scharge and thermal deteri oration , 
some of the jams dis l odge, move sl owly or i n  surges and join other jams or 
cause further breakage of secti ons of ice cover that had rema i ned i ntact .  
Consi deri ng the mul ti tude of factors that are at work , the pos si bl e 
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confi gurati ons of ice covered-open water sequences ,  and thence of the 
water l evel profi l e , are almost l i mi tl ess. Despi te i ts di sorderly nature , 
th i s  phase of breakup i s  the most important because i t  i s  associ ated wi th 
the va!"'i ous probl ems caused by ice jams . Consequently, a l arge part of 
th i s  secti on wi l l  be devoted to ice jammi ng. 

I n itiati on of ice jams 

In  nature , the most co���non cause of breakup jams is competent, stati onary 
ice cover that may be encountered by moving ice fragments . Whi 1 e thi s  
occurrence al one i s  often suffi c ient to cause jams , i t  can comb ine wi th 
morphol ogic or man-made features to enhance the l i kel i hood of ja111ni ng , 
e . g . , constri cti ons , bends , shal l ows ,  sl ope reducti ons ,  bri dge pi ers , etc . 

The stabi l i ty of a fl oati ng ice bl ock that has come to rest agai nst a 
transverse obstac le  ( e . g . , i ce cover) has been studi ed extensively . 
Dependi ng on its own characteri sti cs and pressure di stribution on i ts 
wetted boundary ,  the bl ock may or may not submerge under the obstacl e. 
Ashton ' s simpl e theory gi ves good resul ts under most practical s i tuati ons 
( see Ashton 1978 for detai l s  and a review of perti nent studi es ) :  

( 2 )  

i n  which Vc = "cri tical " vel oci ty such that a bl ock of thickness hi 
submerges when the average upstream vel oci ty exceeds Vc ; g . = accel era
tion of gravi ty ; Si = spec ifi c  gravi ty of ice; and Hu = upstream fl ow 
depth . I f  the incomi ng bl ocks do not submerge , a jam compri s i ng a s i ng le  
l ayer of bl ocks wi l l  be i ni tiated. If the bl ocks submerge, a mul t i -
1 ayered jam may form, dependi ng on  the abi l i ty of  the fl ow to transport 
the submergi ng bl ock s under the obstac l e. Usi ng the wel l -known "no- spi l l '' 
�ssumpti on , Pari set et al ( 1966 ) predi cted the th ickness ,  t ,  of thi s  k i nd 
of jam as :  

( 3 )  

i n  which V = average vel oc i ty under the jam. A di fferent theory ,  based on 
energy consi derati ons. was advanced by Tati ncl aux ( 1977) and general ly 
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gi ves l arger t ' s than does Eq .  3 .  I f  the fl ow depth under the obstacl e. i s  

·comparabl e to the s i ze of the submergi ng bl ock s ,  groundi ng may occur but 

l i ttl e el se i s  known about th i s  phenomenon (Math i eu and Mi chel 1967 ) . 

The above resul ts are pri nc i pa l l y  fou nded on l aboratory tests and impl i 

c i tly a s s ume that i ce i s  unbreakabl e.  I n  nature, howeve r ,  vi ol ent i c e 

ru ns a re often seen to arri ve at i ce cover edges where they eventual ly  

come to a hal t after i ntense break i ng and pi l i ng up .  It  i s  unl i kely tha t  

the submergence cri teri on can al one descri be such phenomena a n d  thus  

resea rch is  needed wi th s i mu l ated break abl e covers . 

A j am i ni ti ati on mechani sm that does not requi re the presence of a n  

obstac l e  i s  congesti on .  Th i s  occurs when the channel capaci ty to trans

port i ce fragments is  exceeded by the i ce di scharge ( Frankenstei n and 

Assur, 1 972 ; Cal k i ns and Ashton , 197 5 ; Ta ti ncl aux and Lee , 1978 ) .  

Congestion  i s  not a frequent occurrence duri ng breakup but pl ays an 

i mportant rol e du ri ng freeze up.  

Evol uti on and equ i l i bri um 

o·nce a s tabl e toe ( downs tream end of a j am )  has
· 

formed , the j am l engthens 

upstream but i t  i s  not c l ear at  present how th i ck ness and l en gth vary wi th 

time du ri ng thi s transi ent phase.  Under certai n ci rcumstances a j am can 

atta i n  a s teady state and,  i f  suffi c i ently l on g ,  i t  may have an equi 

l i bri um reach , as sketched i n  Fi g .  5 .  

Transition E ilil)rium Reach Transition 

1--- a <steadY! 

tan • So  

F i g .  5 .  Profi l e  o f  a j am wi th a n  equi l i bri um reach 
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The equi l i bri um reach i s  characteri zed by constant j am th i c k ness and fl ow 

depth so that the sl ope of the water surface i s  equal  to that of the 

channel bed .  Moreover ,  i t  can be shown that the water depth atta i n s a 

max i mum val ue i n  the equ i l i bri um reach .  UndE?!" these condi ti ons , some 

theoreti cal  reason i ng has been pos s i bl e  ( P a ri set et al 1966 ; Uzuner and 

Kennedy 1976 ) .  The j am is consi dered a granul ar ma s s  and the i nternal 

s tresses are cal cul ated in tenns of the appl i ed forces . Pari set et al 

( 1966 ) i denti fied two di fferent cases , i . e .  

( i )  the "na rrow" channel j am i n  wh i ch the i nternal s tresses decrea se i n  

the downstream di recti on and the thi ck nes s i s  governed by hydrodynami c 

constra i nts at the l ea di ng edge ( Eq .  3 ) ;  and 

( i t )  the "wi de " channel j am i n  whi ch the i nternal s tresses i nc rease i n  the 

downs tream di recti on , reachi ng an  asymp toti c va l ue wi th i n  a few ri ver 

wi dths from the l eadi ng edge. The equ i l i bri um th i ck nes s ,  t ,  of the j am i s  

j u s t  su ffi c i ent to wi th stand the appl i ed forces and sati sfies  the equa t i on 

( T .  + w .  )W  = 2 Ci t +  � s .  ( 1 - s1. ) pgt2 
1 1 1 ( 4 )  

i n  wh i ch W = channel wi dth ; T i = fl ow shear s tres s  on
· 

jam unders i de ;  

wi = s treamwi s e  component o f  j am ' s own wei ght per uni t a rea = si pgtS ; 

S = channel sl ope ; Ci = j am cohe s i on ;  � =d i men s i onl ess  coeffi ci ent that 

depends on the i nternal fri cti on of the j am ;  and p = water dens i ty .  

Compari son of Eqs . 3 and 4 has shown that "narrow" j ams shoul d not occur 

i n  any bu t very sma l l s treams ( Bel taos , 1 983 ) . 

There are many di fficul ti es i n  tes ti ng Eq . 4 wi th fiel d data . Often the 

j am th i ck ness cannot be measured owi ng to access and sa fety prob l ems ; 

a s ses sment of Ti usual l y  requi res i ntroduct i on of assumpti ons pertai ni ng 

to the compos i te-re s i s tance fl ow under the. j am ;  and frequentl y fl ow 

di scharge i s  unk nown . Neverthel e s s ,  fi el d measurements ( Pa ri set et a l , 

1966 ; Cal k i ns ,  1 983 ; Bel taos , 1 983 ) seem to support the "Wi de "  j am theory 

and yi el d  cons i stent val ues of about 1 .3 for the coeffi c i ent � ·  For 

b reak up j ams cohes i on seems to have a negl i gi bl e  effect i n  Eq . 4. 

I f  the above menti oned assumpti ons are not made and j am th ickness  mea sure

ments are unavai l abl e ,  as i s  u sual ly the case wi th breakup j ams , the 

theory can be tes ted i ndi rectly i n  tenns of the water depth i n  the 
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equ i l i bri um reac h .  H .  Th i s  depth can be measured by comb i ni ng photographs 

of j am l evel s agai nst i denti fi a b l e  features on the ri ver bank s wi th 

subsequent hydrometri c surveys u nder open-wa ter condi ti ons , e. g . , see 

Bel taos ( 1983 ) .  Moreove r, use of Eq.  4 i n  conjuncti on wi th hydraul i c  

res i stance con s i de rati ons for the fl ow under the jam resul ts i n  a 

d imens i onl ess rel ati ons h i p  that has the form ( Bel taos , 198 3 ) : 

( 5 )  

i n  whi c h f 0 = compos i te fri cti on factor of the fl ow under the jam = 0 .  5 

( fi + fb ) ;  fi • fb = i ce and bed fri cti on factors , respecti vel y ;  

and t • dimen s i onl ess  di scharge : ( q2/gS ) 1 /3/WS wi th q = di scharge i n ten

s i ty .  Equati on 5 negl ects cohes i on ,  as expl a i ned earl i er.  The ma i n  

i ndependent vari abl e i n  Eq.  5 i s  t .  s o  that fiel d data can be pl otted i n  

the form o f  n versus  t a s  shown i n  Fi g .  6 .  The equ i l i bri um j am data 

poi nts defi ne a sati s factory rel ati onsh i p  whi l e  the non-equ i l i bri um ones 

general ly  fal l bel ow thi s  rel ati ons h i p ,  as  expected . Th i s  resul t provi des 

addi ti onal ( though i ndi rec t) support for the theory .  I t  i s  a l so noted 

that the graph of Fi g .  6 and the for!lll l ati on of Eq . 5 are sui tabl e for 

practi cal  appl i cati ons where q, W and S a re usual ly gi ven and H i s  to be 

estimated. The impl i cati ons of Fi g .  6 and an al ternati ve , more detai l ed ,  

method to compute H are di scus sed by Bel taos ( 1983 ) . 

I 
t::'" 

ln:ertain, based on post breakuP evidence --.,. 
• • 

� 'b 
0 

• EOUILIBRI� JAMS 
o NON·EOUILIE!Ril.JM JAA4S 

7 � 20 30 50 70 100 200 300 500 700 1JOO 2000 3000 �=lcfjgSlb/WS 
Fi g.  6 .  Dimensi on l ess depth versus dimen s i on l e s s  

di scharge for breakup j ams 
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Rel ease of ice jams 

How , why and when jams rel ease i s  general ly unknown , but i t  is su spected 
that di scharge, toe condi ti ons and thermal effects pl ay a rol e .  Two 
common modes of rel ease that have been observed by the wri ter are 
descri bed bel ow .  

( i )  Jam hel d by l ong section of i ntact ice cover: i n  thi s  i nstance, the 
i ntact ice cover i s ,  at least, tens of river wi dths l ong. After formati on 
of the jam, open water l eads begi n to devel op i n  the ice cover, downstream 
of and c1 ose to the toe of the jam; occasi onal ly ,  ice bl ock s from the jam 
move i nto these l eads. Shortly before rel ease, the water speed i n  one or 
more l eads i ncreases drasti cal ly ;  more fee moves i n  from the jam and 
enl arges the l ead .as it impacts at i ts downstream end. Often, the front 
of the l ead i s  seen to adva nce even in the absence of ice bl ock s .  Rel ease 
of the jam occurs duri ng thi s time and is preceded by movement of l arge 
amounts of ice bl ock s i n  the l eads . Once a jam begi ns to move , it may 
gai n  enough momentum so as to compl etely "cl ear" t h e  r e a c h  o f  o b s e r 
vati on or i t  may be arrested aga in .  I n  the latter case, new l eads begi n 
to devel op and the jam may keep advanci ng in thi s manner for several days .  

( i i )  Jam hel d by a short section of i ntact ice cover: i n  thi s  case the 
ice sheet hol ding the jam has dimens ions of the order of the river wi dth 
and i s  l odged agai nst the channel boundari es ( e . g . , constricti ons ,  bends ) 
or other obstacl es ( e . g . , bri dge p iers ) .  Whi l e  formati on of l eads may 
al so occur i n  thi s case, the sheets often d i s lodge when i ncreasing stage 
causes them to ri se and "c l ear" the channel boundari es . I n  the case of 
bri dge piers, sheets often break agai nst the p i ers and move downstream 
fol l owed by the jam. 

A sudden jam rel ease and the ensuing ice run i s  one of the most spectacu-
1 ar and vi o 1 ent events that occur duri ng breakup. The stage ri ses very 
rap idly  at downstream l ocations and water vel oci ties far exceed even those 
.attai ned during extreme open-water fl oods ( see Gerard, 1979 for a few 
wi tness accounts ) .  Sometimes the ice run encounters competent ice cover 
where i t  i s  arrested and a new jam begi ns to form. In such i nstances , 
rapi d  ri se of the water l evel s upstream of the toe can aga in  take . pl ace . 

-
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Such dynami c aspects of breakup are obvi ously very important but have 
recei ved l i ttl e attention. Work done to date ( Mercer and Cooper, 1977 ; 
Henderson and Gerard , 198 1 ;  Jol i ffe and Gerard, 1982 ; Bel taos and 
Kri shnappan, 1982) tentati vely suggests that, apart from the fi rst few 
mi nutes of movement, the rel ease can be model l ed by ignori ng the presence 
of ice. However, model l i ng ice jam formati on due to the arrest of a 
surging ice run i s  not possible at present. The mai n di ffi cul ty here i s  
the l ack of knowledge regardi ng condi ti ons at the toe of the jam. 

Forecasti ng 

At a gi ven s i te ,  the severi ty of breakup coul d be quanti fied by the magni 
tude and durati on of hi gh water l evel s and speeds . I n  turn , these are 
rel ated to the magni tude, number and pers i stence of nearby jams. Present 
knowl edge can only hel p i denti fy potenti al jam s ites ; it cannot predict 
whether, where and when jams wi l l  actual ly form and rel ease. Simi l arly ,  
the equi l ibri um "wide "  jam theory has l imi ted practi cal uti l i ty because i t  
can only furn i sh a potential val ue for the maximum breakup stage , Hm 
( see for examp l e ,  Bel taos 1983 ) .  Whether and how cl osely thi s  potential 
wi l l  actual ly be real ized i s  unknown and depends on many factors i n  
a ddi ti on to di scharge , e .g . , stabi l i ty o f  jams that actual ly form and 
proximi ty to the s i te of i nterest; competence of the ice cover and degree 
of thermal deteri orati on ; and poss i bi l i ty of overbank spreadi ng of water 
and ice. Whi l e  there i s  l i ttl e theoretical gui dance in th i s  regard , 
emp i rical evi dence suggests that ice thi ckness ,  width and strength 
i nfl uence the val ue of Hm by l imi ting the di scharge up to whi ch stabl e 
jams can form (Bel taos ,  1984a , 1984b ) .  An exampl e  i s  shown i n  F ig .  7 
where a parti al dependency of Hm on hi i s  i l l u strated. 

Long-term forecasti ng and fl ood ri sk assessments requi re derivati on of the 
peak breakup stage-frequency rel ationship beca

.
use the annual fl ood peak 

often occurs duri ng breakup at rel atively l ow  di scharge. Use of hi stori cal 
!iata greatly faci l i tates thi s task ( Gerard and Karpuk , 1979 ; Bel taos , 
l984a ) .  Where hi stori cal i nformation i s  unava i l ab le ,  a l imi ted degree of 
gui dance can be obtai ned from the equf 1 i  bri um jam theory . No effort has 
been made yet to devel op correl ations anal ogous to those obtai ned by 
regi onal analysi s on open-water fl oods ; thi s woul d enabl e transposi tion of 
data from s i tes wi th histori cal records to those wi thout. 
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� Fi g .  7 .  Effect of ice thi ck
ness on  maximum breakup 
stage. Thames R. at Thame�
vi l l e .  Ontari o. ( Hm = 
water surface el evati on above 
an arbi trary datum. Data 
poi nts wi th strokes i ndi cate 
that ice thi ckness was esti 
mated - error up to 30% ) . 

An extensive revi ew of control measures to al l evi ate breakup effects i s  
g iven by Bol senga ( 1968 ) . I n  general . control methods can be subdivided 
i nto ice modi fi cati on and ri ver modi fi cati on . as outl i ned bel ow .  

Ice modif icati on 

- Dusti ng: materi al of low  al bedo i s  spread on the ice surface to promote 
heat transfer. The effecti veness of dusti ng depends on weather condi 
ti ons . 

- Thermal regime modi ficati on: the water temperature i s  al tered to prevent 
formation of or weaken the ice cover at cri tical areas .  

- I ce break i n g :  i ce breakers or other vessel s are used to break the ice 
downstream of ice jams or at criti cal arE as pri or to breakup . Some
times .  di fferent equi pment i s  used to cut open l eads i n  t�e cover before 
breakup. Ice breaki ng fs usual ly effecti ve but costly .  

- Expl osives : bl asti ng and even bombing have been empl oyed in the past to 
remove ice jams but thei r effecti veness i s  uncertai n .  
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Th i s  i nvol ves permanent measures resul ti ng i n  al terati ons of the fl ow 
pattern and regime of the ri ver, i . e. : 

- channel i zati on, e . g . , el imi nati on of morphol ogical feature s conduc ive to 
jammi ng .  
erection of ice retention or d i versi on structures, e . g . , ice booms , 
. dykes and dams . 

Because of the rel ati ve underdevel opment of the state of the art on 
breakup, the des i gn of control measures depends largely on experi ence. 
Where feas ibl e ,  fi el d observati ons over one or more seasons are consi dered 
hi ghly advi sabl e. 

PHYS ICAL MODELL ING 

In many hydrotechni cal appl i cati ons rel ated to breakup, a deta i l ed under
standi ng of the processes i nvol ved i s  requ i red al ong wi th thei r impact on 
proposed structures and vi ce-versa .  As has al ready been shown, . Present 
capabi l i ti es for mathematical predi ction are very l imi ted and resort to 
physi cal model l i ng i s  often the only sati sfactory al ternati ve. The ma i n  
di fficul ty i n  ptysi cal model l i ng i s  proper scal i ng down of i ce properties 

· whi ch precl udes the use of freshwater i ce .  Kotras et al ( 1977 } and · Michel 
( 1 978 ) presented comprehensive di scuss ions of scal i ng requi rements and 
procedures .  For appl icati ons at  room temperature, commonly used materi al s 
are syntheti c wax - or pl aster of pari s - based. Where col d room faci l i 
t ies are ava i l abl e, sal i ne i ce and doped ice can be used (Timco, 1981 ; 
Hi rayama , 1983 } .  Most of the physi cal model l i ng performed to date 
pertains to the i nteracti on of ice wi th structures and shi ps .  Appl ic a
t ions to ri ver ice breakup are few (e . g . , see Mi chel et al . 1973 ;  Mi chel 
and Abdel nour. 1976) and quanti tati ve extrapol ations of model resul ts to 
prototype condit ions shoul d not be made wi thout veri ficati on . 

SUMMARY 

Ice breakup i s  an important event i n  the regime of northern ri vers and has 
serious repercuss ions to many aspects of hydrotechni cal engi neeri ng such 
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as fl oodi ng . forces on ri ver structures . erosion .  hydropower producti on 
and envi ronmental impact assessments. 

Breakup is tri ggered by mi 1 d weather vi a i ncreased runoff and heat i nput 
to the ice cover. Forecasti ng the onset of breakup has l argely been an 
empir ical endeavour that rel i es heavi ly on hi storical data. Recent work 
has produced parti al insi ght for common occurrences duri ng the early 
stages of breakup, i . e . , upl i ft pressures and formati on of hi nge crack s ;  
1 i fting and detachment o f  the ice cover; formati on of transverse crack s 
and breakdown of the cover i nto 1 arge sheets ; i ncreased water stage and 
movement of ice sheets ; subsequent breakdown i nto sma 1 1  er fragments by 
i mpacts. However, th i s  sequence i s  not necessari ly a un ique one and more 
observati onal evi dence i s  needed to el uci date other mechani sms that coul d 
i ni ti ate break up. 

After i n i ti ati on, the devel opment of breakup becomes almost chaoti c owi ng 
to the ITlJlt i tude and unpredi ctabi 1 i ty of the factors that are at work . 
Yet, thi s phase of breakup i s  the most i mportant i n  hydrotechnical 
engi neeri ng because of the attendant ice jams and ice runs .  The present 
knowl edge of ice jam i ni t i ati on and evol uti on i s  meagre: i t  can hel p 
i denti fy potenti a 1 i ce jam si tes but cannot predict whether .  where and 
when jams wi l l  actua l ly form and rel ease. Lack of understanding wi th 
regard to the effects of ice breakabi l i ty i s  consi dered a major gap .  Only 
if it i s  assumed that a jam has formed, attai ned equ i l i bri1.111 and ful ly 
affects the s i te of i nterest can i ts stage and thick ness be estimated , 
usi ng the granul ar mass theory .  In nature , however, the condi tions 
assumed by the theory are not always ful fi l l ed and thus only potenti al 
h igh water stages can be estimated. Actual breakup stages depend, i n  
addi t ion to the factors consi dered by the theory , on channel geometry and 
competence of the ice cover. In view of the magni tude of the compl exi ti es  
i nvol ved, physi cal model l i ng i s  an  attract i ve al ternati ve to mathematical 
mode 1 i ng but has not yet achi eved the same degree of advancement as 
model l i ng o·� open-water phenomena . 
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Shoreline Erosion and Restabil ization 
in the Southern Indian Lake Reservoir1 

R. W. Newbury and G. K. McCu l lough 
Department of Fishertes and Oceans. Freshwater Institute, 501 University Crescent, Winnipeg, Man. RJT 2N6 

Newbury, R. W., and G. K. McCullough. 1984. Shoreline erosion and restabilization in the Southern Indian 
Lake reservoir. Can. ). Fish. Aquat. Sci. 41 : 558-566. 

Prior to a 3-m impoundment in 1976, bedrock comprised 76% of the shoreline of Southern Indian lake in 
northern Manitoba. This was reduced to only 14% of the shoreline as the water level rose above the wave
washed zone and flooded into the predominantly fi ne-grained, frozen overburden materials. Twenty 
monitoring sites were surveyed annually to determine rates of permafrost melting and solifluction and 
shoreline erosion. The sequence of shoreJine erosion in permafrost materials was found to be cyclic, 
consisting of melting and undercutting of the backshore zone, massive faulting of the overhanging 
shoreline, and removal of the melting and fractured debris. Rates of shoreline erosion varied widely, 
depending on the exposure of the site to wave action and the composition of the backshore materials. At 
sites in fine-grained frozen silts and clays, representative of over three quarters of the postimpoundment 
shoreline, rates of retreat of up to 12 m·yr-1 were observed. The total volume of shoreline materials 
removed varied from less than 1 to over 23 m3·m shoreline length -1·yr-1• Clearing of the forested back· 
shore prior to flooding did not affect the erosion rates. The index of erosion based on the hi ndcast wave 
energy component perpendicular to the shoreline was 0.00035 m3·t·m wave energy-1 (0.036 m3·MJ-1). 
The minimum period of restabilization of the shoreline based on the volume of backshore materials that 
must be eroded before bedrock conditions are reestablished was estimated to be 35 yr for three quarters of 
the shoreline surrounding the lake. 

Avant Ia retenue et I' elevation de 3 m  du niveau de l'eau en 1976, 76 % de Ia ligne de rivage du lac Sud des 
lndiens, dans le nord du Manitoba, etaient constitues par Ia couche rocheuse. Ce pou rcentage a diminue 
a seulement 14 % a mesure que le niveau de l'eau s'eleva au-dessus de Ia zone balayee par les vagues et 
inonda Ia region formee de materiaux de surcharge congeles. Vingt sites de surveillance ont ete couverts 
annuellement en vue de determiner les taux de fonte et de solifluxion du pergel isol, et d'erosion de Ia 
ligne de rivage. On a constate que Ia succession de cette erosion dans les materiaux du pergelisol etait de 
nature cyclique, comprenant Ia fonte et le sappement de Ia zone d'arriere-rivage, le faillage massif de Ia 
ligne de rivage en surplomb et l'enlevement des debris degeles et fractures. les taux d'erosion de Ia ligne 
de rivage accusent de fortes variations, seton le degre d'exposition du site a l'action des vagues et Ia 
composition des materiaux de l'arriere-rivage. Aux sites d'argiles et de vases a grains fins congeh!s, repre· 
sentant plus des trois quarts de Ia ligne de rivage d'apres retenue des eaux, on a observe des taux de 
retrait allant jusqu'a 1 2 m par an nee. le volume total de materiaux enleves de Ia ligne de rivage a varie de 
moins de 1 m3 a plus de 23 m3 par metre de longueur de rivage par annee. le deboisement de l'arriere
rivage avant l'inondation n'a pas influence les taux d'erosion. l'indice d'erosion fonde sur Ia composante 
energetique des vagues perpendiculaires a Ia ligne de rivage, obtenu par modele prevision net a rebours, 
etait de 0,00035 m3·m·t d'energie des vagues-1 (0,036 m3·Mr1). La periode de restabilisation minimale de Ia 
ligne de rivage, fondee sur le volume de materiaux de l'arriere-rivage qui doit etre erode pour que les 
conditions de Ia couche dure scient retablies, a ete estimee a 35 ans pour les trois quarts de Ia ligne de 
rivage entourant le lac. 
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T be mean water level of Southern Indian Lake (latitude 
S7"N, longitude WW) was raised 3 m  in 1976 to 
facilitate the southward diversion of the Churchill River 
to hydroelectric generating stations located on the lower 

Nelson River in northern Manitoba, Canada. The results of a 
field study of the rates of shoreline erosion in the permafrost 
materials at selected sites surrounding the lake have been 
reported previously (Newbury et al. 1978; Newbury and 
McCullough 1983). In this paper, the observed rates have been 

projected over the entire lake shoreline to obtain an estimate of 
the total weight of mineral materials added to the lake annually 
and to predict the total period of shoreline instability. _ 

The rate of shoreline erosion in open water bodies is r • 

dependent on the onshore wave energy, the resistance of the . .  : 
shoreline materials to the drag forces exerted by the waves and 
return flows, and the configuration of the shoreline and offshore 

· 

zone. On most natural shorelines, erosion rates are low due to 
the development of an offshore bar and shallow foreshore shelf •. 

that acts as a barrier to incoming waves (Bruun 1962; Kondrat- · 

jev 1966; Penner and Swedlo 1975). On many of the erosion
resistant bedrock shorelines of lakes in the Precambrian Shield. 

1This paper is one of a series on the effects of the Southern lndian 
Lake impoundment and Churchill River diversion. 
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I FtG. I .  Shoreline erosion monitoring sites on Southern Indian Lake. 

wave erosion has removed overlying deposits , leaving a stable •bedrock contact at the water's edge. In a newly created 
reservoir, or in an impounded lake where the water level extends 
inland beyond th.e established shoreline zone, erosion of 
overlying unconsolidated deposits can occur rapidly, as there is 

I no barrier or eroded shelf to dissipate the energy of incoming 
waves. The shoreline changes from its initial preimpoundment 
configuration to a wave-cut bank with growing offshore 
deposits. The erosion continues until an equilibrium profile is I reestablished or the overburden is removed and the underlying 
bedrock is exposed. The length of time required to establish the 
long-term stable form depends on the erosion rate and the •characteristics of the eroding materials.  

Observations in several reservoirs in the central USSR 
suggest that an erosion index (k,) or "washout coefficient" can 
be derived for different backshore materials expressed as the 1 volume eroded per unit of onshore wave energy. For silty-clays 
similar to those of the Southern Indian Lake region, Kachugin 

1966) suggested an erosion index of 0.0005 m2 • C 1 of wave •energy, which is equivalent to 0.05 1 m3 • MJ - 1 .  This figure was 
derived from observations gathered in new reservoirs south of 
the permafrost region . The previously reported (Newbury et al. 

I Can. J. Fish. AqiUJl. Sci . ,  Vol. 41. 1984 

1 978) initial erosion index for shorelines at Southern Indian 
Lake in similar but permanently frozen materials was 0.00063 
m2 • C 1 • The longer term index comparable with Kachugin · s 
( 1966) estimate was 0.00035 m2 · t - 1  or 0.036 m3 • MJ - 1 • 

Methods 
Prior to impoundment, 38 cross-sections of the backshore, 

beach, and foreshore zones were surveyed using a theodolite, 
tape, stadia rod, and acoustic sounder at 20 erosion monitoring 
sites surrounding the lake (Fig. 1 ) .  The sites were selected to 
represent a variety of erodible backshore materials with both 
high and low exposure to the main body of the lake. In 1 974, 
1 975 , and 1 976, wind records were obtained using a type 45 8 
recorder on a 1 0-m tower at Missi Falls on the northeast shore of 
the lake (Atmospheric· Environment Service, Environment 
Canada, unpubl. data).  In 1 975 , a type 458 and a type U2A 
wind recorder were installed at the Department of Fisheries and 
Oceans camp near the village of South lndi.an Lake . After 1976, 
the Missi Falls tower was dismantled and only the South Indian 
records were available for wave hindcasting. 

Beginning in 1 976, the 1 st yr of impoundment, annual 
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erosion surveys were conducted at each location. Topographic 
surveys and offshore soundings to a depth of 4 m at the 
preselected sites were plotted on the original cross-sections to 
obtain the annual vv!wne of erosion and sedimentation. 
Low-level aerial photography was used to detennine the 
average rate of shoreline retreat between each cross-section. 
Backshore and beach soil profiles were surveyed by cuning 
through the overlying mass layers to expose the overburden 
surface. Representative overburden samples from each site 
were analyzed for sand, silt, and clay content by standard sieve 
and settling-pipette techniques (McKeague 1976). Ice content 
in frozen materials was determined by weighing bulk samples 
before and after thawing and drying. Depth to permafrost was 
determined by hand-augering in late August or September. 
Offshore deposits were sampled with· an Ekman dredge and a 
7 .S em x 3 m coring tube. 

Wind data recorded over land for the periods between surveys 
were adjusted to overwarer speeds in accordaoc:e with Richards 
and Philips ( 1970). 1be duration of winds was compiled in six 
speed classes from 0-8 to 41-48 km · h- 1 in 8-4SO directional 
sectors. Onshore erosive wave energies were determined for 
each speed class, directional sector, and duration acting upon a 
particular monitoring site in accordance with the modified 
Sverdrup-Munk method of hindcasting the significant wave 
height, H s· For the convenient use of the USCE ( 1 966) wave 
hindcasting charts , wind and wave data were compiled in f.p.s. 
units, producing wave energy estimates expressed as foot
pound per unit length of sho:-e!inc. For comparison with the 
erosion indices observed in USSR reservoirs by Kachugin 
( 1 966), the wave energy was converted to metric units: 
toMe-metres per unit length of shoreline. In this paper, the 
erosion index is also given in Sl units as megajoules per unit 
length of shoreline. Estimates of the portion of the wave energy 
expended on a unit length of shoreline by approaching deep
water waves generated in the adjacent lake basin were based on 
the USCE ( 1 966) approximate wave energy relationships for a 
unit length of wave crest, corrected for the angle of approach of 
the wave train in each directional sector: 

pgH,2L 2 I E, = -
1
-
6 

- cos 9(ttn 
where IE, = perpendicular component of wave energy 
reaching the shore from each wind direction sector and speed 
class between erosion surveys (foot-pounds), H, = equivalent 
wave height (0. 7 1 Hs), a representative single wave having an 
energy equal to the sum of the energies of all waves in the 
spectrum hiodcast for the average velocity in each wind speed 
class, directional sector, offshore depth , and offshore fetch 
(feet), L = wavelength (feet), 9 = angle between the midpoint 
of each wind directional sector acting on the shoreline and a line 
perpendicular to the shoreline segment (degrees), t = total 
duration of winds in each speed class and directional sector 
between erosion surveys (seconds), T = wave period (seconds), 
p = density of water (slugs per cubic foot), and g = 
acceleration of gravity (feet per square second). 

The net volume eroded between surveys was divided into the 
incident wave energy to obtain a gross erosion index for each 
site, K, (square metres per tonne), which expresses the erosion 
(cubic metres) per unit of wave energy (tonne-metres) (alterna
tively, cubic metres per megajoule in Sl units). A mineral 
erosion index was determined by subtracting the peat, water, 
and ice content from the volume eroded between surveys. 

1be total volume of eroded materials that was contributed to 

each major basin of the lake was estimated for the years 
1976-78. Eroding, noneroding, and newly exposed bedrock 
shorelines were located in a reconnaissance of the entire 
shoreline made by air and boat in 1978. Shoreline materials had 
been mapped before impoundment (Water Resources Branch 
1974). The volume of shoreline materials contributed from 
eroding reaches was estimated using the onshore wave energy 
and mineral erosion index calculated from the rates observed at 
the monitoring sites. 

Results and Discussion 
Representative textures and ice contents of shoreline deposits 

at each monitoring site are given in Table I .  The in situ deposits 
at site 1 are shown in Fig. 2. The average depth to pennafrost at 
tbe eodofthe summer season varied from O.S m in thick peats to 
1 .4 m in clay-till deposits with less than 5 em of organic ground 
cover. Permafrost was not encountered in sand and gravel 
deposits. 

Erosion and Deposition Processes 

An example of surveyed profiles showing annual erosion and 
nearshore deposition of frozen lacustrine clay at a relatively 
high wave energy site is shown in Fig. 3. The erosion of frozen 
fine-grained materials on shorelines surrounding the larger 
basins of the lake was observed to proceed in a repeated 
sequence of melting, slumping, and removal. As the ice pockets 
and lenses melt, the bank materials become oversaturated with 
water and fonn a slurry-like mixture. The partially thawed 
materials flow out to form a silty-day beach strewn with 

TABLE 1 .  Texrural and ice content analyses of mineral 
materials at selected shoreline sites. NO, not detennined; 
NP. not present. 

Texrural analysis of 
parent materials (%) 

Ice content 
Site Sand Silt Clay (% of dry weight) 

I I IS 84 43 
2 0 16  84 NO 
3 I 34 6S NO 
4 0 IS 8S 64 
s I 26 73 NO 
6 I 34 6S 64 
7 0 49 S l  NO 
8 19 16 6S NO 
9 I 17 82 NO 

10 3S 46 19 NO 
I I  10 4S 4S 47 

12  I 19 80 NO 
1 3  8 39 S3 S6 
14" 2 36 62 92 
1S 98 0 2 NP 
16" 9. :.i3 S8 NO 
17" 4 37 S9 43 
18b NO NO NO NP 
19 I 34 6S NO 
20 NO NO NO NO 

•samples analyzed were of backshore lacustrine de· 
posits. To date. erosion at these sites has been predomin· 
antly of fonner sandy beach materials. 

bPredominantly fine to coarse sand with some silty 
beds. 

-

. r -
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I Fto. 2. Erosion i,n frozen lacusttine clay at sire 1 .  
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WIG· 3. Consecutive annual shoreline profiles indicating the rare of erosion at a high wave energy sire in frozen lacustrine clay. site 1 .  Note that rme nearshore deposition is occurring. 

Eattered frozen blocks. In regions of high wave energy the 
ewly thawed shoreline materials are completely removed 
uring st.orms. Where the backshore is covered by an insulating 

blanket of peat, melting occurs below and slightly above the �ater surface. In some cases, caverns or melt niches are formed 
at are up to I m in height and extending 3 m into and under the 

rozen backshore materials (Fig. 4). Depending on the thickness 
of the overlying materials, the cav,:m will deepen until the a,rojecting block of shoreline materials splits away from the lnain land mass and falls onto the foreshore (Fig. 5). The blanket 
of moss and roots overlying the block often remains intact as 

E'ppage occurs in the active layer. The former ground cover 
pes over the backshore zone and is slowly broken up and 

arried offshore during subsequent storm periods. The form of 
the slumping and eroding shorelines does not change substan-�. ally as the backshore moves inland. If bedrock is encounten· i 
t the eroding face, erosion at the water level ceases. In the 
ave-washed zone overlying the bedrock. erosion continues 

until a bedrock backshore zone is exposed up to the maximum tave uprush elevation. 
Observations of the flooded foreshore zone surrounding the 

lake, made by sounding, coring, and diving, indicate that a large 

Ertion of the eroded materials are deposited within 300 m of the 
orelin.�. This evidence is supported by sediment budgets 

ased on samples of the water column taken throughout the ,an. J. Fish. Aquat. Sci . . Vol. 41, 1984 

lake, which indicate that only a few percent of the eroded 
materials are carried into the main water mass in suspension 
(Hecky and McCullough 1984). Deposition of the fine-grained 
materials often occurs before they are completely broken down 
into silt and clay sizes. Beginning at the beach as frozen blocks 
up to 0.5 m in diameter, the aggregates of fine-grained materials 
are reduced in size as they are abraded and transported farther 
offshore (Fig. 6). At site I ,  for example, clay aggregates up to 
6 mm in diameter were found 20 m offshore at a depth of2 m. At 
60 m offshore and 3 m  depth, the aggregates were less than 
0.5 mm in diameter. At 180 m offshore and 4:8 m depth, the 
maximum diameter of the freshly deposited materials was 
0. 1 mm. A sediment core at 20 m offshore indicated that 0.5 m 
of deposition had occurred on the previously bare bedrock 
surface in the first 5 yr of impoundment. Five 5- to I 0-mm-thick 
bands of grey clay contained in the core were separated by 
thicker ,layers of dark brown agglomerates, suggesting that the 
depositional sequence corresponded to the five winters of 
under-ice deposition and six summers of open-water deposition 
that had occurred since the impoundment. 

Erosion and deposition processes observed at two monitoring 
sites ( 1 5  and 1 8) in coarse-grained unfrozen deposits of sands 
and gravels agreed with those reported by Bruun ( 1 962) for 
similar unfrozen materials. The rates of erosion were of the 
same magnitude as those of the fine-grained materials. The 
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fiG. 4. Melt niche under bank with 6-m boat. 

-- - ::.--:-

fiG. S. Collapsed frozen block of backshore materials. 

rapid deposition of an offshore bar at site 1 8  suggests that 
ultimately a shoal will be formed on which incoming wave 
energy will be dissipated, allowing the shoreline to stabilize. 

Erosion Rates 

In Table 2 the total volume of annual erosion and the ratio of 
volume eroded to incident wave energy at each of the 20 
monitoring sites surrounding the lake are compiled for 4 yr of 
impoundment. Where bedrock was not encountered, the mean 
of erosion indices for the perennially frozen shorelines was 
generally one half of that reported by Kachugin ( 1966) for 
similar materials in the unfrozen state. Although this suggests 
that permafrost conditions may retard erosion, there are no data 
supplied with the USSR observations, and the magnitude of the 

562 

erosion index (or "washout coefficient") may have been based 
on different wave hindcasting techniques. 

There was a wider range of ratios of volume eroded to wave 
energy observed in the lst yr of impoundment than in the 
following 3 yr. At sheltered sites exposed to low wave energies, 
several open-water seasons were required to destroy_ pore 
protective moss and root cover at the impounded water's edge. 
At more exposed sites, large volumes of peat were easily 
removed from the flooded foreshore, producing high ratios in 
the lst yr. Because of variability of early years. K, values were 
calculated using 1978-80 erosion data only. Also excluded 
from the general K, determinations were erosion values at siti:S 
after bedrock had been encountered at the eroding face (sites 6. 
8, 10, and 1 1) .  Based on the 16 shoreline sites that extend over 
the range of materials and fetches encountered on Southern 
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6. Laminated clay exposed on the foresho e at a low lake level is shown in tb.e upper phott .., aph. The blocky structu e evident in ·the dark 
bands ab ades to pebble-shaped agg egates shown in the lower photog aph. (The field book is 1 75 mrn x 1 1 5 rnrn; the glass of th� hand lens 

.., 17 rnrn in diameter). 
· 

• Lake, the K. value for the higher erosion sites was found 
squares analysis to be 0.00035 m2 • t - •  (r = 0. 7 1 ,  n = 

4L) (Fig. 7). The 95% confidence interval for the slope of the 
regression relationship was 0.00028-0.00043 m2 ·t- 1 (Neter 

1d Wasserman 1974). The volume of dry mineral material 
oded was calculated using an estimated average water content 
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of the perennially frozen silty-clays of 58% dry weight and 
assuming a bulk dry density of 2600 kg · m -3 (Table 3). The 
relationship between eroded mineral volume and incident wave 
energy indicated a mineral erosion index (K •m) of approxi
mately 0.000 1 2  m2 · t - 1 (r2 = 0.69, n = 39) (Fig. 8) with a 95% 
confidence interval of 0.00009-0.000 14 m2 ·t- • .  The volume 
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ToW volume of sbon:lioe marerials eroded vs. wave energy 
relationship with 9S% confideuce band limits, for the 3rd, 4th. and 
Sth yr of impoundment ( 1978-80) on Southern Indian Lake. 

TABLE 2. Total volumes of material eroded annually from monitored 
shoreline sites on Southern Indian Lake (m3 · m  shoreline-1) .  The ratio 
of volume eroded to :::U::ulated wave energy is shown in parentheses 
for each period ( x loJ m2 · C 1). Values for sites 1 3  and 16. 1979, are 
cumulative for 1978 and 1 979 erosion years. NS. not surveyed. 

Site 1977 1978 1979 1980 

I 23.4 (0.77) 1S.7  (0.48) 10. 1 (0.61)  IS.3 (0.66) 
2 1 . 8  (0. 1 8) 1 .7 (0. 16) 1 . 3  (0.27) 0.8 (0. 12) 
3 8.9 (0.3S) 1.S (0.29) 3.0 (0.24) 8 .4 (O.SO) 
4 7.0 (0.67) 4.3 (0.34) 1 .3 (O. l S) 2.9 (0.3S) 
s 0.9 (0. 7 1 )  0.6 (0.38) 0.9 (0.74) O.S (0.S6) 
6 2 1 .0 ( 1 .32) 14.4 (0.90) 1 .6 (0. 14) 4.S (0.28) 
7 9.4 (0.48) 4.4 (0. 1 9) 0.9 (0.04) S. l (0.26) 
8 1 .9 (0.84) 0.6 (0.26) 0.2 (0. 1 3) 0.4 (0. 17) 
9 0.0 (0.00) 1 . 2  (0. 1 9) l .S (0.38) 3. 1 ( 1 .70) 

10 0.0 (0.00) 0.2 (0.06) 0. 1 (0.07) o.s (0. 2 1 )  
1 1  1 7.4 (0.54) 4.3 (0. 1 1 ) 0.7 (0.03) NS 
1 2  4 . 8  (0.98) 2. 1 (0.33) 2.6 (O. S l )  NS 
1 3  1 .4 (0.35) NS 2.0 (0. 1 4) NS 
14 2.0 (0.34) 3.S (0.47) 1 .4 (0.27) 3.S (0.66) 
IS 0.0 (0.00) 0. 1 (0.S6) 0.2 ( 1 .32) 0. 1 (O.S l )  
1 6  8 . 6  (0.94) NS 14.6 (0.32) NS 
1 7  2 . 2  ( 1 .3S) 2.7 (O.SS) 4.2 (0.42) NS 
18 1 .0 (0. 1 6) l .S (0. 1 6) 6.3 (0.40) 4.3 (0.44) 
19 2. 1 (0.32) 0. 1 (0.03) 0. 1 (O.OS) 0.2 (0.08) 
20 1 .3 (0.29) 0.4 (0. 14) 0.3 (0.22) 0.4 (0.20) 

of the organic layer eroded at each site (excluding site 1 8) was 
also correlated with incident wave energy to obtain an organic 
erosion index of 0.00006 m2 · C 1  (r = 0.50, n = 39) with a 
95% coL '!dence int. rval of -:0.00006-0.0001 9 m2 · C 1 •  The 
low coefficient of determination and wide confidence interval 
for the organic erosion index is due to the difference in thickness 
of the peat layer between sites. 

There is a greater variation in erosion rates when individual 
cross-sections are compared rather than average monitoring site 
values. The standard error of estimate for the prediction of the 
eroded volume at a single cross-section is 2.3  m3 · m  shore
line- ' ,  giving a 95% confidence interval of ±4.6 m3 · m- • 
(Moroney 1974). The wide confidence interval reflects the high 
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FIG. 8. Volume of mineral materials eroded vs. wave energy with 
9S% confidence band limits for the 3rd, 4th. and Sth yr of impoundment 
( 1978-80) on Southern Indian Lake. 

variability in shoreline erosion measured at each cross-section. 
The variability at a typical monitoring site (3) is illustrated in 
Fig. 9, where two preimpoundment headlands have been 
rapidly removed by erosion. The high variability of erosion 
rates between individual cross-sections suggests that the predic
tion of eroded volumes using the wave energy index can be 
applied successfully only to estimate average rates over a reach 
of shoreline that is sufficiently long to include cusps and 
headlands as minor features. 

Total Annual Erosion 

In Table 4, estimates of the total dry weight of mineral 
materials eroded in the years 1 976, 1977, and 1978 are 

TABLE 3. Volumes of mineral material 
eroded ann.ually from monitored shoreline 
sites on Southern Indian Lake (m3 • m shore
line-1). Volumes for sites 1 3 and 16, 1979. 
are cumulative for 1978 and 1979 erosion 
years. Sites IS and 1 8  are without perma
frost and are not corrected for water content. 
NS, not surveyed. 

Site 1978 1979 1980 

1 5.4 3.0 5.5 
2 o.s 0.5 0.2 
3 2.7 1 . 1  2.7 
4 1 . 1  0.5 0.8 
s 0.2 0.4 0. 1 
7 l .S 0.3 1 .9 
9 0.3 0.2 0.7 

12 0.3 0.7 NS 
13 NS 0.8 NS 
14 1 . 1  0.5 1 . 2 
15 0.0 0.2 0. 1 
16 NS 4.3 NS 
17 O.<i 1 . 8  NS 
18 1 . 5 6.2 4.2 
19 0.0 0.0 0.0 
20 0. 1 0. 1 0. 1 

i' -

. .  
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FtG. 9. Local variability in the rate of erosion is illust.rated in this aerial photograph at site 3. The photograph was taken in September 1 977, I yr after impoundment . The preimpoundment 
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TABLE 4. Estimated loW dry weight of mineral 
nwerials eroded from the shorelines of the major 
basins of Southern Indian Lake for the period 
1976-78 ( 1o' ltg). 

Region 

0 
I 

2 
3 
4 
5 
6 

Whole lalte 

1976 

122 
528 
238 
478 

1594 
207 
190 

3357 

1977 

177 
672 
3 1 1  
668 

2099 
275 
273 

4475 

1 978 

166 
615 
290 
608 

1916 
229 
247 

4071 

summarized for each basin of the lake. The estimates are based 
on bindcast wave energies derived from wind records and 
331 generalized shoreline reaches surrounding the lake. The 
average length of reach was 6.4 km. Mineral erosion in
dices of 0.000043 m2 • C 1 in 1976 during impoundment and 
0.00012 m2·C 1  in 19n and 1978 at the full impoundment level 
were assumed. The total erosion estimates were not extended 
beyond 1978, as that was the last year in which a survey was 
undertaken to determine the portions of the total shoreline in 
overburden and bedrock materials. 

Period of Shoreline Restabilization 

Estimating the period required to restore the reservoir 
shorelines to their preimpoundment condition is a perplexing 
problem. A study of smaller reservoirs in the region developed 
for local mines and hydroelectric projects found that standing 
and fallen trees in the foreshore zone remained in place for 
periods of at least 40 yr, the age of the oldest reservoir surveyed 
(R. W. Newbury, G. K. McCullough, S. McLeod, and R. V .  
Oleson, University of  Manitoba, Winnipeg, Man.,  unpubl. 
data). 

In the first S yr of impoundment on Southern Indian Lake, 
restabilization bas occurred only on shorelines where bedrock 
underlying the backshore zone was exposed at the water's edge 
by solifluction and erosion. Where bedrock was not encoun
tered, there bas been no change in the melting, slumping, and 
eroding sequence of shoreline migration. The annual erosion 
indices at monitoring sites in fine-grained materials have shown 
no diminishing trend following the 1st yr of impoundment. The 
clearing of shorelines up to the impoundment level did not affect 
erosion rates. 

The period of recovery for most of the permafrost shorelines 
depends on when bedrock is encountered by the retreating 
erosion face. Thus, the position of the bedrock surface at the 
water level underlying the backshore zone must be established 
to discover the total volume of material to be removed before an 
estimate of the period of restabilization can be determined. 
Exploratory drilling of the backshore zone surrounding the lake 
is a prohibitively large project. Contemporary seismic tech
niques for indirectly determining the depth of the bedrock were 
found to be inaccurate in fine-grained, dense permafrost 
materials. 

Without further bedrock information, only a general estimate 
of the minimum period of shoreline restabilizarion can be made. 
if the monitoring sites scattered throughout the lake are 
considered to be a representative sample of all shoreline 
conditions. Eighteen of the monitoring sites occur in fine
grained materials that are representative of three quarters 
(2841 km) of the postimpoundment shoreline. Ln the initial 4 yr 
of impoundment, four high wave energy sites have encountered 
bedrock in the retreating backshore. Assuming that the rate of 
bedrock encounters is representative of the early years of 
restabilization and that the rate will decay geometrically as 
bedrock is exposed at more protected sites . 41 18 of the 
remaining eroding shoreline will strike bedrock every 4 yr until 
the preimpoundment condition is restored. 

Prior to impoundment, 76% of the shoreline was bedrock 
controlled. Following impoundment, bedrock was exposed on 
only 14% of the shoreline. At the recovery rate of the sample 
shorelines, it would take at least 35 yr to restore 90% of the 
fine-grained shorelines to their preimpoundment condition. The 
minimum period of recovery for shorelines in nonpermafrost 
granular deposits (4% of the flooded shoreline length) is 
approximately 20 yr, based on the erosion rates observed at site 
18 and the volume of deposition required to form a protective 
offshore shoal similar to that proposed by Bruun ( 1962). It is 
apparent that the instability of the Southern Indian Lake 
shoreline environment and the high rates of sediment input to 
the lake waters will continue for several decades. 

References 
BRUUN, P. 1962. Sea level rise as a cause of shore erosion. J. Watcrwavs 

Harbors Div. Proc. Am. Soc. Civ. Eng. 88: 1 1 7- 1 30. 
· 

HEcxY, R. E . . AND G. K. McCULLOUGH, 1984. Effect of impoundment and 
diversion on the sediment budget and ncaJShore sedimentation of Sou !hem 
IDdian Lake. Can. J. Fish. Aquat. Sci. 4 1 :  567-578. 

KAcHUGIN, E. G. 1966. Tbc destructive action of waves on !he wa1er reservoir 
blllks. lASH Symp. Garda 1: 5 1 1 - 5 1 7. 

KONDRATJEV, N. E. 1966. Bank formation of newly established reservoirs. 
lASH Symp. Garda 2: 804-8 1 1 .  

McKEAGUE, J .  A .  [ED.) 1976. Manual on soil sampling and methods of aaalysis. 2Dd ed. Soil Research Institute, AgricullUI'C Canada. Onawa, 
Ont. 212 p. 

MoRONEY, M. J. 1974. Facts from figures. Penguin Books Lid . . Hannonds· 
wonh, Engla:nd. 472 p. 

NETE.a, J.,  AND W. WASSERMAN. 1974. Applied linear Statistical model.s. 
Richard D. l.rwin, Inc . . Homewood. IL. 842 p. 

NEWBURY, R. W., K. G. BEATY, AND G. K. McCULLOUGH. 1978. Initial 
shoreline erosion in a permafrost affected reservoir. Soulhcm Indian lake. 
Canada. p. 833-839. Proc. HI Int. Cont. on Pennafrost. 

NEWBURY, R. W., AND G. K. McCULLOUGH. 1983. Shoreline erosion and 
rcstabilization ir a permafrost-affected impoundment. p. 91 8-923. Proc. 
IV Int. Conf. on Permafrost 

PENNE.a, F., AND A. SWEDLO. 1975. lake Winnipeg shoreline erosion. sand 
movement and ice effects study. lake Winnipeg. Churchill and Nelson 
Rivers Study Board. Tech. Rep. Append. 2, Vol. I B: 1 - 1 10. 

RlcHARDS, T. L., AND D. W. PHILIPS. 1970. Synthesized winds and wave 
hei&hts for the Great Lakes. Canada Ministry ofTranspon. Climalological 
Sllldies 17: 53 p. 

USCE. 1966. Shore protection, planning. and design. U.S. Anny Coastal 
Engineerina Research Center Tech. Rep. 4(3 ed.): 580 p. r · 

WATER REsoURCES BRANCH. MANITOBA DEPARTMENT OF MINES. RESOURCES. 

AND ENVIRONMENTAL MANAGEMENT. 1974. Physical impact study. lake .; 
Winnipea. Churchill and Nelson Rivers Study Board. Tech. Rep. Append. 
2. Vol. lA: 1-386. 

Can. J. Fish. Aquat. Sci . . Vol. 41. 198-J 



\ 
I 

Ice 
Management 
Manual ® Ministry of Hon. Alan w. Pope 

Minister Natural John R. Sloan Resources Deputy Minister 
Ontario 



Table of Contents 

Section Title Page 
3 
3 
4 

1 
2 

2.1 
2.2 2.3 
2.A 
2.5 
2.6 
2.7 

3 
3.1 
3.2 
3.3 
3A 
3.5 
3.6 
3.7 

4 
4.1 
4.2 
4.3 4.4 
4.5 
4.6 

5 

6 

5.1 
5.2 
5.2.1 
5.2.2 
5.2.3 
5.3 
6.1 
6.1.1 
6.1.2 
6.1.3 
6.1A 
6.1.5 
6.2 
6.2.1 
6.2.2 
6.2.3 
6.2A 
6.2.5 
6.2.6 
6.3 
6.3.1 
6.3.2 

7 
8 

8.1 
8.2 
8.3 
8.3.1 
8.3.2 
u 
8.5 

Plafoce 
Ackno�gemenb -------------------------------------------------

lntrodu�on --
----------------------------------------------------

HIIfortcal Patterns and Changing Trends ---------------------------

Condfflona CawNng i�� R� --------------------

Two baSic causes 
�� -----------------------------------------------

T� d �e ----------------------------LlkeiV sites -------------------------------------------------------
lond ��t --------------------------------------------

Dam �l -----------------------------------------------------
Freezing from the bottom up 
Factors Leading to Roodlng During FrM�P 
Temperature and wlnck:hiA ----------------------

Ffazll 
Anch� ice --------------------------------------------------------
Pancakes -------------------------------------------------------
Snowfall 
�� ----------------------------------------------------
Conclusion ------------------------------------------------------

lkeolt-up Factors and Predlct!Ye Techniques 
Number ot accumulated degree-days ot melting ------------------------------
Precipitation likely to cause break-up 
Rote of rise in water ieYels due to Increased now -------------------------------

Number ot places where velocities exceed 1 m/sec 
Partial break-ups and local jams -----------------------------------------

Summary ot predlctiYe techniques --------------------------------------

Dote Collection and Monitoring of Ice Jam Roods ----------------------------

Potential benefits --------------------------------------------------

Oetermtntng the solution -----------------------------------------------
Weather Information ------------------------------------..;__ __________ _ 

Hydraulic Information ---------------------------------------------

On-site obsetYotlons 
Summary ot monitoring ----------------------------------------------

Appraisal of Prevent!Ye and Remedial Measures ------------------------------

Weakening and/or breaking 
Ousting 
lc•breaklng bV blasting ---------------------------------------------

lcfH)reoklng bV boot 
Combination ot blasting and breaking by boot 
AW<ushkm ��� -------------------------------------------------
Control 
Control doms -----------------------------------------------------
Ice booms ----------------------------------- ·--------------------

� ---------------------
Ice islands ---------------------------------
Ice storage --------------------------------

Ice removal as a preventtw measure 
Remedial Ice removal 
Construction equipment 
Blasting under a jam 

Principles of Ice Control -------- -------------

Selected References -------- --------------
Key to abbreviations In succeeding pore�·· ophs 2 to 5 ___ _ 

Case studies of chronic problem riYers In Ontario 
How and when Ice jams 101m and cottoose 
Ourlng �eeze-up ------------------------------

Ounng break-up ---------------

errects of �e Jams on water leYela 
Remedial measures ------- __ _ _ 

s 7 
7 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 

10  
10  
10  
10  
1 1  
1 3  
1 3  
14  
14  
14  
14 
14 
14 
14 
15  
15  
15  
16 
16 
1 7  
1 7  
1 7  
1 7  
1 8  
18  
18  
19  
19  
19  
19  
19  
20 
21 
21 
21 
22 
22 
22 23 
23 



I 
1 List of Figures 
I 
I 
I Number TrHe Page 

1 Trend In Vt1nlilr Tempe!C1\Jiel --------------------- 5 
2 �u R,.._ at Monollcic - Hydrogropha during lee Break Ups 10 
3 Typcal Wat.r L8Yel Ollcharge c� 1 1  1 4a  Depth and hak-uQ v.1ac:1ty CUNe 1 1  
4b 'Mwl ot Cantrat Secftons 12  
5 Depth and Bntok�P Raw c� 12 
6 Depth and Bntok�p Raw CUNe for a 1o.m.tre Width Sec1ton 12  1 7 Oepft'\ and Bntok�p Raw CUNe tot a 20-metre Width Sec1ton 13 

I 

:u:-:;f of Pla-tes 
I 
I Number rrtte Page 

3o I �  
I 
I 
I 
I 
I 

Ffazll particles stlcklng together ----·--------------- 7 
Hea.y surfcce r1dging caused by Ice pressures accumulating from lee generation In lhe 

rapids upstream, on lhe r1ght of ft'\e photograph --------------
Rideau Foils discharging Into Ottawa Rl\« ----------------

looking downstream trom Rldeou Fals O't'er lhe Ottawa Rl\« lee jam --------

Ice boom holding back 't'Ortous lyJ:)es ot Ice ----------------

• 19&4 GoYemment ot Ontano 
Printed in Ontario. Canada 

9 

15 
16  
18  

Current publications of the Ontario Ministry of Natural Resources, end price lists, ore 
obtainable through the Ministry of Natural Resources Public Service Centre, Rooom 1 640, 
Whitney Block. 99 Wellesley St. 'West, Toronto, Ontario M7A 1W3 (personal shopping end moil 
orders). 

And: 

Personal shopping: Ontario Government Bookstore, Main Roor, 880 Boy St. Toronto. 

Moil orders: MGS Publications Services Section, 5th Roor, 880 Boy St., 
ToronTo, Ontario M7 A 1 N8. Telephone 965-6015. Toll rree long distance 1-800.268-7540, 
in Aleo Code 807 dial 0-Zenith 67200. 

Cheques or money orders should be mode payable to the Treasurer of Ontario, end 
payment must accompany order. 



Preface 
Acting on numn-ow noqunt.s for guidance and 
procedLmS for dealing with chronic ice problmu in 
Onwio, the Conservation Authori ties and Wattt 
Mana�ent Branch initiated an ice jam program 
in 1980. The pri� objective oC the program was 10 
� a manual that would incl� guidelines 
and procedures for monitoring. pmlicting and 
acting on ice break-up and jamming on ri\'ers in 
Onwio wh� the history ol ice jams is fnqumt 
and well-known. 

The Branch initiated co-operative project.s with 
the Grand Rivn-, Ganaraska Region and Credit 
Valley Con�rvation Authorities for the purposes of 
identifying factors affecting ice jams and collecting 
othn- pcrtinmt data such as ice covn-, air tn-npcra· 
ture and sueamflow data. In addition, special 
investigations on specific itt jam probln-n areas in 
nonhem Ontario �uch as the Goulais Rivt'T and 
Town Creek in Timmins were carried out. It was 
intended that data and information obtained from 
these activities \•:ould be wed in the preparation of 
this manual. 

Thf: program abo reviewed and docummted 
the history o{ ice jam probln-ns and remedial 
measures in the Province, including the docummta· 
tion of the causes and extmt of the event.s in 
February, 1 98 1 .  

This manual i s  the product ol all activities and 
studies that have hem un�nakm undn- this program 
since 1980. It is hoped that the information provided 
will be u�ful in �nting and dealing with the many 
ice jam related problems that are mcoumn-ed in the 
Pro,·ince. 

Novn-nber, 1984 

ffif};aJf. 
M.R.Ga�u. Director 

Conservation Authorities and 
Watn- Mana�nt Branch 
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Introduction 

I �\'hen �ivers become jammed with broken, thawing 
1ce wh1ch flows faster than w channel can carry it 
�way. flooding occurs. Ontario's history ol ice jams 1- IS well known; but the f��ncy and severity of w 
problem is il'lCmUing. Ice jams caused serious and 
widespr�d flooding in Ontario in February, 1981. 
Dover Township and Pon Hope art specific 

l examples ol ar� that suffemi from disasttous 
flooding also in 1979 and 1980. 

There are two sets ol problems: w first may 
occur during fR"ete-up. when the amount and type 

lof ice forming might im� tht flow of water, 
which then backs up and o\·erflows. The second 
crouble occurs when ict begins to break up in 
Ontario's wattrwa)'S - not only during the annual I spring thaw. but also during txttmtt and pro
Jon� temperature fluctuations tarlier in w 
winter. Tht-se abnormal fluctuations, togeWr with 

Ia recent trend towards significantly colder winters, 
han• exacerbated the problems associated with ice 
jams. An increasing number ol ��ts for 
guidance and procedurtS to �1 with these 

I problems - nOl only chronic but often now acute 
problems - resulted in an Jce Jam Prognm, 
initiated in 1980 by the Miniscry ol Natural 
Resources' Conservation Authorities and Warer 

I Management Branch and the Conservation 
Authorities. · 

This manual is the result of the program's 

I prime �bj�tive: to_ provide preliminary information 
and gu1dehnes wh&eh can be used to determine w 
proper procedures for predicti ng, preventing, and 
dealing with ice-related flooding. 

I Thtrt art a number ol factors generally 
common to all ice jam situations. and there art 
many similarities to be found in the conditions 
prevailing just prior to the jams, w� they may 

loccur. The studies of tht2 factors and conditions. 
based on experience since 1960, have provided 
much of the information for this manual. Other 

I up-to-date information since 1980 has also been 
obtained through w Ice Jam Program. 

I 

I 
I 
I 

Each situation and location is. however. di£fer· 
ent: each area will have a uniq� combination o( 
variables in its particular equation. Each � must. 
therefore, carry out its own data<ollection prognm. 
which is necessary for determining the corTKt 
J'Mthod of �ling with its own particular problem, 
as well as estimating w relative costs and benefits 
involwd. It is es.sential to undrrstand that. without 
this data (some of which can be collected from 
txisting records, but much of which can only be 
determined by a monitoring program), the preven
tion of m:urring problems is vinually impossible. 
The only alternatives art attempts to improve the 
situation afrer it has occun-td. which art usually 
unsatisfactory. 

Section 1 ol this manual outlines briefly the 
historical patterns and changing trends relating to 
ice-jam floods in Ontario. 
Section 2 summarizes w conditions causing ice-jam 
floods. 
Sectionl gives detailed desaiptions of the factors 
invol\·ed in freezr-ups and the different kinds of ice 
formation that generally lead to problems. 
Section 4 explains w causes ol and techniques for 
pm:licting break-ups. 
Section S lists the essential data to be collected 
through monitoring programs. 
Section 6 assesses the success of remedial m�ures 
that have been practiced to date. 
Section 7. summarize the overall principles of ice 
control. and is followed, finally, by references and a 
bibliography (Stction 8). 



1 
Hfstorica l Patterns and 
Changing Trends 

Newspapus are the main source o( historical 
records from which the frequency o( recurring 
ice-related floods has � determined. This source 
has �n useful in pro,iding flood dates which can 
then be compared with weather reports from 
En'ironment Canada for � � periods. In this 
way, it  has � possible to determine whether the 
problems were brought on by a sudden � or a 
sudden thaw. 

There was a general decline in the frequency ol 
ice-related floods in the 1950s. This coincided with 
a considerably warmer trend in winters during that 
decade. See Figure I .  

Figure I 
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Since then, 'however, the warming trend has 
reversed markedly, and there is evidence that this 
trend tO\\rards colder winters will continue for some 
time. The wintn oi 1979 and th� since have �n 
colder than avera� during the months o( 
Decmtber, january, and February by almost one 
whole degree Olsius ( figure I ). During these 
coldest months, however, there have also been 
occasional and rapid thaws, which continued for 
several days. 

· 

The data show that ice-jam floods have been 
immediately preceded by rapid changes in weather 
and by colder than average winters. This trend is 
expected to contribute to continuing and increas
ingly frequent ice-related floods i n  the next ten 
years. Several impro,·ed ice management techniques 
do exist, however, and this manual indicates how 
they may be applied successfully to the situations in 
Ontario. 

•• .. • I .�• 
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Typial probwm in rural areas. 



2 
Conditions Causing 
Ice-Jam Floods 

2.1 Two Basic Causes :u 
Itt jams ar� th� mull of two basic causn: (i) th� 
�ng up of riv�s. and (ii) th� break-up of ic� 
during suddm and prolon� chan� in w�th� 
conditions. In ord� to predict and pr�nt floods. 
an undmtanding is mtuind of th� climatic 2.6 
conditions and the hydraulic (acton which can 
�th� assist in forming a prot«ti� CO\'� or which 
can ca� probl� during fr�up and break-up 
pmods. 

2.2 Velocity 
Itt jams ar� cau� by th� accumulation of too 2.7 
much itt, carried b)· too much water, and in too 
shon a ti�. When-ver th� rat� of supply of ic� and 
wat� t�er a� th� capacity of th� river 
c.han�l to uanspon it.. a jam is immi�nL 

2.3 Type of Ice 
Th� quality of th� itt affKts its ability to jam. 
Hard. bl� itt is C.ar mor� pron� to jam lhan other 
softrr (onns, such as slush itt or frazil, which ca� 
fr�up problems. Slush itt in vast quantitio is 
produttd by snow falling and tJ"Ying to � in 

opm water. It has th� consistency of w� cotton· 
batting; it is atmn�ly difficult to hand!� and may 
caust stY� rntrictions of water flow. Frazil is a 
mass of frozen water particles which stick to �ch 
oth� and everything th� touch (Plat� 1 ). Frazil 
dev�lops whm watrr with no itt cover �� 
suptt-rooled - lhat is to say, whm it cools to �low 
fr«ring (about �.05C), but wher� th� is at the 
sam� time suHicimt air and water movemmt to: (i) 
prevmt a solid itt cover from forming: and (ii) 
ante an ic�particle blizzard. Th� partido can 
build up very rapidly indmi, esp«ially on a rocky 
bottom, turning into what is called anchor ic�. 
Whm this happms, the wa�rr-carrying capacity of 
the river can � mhlttd by 30 ptt cmt within a 
pmod of � or four hours, as � on th� 
Niagara River. 

u Ukely Sites 
Itt jams are most liable to occur wh�n th� �= 
suddrn reductions in th<' war('r n·lociry ca� by a 
widtning or d�pening of the river chan�l: 

suddm chan� in the direction of the flow: 

constrictions in the river where it narrows, such as 
at brid� and their approacha 

r,r ·.a. •l1 Jt ·r. ··ci .,. ... ··' 

Land Development 
Urban developmmt, land draina�. and deforesta· 
tion all acttlerate th� ra� of run-olf - a situation 
which increases the probable fmtuency of ice jams. 

Dam Removal 
Many sUQms in coruervation areas ontt had mill ponds. � � formed by dams. which helped 
control itt jams. Today, however, many of th� 
aids hav� hem removed. filled in or ha,·e failed 
�� of poor i nitial design. 

Freezing from the Bottom Up 
Where velocitin, flows, and temperatures are all 
�ry low, a stream (such as Town Creek in . 
Timmins, for example) will tend to fnne from 
the bottom up. The channel becomn full of ice. 
and incoming water flowing over its surface freetn 
rapidly on top. Given a sudden and prolon�d 
thaw, the increased amount of water from the 
melting ice has nowhere to go. and floods. As the 
water toftens and erodes the ice, tome of it will 
float and cause jams at constrictions in the river . 
adding funher to the flooding problem. 

Pia� I 

Fra�il pmicWI wickinl( t�lw-r. 



v-
1Factors Leading to Flooding 
1During Freeze-up 
I 
I 

:\11 rivers in Omario uy to form an ice cover each 
winter, and this is a good feature. insulating the 

I water from the air. The ability of a river to form an 
ice co,·er is dependent on the climate, how�. 
which may fluctuate erratically within a period of 
only a few days, except in the more nonherly ri\ns I where the climate is more constantly cold. 

These enatic weather patterns confuse an 
understanding of the measwn required for manag· 

I ing ice jams. For example. two solutions used in 
the St. Lawrence (International Section) and Nia· 
gara Rivers appear. at first sight. to be conuadic· 
tory. In the St. Lawrence, where a cover once 

I formed will remain all winter, velocities art 
contnllled to make the cover form as quickly as 
possible. In the �liagara. however. where the 
climate and storms on Lake Erie may ca•� I frequent break-ups. velocities are controlled co 
pre,·em ice<o\·er formation 

A strong, smooth ice cover extending from 

I shore to shore is the most desirable. But it  is seldom 
attained because, while· the cover is uying to form. 
a number of factors an influence the process 
such as temperature and wind chill. fraz.il. anchor 

I ice, velocity, and snowfall. The significance of each 
is now examined.. 

3.1 Temperature and Wind-chill 
Water temperatwn drop more slowly than those of 
the air. In bays and quiet water areas where velocity 
is 0. 1 metres per second (rnlsec) or less, a surface 

I cover will form first. This is important to bear in 
mind when choosing flood·prt\'t'ntive mnswn. as 
the first to f� is the last to thaw, because of the 
greater thickness of ice. 

I Water is also subjected to progTessive chilling as 
it proceeds downstream. Being warmest at the 
source, flowing waters an, therefore, be several 
degrees wa.rmer than at the mouth. I With average cemperatwn of -6C and normal 
winds of 16 krnlhr. river temperatwn will drop 
0.3C per day. Wind<hill factors, however, an affect 

I these averages markedly, where the water tempera· 
ture will drop as much as 2C in one day whm 
severe wind<hilling of -� or more occun. This 
combination is reached with the following 

I conditions: 

-18 C air temperature and winds of 1 9  krnlhr 
( 1 2  mph) 

I 
I 

-12C air temperature and winds of 32 krnlhr 
(20 mph) 
-IOC air temperature and winds of 56 krnlhr 
(35 f!tph) 

3.2 Frazil 
Once the flowing water at the source has dropped 
to about 0C. however, wind<hill combinations of 
-18C or colder will be sufficient to produce 
super-cooling- and hence frazil, as follows: 

-6C and winds of 28 km: hr ( 1 7  mph) 
-lOC and winds of 1 6  km· hr ( 10 mph) 
-HC and winds o( 9 km hr (5 mph) 

Once super-cooling startS. with these wind-chill 
combinations. the open water area will cn'3te about 
0.04 cubic metres of ict' per square �e per day 
(7� • During a 50-day period of such weather. one 
square metre of Opt'n watt'r would produce two 
cubic metres of ice. 

When an ice cover forms over flowing water, 
however. its thickness normally reaches 0.5 metres 
and. by insulating the water from the air. reduces 
ice production to only 25 per cent of the amount 
of open water. 

•.Vumb�s lit ptH<'ItiMYJ ,...,� to po�s '" SK11on 8 on 
St'i<'cl<'d R<'/<'rtnas. 

3.3 Anchor Ice 
Anchor ice begins forming on the bottom of rivers 
as soon as super<ooling begins. The increased 
volume of ice and the roughness of its surface raise 
the water level and impede its now (frictional 
resistance). This decreases the now by as much as 
30 per cent in a few hours. which could choke the 
river and cause severe back-up problems. 

3.A Pancakes 
8oth anchor ice and frazil may. however. come to 
the surface and form 'floes'. which fr�ze together to 
form a 'pancake'. If the velocity is 0.7 rnlsec or less, 
the: pancakes will continue to grow in width and 
thickness to 1 00  m or more in diameter. and 40 mm 
thick in the space of eight hours when there art 
wind-chills of -18C (7). Eventually, the pancakes 
will come to rest against an island. bridge-opening 
or where the current may be slow enough for an ice 
cover to form. More pancakes following may slide 
eith� under or over the first, until they also come 
to a halt and, if the speed of the current is low 
enough, they will form the desired ice cover which 
extends rapidly upstream. 

8 
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3.5 

If. on th� other hand, �re is a long series of 
rapids upstttam, th� o�n water d� not form a 
smooth, suong ict cover but continuously manu£ac· 
tures chunky, un�n iet that d� nOt fl!main on 
th� surfaet. This can creatt hanging dams which 
cau� hu� water·l�l incmases. (Platt 2). In th� St. 
Lawrm� River, (or examplt, w ict �rated in 
th� Long Sault Rapids in � past caused th� water 
ltvtl to ri� about 1 5  �ues. som�times flooding 
tht main s� of Cornwall. This was prior to w  
building of th� Power Projtct, which was designed 
to form an i� cover and tliminatt th� i�(orming 
capability of tht Rapids. 

Snowfall 
Falling dirtctly or blowing into flowing water, 
snow will acetlerate the water's chilling ratt, 
forming masses of slush iet, which t�nds to cau� 
jamming. 

Also. snow falling on lOp o( a layer of 
insuf£iciently thick or suong ic� will insulate it 
from tht air and may stop further ice growth 
entirely. This will prtvent tht formation of a suong 
iet cover. A weak ice cover will tend to break easily 
and caU2 jamming . 

3.6 

3.7 

Velocity 
Th� slo� of tht river afftcts th� vtlocity and th� 
extent to which sub-(rtezing air mixes with tht 
water. In other words, th� 51�� th� slo�. the 
greater tht increase in chilling rate - and. thtre{or�. 
th� quantities of frazil and anchor ic� form�. 

Conclusion 
Tht period when i� is trying to form a CO\"tr is a 
critical ont". It should bt observed carefully as soon 
as th� water trm�ture reachn 2C. and watch� 
continuously until tht ic� ext�nds solidly from 
shore to short. Problems will �tlop with sevtre 
wind-chilling conditions and may bt compound� 
by heavy snow. It is possiblt to have �vera) cycles 
of frtezing and thawing in tht' wat�rsht'ds south of 
Barri� due to the cyclical variations in the Wt'ath�r. 
Ttchniques for prtdicting - and th�refort 
pre,·enting - ice break-up and jams due to these 
cyclical ,'3Jiations in tht weather follow in Stction 1 .  



1 4  Break-up Factors and 
: Predictive Techniques 
I 

lct•-jam flooding can � prevmted only by first 

I knowing how to predict when break-up is going to 
occur. Predicti\·e techniques and preventive mea
sures can only be employed, however. if the causes 
of ice break-ups are understood first. 

I As stated in Section 2.2. ice jams are caused by 
the accumulation of too much ice. carried by too 
much water, in too shon a tin�. But how much is 
too much. and how shon is too short? I Ideally, during the onset of longer days just 
�fore the spring equinox, the snow starts �lting 
slowly. gradually increasing the water supply to the 

I river. The increased now causes the level to rise, 
increasing �elocity: th?� ponions .of the river that 
froze last w1ll lose theu Itt CO\'er ftrst. If this period 
continues over a period of several weeks, the main 

I �hannel of the river opens, iea\·ing a strip of shore 
1ce on either side, which is also eroding and 
weakening. Because it was thicker to begin with, 
howe,·er, the shore ice takes longer to melt. As the 

I river level rises, some of the shore ice will become 
detached each day. mO\;ing downstream. If the 
quantity of ice and water mixture is moderate, there 

I will � no problems, e\·en though the river mouths 
may still � frozen. Two or three weeks of such a 
weather pattern is enough time both to melt some 
of the ice and soften the rest. The slowly increasing 

I flow will not, in this way. supply too much ice and 
water to any constricted sections at one ti�. 

There have been a num�r of recent break-ups, 
on the other hand, where the entire process was I compressed into several days only. Numerous jams 
and floods resulted ( 15). The causes were deter· 
mined by studying the following factors during a 

I one-week period prior to and a one-week period 

. 
following the jam. 

�.1 Number of Accumulated 1 Degree-days of Melting 
One 'degree-day of melting' occurs when the mean 
of the maximum and minimum air temperatures is 

I + I C  In 1981, an accumulation within a four-day 
period of sixteen to twenty-three degree-days was 

· enough to cause problems in most watersheds. In 
others, twenty-four to thiny-two degree-days 

I occurred within a six-day period, which caused 
problems in all Ontario streams south of a line 
�tween Parry Sound and Ottawa ( 15). The melting 
rate was four to five degree-days each day. This rate I of thawing contin•ued urtabated without any more 
periods of sub-zero weather which normally re
tXcur in spring. 

I 

4.2 

4.3 

Precipitation Ukely to Couse 
Break-up 
Precipitation generally in Ontario was less than 25 
mm over the week prior to ice jams in February, 
1981 (exapt in the Rideau area where it was '1:1 
mm, and in the Moira and Ganaraska rqions. 
where it was 54 mm). Depending on how much 
melting occurred before the rain, and depending on 
the water content of any snow already on the 
ground. the effects will vary. The worst combirta· 
tion is tm degree-days or more of melting, followed 
by 12 mm or more of rain in a 24-hour period 
f.alling on frozm ground or on snow of above
average water contenL 

Weather data are provided by the Streamflow 
Forecast Centre, t�ther with a flood advisory, 
followed by a flood warning if events are likely to 
� worse than described. Weather forecasting is, 
however, generally irtadequate for more than three 
days, which gives very liule time to prepare for 
severe changes in weather. 

Rate of Rise In Water Levels Due 
to Increased Row 
Rate of rise is obtained from the rate of increase in 
flow. This will vary from one watershed to anot!ter, 
but the f.actors which cause rising levels are the 
same and the results similar. 

Figure 2 
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In the Rideau system, as an example, there have 
been two recent violent break-ups - in 1980 and 
198 1 .  On both occasions, the flow had been 
increasing gradually over 3-6 days to about 140 
cubic metres per second (Figure 2). Following this 
gradual increase, however, an increase of 246 cu. 
m/sec occurred in only one day in 1980; and in 
1981, an increase of 20-f cu. rnlsec in two days. 

What must be determined is the lowest rate of 
increase in flow that has caused break·up. This 
figure an then be u� as the threshold level 
signalling possible break-up. At this point, the 
effects on water levels should be examined. 

Figure 3 
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Figure 3 shows the effects of increasing flows on 
water levels for various river widths. It is evident 
from these curves that constrictions tend to cause 
the greatest change in le\•el. 

� flow increased in 1981 from 140 to 242 cu 
rnlsec in a single day. As seen in Figure 3, the 
water level would rise about 1 . 15 metres at a 
twenty-metre-wide section, whereas it would rise 
only 0.40 metres at a section 100 metres wide. On 
the basis of the increase in flow to 344 cu. m: sec in 
two days, the corresponding rises would be 2.15 and 
0.74 metres respectively- probably enough to cause 
a number of problems. 

A O�Y·meue rise is usually sufficient to pry the 
· · ., . ite cover loose from the river banks in spring; but it 
· · · -would ilot necnsarily' move downstream or break 

:-' , J  up. 'Thit�actiorflkpends''on the velocities created or �·� ·.. . � topography of the river, t�� with such 
• · - mtraints as islands, bends or ice booms. Such a rate 

ol rise would likely cause problmu in nanow 

Ba� on the 1980 increase in flow to 386 cu. 
rnlsec in one day, and referring to Figure 3 again, 
it an be seen that the water level at a twenty·metre· 
wide section would rise 2.53 metres; 0.8i metres at a 
100-metre width. In this ase, most of the ice in the 
river would �nove f�l)' and break up also if 
velocities were high enough. 

4A Number of Places where 
Velocities Exceed 1 m/sec 
Predicting the locations where break-up will begin 
depends on the relationship between depth and the 
velocity required to ause break·up. Thus the key 
prevention is knowing the highest \'elocity that can 
occur without ausing the main sheet ice to break 
up. As shown in Figure 4(a), the limiting \'elocity 
for prevention is about 1 .0 m'sec, which will occur 
at a depth of 1 .3 metres. As velocities usually exceed 
this value downstream of hydraulic control 
sections- generally narrow, fast water sections . 
weirs, or constrictions such as bridge piers - these 
will begin to break up first. 

Figure 4 a  
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Water approaching a control section, where the 
river is wider and dee�r. normally moves much I more slowly than the break-up velocity, but 
accelerates as it emers the control section. If both 
the depth and width oC a river upsueam w�. (or 

I example, twice that oC � control section, this 
crou-sectional area would � four timrs greater 
than at the control section. ( Figure -ib) Therri�. 
the nows can abo � four timrs greater in volume 

I �fore reaching critical �locity in the approaches. 
There will normally � some bre:lk·up at the 
entrance to the control, and � main cmtrt slab of 
ice will tend to noat up with � rising water 1�1 

I (cawed by the constriction, as discussed with 
ref�nce to Figure 3). If the ice is raised one metrt 
or more. it will try to move downstream. l'nless the 

I ice CO\'er is retrained by an island. an ice boom. a 
pier. or the shores, the downstream edge may move 
into the break-up \'elocity zone. 

I Figure -ib 
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Break-up may alsb begin at the upstream end of 
an \ce CO\�r if other combinations oC depch and 
velocity shown in Figure 4(a) exist. lC the depch is 

I three metrt'S or less and the �locity reaches 1 .5  

m'sec or more, for example, the wa ter  tends to now 
0\'er the ice co\·er, causing pieces to break off and 
� forced underneath. Nothing can prevent break-1 up once this hap�ns. 

In Figure 5, the depth-to-break-up velocity 
relationship has � converted for convenience to a 
depth-to-break-up now relationship (5). Based on a 
one-metre-wide section. the break-up now becomes 
1 .3  cu. n11 sec. 

Figure 5 
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Figure 6 shows the dq>th-to-break-up now 
relationship for a ten-metrt-wide section. Shown 
simultaneously is the head-discharge relationship 
for a broad-crested weir control section (as in Figure 
3). Similar relationships are shown for a 20-metre 
width in Figure 7. 

Figure 6 
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Rrf�rring to Figurt' 6, th� flow cawing 
break-up would � 13 cu. m/5« for a 10 m 5«tion. 
It would 1ak� plac� initially at. or downstream 
from. th� control 5«tion becawr th� sam� d�pth on 
th� conuol 5«tion would indicat� a flow of 25 cu. 
m '5«. As flows i�. how�. th� velocity at 
� muantt to w consuiction may � above � 
break-up \-alu�; so� ic� will brnk off. and th� itt 
covn will try to move downstmam, assisted by th� 
rising l�v�ls. As flows continue to i�. th�� 
will always � som� ra� of ri� in lnt�l and som� 
flow quantity that will cawr gmnal disint�tion 
of Jar� portions of th� itt covn. 

.. .5 Partial Break-ups 
and Local Jams 
Rising wattr ln·�ls and incrt"aSing velocitirs cauSt" 
break-up to �n. Gmnally. this proass 1akrs two 
to thlft weds, and th� conCmuation of itt and 
wattr is not sufficimt to cawt' jamming. Hown·tr. 
if ti � prOttSS is comprrsK'd into a fno.· days. a gen
nal disintrgr.uion will 1akr plaa. �w�n t� 
two �trtrnrs. partial break-ups may occur and 
a.uSt" loc-.tl jams. 

\\'htrl'\'tr itt pi«rs acrumulatt' in front of. 
and 'or undtT, an ict- CO\'tr, a bt'nding forct' is 
crt-att'tl ,,·hich C"clUSt'S it�o fail. Dt•pt'nding on tht' 
thicknt'SS and quality of th� ict', a_iubs�amial local 
jam rna�· mull without causing a gf'm'fal disintt': . 
gration of tht' �ntin· CO\'tT. �'ht>n this jam bn�.tks, 
its pi�. mO\·in& dowrii�m to r&- nt'xt �ict'-rovn. x 
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r�ted a numbtr of timrs beforr thr icr rncht"S 
thr rl\"tr's mouth. Th� timr rtquirt'd to complt'tl" 
break-up is �trndt'd and thtrr is lt'SS St"H'"rt' jam
ming in any ont" �-

A liktly area for rncounttring tht"SC' problrms 
may � �l«tt"d by following the proct"durt'S in 
Stction 5.2.3 on On-sitr Obst"n·ations . 

Summary ot Predictive 
Techniques 
(a) Problt"ms can � �p«tt"d if thtrr is an 
unint�uptt"d thaw of approximatdy twrncy 
d�ys of melting during a n•ry short pt'riod of 
tim�-3 to 5 days . 
(b) Problems art Jikt'ly in tht' n·t'nt of prt'CipitatioA 
of 12 mm or mort in 2-J hours. t'Spt'Cially if this 
follows sn·C'ral days of mC'Iting. or if tht• ground is 
still frozen. or if tht wat�rsht'd has a largt· urban 
art"a. 
(c) Rising water lf',·t'ls ant.! incrt'asing vdocitit'S 
C3US(' brnk-up- a prtliminary indication or possi
blt• uoubl�. A riSt' of ont' ml"trt' in 2-l hours oht""n 
cauSt"S brC'ak-up. and will always cau5t' bmd.-up 
wht'T"t' vdocitit'S are grnttT than 1 .0 m St'C 
(d) ThtTl" is a Spt'<·ific brnk-up flow for t'\"� ri\'t'r, 
whtrt Jarv portions of thC' ice CO\'tT disintt-gr"cltt'" 
�nrrally. From limitt"d infomtation. it appt-ars tlklt 
tht'" brC".tk-up flow is about 60 pt'r n·nt or tilt' 
100-yt"ar flood flow.•• Out' to variations in in· 
quality and weathtT K"quenct'S, this pt·rn·magt· ma� 
vary from 50 to 70 ptr cC'nt. 
(e) Partial break-ups and locol jams ma� t )(·cur t.luc· 
to broken pit'<'t'S accumulating in from of. ami or 
undC'mt"alh. an icC' CO\'tr, causing it to bn�o�k by 
bC'nding. 
(f) The worst combination for bwo�k-up is a sutldt•Jl 
thaw extrnding 0\'t'f four ltiys. with rain. Tlw 
rrsult!ng jams, hown·tT, will dt•pt•nd on how cold 
the wintt'f has bt'\·n. wht1ht'f tht· in· is hart! or )()(t, 
thick or thin. In tht'" final analysi�. it is the· 
St"qUt'1l<'t' of wt�c�tlwr l'\'t'nts that is CTitical. 

e.•Fiood ln't'u baJ'd on ''" l·m·/00 yrar flood f/ou· ('""o/1\
'do not taA' 1u 1•••u mto auount. Tltw. du' to •u r�ms. tl"s' 
ln"'t'u ma)· b' 'quo /I'd or "uud'd b)' • l'ss" flou· 1 s, 
SHtio'J.UJ- . 

·. / . ; ... � .-. ,! , ""-... .... _ -::: 



ll v Data CcJ !ection and 
f �;1onitoring of Ice Jam Floods I 
I 

lkfore a cost-benefit analysis of �medial measure 
can be made. certain data need to be gathemi. Some I information may be obtain� from Conservation 
Authority records; past dates and weather records 
can often be gathe� through newspaper file 

I searches and Em·ironmem Canada records. 
Often, howevtt, such past records will noc, in 

themsel\'es, pro\·ide suCficient information for mak· 
ing a satisfactory cost-benefit analysis, and it will be I n«essary to implement a monitoring program 10 
gather information for the future. The most 
important basic piece of data comes from knowing 
the date the flood began. I s... Potential Benefits 
Key benefits ob\·iously come from �ucing flood 

I damage. The extent of past damage is asSI!S� 
through answering the following questions: 

{a) How many properties were affect�. and what 
were their \'alues? I ( b) \\'hat was the cost of a clean-up? 

{cl How long did the problem last? 1 {d) How frequent have the problems hem? 
s_ Determining the Solution 

Effecti\'e management techniques \'lU)' from one 

I watersh� to another - sometimes even within a 
single watersh�. In every case, however, the 
information requi� is the same. lkfo� any 
appropriate and �nable solutions can be deter· I min�. tht' following information is required: 

!> ... 1 Weather Information 
The crucial two-week period for which information 

I is requir� spans the week prec�ing and the w�:�:k 
following the date the flood began. fluring those 
tWO Wttks: 

I (a) What were the maximum, minimum, and daily 
a\·erage temperat�? 
{b) \\'hat was the daily precipitation? Specify snow 
or rain, and the snow's water equh.-aJenL 

I {c) How many degree-days of thaw prec� and 
follow� the jam? 

5.2.2 Hydraulic lnfon'natlon 

I Data on the rat�: of change of inflow and the 
consequent changes in water level and velocity � 
particularly important to obtain. In the same 

I 
two-week period: 

(a) What was the variation in the flows and levels 
in the vicinity of the jam? A graph of thne factors 
must be plou� against time; readings must be 
taken at least daily, and preferably every six hours. 

(b) What was the maximum wa��:r level? This will 
be influm� greatly by river bank height, river 
width, and ice quality. 

5.2.3 OrHite ObS8rYCtlonl 
Some of the most useful information of all is 
simple eye-witness observation of what happen�. 

· answering the following questions: 
(a) Where did the ice in the jam come from? Was 
it, for example, a local condition, or did it come 
from several kilome� upstream? 

{b) How thick was the ice? 

(c) What kind of ice was it? Hard and blue, soh 
and white, frazil or slush? 
{d) Were the� any large lumps. thicker than one 
mern? Thne may come from the downsueam end 
of fast-water areas; they are important clues for 
detecting the solutions. 
(e) What was the surface \'elocity approaching the 
jam, and how far upstream was i t - 1 .0 m. sec or 
less? (Timing the ice pieces over a known distance 
of, say, lO me� is quite adequa��:). 

(0  Are there any suitable storage locations for ice or 
water, or both, upsueam of the jam? 
(g) Observation should be repeat� at these 
locations. 
(h) How did the jam dissipate? 

s.l Summary of Monitoring 
There are two periods when monitoring should be 
done: 
(a) Wbm the river is trying to form an ice co\·er 
(set out in Section 3). 
(b) During the w�:�:k prior to the flood date and the 
w�:�:k following - as set out in Section 4. 1 .  

The answers to questions � in Section 5 . 1 .  
(a) t o  (d). will indicate the benefitS to be deriv� 
£rom any preventive and rem�ial techniques. 

The cost of thne, however, will depend on the 
solution chosen, � on the on-site observations 
made and answers given to questions in 5.2.1 to 
5.2.3 inclusive. 

It is a specializ� task selecting the management 
plan most likely to sue� in any given situation 
and within any given budget. Success is dependent 
on accurate information from a good monitoring 
progr.ani. 



6.1 

6 
Appraisal of Preventive and 
Remedia l rVieasures 
P�ention oC i� jams i s  more nfective than any 
rnnedial rnea5ures taken after the facL For cases 
where the costs of prevention outweight the 
bmdits, or where �ordinary weather conditions 
overload the system, remo\-al oC i� jams is required 
and the methods are outlined at the end oi this 
S«tion. 

There are two basic type of measures for 
preventing jams: 

(a) Weakening and breaking the i� cover into 
pieces small enough to flow freely. 

(b) Conuolling the flow oC i� and wa�. 

Weakening and/ or Breaking 
Before undertaking these activities, it is most 
important to know where the ice will go when it 
breaks. There needs to � a safe storage area, such 
as a lake, swamp or waterfall. Don't just move the 
problem downsueam. This happened in 1982 on 
the Rideau River, where the Ottawa River normally 
provides enough storage for its i�. (Plates 5a and 
5b). In 1982, however, the Ottawa itself was so i� 
covered that .the Rideau's i� had nowhere to go 
and uied to flood baclc. over the £ails. 

Plate 5a 

Ridrau falls clildwJinl ineo Ouawa Riwr. 

Start at the downsueam end (normally the 
mouth), and work upsueam so as to prO\·ide safety 
for workers and space for the broken ice to move 
into, away from the work area. 

6.1.1 Ousting 
To make the i� easier to break up into small pieces 
oi one or two mean in diameter, it may � 
weakened first by dusting it with a dark substance 
like coal, cinders, or sand. Darker substances 
increase the rate of melting by about 10 mm'day in 
Ontario ( 1 1  ). 

Cost for one application; covering one km of a 
50 m wide ri�r. and applied from the air by 
crop-dusting equipment, is estimated at $1.250 ( 1 7). 

The nfects of dusting may. however. � 
cancelled out by snowfall. in which case it has to � 
repeated. Often, also, there is insuHicient time for 
the melting process to � completed sufficiently to 
break the ice up small enough to flow freely. 

. . ::. :.. � . . .... . �- · . . .. - -· ... 1... • . • ; . 
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I Plate �b Looking downsueam from Ridnu f:.alls ov�r lh� On�wa Ri�r ic� Jam. 

6.'2 Ice Breaking by Blasting 
1 Two essential pm-equisites for this job � a 

properly trained crew and enough time. The time 
required for ice blasting is one eight-hour day per 

I 1 .6 km of ice cover ( 17). 
To produce the desired results. the c� 

MUST be placed UNDER the ice at the corm:t 

I depth which will depend on the charge weight ( 1 8). 
For example: 

Distance below Weight ol Oiarnt'trt ol ho� 
ice char� aea� 

I 1.2 mcun 3.6 kg 2.7 mcun 
1.5 mcun 7.3 kg 5.8 mcun 
1.8 mcun 12.3 kg 8.8 mcun 

Best results are obtained by wing ten to twenty I charges, spaced one hole-diameter apan, detortated 
. simul taneously. 

The explosive used in the example cited was 

I ANFO (Ammonium Nitrate in Fuel Oil). Its low 
detonation velocity (3,660 mlsec) worlu better than 
higher-speed explosives beca� it causes a wave· 

I 
action to bend the ice, which is more effective at 
breaking than is a shattering action ( 18). 

Where streams are more than 15 metres wide, 
two parallel lines of charges may be necessary in 
order to break the ice into pieces of one to two 
metres in diameter. Generally, the srrtaller the 
pieces, the more readily the ice will move through 
constrictions. 

Succes.s of blasting is limited by its inherent 
dangen, the possible lack of a suitable place to 
store the broken ice, and the {act that it rrtay take 
too long. 

6.1 .3 leNeoklng by Boot 
Normal ice-breakers press down on the cover to 
brm it, and this works well as long as the cover is 
floating. A fairly recent experiment used a special 
plow on the front of a tug which for� the ice up 
and broke it by bending. Neither system works too 
well, though, if the ice is thick enough to hit 
bottom - although a regu lar ice-breaker can at least 
turn around and back through the ice stern first, 
provided it has twin screws. Then. the propellen 
can 'eat' a channel through the jam. The plow 
variety, however, tends to become a submarine if 
the ice is grounded. 



Most com�rcial �Is ar� not satisfactory 
�we th� n� threfo m� ol d�pth (or sa(� 
operation, and t'Vftt that is not always suffici�nt, for 
th� bow riding up on w ic� drivn w stmt down, 
and boats ·.,:ith a two-m� nominal draft may thm 
hav� problmu in a dtpth ol thr� rnmn. But small 
armcnd tugs spKially dnigned (or i�bre2king. 
which hav� only a onNT�� nominal draft. ha� 
brm wed s�ull)' in th� Niagara RiYtt sina 
19&! ( 1 2). 

An appreciabl� cUJTmt to clear th� i� from th� 
work am is d�irabl�. as is a saC� pla� for th� i� 
to Oow into. ol co�. Th�n all that is rtquired 
initially is to we th� ic�-b�ktt to CJ'l:at� a narrow 
channel - or a ·t�d· - wid� �nough for working in 
th� d��t part of th� rh�r. One� this is 
�tablished. th� boat's wak� wid�ns th� chan�) 
quit� rificimtly. It is not �ntial to cl� th� am 
compl�ttly, pro\'ided th� piK� ol i� � not lar�r 
than two m�tr� in diam�ttt. 

s� is o{ th� �nc�. �din�s is �1. 
Ohm th� is a pniod of only two to four days in 
which to p�mt disas�r. Th� boat should. 
thttrio�. � on-sit�. �dy to opera� within 24 
hours or less. This is achie-ved by way of a �taintt 
fe-e for stand-by pniods. plw an operational char� 
for actual we. A aptain �x�rimced in � 
breaking is �ntial too. 

1�-b�king by boat will not � f�sibl�. 
how�,·tt, wh� th� ri'�' is too shallow, if spKial 
�Is ar� not availabl�. and if th� � insuHidmt 
ovttM3d d�nc� at brid�; it may not � 
f�sibl� �ith�r wh�� thtt� is grounded i�. 

6.1 A Combination a Blasting and Bntoklng by Boat 
� City o{ Ottawa (3) has carried out an rif«tiv� 
program for many years, wing th� following 
sys�: 

(a) Cut two slots, each 0.3 �� wid�. parall�l to 
each othn, and ��lly parall�l to th� sho�. 
along th� ed� ol w normally-Oowing J«tions ol 
w rivn. 

(b) Blast th� slab �tw�n th� slou - �pt of 
co�. � brid� or utility crossings. In th� 
plaCl'S. small outboard-motor boats. with st�l
protKted hulls, provid� th� n� wav� action 
(described in S«tion 6. 1 .2). 
(c) Timing. again, is crucial h�. � flow has to 
� suffid�nt to pwh th� itt from w Rid�u out 
into th� Ottawa RiVtt, but not so rapid as to �t it 
all moving at one�. 

Th� disad\-anta� of this m�thod is that �\'eral 
w�ks o{ p�paration ar� r�uired. Occasionally 
also. th� rate ol chang� in w�th�r is so fast that 
th� is insulfidmt ti� to dis� of th� i� co,·�r. 

6.1.5 Alr.Cushlan Vehicle (20) 
Wh� th� ic� covn is hard. but not more than 0.7 
�� thick. rapid progress an � mad� using 
air-cushion ,·�hid� which crea� a p�ur� "-a,·e 
awing tM i� to b�k by �ng. 

· The costs, how�. are high; so far only large 
crah exists. with no �·id�ntt ol any �igns �ing 
made for smalln v�hicl� suitable for Ontario's 
rivns. Othn drawbacks: air-cushion \'t'hiclt-s annot 
br�k grounded ice covns; th�ir effKti\'en�s 
dKJ�� as the ice bKom� sohn; their fr� 
mo,·ement is inhibited by obstacl� such as ice 
rid� and ovnhead brid� with limited cl�nce. 
�u� th� n� sloping ramps on the ri"n banks 
10 ascend. drcum,·ent the obstacl�. and descend 
into the riVtt again. 

6.2 Control 
Controlling th� excessi\'e flow of ict- and watl"r to 
�nt flooding is achi�ed by constructing dams. 
i� booms, and w�in; or by prO\iding ic�·stora� 
areas. 

6.2.1 Control Dams 

17 

Although costly, control dams are the uhimatt' 
solution. By controlling tht' ratt' of changt- in lt-vt-1 
through controlling flows. the period of time O\'tt 
which br�k-up occun an � lmgthened. Thus. 
the amount o( itt and water mixture can be 
controlled. 

Contra) dams in the str�.n. rathC'r than in the 
Madwatns. are wed main))' for controlling ice 
mov�mmt and so� of the flow. The m«hanism 
�uired Mr� it to hold most of the ice coming 
from upstream. and r�l� only controlled amounts 
of ic� and watn as and wh�n the downstream ar� 
an accommodate th�. 

Control dams ar� ��nsi\'e but reliablt-. as 
�·idmced by the St. Lawrence �way and Power 
ProjKt through 2-4 wimns of opnation. Tht- systt-m 
was dtsigned to form an ice co,·er at velodti� of up 
to 0.7 m ' SK over most of Lakt- St. La"Tence. wht-rt' 
tht- flow can be adj ustt'd to compt"nsatt' for 
uncoo�rative weather conditions. Most of the ice 
thm forTJM'd will stay on the surface rath� than 
forming a hanging dam. 

J. 
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6.2.2 Ice Booms 
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Inscallrd across a river, ice booms mtrict the 
quantity and prolong the release of ice into 
potential jamming areas. ( Plate 4). They work best 
when placed at right angles to 1M dim:tion of the 
flow. and where velocities are equal to or Ins than 
o� m'sec - the lower the better. 

Ice booms can also accelerate the rate oi 
ice<over formation as well as helping recain it in 
the spring so more of the ice will melt in place 
rather than breaking up. 

An ice boom should be desi� to float up 
wirh rhe rising watt-r level\, and to submerge also, 
so that it does not br�k if the force of the ice 
becomes too �t for it to hold. Some ice will then 
pass o�·er it; but, as the ice load decreases. the 
boom's buoyancy will return it to the swface and 
into eHective action again. 

Plate 4 

lcr boom hoh.lm,�t b:.Kk \"ariou� 1)-pr'S or ia. 

. . 

� . ...... . 
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6.2.3 Weirs 
These help to form ice covers, but are useful only 
where some form of restraint is providrd. such as 
an ice boom. Without mtraint. weirs are liable to 
spill !Mir entire cover during br�k·up. 

6.2A Ice lsJonds 
Man-mac:k or natural, islands provide something 
for the ice cover to push against after rising levels 
have removed the mtraim formerly pro\·ided by the 
shore. They are not as flexible in their capabilities 
as ice booms, but have worked well in some 
instances. 

,'i  
• •  
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6.2.! Ice St01age 
Th� Minning Swamp on th� Nouawasaga River 
and som� of th� disused chann�Js on � Goulais 
River ar� good �xampl� of ic� storag� areas. 
Dis� channds (oxbows) ar� oftm located on � 
out.Sid� of sharp riv�r brnds. As ic� t�nds to go 
straight ah�d rather than following river bmds, ice 
"'ill fill th� chann�ls, which thm act as saf�ty 
vah-n for storing a good d�J of brok�n itt. 

6.2.6 Ice Rem<M:JI as o � Measure 
Construction tquipm�nt can br used as a pr�vmtive 
m�su� to physicaJiy �o\·� at l�t som� of th� 
pot�ntially probl�m-ausing ic�. (For mor� on 
construction tquipm�nt for ic� r�mO\al. � St'ction 
6.3.1 following). 

6.3 Remedial Ice Removal 
In som� �. th� cost of pr�mtiv� m�sur�s may 
br too �t to warrant th� ��nditur�; in oth�r 
situations, wh� pr�v�mion "'orks w�ll most of the 
tim�. an �traordinal')' Stqu�ntt of w�ther �v�nLS 
may, on occasion, still o�rload th� syst� and 
cau� a jam. Following ar� nYaSur� that may � 
effecti� aft�r th� jam has already occu�. 

6.3.1 CcnstnJcflon Equipment 
Itt can � �moved physically "·ith bul ldoz�rs, 
back-han and draglines. Th� hav� all �n used 
sucC6Sfully on th� Ganaraska, Credit and Saug�en 
Rivers - both in prn-mtion of and �mo\al of 
jams. Th�y ar� �lati\·�Jy ch�ap, but ar� �ffectiv� 
only in locations wh� the itt cannot affect th�ir 
o�ration and wh� th� can actually reach the 
jam - which is oft�n not possibl�. \\'hi!� th� 
typn of tquipm�nt may br effectiv� on small 
streams and O\�rs. this is not usually the ca� in 
larger waterways. 

6.3.2 Blasting Under a Jam 
This works �t by starting at th� downstream �nd 
of th� jam and working upstream. Placing th� 
char�s may br dang�rous, and th� r�ults will 
d��nd on wh�ther th� librr.ued jam has a sa£� 
platt to go. Ideally. th� jam should br r�J� 
slowly - or ��� it may mult in anoth�r jam 
downstream. 

Bombing. howiu�r shells, or bazookas are 
subject to th� same drawbacks. and are not lik�ly to 
work unl�s they can br d�tonated under the ice. 

I 
' 
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Principles of Ice Control 

So� of th� principles of ic� control may � 
summariztd as follows: 

I� co\·�r prOlects t� wattr from suptr-cooling. 
dtansn th� tocal volu� of itt produced and 
pre\·�nts th� formation of slush ic� from snow in 
th� opm wattr. thtrn<X'f': 
CREATE ICE COVER AS SOON AS POSSIBLE 
0\'ER AS Ml'CH OF THE RI\'ER SL' RFAC£ AS 
POSSIBLE: 

I� covtr breaks up because of a rapid ra� of 
change in wattr lev�l and due to increase in 
vfiocity, therriore 
CO!'o'TROL ICE MO\'UIE:ST BY CONTROLUNC 
FLOW A.'ID HE�CE VELOCITY. 

Itt jams normally last a r� days only. thtref<X'f': 

BY SLOWING THE RATE OF RISE I� LEVELS. 
A.'ID HE:SCE THE INCREASE IN VELOCITY, THE 
A�IOl':\1 OF ICE BROKE� PER U NIT U:NCTH 
OF RI\'ER C.-\� BE REDL'CED. THERE IS THEN 
U:S.S ICE A�D LESS WATER CO�IPETl:-.IC FOR 
SPACE IN THE CONSTRICTED SECTIONS AND, 
THEREFORE. U:SS FLOODI�C. 

·.:.. 1 7 A 
When nows cannOl � controlltd, 
PRO\'IDE ICE MO\'DIE:'IIT CONTROL SUCH AS 
ICE BOO�CS OR ICE STORACE AR£.-\.5. 

I 
I 
I 

I� jam !loods can be costly and dangm>us tO 
break. Thtrefore 
PRE\'ENTlO!'ol OF JAMS IS MORE EFFECTIVE 
THA.'I ANY OF THE CURES. 

Soh·ing an ice probl�m in one municipality may 
mtrely mov� it downstream to become someon� 
dse's probl�. Therriore 
MAKE SURE THE JAMMED ICE CAN BE 
REUASED TO A LAKE OR OTHER LARGE 
STORACE UEA. 
WHEREVER POSSIBLE. ICE BREAKING SHOULD 
BEGIN AT THE RI\'ER MOUTH AND WORK 
U PSTREAM. 

7.7 
Itt covm break most readily by �nding and, once 
broken, the srnalltr the piece size th� �utr. 
Thtrefor'f': 

WAVE ACTION, EITHER BY BOAT OR AIR 
CUSHION VEHia.E. WORKS BEST. 

7.J As spring approaches and the days get longer. thtre 
is an increase in wattr supply. a rise in wattr levels, 
and an increase in velocity. Thtref<X'f': 
THE PORTIONS OF TH E  RIVER WHICH FROZE 
OVER LAST WILL LOSE THEIR ICE COVER 
FIRST. 
WHEREVER SURFACE VELOCITlES EQUAL O R  
EXCEED I MtSEC. SOME BREAii.·l'P IS T O  B E  
EXPECTED. 

7
.
9 

Evtry watershtd has a critical now which will cause 
a major break-up. Based on prdimirwy data, i t  
appears that: 
THE CRmCAL FLOW IS ABOUT � OF THE 
OPEN WATER 100-Y£.-\Jl FLOW. WITH \'ARIA· 
TlONS OF BETWEEN � AND 7� BEI�C Uli.f.LY 
DtJE TO ICE Qt:ALITY A�D WEATHER 
.SEQuE:SCES. 

20 
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Selected References 

Then att many paptn �lating to d�ign problems 
and �arch proj«ts but few m�t tht criteria for 
this manual, which wen that: 
(a) They must � rel�nt to th� climatic conditions 
ol Ontario: 
(b) Tiley must ha� similar topographical condi· 
tions to those in Onwio: 
(c) They must ha� direct application to ope-a· 
tiona) i� probl� for u� by R�ura Managns. 
Rd�vant rri�rences are ananged by subject. 

Key to Abbreviations In 
Succeeding Paragraphs 2 to 5 

: 

I.M.S.P. 
Ice Management �inar Proceedings 
January 30, 1980 - Produced by the Ontario 
Ministry of Natural Resources, Southw�tem 
Region, London 

W.H.R.R.I. 
Proceedings of the Workshop on Hydraulic 
R�istance of River Ice - September, 1980 
Produced by the National Water Research 
Institute (formerly C.C.I.W.), Burlington, 
Ontario- edi� by G. Tsang and S. Beltaos 

N.R.C. 
National Research Council. Canada. 

I.A.H.R. 
International Association of Hydraulic 
Research lcr Symposia 

- Iceland, 1970; Hanover, New Hampshire, 
1975; 
- Sweden, 1978; Quebec, 1981 

C.C.R.E .L. 
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1.2 Case Studies of Chronic 
Problem Rivers In Ontario 

REFERESCE 
Nl'MBER 

THAMES RI\'ER FLOO D - MARCH. 1979. 
I.M.S.P., 
by B. BmMu. LOWER THA�fES \',\LLE'\' C.A. 

History of major itt-jam �lattd floods in 
195 1 ,  1965, 1 968  and 1979 in dttail. Commtnts 
on th� ust ol dynamitt and an itt-brtaking 
tug. Solutions required upstream ol Chatham. 

MOIRA RI\'ER - BELLE\'ILLE. I.M.S.P. 2 
by K. uthem, Crysler and Lath�m Ltd. 
Chronic probl�ms in �lltvill�. Largt quanti· 
ti� or sh�t ia movt into lowtr v�locity artaS 
wher� "hanging dam" conditions prtvail. i.� .• 

th� supply or i� and water is much rast�r 
than chann�ls can discharg� it into th� Bay of 
Quint�. let storag� works constructtd in 
1977-78 for about $2.5 million. Preliminary 
results ar� mostly satisfactory, but �luation 
is still lacking. 

" RIDEAU RJVER"- OTTAWA 
by W. Fri�tag, City of Ottawa 
Th� City ol Ottawa undertak� an annual 
itt-brtaking progTam to alltviatt flooding on 
th� Ri�u River at a cost ol approximattly 
$125,000. 

Keys ar� cut in th� i� at brid� and cxhtr 
locations when blasting is prohibittd. Broktn 
itt is flushtd downstrtam by incrtastd £lows 
from an upstrtam reservoir. Mtchanical saws, 
dynamit�. boats and up to 30 mm ar� 
involv� and careful planning is essmtial. 
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WIYn:R REGIME OF RIVERS AND L-\11�£5. 4 
CCREL. APRIL. 1971 
��O�OGR.-\PH III - Bla 
by 8. �lich�l - uval u .. St-pl. 1980 

This is 1M most comprehmsiv� publiation 
for undttsranding ic� formation proaun in 
their various forms and th� �haviour of riwn 
and lakn during fr�up and brt!ak·up. 

RI\'ER ICE HY DRAL'UCS. W.H.R.R.I. 

A discussion of rnisranc� of i� covtts, ic� 
jams at br�k-up and ic� cov� formation. An 
imporrant missing �l�m�nt was cit� as "lack 
of ic� jam thicknns m�uremmts". Of 
particular \-alu� is Figure 3 on Pa� 189, 
which shows th� "univ�sal srability diagram" 
for ic� co\·�rs during fr��·up, brt!ak·up (jam) 
and brt!llk·up (solid cov�). 

ST. L-\\\'RENCE POWER PROJECT ICE 

5 

�IANl"AL 6 
O�TARIO HYDR0- 1968. UNPU BLISHED 
DOCl':\IENT 
by D.M. Foulds 

Dnign critma and opmating performanc� are 
compared for a period of about 20 ytan. In �ner.ll, 
th� O.i m/S« aver.1� v�locity for ic� cover 
formation has work� w�ll. So� ytan th� itt 
cov� was smooth� than �xpect� and in a f�w 
yf!afs th� opposit�. d�pending on w�th� 
conditions at th� tim� of formation. Operating 
instructions ar� giv�n for recognizing likely 
jamming conditions. 

STt:DI£S OF RIVER A...'ID L\K£ ICE. 
\'olumn 2. 3 and 4 7 
ONTARIO HYDRO, Unpublish� - I.H.O. Oara 

Th� years of w�th� and ic� dara <are 
availabl� for th� Niagara Riv� ��w�n Fort 
Eri� and th� Falls. Ex�nsiv� information is 
provi� on frazil formation, anchor ia and 
ia volumn, but th�� are few conclusions. 

1.3.2 Outing Break-up REFERENCE 
NUMBER 

"MECHANICS OF ICE jAMS" I.M.S.P. 
by D. B. Hodgins. J .F. MacLaren Ltd. 

This is a good summary paper of th� sra� of 
th� an and conrains an extmsiv� bibliography 
(57 page), SOnY of which may � mislf!ading. 
Unmolv� probl�ms relate to th� sumgth of 
unconsolida� i� jams, iMir thicknns and 
roughneu. 

"FROUDE CRITERION FOR ICE BLOCK 

8 

STABILITY" 9 
GL\OOLOGY jOl'RNAL. VOL 13, No. 68, 
1974. by G.D. Ashton - CCREL 

Srability analysis on noating itt blocks ar� 
w�ll �t out h�r�. and it is rt!ally an �xt�nsion 
and improv�m�nt on th� work of lizun� and 
K�nn�y. 

"RIVER ICE jAMS", THEORY. CASE 
STI'DIES AND APPUCA TIO!\S - january. 1982 
by S. �lraos, NATIONAL WATER RESEARCH 
INSTITUTE 

A "S&a�r-ol·th�art" sumi1W')' o{ w�t can bt d� 
to prtdict flood s&agn at this time. Th� limi&ations 
� cl�rly �� out and it seotms unlik�ly that t� 
will bt rnolved in th� Mar future. 

"BREAK-UP AND CONTROL OF RIVER ICE", 
I.A.H.R. 
by G.P. Williams - N.R.C. 

Good paper for th� Onwio sc�ne. Ci� th� 
imporranc� of variabl� weath� �u�ncn, th� 
ad� probl�ms Of nonhward nowing Str�ms. 
lnformar.ion on "dusting" to acc�l�rat� or�k
up. 

"NIAGARA RIVER ICE MA.....,UAL", 
Onwio Hydro, 1964 
by D.M. Foulds, Unpublish� 

Historial summary of i� probl�ms and th� 
wf!llth� �u�nces which au� th�m. Worst 
probl�s a� by w�th� variability from 
cold to warm and back again with th� 
aumdant storms �ing th� most signifiant . . 
Operating instruCtions for monitoring ic� 
mov�mmts in ord� to recogniz� major 
probl�ms d��loping, p�v�nrativ� and rem�· 
dial mf!aSurn. 
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REFERENCE 1..5 
NUMBER 

Remedial Measures REFERE�CE 
NUMBER 

"NIAGARA Rl\'ER ICE CO:O..'TROL", 13 "METHODS OF RDtO\'ING ICE JAMS", 
B.STERN SNOW CONFERENCE. February 1967, I.M.S.P. 1 7  
by D.M. Foulds. 
Ope-rating experiences during some horrend· 
ow storms, ice remo,-al by ice breakers and by 
manipulation of river levt'ls and velocity, 
success of ice boom. 

DYNAMICS OF ICE FORMATION IN THE UPPER 
NIAGARA RI\'ER 14  
l.H.D. - W.M.O., Banfr 1972. 

by S.L Denhartog. C.C.R.E.L. 
A good sumllW')· paper on the appropriate 
times for tr)'ing to remove ice jams. as well as 
the possible consequences. Methods for remo
val are given together with some coslS for 
using machinery, dusting, ice breaking. ships 
and blasting. Advantages and disad\'antages 
are discussed. 

"US£ OF EXPLOSI\'ES 1:'1: REMO\'ING ICE by R.S. Arden and T.E. Wigle 
ResullS of part of the studies referred to in 
reference 7 above. Excellent pictures of frazil 
and a good description of the difficulties in 

JAMS 18  

ice �reb, especially i n  relation to trouble· 
free operation of instrumenlS. Recording water 
temperature thermometer and net radiometer 
instrumenlS give good estimation of onset of 
frazil formation and anchor ice. 

"SOlrrHERN 01'\'TARIO ICE JAM STUDIES", 
O.M.N.R., C.A.W.M.B. 15 
by D.M. Foulds 
Repon on the ve!')' unSQSOnal break-up of 
Southern Ontario suearru in February, 198 1 .  

Etrects of Ice Jams on Water 
Levels 
Caution is advi� in reading the literature and in 
�rying to apply resullS from one area to another. 
There is a great variation in effects, �pending on 
such variables as the slope o( the water surface, the 
steepness and height of the ri'Vft' banks, the supply 
o( ice and the �ling climate and ilS variability. 
For example, W.L Knowles speaks ol rises of J to 2 
metres on the Thames. whereas D.M. Foulds at 
Niagara speaks of 90 metres ( 13). 

"EFF£CTS OF RIVER ICE ON STAGE", J.M.S.P. 16 
by W.L. Knowles. J.F. MacLaren Ltd. 
In riven with very mild gradienlS, ice 
aca.!mulation as far as 5 to 10 miles 

C.C.R.E.L. M.P. 1021. 1970 
by G.E. Frankenstein 
Excell�nt practical information on how to 
blast ice coven for maximum cracking. 
Optimum depths for and size of charges. 
speed of explosive (low) and resulting hole 
sizes. Break-up or about 1 .6 km crew 'day 
is maximum. 

"BLASTING SHEET ICE AND ICE JA.\IS", 
I.M.S.P. 

by D. Mairs. C.I.L.. Toronto 
Methods of blasting. advantages or \WOU� 
types of explosives and detonation. proper 

. handling and safety techniques. 

"AIR CUSHION VEHICLES" (AC\'sl. I.M.S.P. 
by R. Wade, Canadian Coast Guard 
"Rates 0: 25 kmlhr break·up of I metre thick 
ice were obtained with a 50-tonne vehicle 20 
m long by 10 m wide"; i.e .. good for big 
rivers but not small ones. Current models are 
too large and too expensive to build and 
ope-rate unless they can be u� for other 
purpose throughout the year. 

"SPECIFICATIONS FOR AC\'s", J.M.S.P. 
by D. Jones 
Good proposal for smaller vehicles. but none 
available or in production. 

downstream can have an eHect on river stage "USE OF ICE BREAKI!'I:G BOATS", 
at a gauging station. l l lusuations are pres· EASTERN SNOW CONFERE!'I:CE. 1967 
enttd for Dmden, Thamesville and Chatham. by D.M. Foulds -

� Util�tion, d Creq.umcy data for pm:iicting . .  · :,��; .. uied on tht Nia8az'a RivtT and also u� �n � l ·� f!;lOO ym sta� l�s or deli ��ng the -··�� · . ·::..<. : _-, . ��;�wer :t)la·� for mand.�l: ;;_ 

1tft�O�m�;=ff� ·A?����?� -� - - �-);�:'c-�2 �:7 · -� 

19  

20 

21 

22 

] 
D 

[I 
f I 
n 
I I  
[ } 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I 

The Southern Indian Lake Impoundment and 

Churchill River Diversion 1 

R. W. Newbury, G .  K. McCullough, and R. E. Hecky 
Department of Fisheries and Oceans, Freshwater Institute, 50 I Untvemr:y Crescent, Winnipeg, Man. RJT 2N6 

Newbury, R. W., G. K. McCullough, and R. E. Hecky. 1984. The Southern Indian Lake impoundment and 
Churchill River diversion. Can. ). Fish. Aquat. Sci. 41: 548-557. 

The 242 QOO.km2 Churchill River basin extends across the northern half of Alberta, Saskatchewan, and 
Manitoba. In 1976, hydraulic control structures were completed to divert 75% of the natural river flow of 
958 m3·s-1 across the drainage divide separating the Churchill and Nelson river basins in northern 
Manitoba. The diversion flows follow 300 km of tributary valleys southward to the Nelson River channel 
where a 30-yr, 10 000 MW hydroelectric scheme is being develo�. The diversion was accomplished by 
damming the northern outlet of Southern Indian Lake, a 1977-km2 riverine lake on the Churchill channel 
(latitude 57"N, longitude 99"\N). The dam caused a 3-m impoundment above the historical lake levels, 
which flooded 414 km2 of the backshore zone. Permafrost, or permanently frozen ground, is widespread in 
the uplands surrounding the lake. As bedrock occurred on only 14% of the postimpoundment shoreline, 
severe erosion of the frozen backshore deposits is now underway. A long period of instability is anticipated 
on lake shorelines and in river valleys affected by the altered hydraulic regime. Although the whole-lake 
water exchange time was increased by only 41% by the impoundment, the circulation patterns and 
exchange times in individual basins of the lake were changed dramatically when the Churchill waters were 
diverted at the southern end of the lake. The effects of the changing regimes on the aquatic habitats and 
fisheries of Southern Indian Lake have been investigated in pre- and post-impoundment studies 
undertaken by the Freshwater Institute of the Department of Fisheries and Oceans. 

Le bassin de Ia riviere Churchill, d'une superficie de 242 000 km2, traverse Ia moitie septentrionale de 
I'Aiberta, de Ia Saskatchewan et du Manitoba. En 1976, etaient terminees les installations de controle 
hydraulique pour detourner 75 %  du debit naturel de 958 m3 · s-1 de cene riviere a travers Ia ligne de 
separation des eaux des bassins de Ia riviere Churchill et du fleuve Nelson, dans le nord· du Manitoba. 
Les eaux ainsi detournees suivent 300 km de vallees tributaires vers le sud en direction du chenal du fleuve 
Nelson, ou l'on a mis en ceuvre un programme hydroelectrique de 30 ans, d'une production de 10 000 MW. 
La derivation a ete realisee a I' aide d'un barrage bloquant l'emissaire nord du lac Sud des lndiens, un lac 
fluvial du chenal de Ia riviere Churchill (57" de latitude N et 99" de longitude 0). Le barrage a cause une 
elevation du niveau de l'eau de 3 m  au-dessus des niveaux historiques du lac, avec inondation de 414 km2 
de Ia zone d'arriere-plage. Le pergelisol, ou terrain gele en permanence, est etendu dans les terres hautes 
entourant le lac. Comme Ia couche rocheuse n'est presente que sur 14 % seulement de Ia ligne de rivage 
apres retenue des eaux, il se produit actuellement une importante erosion des dep6ts de l'arriere-plage 
congeles. On s'attend a une longue periode d'instabilite sur les rives du lac et dans les vallees fluviales 
affectees par un regime hydraulique modifie. Bien que le temps d'khange de l'eau de tout le lac n'ait 
augmente que de 41 % a  Ia suite de Ia retenue, les caracteristiques de Ia circulation et les temps d'echange 
dans les bassms individuels du lac subirent des changements dramatiques quand les eaux de Ia riviere 
Churchill furent detournees a l'extremite sud du lac. Les effets de regimes changeants sur les habitats 
aquatiques et les pkhes du lac Sud des lndiens ont ete etudies avant et apres Ia retenue des eaux par 
l'lnstitut des eaux douces du Ministere des Peches et des Oceans. 

Received December 13, 1983 
Accepted December 28, 1983 

S 
outhern Indian Lake lies in a shallow bedrock basin on 
the Churchill River in northern Manitoba (latitude S7°N, 
longitude 99"W, Fig. 1) .  In 1976, a dam built across the 
lake outlet raised the lake level 3 m to facilitate the diver

sion of the Churchill River southward to hydroelectric generat
ing stations on the Nelson River. Preliminary studies of the 
effects of the impoundment and diversion were previously 
undertaken by the University of Manitoba (unpubl. data), by 

1This paper is one of a series on the effects of the Southern Indian 
Lake impoundment and Churchill River diversion. 

Re<;u /e 13 decembre 1983 
Accepte le 28 decembre 1983 

private consultants (Van Ginkel and Associates, Winnipeg. 
Man., unpubl. data; Underwood-McLellan and Associates, 
Winnipeg, Man., unpubl. data), and several components of the 
federal-provincial Lake Winnipeg, Churchill and Nelson Riv
ers Study Board (LWCNR l97S). The Freshwater Institute 
(FWI) of the Department of Fisheries and Oceans was the lead 
agency for the fisheries and limnology impact assessment under 
the L WCNR ( 197S). ln 1976, the FWl began a long-term study 
of the Southern Indian Lake impoundment to assess the current 
predictive capability as expressed in the L WCNR and to 
generate new predictive capability that would increase quanti-

Can. J. Fish. AqUQI. Sci •. Vol. 41. 1984 
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I FtG. 1 .  Geographical setting of Southern Indian Lake: and the Churchill River Diversion. 

lative precision of future reservoir and diversion assessments. 
Hecky et al. ( 1984) summarized how well the follow-up studies rave fulfilled these purposes to date. 

A brief summary of the hydroelectric development, geogra
i>hY of the Southern Indian Lake region, and changes in the 
hydraulic regime of the Churchill River and Southern Indian �e is presented in this paper as background to the FWI "tudies. 

re Churchill-Nelson Hydroelectric Development 

'"' The steep granitic and gneissic bedrock river channels of the 
Precambrian Shield in central Canada provide many attractive r·tes for hydroelectric development. Over three quaners of 
"anada's hydroelectric energy is produced on the Shield in 

5enerating stations with a total installed capacity of 41 000 MW 
(Government of Canada 1980). The Churchill- Nelson generat-l.g stations are located on the western ann of the Shield in 

orthern Manitoba (Fig. 1 ) .  The Churchill and Nelson rivers 
gather water from over 1 .4 million km2 of the interior plains of 
fstern North America before flowing northeasterly to Hudson 

ay through a heavily glaciated trough that lies along the 
undary of the Churchill and Superior bedrock provinces of the 

Shield. The Nelson River falls from elevation 218 m (MSL) at �e Winnipeg, dissipating 5406 MW of hydraulic �wer over ·8� km of channel with a mean discharge of 2480 m · s- 1• Prior 
• .> diversion the ponion of the Churchill River involved in the ,1111. J. Fislt. AqUGt. Sci .. Vol. 41. 1984 

Manitoba development feU 255 m between Southern Indian 
Lake and Hudson Bay, dissipating 2702 MW of power over 
460 km of channel with a mean discharge of 10 1 1  m3 • s- 1 
(LWCNR 1975). 

The first generating station on the Nelson River was com
pleted in 1961 to supply power to the isolated International 
Nickel Company mine and refinery at Thompson, Manitoba. In 
1964, federal-provincial studies were initiated to examine the 
feasibility of developing further generating stations on the 
Nelson and Churchill rivers for markets in southern Canada and 
the northern United States with the assistance of a 927-km 
direct-current transmission line sponsored by the Government 
of Canada. In 1966, nine dam sites were identified on the Nelson 
River, including the Jenpeg site below Lake Winnipeg, to 
regulate levels of this 24 400-km2 lake for dependable midwin
ter ftows (Fig. 2). Generating stations on the Churchill River 
were not recommended. Instead, several diversion schemes 
were proposed that would combine the Churchill and Nelson 
River systems to increase flows through the Nelson River dams. 
Power demand projections by Manitoba Hydro predicted that 
the Nelson plants with the Churchill diversion would be fully 
developed by the early 1990's. The decision to proceed with the 
transmission facilities and full Nelson development was an
nounced in 1966 in conjunction with a public campaign to 
stimulate electrical consumption and develop power ex pons to 
the United States. 

In 1976, the mean level of Southern Indian Lake was raised 
S49 
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FIG. 2. Chun:hiU and Nelson ri hydroelectric development, indicating the allercd ftow regime of the rivers. Dark rone indicates relativ( 
magnitude of lower Churchill River discharge remaining after diversion; mid-tone indicates ponion of Churchill River discharge divened al 
Soutbcm Indian Lake; light tone indicates Nelson River discharge. 

3 m, diverting 75% of the Churchill River flows southward into 
the lower Nelson River valley (Fig. 2 and 3). The Jenpeg power 
and regulation dam was completed in 1 977, and generating 
stations were constructed above and below the second crossing 
of tbe Hudson Bay railway line at Kettle Rapids ( 1 272 MW) and 

'� 

at Long Spruce Rapids (980 MW). A third panial ly constructed 
Nelson River dam at Limestone Rapids was abandoned in 1 979 
because the predicted growth in electrical consumption and 
power exports did not occur. In 1 980, the Nel on River 
construction program was suspended indefinitely. 

Can. J. Fish. AqiUJI. Sci .. Vol. 4/ .  198-
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I FIG. 3. Lakes and communities affected by !he Churchill River diversion. 

�e Southern Indian Lake Region Southern Indian Lake region was covered by ice which ad

pe Southern Indian Lake region is underlain by the rugged �k surface of the Precambrian Shield. Innumerable lakes 
and wetl.ands connected by small meandering streams cover lro:r;imately one third of the land surface. Southern Indian 
I e is composed of several irregularly shaped basins separated 
1 narrow channels and islands. For the FWI studies, the basins 
have been designated as regions 0-7 (Fig. 4). (�sive granitic and g, •issic rocks e:r;tend generally through
< the Southern Indian Lake region, with narrow belts of 
LJta-volcanic rocks rich in sulphides on the western shore of 
regions 1 and 3. Several small outcrops of meta-sedimentary lks occur along th.e western shore of region 4, the southern 

re of region 6, and at isolated sites in regions I and 2 .  
r-Yuneralized zones associated with pyrrhotite and pyrite miner
als occur infrequently throughout the lake (Davies et al . 1 962; 
I hlinger 1 972). 

uring the most recent period of continental glaciation, the 

CQ/1. J. Fish. AqUIU. Sci. ,  Vol. 41.  /984 

vanced southward from the Keewatin center west of Hudson 
Bay. A thin layer ( < 10 m) of dense basal tills was deposited in 
isolated pockets of th.e heavily glaciated bedrock surface 
surrounding the lake. After several periods of re-advance and 
withdrawal , the final retreat from the lake basins occurred 
between 8000 and 10 000 yr ago. During the retreat, e:r;tensive 
areas of glacio-fluvial sands and gravels were deposited on the 
uplands surrounding region 5 and the northern half of region 4.  
The granular deposits fonn a ribbed and rolling upland of kames 
and eskers. Varved silty clays up to 20 m thick fiU depressions 
and cover much of the uplands surroundin6 the basins of the 
southern two thirds of the lake. The clays were deposited under 
a northern arm of glacial Lak.e Agassiz that e:r;tended down the 
Churchill valley into region 4. The local relief is greater in the 
southern areas where knolls and ridges of bare bedrock outcrop 
are separated by poorl drained wetlands that formed on the flat 
glacio-lacustrine deposits. Forest and Sphagnum moss peat 
deposits up to 3 m  in depth have accumulated since deglaciation . 

SS I 
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FIG. 4. Regional divisions of Southern Indian uke. 

The climate of the region is continental. consisting of long 
cold winters and short cool summers. In winter, severely cold 
waves of ,alar continental air move southeastward across the 
region. In summer, the weather pattern is characterized by 
frequent cool periods following eastward-moving cyclones. 
The mean annual temperature at the community of South Indian 
Lake is - 5°C. Average monthly temperatures vary from 
- 26. SOC in January to + l6°C in July . The annual precipitation 
of 430 mm is generally associated with frontal weather systems. 
One third of the precipitation occurs as snow during the average 
200-d mid-October to late May snow cover period. The average 
accumulated depth of snow is 60 em. The period of ice cover on 
Southern Indian Lake lasts from early November to late May. 

SS2 

An ice cover up to 1 . 5  m in thickness develops in areas removec 
from the Churchill River flow that are blown clear of snow. 

The Southern Indian Lake region lies in the wide band of 
boreal forest or taiga that crosses midlatirude :anada. Blad 
spruce (Picea mariana) is the predominant tree species in mos 
areas. It forms pure , closed stands of 1 0- to 1 5�m-tall trees on 
the sloping uplands. and open to sparse stands of stunted 3- to 
6-m-tall trees on the poorly drained lacustrine deposits. Pun 
stands of tamarack Larix laricina) occur in most wetlands 
Jackpine (Pinus banksiana) is abundant on the well-drained 
granular deposits in the nonhero third of the basin. Areas of 
deciduous species are interspersed in the conifer forests, partie 
ularly where recent fires have occurred. Common species an .. 

Can. J. Fish. Aquat. Sci .. Vol . .JJ .  1984 
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aspen (Populus tremuloides), balsam poplar (Populus balsam-1 ifera), paperbirch (Betula papyrifera), willow (Salix spp.), and 
alder (Alnus spp.). A mixed deciduous-coniferous ecotone 
commonly occurred along the preimpoundment shorelines. 

Permafrost is widespread in all terrain types surrounding the I lake, with the exception of the glacio-fluvial deposits in the 
northern half of region 4 and region 5 .  The depth of permafrost 
exceeds I 0 m in upland areas (Brown 1978) but it does not exist 
under the main lake basins or under the narrow valleys of major I tributaries because of the thermal influence of the water bodies. 
The temperature of the permafrost ranges from -0.2 to 
-0.8°C. The thickness of the active layer varies from 0.5 to 12 m, depending on local terrain conditions. Landforms associ
ated with permafrost conditions that occur in the regions of 
glacio-lacustrine deposits include palsas and collapse scars, 
raised peat plateaux, and black spruce islands in lowland bogs. I There is evidence of a major movement of people into the 
region about A.D. 700 who were probably early representatives 
of the present population of Swampy Cree, one of the Algonkian 
tribes that occupy the boreal forest zone of the Precambrian IShield. Archaeological investigators of isolated campsites in 
regions 4 and 5 and on the diversion route south of region 6 have 
reported artifacts that date from before 4000 s.c. (LWCNR 1 1975). The Danish expedition led by Jens Munck overwintered 
in the Churchill estuary in 1619-20, leading the Swampy Cree 
to name the river "Mantawesepe" or the "river of strangers" 
(Faries and Watkins 1938). In 1686, fur traders of the Hudson's 

IBay Company renamed the river the "Churchill" in honor of the 
Duke of Marlborough, a senior officer of the Company. The 
present community of South Indian Lake is located on the 
eastern shore of the narrow channel leading fro . ..  region 2 to 

Lgion 6. Many of the local people moved to Southern Indian .Lake from the Nelson House Reserve on the Rat River early in 
this century . Previously, the lake had been used only seasonally � part of the traditional hunting and gathering region of the r

_
elson House Band. In 1922, a trading post on the lake was 

established by the Hudson's Bay Company. In 1942, a 
commercial fishery and registered trapline system were organ

.zed. For many years prior to the impoundment, the lake was the 
�est producer of expon-grade lake whitefish (Coregonus 

C1111. J. Fish. AqiMII. Sci .. Vol. 41. 1984 

I 

clupeaformis) in northern Manitoba, with annual catches in 
excess of 1 million pounds (Bodaly et al. 1984b). Following the 
announcement of the Churchill River diversion scheme, the 
600-member community was relocated to the eastern shore of 
the South Indian narrows near a newly constructed airstrip. A 
road between the mining town of Leaf Rapids and the now
abandoned construction camp at the diversion channel on the 
south shoreline of region 6 was built in 1974. 

The Southern IDdian Lake Impoundment 

The 3-m impoundment of Southern Indian Lake was accom
plished by blocking its main outlet channel at Missi Falls, in 
region 4, with a rock-fill dam and constructing a concrete 
spillway on a smaller nearby outlet channel. Water may be 
released into the lower Churchill River during periods of high 
inflow, which would otherwise cause the lake to exceed the 
licensed regulation limit of258. 17 m (MSL) while the diversion 
is operating at a licensed maximum capacity of 850 m3 • s- 1 • 
Minimum releases to the lower Churchill River are 14.2 m3 · s - 1  
during the open-water season and 42.5 m3 • s - I  during the 
ice-cover period. 

Lake Levels before and after Impoundment 
Lake levels, Churchill River flows, and diversion flows for 

the period 1972-82 during which the diversion and impound
ment occurred are summarized in Fig. 5. The recording of 
open-water lake levels began in 1956 but there are . several 
ensuing years in which incomplete records were obtained. The 
maxii.Dum and minimum daily lake levels based on the 1956-76 
period record were 256.08 m (MSL) and 254.31 m (MSL). 
Simulated monthly lake levels based on flow records for the 
1912-67 period using the natural elevation-discharge relation
ship at Missi Falls indicate that the long-term mean level has 
been 254.93 m (MSL) and with maximum and minimum levels 
of 256.79 m (MSL) and 253.82 m (MSL) (LWCNR 1975). 

The Missi Falls dam and the outlet control structure were built 
during the 1973-76 period. Initially the smaller southern outlet 
channel was blocked to dewater the control structure site, 
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TABLE 1 .  Preimpoundment and postimpoundment areas (km2) and volumes ( 109 m3) of regions of Southern Indian Lake (after 
McCullough 1 98 1 ). 

Region 

0 2 3 4 5 6 7 

Postimpoundment area 92 52 1 279 252 741 307 1 39 60 
Preimpoundment area 77 475 223 200 625 2 1 1  1 20 46 
Postimpoundment volume 0.63 5 . 27 2.45 2.42 9.64 1 .8 1  0.8 1  0.35 

Preimpoundment volume 0.38 3 .78 1 . 70 1 . 74 7.59 1 .04 0.42 0. 1 9  
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FtG. 6. Hypsometric relations of the major basins of Southern Indian Lake. 

Total 

239 1 

1 977 
23.38 

1 6 .84 

TABLE 2. Shoreline lengths and types around Southern Indian Lake regions before and after impoundment (map 
scale 1 : 63 360). Postimpoundment estimates are for the immediate postflooding condition before significant 
erosion has occiU'l'ed (LWCNR 1 975). 

Region 
Whole 

lake 0 2 3-4 5 6 7 

Pre impoundment 
Shoreline length (Ian) 3665 I SS 1067 6 1 5  906 3 1 4  280 328 

Shoreline type ( CJb) 
Rl Steep outcropping bedrock 1 4  I I  8 I I  8 0 s 60 
R2 Outcropping bedrock 62 72 80 64 75 36 47 28 

R3 Bedrock with overburden beach 1 2  8 I I  15  10 1 7  37 6 
01 Proglacial sands and gravels 4 2 0 6 3 14 0 0 

02 Alluvial silty clay 7 6 I 3 4 28 3 5 
03 Lacustrine silty clay I I 0 I 0 5 8 I 

Postimpoundment 
Shoreline length (Ian) 3788 1 94 1030 5 1 2  1037 551  256 208 

Shoreline type (%) 
R Bedrock 14 9 8 1 3 7 0 5 95 

0 Overburden 86 9 1  92 87 93 1 00 95 5 
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TABLE 3. Volumes. depths. and exchange times of Southern Indian Lake regions before and after impoundment and river 
diversion. Preimpoundment mean elevation of the lake is 25.5 m (MSL), and postimpoundrnent mean elevation is 258 m 
(MSL). Exchange times for regions are based on the net interbasin transfers necessary to balance the water budget of the 
lake and do DO( allow for wind-driven circulation (McCullough 1981). 

Whole 
I alee 0 

Volume (km3) 
I 

Pre 16.84 0.38 3.78 
Post 23.38 0.63 5.27 
% 39 66 39 I 

Mean depth (m) 
Pre 8 . .5 4.9 8.0 
Post 9.8 6.8 10. 1 
% 1.5 39 26 I 

Exchange time (yr) 
Pre 0 . .5 1  0.012 0. 1 2  
Post 0.72 0.021 0. 17  
% 41 67 42 I 

I forcing all of the lake outflow to pass over Missi Falls. Reducing 
the outlet to one channel caused the lake level to rise above the 
!'eeorded high level to 2S6.52 m (MSL) during the summer 

I high-flow period in 1 974. In 1 975, the outlet capacity was 
further reduced by coffer dams at Missi Falls, causing the lake 
levels to reach 256.76 m (MSL), again exceeding the recorded 
high levels. The final impoundment of the lake and the II beginning of the diversion southward began in June 1976. By I October. the lake had reached the licensed operating range of 
257. 25-258. 17 m (MSL). but diversion flows were limited to i less than 400 m3 · s - •  until the following year (Fig. 5). The 

I levels have been maintained near 2S8 m (MSL) since 1976, 
creating a 3.07-m impoundment above the long-term mean lake 
level. 

Effects of Aooding on Areas, Volumes, and Shoreline Lengths 

The surface areas and volumes of the Southern Indian Lake i regions before and after impoundment were compiled by 1 McCullough ( 198 1 )  from various maps and hydrometric sur
veys. The total lake area increased from 1977 to 2391 km2 and 
the total volume increased from 16.84 x 109 to 23.38 x 109m3. 

I The regional areas and volumes are summarized in Table I .  
Hypsometric distributions o f  area with depth for regions 1-6 are 
shown in Fig. 6. Although aU regions had the same increase in 

I lake level, the relative increases in flooded area and volume 
vary from region to region because of the shapes of the indi
vidual basins. The greatest relative increase in area occurred in 
region 5; the l.east occurred in region 6. 

I Shore and backshore zones surrounding the lake were 
mapped prior to impoundment in accordance with a classifica
tion system developed for lakes and river channels in the 
Churchill and Nelson valleys (Newbury et al. 1 973; L WCNR 
1975). The classification and shoreline lengths for regions 0-7 
and the whole Jake are summarized in Table 2. Estimates of the 
postimpoundment distribution of bedrock and overburden at the 
shoreline were derived from preimpoundment mapping. Imme-l diately after flooding, bedrock was exposed at the water's edge 
only where high bedrock outcrops occurred in the preimpound
ment state. 

I The net length of shoreline increased from 3665 to 3788 km 
(measured at 1 :63 360 map scale) following the impoundment. 
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Region 

2 3 4 5 6 7 

1 .70 1 . 74 7.59 1 .04 0.42 0. 19 
2.4.5 2.42 9.64 1 .81  0. 81  0.35 

44 39 27 74 93 84 

7.6 8.7 12. 1 4.9 3 . .5 4. 1 
8.8 9.6 13.0 5.9 .5.8 5.8 

16 10 7 20 66 41 

0.0.53 0.0.5.5 0.23 l.S 4.2 0.39 
O.o78 0.40 1.4 2.8 0.031 0.73 

47 730 610 190 -99.3 87 

In regions 0, 3, 4, and 5 the length increased. but in regions I .  2. 
6, and 7 the length decreased. as the highly crenulated shoreline 
and islands were submerged. Raising the lake level above the 
natural wave-washed zone caused a marked change in the type 
of materials at the eroding face of the shoreline. Prior to 
flooding, 88% of the shoreline was bedrock controlled. Immedi
ately following impoundment, bedrock outcrops occurred on 
only 14% of the shoreline (Table 2). 

Effects of Aooding and Diversion on Water Exchange Times 

Water budgets for the Southern Indian Lake basins for pre-
and post-impoundment and diversion conditions showed that 

T.ULE 4. Lake elevations, areas. mean depths, and wa1er renewal 
times of major lakes in the lower Churchill River valley before and 
after Churchill River diversion. Mean pre- and post-diversion flows 
of Churchill River are cstimalcd at 101 1 and 25 ml ·s- 1, respec
tively (LWCNR 197.5). 

Partridge Northern 
Breast Indian Fidler 
Lake Lake Lalc.e 

Elevation (m MSL) 
Pre 24.5.0 236.0 232.6 
Post 242.0 232.8 229.0 

Annual level fluctuation (m) 
Pre 1 .0 1 . 3  1 .0 
Post 2.8 2.7 2.2 

Area (kml) 
Pre 23.8 144.7 38.8 
Post 14 . .5 87.8 9.3 

v,· •ume (kmJ) 
Pre 0.1.51  0.818 0. 1 1 .5 
Post 0. 107 0.415 0.034 

Mean depth (m) 
Pre 6.3 5.7 3.0 
Post 7.4 4.7 3.7 

Water renewal time (d) 
Pre 1 . 7 9.0 1 . 3  
Post 4.8 16.4 1 .3 

''' 



TABU 5. Lake elevations, areas. volumes, mean depths. and water renewal times under mean diversion ftow conditions of major lakes in the 
Rat River valley amalgamated by impoundment at Notigi Lake (Bodaly et al. 1984a; LWCNR 1975; Underwood-Mclellan and Associates . 
Winnipeg, Man., unpubl. data). NA, data DOl available. 

Central West 
Karsakawigimak Pemichigamau Mynarslci Mynarski Notigi 

lssett Lake Lake Lake Lake Lake Rat Lake Notigi Lake Reservoir 

Elevation (m MSL) 
Pre impoundment 250.6 248 . 1  247.8 25 1 . 1  249.0 247.8 242.0 
Postimpoundrnent 258.0 258.0 258.0 258.0 258.0 257.9 257.2 
Change 7.4 9.9 10.2 6.9 9.0 10. 1 15 .2 

Prtdtvtlopmtnt Postdivtrsion 
Area (km2) 3.7 18.8 19.3 l 1 . 5  6.2 78.4 15 . 1  584 
Volume (km3) NA 0.038 0.042 0.291 0.031 0.010 0.080 4. 1 
Mean depth (m) NA 2.0 2.2 3.7 2.7 1 . 7  5.3 7.8 
Water rmewal time (d) NA 37 39 136 213 60 30 62 

T .ULE 6. Cblllps ill tbe power discributioo of tbe Cburdilll aod NelSOil rivers following hydroelectric 
development. based oa mean annual flows aod averaae open-warer conditioos (LWCNR 1975). Post
development discributioas are subdivided between eDerJY dissipated at hydraulic structures and energy 
dissipated tbrougbout clwmels aod sboreliDes in the affected systems. 

Postdiversion power (MW) 

Prediversion Concentrated Spread throughout Change in 
power (MW) at dams system power 

Rat River 2 1091 12 6X 
Bwntwood River 85 0 697 8 x  
Lower Churcbill River 2702 8 686b 
Lower Ne!SOil River 3969 17301 3.5.52b 
Soutbem lDdian Lake 0.2 21.5. J08X 
Tocal hydraulic: power 6758.2 68 1 5  . .5d 

•wave power oa tbe Noti&i aod Ne!SOil River reservoirs was DOl included. 
�Power remailliD& ill suble lower Cburcbill or Ne!SOil River clwlnels. 
•Disruptive power oa Soucbem lDdian Lake is estimated as the product of average annual wave power 

oa tbe lake multipl.ied by tbe proportion of shorelines ill erodible back.sbore materials. 
dNet increase ill power of .57 .3 MW is due to the 3-m impoundment on Southern lndian Lake and the 

net iDcreue ill water levels ill the system. 

the water exchange time for the whole lake increased from 0 . .51 
to 0.  72 yr under average ftow conditions because of the 
increased volume of the lake (Table 3) (McCullough 1981). In 
regions 0, 1 ,  2, S, and 7 the exchange times were affected by the 
impoundment only. In regions 3 and 4 the exchange times were 
increased 7.3 and 6. 1 times, respectively, as the major ponion 
of the Churchill River waters no longer ftowed through these 
basins. The major portion of the ftow of the Churchill River now 
passes through region 6, decreasing the exchange time from 4.2 
to 0.03yr. 

Downstream Effects or the Churchill River Divenion 

Before entering Southern Indian Lake, the Churchill River 
receives water from 242 000 km2 of the western interior of 
Canada. Local tributary streams directly tributary to the lake 
drain an additional 14 000 km2. In combination, the drainage 
areas produce a long-term potential outftow from the lake of 
1010.7 m3 ·s- • (LWCNR 197.5). With the diversion operating, 
the mean outftow at Missi Falls was estimated to be 2S I m3 

• s- 1 

(LWCNR 197.5), a reduction to 25% of the natural condition. 
Approximately 7.5% of the ftow. or 760 m3 • s- 1• is divened into 
the small Rat River and Burntwood River valleys enroute to the 
lower Nelson River (Fig. 3). 

The effects of the reduced ftows on lakes of the lower 
Churchill River valley are summarized in Table 4. Under the 
minimum postdivmion discharge conditions, the lake levels 
are lowered because of the reduced depths of ftow at the lake 
outlets. An increased range of lake elevations is anticipated as 
periodic ftood ftows are released at Missi Falls. 

Diversion ftows to the Nelson River are controlled by a dam 
and gated regulation structure installed at the outle. of Notigi 
Lake in the Rat River valley. The elevation of Notigi Lake was 
raised 1 S. 2 m  by storing Rat River discharges over a 3-yr period 
prior to the diversion. By June 1976, the lake was impounded to 
the level of Southern Indian Lake, creating the 584-km2 Notigi 
reservoir in the upper Rat River valley contiguous with Southern 
Indian Lake. The predevelopment morphometric characteristics 
of the upper Rat River valley lakes incorporated in the Not:gi 
reservoir are summarized in Table .5. 
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FIG. 7 . Landsat satellite imaaes or Soulhem Indian Lake taken on (A) 29 July 1973 bdore impoundment and (8) 24 June 1978 after impoundment. Lighter blue tones in Fig. 78 indicate 
higher reflectivity from the water surrace because of the increased turbidity of the lake water. The turbidity increased in regions 0, I, 2, 3, 4, and 6 because or the erosion of Hooded fine-grained 

shoreline materials. The turbidity of waters in regions S and 7 was not affected by the impoundment because the flooded shoreline materials were coarse-grained or bedrock. A decrease in 
turbidity after impoundment occurred in shallow bays (e.g. Wupaw Bay and the east end of region 6) because the bouom sediments were no longer resuspended by wave action. The change in 
Southern Indian lake from a sediment trap to a sediment source after impoundment is apparent by comparing the turbidity of the inflow ina and out flowing waters of the Churchill Raver. 
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EfTects of Diversion on the HydrauUc Regime of the 
Churchill and Nelson Rivers 

Impoundment and diversion of the Churchill River was a 
sudden and drastic relocation of hydraulic forces in the 
established landscape. The magnitude of the reloca.�on is 
summarized in Table 6 by comparing the hydraulic power 
(megawatts) expended on the landscape before and after the 
impoundment and diversion under average river How and wave 
conditions. The degree of change or instability brought about by 
impoundment and diversion depends on the landforms encoun
tered by the redirected forces of the new configuration. For 
example, the repositioning of wave energy by Hooding a stable 
bedrock cliff caused no instability because the landform 
encountered before and after the project was unaffected. In 
coottast, flooding into backsbore zones composed of frozen 
uncoosolidared materials created shorelines that can remain 
unstable for decades. Most of the 21  . .5 MW of wave energy of 
Southern Indian Lake is being expended in eroding new 
shorelines in the flooded periphery of the lake during the 
open-water season. The eroded materials have increased the 
turbidity of the lake waters dramatically, as shown in the 
satellite images of Southern Indian Lake taken before and after 
impoundment in Fig. 7. Similarly, the 8 times greater power of 
the diverted flows has begun to form a new "lower CburchilJ 
River" in the Rat and Bumtwood valJeys wherever erodible 
materials form the riverbanlc.s. 

The natural forces redirected by the Churchill River diversion 
scheme are generally too large and too dispersed to be mitigated 
by further construction . As a result, the instabilities created in 
the environment are essentially beyond control. Subsequent 
papers in this issue document the effects of this disruptive power 
and instability on the physical , chemical, and biological 
components of the constantly changing aquatic ecosystems of 
Southern Indian Lake. 
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Effect of Impoundment and Diversion on the Sediment Budget 
and Nearshore Sedimentation of Southern Indian Lake 1 

R. E. Hecky and G .  K. McCullough 
Western Region, Department of Fisheries and Oceans, Winnipeg, Man. RJT 2N6 

Hecky, R. E . ,  and G. K. McCullough. 1984. Effect of impoundment and diversion on the sediment budget 
and nearshore sedimentation of Southern Indian lake. Can. ). Fish. Aquat. Sci. 41: 567-578. 

Shoreline erosion added an annual average of 4 x 1o' t of mineral sediment per year to Southern Indian 
lake (postimpoundment area, 2391 km2) during the first 3 yr of impoundment. This erosion increased 
sedimentary input to the lake by a factor of 20. The lake retained 90% of this eroded material within its 
basin, and 80-90% of the retained material was deposited nearshore. Despite the production of extremely 
fine constituent particle sizes, eroding shorelines generated predominantly large clay aggregates, initially 
transported offshore as bed load. During bed load transport, abrasion of clay aggregates produced fine 
particles that became suspended. Over 80% of the suspended load is lost to outflows from the lake because 
the suspended load is primarily fine silt and clay-sized particles, most of which do not settle even under 
winter ice cover. The extensive nearshore clay aggregate deposits are temporary, and net deposition in 
these areas will change to net erosion when input of sediment from eroding shorelines ceases. The effects 
of shoreline erosion on the lake's sediment regime will persist for decades. 

l'�rosion de Ia ligne de rivage, pendant les trois premieres ann� de retenue des eaux, ajouta en mo�enne 
4 x lo't·a-1 de s�diments mi n�raux dans le lac Sud des lndiens (superficie apr� retenuede 2391 km ) . les 
apports de s�iment dans le lac augmenterent, du fait de cette �rosion, d'un facteur de 20. le lac a retenu 
dans son bassin 90 %  de ce mat�riel d'�rosion, et 80-90 % du mat�riel retenu a �t� d�pos� pres du rivage. 
En d�pit de Ia taille extremement fine des particules produites, l'�rosion de Ia ligne de rivage donna 
naissance en grande partie a de gros agr�gats d'argile, initialement transport�s vers le large comme charge 
de fond. Au cours du transport de cette charge, il se produisit, par abrasion des agr�gats d'argile, de fines 
particules qui devinrent en suspension. Plus de 80 %  de cette charge en suspension disparait dans les 
�missaires du lac, car les particules sont surtout de Ia vase fine et de l'argile, Ia plupart demeurant en 
suspension m�me sous la couverture de glace en hiver. les abondants d�pOts d'agr�gats d'argile a proxi· 
mit� du rivage sont temporaires et, quand cesseront les apports de �iment des rives soumises a l'�rosion, 
Ia d�position nette dans ces zones se transformera en erosion nette. les effets de I' erosion de Ia ligne de 
rivage sur le regime s�imentaire du lac persisteront pendant plusieurs decennies. 
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I I n the summer of 1976, Southern Indian Lake (SIL) was 
raised 3 m  above its natural mean level initiating extensive 
shoreline erosion (Newbury and McCullough 1984). We 
have examined the sediment budgets of the lake and its 

the natural outftow from SIL (Newbury et al. 1984). Impound
ment increased the surface area of the lake by 21% to 2391 kml. 
With ftooding, SIL underwent a major change in the nature of 
the land-water contact. Prior to ftooding, 80% of the lake's 
perimeter was stable, bedrock-controlled shoreline, but after 
ftooding, 86% was unconsolidated overburden that was gener
ally permafrost affected (Newbury et al. 1984). 

I constituent basins, before and after impoundment, to determine 
how changes in basin configuration, water ftows. shoreline 
typology, and sediment-generating erosional processes affected 

I concentrations of suspended solids and depositional patterns. 
SIL is a large , shallow , multibasin lake on the Churchill River 

in northern Manitoba, which was impounded as part of the 
Churchill-Nelson rivers hydroelectric development (Newbury 

I et al. 1984). A dam was built at Missi Falls, the natural outlet of 
SlL (Fig. 1 ), to raise the lake and effect gravity-ftow diversion 
of water from SIL through an excavated channel at South Bay 
(region 6, Fig. 1). Diversion into the Nelson River basin began I in June 1976 but did not exceed 400 m3• s- 1 until August 1977. 
Since September 1977 the diversion ftow has averaged 75% of 

I 1This paper is one of a series on the effects of the Southern Indian 
Lake impoundment and Churchill River diversion. 
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Before the ftooding of SIL, the Churchill River was the main 
source of sedimentary material entering the lake, transporting 2 
x to' t·yr-1 (termed "external loading"). After ftooding, an 
additional 4 x 1Q6 t of mineral sediment (Newbury and 
McCullough 1984) was added annually to the lake from 
surrounding shorelines (termed "internal loading"). Internal 
loading of material from ftooded areas is a prominent feature of 
new reservoirs, and the distribution of newly added material, 
within and downstream from a new reservoir, will determine the 
nature, degree, and distribution of dependent ecological effects. 

Large changes in the intental loading of sedimentary material 
can be demonstrated both by measurements of shoreline erosion 
(Newbury and McCullough 1984) and by the use of pre- and 
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F1a. I .  Location or erosion-mooiiOrina sires referred to in text and lake stations contributina to con
struction or tbe sediment budaets for reaions of SIL. 

post-impoundment and diversion sediment mass balance bud
gets, which use the continuity equation 

( l )  I + E = 0 + D + M 
where I is inftowing sedimentary mass from tributaries (external 
loading), E is mass input by erosion (internal loading), 0 is 
outftowing mass in efftuents, D is mass deposited on the lake 
bottom, and M is change in mass stored in the water of the lake. 

sn. poses some complexities for analysis of its sedimenwy 
regime. Previous studies of sedimentation in reservoirs have 
focussed largely on retention of externally loaded sediments, 
i.e. E in equation 1 is assumed to be zero or negligibll" (Rice and 
Simons 1982; Cyberski 1973). Retention of externally loaded 
sediment can be empirically predicted from data on water 
retention period, ftow velocity, and sedi.ment particle-size 
distribution (Churchill 1948). ln SIL. internal loading of 
sediments eroded from ftooded shorelines overwhelmed exter
nal loading after impoundment. Other reservoir studies have 
emphasized the formation of new. stable banks and shoals and 
their effects on reservoir morphometry (e.g. Everdingen 1968); 
however, stable shoal formation is the exception in SIL. 
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Therefore, the major objectives of this study have been to 
determine not only the gross retention of eroded sediment but 
also to provide a first approximation as to where the retained 
material is sedimented. To do this. sediment budgets have been 
constructed for SIL and its individual regions from 1975 before 
fulJ impoundment through 1978 after full diversion. Investiga
tions of nearshore sedimentation and some physical characteris
tics of suspended sediments were conducted over the period 
1977-82 to confinn independently some of the results of the 
sediment budget analyses. 

Methods 

Suspended Solids Measurements 

Filterable suspended solids (FSS) are those that are retained 
by a Whatman GFC filter using the method of Stainton et al. 
( 1977). The nominal pore size of these filters is I �J.m. Total 
suspended solids (TSS) were operationally defined as those 
recovered by centrifugation using a Sorvall RC2-B centri.:'uge 
with a GS 3 rotor (angle head accepting 500-mL polyethylene 
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FIG. 2. Effect on absorbance of fillerable (h.iJb slope line; Ab, • 

0.029W - 0.043, r2 ., 0.94) and nonfilterable (low slope line; Ab, • 

0.002.SW + 0.02, r2 • 0.27) suspended material, where W is the dry 
weight of the sediment. Nominal diameter for filterable solids is I j.UII. 

bottles) run at 8000 rpm for 2 h at temperatures of 20-28"C. 

I This centrifugation should theoretically settle all particles 
greater than 0.06 11-m nominal diameter. Duplicate water sam
ples, 1 - 1 .4 L in total volume , were centrifuged in successive 
350- to 400-mL ponions, and the collected pellets were then I oven-dried at l 05°C and weighed. The difference between TSS 
and FSS, detennined on paired samples, was considered to be 
nonfilterable suspended solids. 

I FSS were found to be highly correlated with several light 
measurements. Absorbance measurements at 543 run (in the 
middle of the visible spectrum) were made on water samples in a 
1 0-cm cell on a Bausch & Lomb Spectronic 70 spectropboto-

1 meter before and after filtration and centrifugation. Absorbance 
at 543 nm was strongly correlated with FSS but was weakly 
correlated with nonfilterable suspended sediment concentration 
(Eg. 2). Most imponantly, absorbance was 10 times as 

I sensitive to an increase in FSS concentration as it was 10 an 
equivalent increase in nonfilterable suspended material. Kullen
berg (1974) also found that panicles > 1 11-m in diameter are 

I much more effective in scattering light than smaller panicles. 
The scattering coefficient (S,, based on venical extinction and 
backscattering of incident surface light), the horizontal beam 
attenuation coefficient (a), and the logarithm of the inverse of 

I Secchi disk depth were all strongly correlated with FSS (Table 
1). These measurements were routinely made in SIL by Hecky 
(1984) and provided a means of rapidly estimating FSS in the 
field. They also offered the advantages of integrating over a 

I significant ponion of the upper water column ( 1-5 m) in the 
case of the scattering coefficient and Secchi disk measurement 
or of yielding detailed profiles of the whole water column in the 
case of the horizontal beam transmissometer. During the I open-water season, measurements with the transmissometer 
indicated that the water column was nearly always uniform in a 
(Hecky et al. 1979). Consequently, S, was used to estimate FSS 

I because of the greater number of measurements of S, during 
open-water seasons. Horizontal beam attenuation was used 
during ice cover to estimate FSS concentrations. Hecky et al. 
( 1979) reponed the estimated FSS concentrations for all SIL 

I stations from 1974 through 1978. Observation of concentrations 
was at least monthly during the ice-free period, June through 
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T AB.LE I .  Linear regression relationships between filterable sus
pended sediments (FSS) and scattering coefficient (S,), horizontal 
beam attenuation coefficient (a), and Secch.i disk depth (SO). The 
number of samples {n), correlation coefficient (r), and range of FSS 
values included are also given. 

Relation 

FSS = 7. 7(S,) + O.S 
FSS .. 0.9(a) - 0 . 1  
FSS • 9.8(1n I ISO) + 7.6 

n 

18  
16 
27 

r Range (mg · L - a )  

0.93 1-30 
0.94 1-20 
0.89 1-30 

October, but less frequent, 2-3 times, during the ice-covered 
period. 

Sediment Budgets 

Sediment budgets from SIL were analyzed in two stages. 
Because FSS could be related with greater confidence than TSS 
to available light measurements, FSS budgets were constructed 
in the initial stage. Budgets for FSS were constructed using only 
inflow, outflow, and lake concentration data. These budgets 
have a net flux tenn (see below) that sums erosional input and 
depositional output (£ and D, equation 1). In the second stage of 
budget analysis, total sediment budgets were derived from the 
FSS budgets, and the net flux tenn was separated into its 
erosional and depositional components. 

Budgets for Filterable Solids 

FSS budgets were calculated for the individual regions of the 
lake (Fig. 1 )  except that regions 0 and I and regions 3 and 4 were 
combined and treated as single regions. Budgets were calcu
lated for the period of January 1975 through December 1978. 
The continuity equation 

(2) 11 • 01 + S1 + M1, 
where 11 • mass of FSS entering the lake or region from all 
inflows, 01 • mass of FSS leaving the lake or region in all 
outflows, S1 • mass of filterable material entering or leaving 
suspension within the lake or region, and M1 = change in total 
mass of FSS in the lake or region in a given time period (i.e. 
change in storage), was solved for each region on a monthly 
basis for S1. This tenn, S1, represents the balance between 
measured gains and losses of FSS. Water fluxes and storage 
were from the water budget of McCullough (1981) .  Linear 
interpolation was used between FSS observations. Month-end 
FSS concentrations were multiplied by month-end regional 
volumes to calculate M 1· 

Because Churchill River FSS concentrations were found to 
be discharge related (r • 0.69, n • 20, flow range 870-
1630 m3 • s- 1), a linear regression equation was used to estimate 
FSS concentritions in the inflowing river. Mean FSS concentra
tions for local inftowing streams and rivers were assumed to be 
the mean concentration for the Churchill River, 3.2 g · m-3. The 
Churchill River is 20 times larger than the next largest inflowing 
river and accounts for 90% of total inftows into SIL. The 
assumed mean concentration in local inftows is likely somewhat 
bigh for these small inflows; however, even using this estimate, 
sedimentary mass contributed by local inflows is only 5% of the 
Churchill River contribution. FSS concentrations in outflowing 
water from the basins were tak.en to be those measured at the 
central basin station in regions 4 and 6. Mean monthly FSS 
concentrations were multiplied by outflow volumes to calculate 
o,. 



TABLE 2. Aushing rates (mo-1) for various basins of SIL during 
ice-covered (IC) and ice-free (IF) seasons (from McCullough 1981). 

Region 

Season 0- 1 2 3-4 6 s 

197S-76 (I C) O.S6 1 . 3  0.27 O.Q2 O.Q7 
1976 (IF) O.S8 1 .4 0. 1 5  1 . 3  0.01 
1976-77 (I C) 0 . 5 1  1 .2 0.20 0.84 0.03 
1977 (IF) 0.70 1 . 1  0.23 1 .8 o.os 
1977-78 (I C) 0.44 1 . 1  0.06 2.4 O.Q2 
1978 (IF) 0.54 1 .3 0 . 1 3  2.5 0. 14 

Total Sediment Budgets 

The calculation of a total sediment budget (equation 1 )  
required correction of several terms of tbe FSS budget to 
account for nonfilterable suspended solids. Filtration of sus
pended solids samples throughout tbe lake and covering a large 
range of concentrations (from 9-47 mg · L - •  TSS) removed 
S6% of tbe TSS on average (range 38-89%, so = IS%, n • 
1 1 ). This yields a mean weight ratio of 1 .8 for TSS:FSS. 
Churcbill River TSS was S3% FSS. 

The mean factor of 1 .8  for TSS:FSS was applied to the 
quantities /1 and 01 (equation 2) to estimate I and 0 (equation 
1) .  The quantity of total material entering or leaving suspension 
was calculated as S =  l .8S1 for negative values of S1 (material 
entering suspension from within the basin; equation 2) and S = 
S1 for positive values (material leaving suspension within the 
basin). Negative values for S1 were corrected for the submicro
metre fraction because filterable material entering suspension 
would be accompanied by submicrometre particles. Positive 
values of S1 were not corrected for a submicrometre fraction, as 
the submicrometre fraction is not likely to sediment within Sll 
even under ice. Six months are required to clear a 10-m 
still-water column of I-IUD particles (Tanner and Jackson 
1947). Only regions 3-4 and S were flushed slowly enough 
(Table 2) for submicrometre particles to settle in substantial 
amounts; and even there, observed sediment profiles, under ice 
cover when turbulence is lowest, were unchanged from mid
January through the end of March (see Results below). Values 
of E are from Newbury and McCullough ( 1984), and the 
depositional ftux (D) is calculated as D = S + E. 

Shoreline Erosion and Nearshore Deposits 

Annual surveys to determine rates of shoreline erosion were 
done by Newbury and McCullough ( 1984). Twenty shoreline 
sites were chosen to represent a range of erodible backshore 
materials with high and low exposures to the lake. The 
developing offshore profiles at these sites were monitored by 
annual depth soundings with a survey rod along profiles 
perpendicular to tbe shoreline. Additional investigation of the 
proportion of eroded materials that was deposited near to 
eroding shorelines was begun in 1982 by scuba diving. Cores of 
the bonom sediments were taken using 73-mm-diametcr plastic 
tubes along transects perpendicular to the shore at erosion 
monitoring sites 1 and I I  (fig. 1 ). Both sites chosen had been 
prcimpoundment sand beaches; hence, newly deposited fine 
mineral and organic sediments were easily discriminated from 
preimpoundmcnt coarse deposits or rocky bottom. Mechanical 
analysis of sand, silt, and clay fractions of shoreline overburden 
samples was reported by Newbury and McCullough ( 1984). 
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Samples of recently deposited nearshore bottom sediments 
were also analyzed for sand, silt, and clay content by standard 
mechanical analysis (McKeague 1976), which included drying. 
pulverizing with a monar and pestle, and dispersing with 
sodium hexametaphosphate. Duplicate subsamplcs were mech
anically analyzed without preparatory pulverization and d.isper
sion to determine the natural size distribution of the silt and 
rounded aggregates of clay that formed the sediments. Suspen
sions of wet, unpulverized bottom sediment were sedimented 
into a suspended pan, and the accumulated weight was recorded 
using a Cahn RG electrobalance and chart recorder. 

Results 

Shoreline Material 

The inorganic shoreline materials of southern regions of the 
lake are predominantly permafrost-affected glacio-lacustrine 
deposits with greater than 80% clay and 0-5% sand. Discontin
uous, thin deposits of clayey till ( 19-65% clay, 10-35% sand) 
commonly lie on the bedrock surface under the glacio-lacustrine 
deposits. The till is most extensive in region 4 and much less 
common in regions 0, l ,  and 6. Region 5 shorelines are 
predominantly composed of coarse-grained glacio-ftuvial and 
pro-glacial deltaic deposits. Sand, silt, and clay content of 
selected samples of shoreline materials were reponed by 
Newbury and McCullough ( 1 984). 

Concentrations of Filterable Solids 

The effect of impoundment on the concentrations of FSS 
varied from region to region (fig. 3). Most of the impoundment 
of Sll was accomplished in 1976 with the raising of the lake 
level by 0.3, 0.8, 0. 7, and 0.3 m in June. July, August. and 
Sepcember, respectively (Newbury et al. 1984). During 1976. 
the June and early July concentrations in the three southern 
regions l ,  2, and 6 were similar to those in 1974 and 1975. 
However, in 1976, by the end of July in region 6 and the end of 
August in regions l and 2, FSS concentrations were clearly 
greater than in tbe preimpoundment years. In 1977 and 1978 
these three southern regions all had concentrations higher than 
before impoundment, but concentrations of FSS did not 
increase from 1977 to 1978. The exceptionally high values 
observed in October 1976 in regions I and 6 did not recur. Mid
to late-summer and fall concentrations in 1975 were somewhat 
higher than in 1974 because of shoreline erosion ci\!e to high 
water levels. However, the range of concentrations ob::crved in 
these southern regions prior to impoundment was small com
pared with the postimpoundment changes. 

Prior to impoundment, the two nonhem regions 4 and 5 had 
similar, low concentrations of FSS. After impl)undment. region 
S did not change significantly, but region 4 showed the marked 
increase in FSS observed i.n southern basins in August 1976. 
FSS concentrations increased in each subsequent year, espe
cially in the June-July period. The relative difference .. a FSS 
between region 4 and the more southerly basins of SIL was 
substantially reduced after impoundment. 

Under icc cover the FSS concentrations of the rapidly ftushed 
southern regions (0- 1 ,  2. 6, Table 2) declined substantially 
from open-water values. In the more slowly ftushcd region 4. 
winter reductions were less marked. For example . the winter 
profile of a (the coefficient of horizontal light attenuation ) in 
region 2 showed a substanti, · l  decline (60%) from October to 
January and a continuing reduction through March (Fig. 4) to 
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I FIG. 3. Concentrations of FSS at index stations in the various regions 
during the open-water seasons of 1 974 (-), 197.5 (�). 1976 (0), 
1977 (e). and 1978 <•>· Plotted data are from Hedcy ct al. ( 1979). 

I 20% of the October value. In region 4 the upper water olumn 
became somewhat clearer (30% decline) by January as sedi
ments accumulated at greater depths. However, there was a 

I negligible change from January to March ( fig. 4). If the vertical 
water column at the station in region 4 was assumed to be a 
closed system. all the material that was to settle from the water 
column had done so by mid-January. The more rapid decline in I a in region 2 and the continuing decline after January were due 
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FtG. 4. Depth profiles of a in regions 2 and 4 for October 12. 1971. 
January 13 ,  1978, and March 23, 1978, from Heclty ct al. ( 1 979). 

to the more rapid flushing during this winter period as compared 
with region 4 (Table 2). Rapid flushing allowed the southern 
regions to come quickly to a balance between the inputs and 
outputs of sediment. For example, the seasonal con.centrations 
during 1977 and 1 978 were similar within these regions. In 
contrast, region 4 had not achieved a new steady state , and 
sediment concentrations in all seasons continued to rise through 
1978 (fig. 3). 

Sediment Budgets 

Filterable suspended sediment budget 
Impoundment and divenion changed SIL from a basin of 

dt.position for FSS (positive Sj) to a basin of export (negative 
.i1) (Table 3). Export of FSS at outflows increased by a factor of 
4-S after impoundment and divenion. Substantial changes in 
FSS concentrations, especially in regions I and 6 ( fig. 3) in 
1976, resulted in a large storage term for that year. but much of 
that initial flush of sediment was lost the following winter 
( 1977). Subsequent changes in storage ( 1978) have been 
smaller but positive as FSS concentrations in the largest region. 
3-4, have continued to increase. These changes in output and 
storage of FSS occurred because eroded input increased the 
internal loading of FSS. 
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TABLE 3. Calendar year filterable sediment budgets 
( IQ6 kg) for SIL. Mass fluxes are riverine input (11). 
riverine output (01), 1ake suspended sediment storage 
(M1). and the material entering (negative) or leaving 
(po�iti..,�) suspension from within the lake (S1). 

1975 
1976 
1977 
1978 

It 
123 
1 1 3 
147 
too 

60 
201 
297 
278 

2 
1 1 2  

-91 
21 

61 
-200 

-59 
- 199 

Total sedimem budget 
The negative S1 values in the filterable suspended sediment 

budget (Table 3) after impoundment do not represent the total 
amount of material actually removed from shorelines because 
eroded material can sediment nearshore and be effectively 
invisible to a budget based on FSS concentrations at centrally 
located stations within a region. Total sediment budgets were 
constructed to allow comparison of suspended sediment fluxes 
with the erosion inputs calculated by Newbury and McCullough 
(1984), as their estimates were based on total sedimentary 
material eroded. Preimpoundment shoreline mapping indicated 
that less than 1 %  of the shore was characterized by significant 
shoreline erosion (Water Resources Branch 1 974). From the 
evidence of Landsat satellite imagery (Hecky and McCullough 
1 984) and from observations recorded from the first shoreline 
erosion survey in August 1975 (R. W. Newbury, Department of 
Fisheries and Oceatts ,  pers. comm.), it is apparent that some 
minor shoreline erosion, especially in regions 0- 1 ,  2. and 6 (E 
> 0 in Table 4), occurred when the lake level was temporarily 
raised above its historic high level by preliminary construction 
work in the summer of 1975. Annual erosion surveys begun in 
August 1975 documented greatly increased extent and rate of 
erosion after impoundment (Newbury and McCullough 1 984). 
Seasonal total sediment budgets incorporating the eroded 
influxes (E) from shorelines are given in Table 4. E was 
subdivided seasonally by assuming that shoreline erosion that is 
wind energy dependent (Newbury and McCullough 1 984) did 
not occur under ice cover (i.e. E = 0.0). Also in Table 4 are 
estimates of seasonal depositional ftuxes for e.ach region . 
Region 3-4 had the largest erosional and depositional ftuxes 
because of its long, actively eroding shorelines and long 
fetches. Even when the depositional flux is expressed per unit 
area (Table 5), this largest region had the highest sedimentation 
rates after impoundment. 

Total sedi.ment expon at outflows from SIL increased after 
impoundment (4-5 times) but not nearly in proponion to the 
increase in sediment input (I + E), as the lake retained at least 
90% of the eroded input (Table 6). After impoundment, E and D 
were highly seasonal (Table 4 ), as shoreline erosion occurred by 
wave action during the open-water period. The relative losses of 
suspended solids to outflow and deposition are best compared 
during the ice-covered period, when generation of suspended 
solids from shoreline erosion ceases. The relative losses were, 
in part, a function of water flushing (Fig. 5). All the regions, 
except 3-4, follow a common trend before and after impound
ment, including region 6, which changed from a very slow 
flushing rate to a very high rate . Above a ftushing rate of 
0.5 · mo- • the ratio of loss by outftow to total loss was nearly 
constant at 0.8. The aberrant behavior of region 3-4 may mean 
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TABLE 4. Fluxes in seasonal total sediment budgets ( 106 kg) for ice· 
free (IF) (June 1-0ct. 3 1 )  and ice-covered (IC) ( I  Nov.-31 May) 
periods for individual basins of SIL during years of observation. Mass 
fluxes are riverine input (1), erosional input (£), riverine output ( 0). 
mass entering (negative) or leavi g (positive) suspension within region 
(S), and S + E = depositional ftux (D). Quantitative estimates of £ 
are from Newbury and McCullough ( 1 984). Estimates of E are not 
available for the open-water period of 1975, but values for E were 
observed to be negligible in regions 2. 3-4. and 5. 

Region and season 

Region 0-1 
1975 (IF) 
1975-76 (IC) 
1976 (IF) 
1976-77 (IC) 
1977 (IF) 
1977-78 (IC) 
1978 (IF) 

Region 2 
1915 (IF) 
1975-76 (IC) 
1976 (IF) 
1976-77 (IC) 
1977 (IF) 
1977-78 (IC) 
1978 (If) 

Region 3-4 
1975 (IF) 
1975-76 (IC) 
1976 (IF) 
1976-77 (IC) 
1977 (IF) 
1977-78 (IC) 
1978 (IF) 

Region 6 
1975 (IF) 
1975-76 (IC) 
1976 (IF) 
1976-77 (IC) 
1977 (IF) 
1977-78 (IC) 
1978 (IF) 

Region S 
1975 (IF) 
1975-76 (IC) 
1976 (IF) 
1976-77 (IC) 
1977 (IF) 
1977-78 (IC) 
1978 (If) 

I 

1 32 
80 

1 1 2  
132 
180 
90 
84 

180 
108 
352 
220 
308 
106 
324 

142 
104 
184 
210 
240 

S4 
132 

0.6 
0.2 

72 
62 

156 
142 
204 

2.8 
1 .6 
6.2 
2.2 
2.8 
1 .6 
5.0 

E 0 

>0 180 
0 108 

650 352 
0 2 1 8  

849 308 
0 106 

78 1 322 

>0 140 
0 102 

238 256 
0 208 

3 1 1  238 
0 1 10 

290 352 

0 54 
0 68 

2072 92 
0 282 

2767 174 
0 46 

2524 130 

>0 0.8 
0 0.8 

190 104 
0 72 

273 168 
0 1 10 

247 238 

0 1 .0 
0 0.8 

207 0.4 
0 0.8 

275 1.4 
0 0.6 

229 2.8 

s 

- 100 
8 

-464 
so 

- 148 
4 

-322 

I I  
14 
16 
27 
19 
17 

-62 

2 1  
33 

- 1 28 
7 

38 
- 1 2  
-26 

-0.2 
1 . 1  

-68 
7 

- 1 2  
9 

-42 

0.5 
0.8 

- 1 .0 
3 

-0.4 
0.6 
1 . 8  

D 

>0 
8 

186 
so 

701 
4 

459 

I I  
14  

254 
27 

330 
17 

228 

2 1  
33 

1944 
7 

2805 
- 1 2 

2498 

>0 
2.2 

122 
7 

261 
9 

205 

0.5 
0.8 

206 
3 

:m 
0.6 

227 

that this large region was not uniformly mixed by the end of the 
open-water season, as was assumed in the budget. 

lf 0 is assumed to bear the s:-rne relation ro total losses ( 0 + 
D) during the open-water season as duri�og the ice-covered 
season, then offshore sedimentation (loss of material from 
suspension) can be estimated for the open-water season. Using 
the approximation 0/(0 + D) = 0.8 (or D = 0.25(0) after 
rearranging terms) for suspended solids losses in rapidly flushed 
basins observed during ice cover. offshore sedimentation of 
suspended material (D0) during open water can be estimated 
as Do = 0.25(0) in regions 0- 1 ,  2. and 6. This off
shore sedimentatior1 of material transported in suspension was 
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I FtG. 5. Relative losses of suspended solids to outflow as a proportion of total losses compared with 
ftushing rates during the ice-covered period for the various regions of SIL. Broken line is drawn by eye. 
Aberrant behaviour of region 3-4 is shown for successive years after impoundment. 0, region 0- 1 ;  
e. region 2 ;  0, region 3-4; &. region S; x ,  region 6. 

I TABLE S. Regionai sedimentation rates (g ·m-2·mo-1) for SIL dur
ing ice-free (IF) and ice-covered (IC) periods determined by dividing 
the depositional ftux (D) by water area of the region. 

I Region 

Season 0-1 2 3-4 6 s 

I 1975 (IF) >0 1 0  S. l >0 o.s 
1975-76 (I C) 2 . 1  9 5.7 . 2.6 0.5 

1976 (IF) 64 200 428 188 159 
1976-77 (I C) 1 2  I S  1 .0 7.2 1 .4 

1977 (IF) 196 262 S6S 376 179 

1977-78 (I C) 0.9 10 -• 9.3 0.3 I 
1978 (IF) !50 1 8 1  503 295 148 

I "Negative value of D rate not calculated. 

between 6 and 25% of total sedimentation. D (Table 7), during 

I the open-water period. On average, 87% of D occurred 
nearshore in these rapidly flushed regions. Even higher propor· 
tions of nearshore deposition were likely occurring in region 5, 
where eroded mineral material was overwhelmingly sand and 

I where new stable beaches and offshore shoals were forming. 
The proponion of nearshore deposition may have been lower in 
region 3-4, which had higher mean fetch (Table 8) and more 
energetic shoreline conditions. Movement of material off I shorelines and concurrent abrasion of eroding clay materials 
may have been more rapid under these high-energy conditions. 
Nearshore sedimentary deposits 

I Between July 1977 and September 1980, 1 3  m3 ·m shore
line - a  was eroded from the sand deposits at site 18 (Fig. 6). In 
the same period, l l  m3 • m- 1, or 85% of the eroded volume, was 

I deposited at the edge of the nearshore shoal. The eroding bank 
consists of a 12-m height of fine to coarse sand and silty sand 
Can. J. Fish. Aq'"''· Sci . . Vol. 4/, 1984 

I 

TABLE 6. Comparison of natural riverine sedi
ment loading ( 100 kg) (/), erosive inputs (£), and 
export (0) from SIL. Percentage of eroded input 
retained (R) is calculated assuming the fraction nf 
I retained in each year is the same as in 1975. 

1975 
1976 

1977 

1978 

I 

246 

226 
294 

200 

Flux 

E 

>0 
3357 

4475 
4071 

0 

120 
402 
594 
SS6 

R 

100 
91 
90 
89 

beds overlain by 1 - to 2-m-thick clay and silty clay beds. Most 
of the fine materials were brought into suspension and carried 
fanher offshore. The eroding sand was deposited in accordance 
with a model originally proposed by Bruun ( 1962). The 
deposited sand created a new offshore profile parallel to the 
preimpoundmeot profile but separated by a thickness of new 
deposits similar to the change in mean lake level. 

At erosion monitoring site I in South Bay, in thick glacio
lacustrine clay, SO OO<l kg of mineral sediments was eroded per 
metre of shoreline between August 1975 and August 1982. Over 
t' � same  period approximately 37 000 kg of mineral sediment!'. 
75% of the weight eroded from the banks, was deposited within 
300m of the water's edge at depths of 2-7 m. Profiles of the 
bank surveyed in 1975 and \982 are superimposed in Fig. 7 .  

At erosion-monitoring site l l  and region 4, measurements 
indicated that nearshore deposits comprising such a high 
proponion of the eroded material were diminished after bedrock 
was encountered on the eroding shoreline. Between September 
1975 and July 1982, 17 000 kg of mineral sediments per metre 
of shoreline was excavated and a new bedrock shoreline was 
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FtG. 6. Shoreline cross-section at site 18. where a sand bank is being eroded. 
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FtG. 7. Shoreline cross-section at site I, where a fine-grained, laminated clay bank is being eroded. 

attained. However, only 3300 kg, less than 20% of the eroded 
material, remained as deposits in the nearshore zone in 1982. 
Approximately 90% of these newly deposited sediments was 
igneous sand washed out of tiJI deposits in the eroded banks. A 
few millimetres of loose clay coated cobbles and boulders in a 

wide zone beyond 90 m offshore in 3- to 5-m water depth. Most 
of the material eroded at site I I  had been carried beyond this 
cobble zone. 

In the summer of 1983, nearshore bottom sediments were 
measured at an additional 28 sites. Initial inspection of this data 
indicates that while high deposition rates. such as at site I .  are 
common, there is a wide range in the fraction of eroding bank 
material that is deposited in the nearshore zone. 
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TABU 7. Offshore deposition ( D, ,. 0.25( 0)) and total 
deposition (D) ( to' kg) and proportion of offshore to total 
sedimentation during open-water seasons for regions 0- 1,  
2 .  and 6 after impoundment. 

Region Season D, D D,:D 

0-1 1976 44 186 0.24 
19TI 39 601 0.06 
1978 40 459 0.09 

2 1976 32 254 0. 13 
1977 30 330 0.09 
1978 44 228 0. 19 

6 1976 1 3  122 0. 1 1  
1977 21  261 0.08 
1978 30 205 0. 1 5  

TABLE 8. Regional mean fetches ( lcm )  per
pendicular to shorelines in open areas (fetches 
> I  km) (F ,) of the regions and for the whole 
region (including fetches < I  km) C F7). Also 
.civen are maximum fetches within each 
region (F ,_). 

Region 

0- 1 
2 

3-4 
6 
5 

3.7 
3.4 
8.6 
3.7 
5 . 1  

Fr 

2.4 
2.3 
6A 
3 . 1  
2.5 

F...u 

12  
10 
35 
I I  
20 
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Visual inspection of beach (fig. 6 in Newbwy and McCul
lough 1 984) and nearshore bottom materials showed that clay 
fragments are rolled in the surf to form rounded, pebble-like 
aggregates. These continue to abrade to smaller sizes as they are 
carried offshore as bed load. A series of clay aggregates from 
samples of the bottom sediments at 20, 60, and 1 80 m  from the 
water's edge is shown in Fig. 8 .  The aggregates are deposited in 
a matrix of very fine sediment that has been removed by gentle 
swirling and decantation from the samples illustrated. The 
sample at 20 m offshore bas a mean diameter of the clay 
aggregates of 70 �m. whereas the mean panicle diameter of the 
material after dispersion is 6 � · Similarly. the aggreiates 
farther offshore are smaller than nearshore, but they are stiiJ 
much larger than their constituent grains (Fig. 9). 

Discussion 
Erosion, transportation, and deposition are the primary 

processes affecting the concentration and distribution of sedi
ments in a lake. The predominance of any one of these processes 
in space or time is largely determined by the distribution of 
mechanical energy within the lake and the nature of the 
IPnd-water interface. This energy distribution is 1 ''lllifested in 
water circulation and turbulence (Hakanson 1 977; Sly 1978). 
Zones of sediment erosion, transport, and accumulation occur 
in all lakes of substantial size, and the distribution of these zones 
reflects the available energy at the sediment-water interface on 
a lake's bottom. Hakanson ( 1 977), although recognizing the 
complexities of energy distribution within the lake. found that 
two factors, effective fetch and water depth, determined to a 
large extent the distribution of sediments within the lakes he 
examined. Sly ( 1978) similarly emphasizes these factors. 
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Effective fetch at any site sets a physical limit to the transfer of 
energy from wind to waves, and water depth dissipates the 
energy before it is transferred to the bottom. 

The impoundment of SIL altered the morphometry of the 
lake's regions in a relatively minor way compared with many 
new reservoirs. Although the areal increases were on the order 
of 10-SO% (Newbury et al. 1984) for the different regions. 
much of the increase in area occurred along bays and inlets. The 
open-water fetches were negligibly changed by impoundment. 
The mean depth of the lake increased by I S% (Newbury et al .  
1984), so there was more water through which to dissipate the 
wave energy. Diversion did markedly increase the Bushing rate 
of region 6 (Table 1 ) . reducing the time available for sedimenta
tion of suspended panicles, but Bushing rates declined or were 
relatively unchanged in aU other regions. The changes in depth 
and flushing rate could have led to an increase in the areas of 
sediment accumulation, making SIL a better sediment trap after 
impoundment, as has occurred in many other reservoirs ( Baxter 
and Glaude 1980). However, impoundment changed the nature 
of the land-water interface around the lake. After impound
ment, wave energy could be expended in excavating the highly 
erodible overburden instead of being dispersed on resistant 
bedrock shorelines. Internal loading by erosion grossly altered 
the reservoir's sediment input (Table 4). but there were 
relatively minor changes in the processes affecting transp<lrt and 
deposition of sediment within the reservoirs. 

Erosion 

Before impoundment. 80% of the shoreline of SIL was 
characterized by wave-washed bedrock and sand or pebble 
beaches. Relatively unstable shoreline forms had persisted over 
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I the 7000-yr life span of the lake only in sheltered positions 
or where glacio-lacustrine deposits fronting the shore were 
unusually extensive, as in a few areas in region 6 (Newbury and I McCullough 1 984). Outlet constriction due to the construction 
of the Missi Falls control structure in the summers of 1974 and 
1975 caused unusually high lake levels. Shoreline profiles and � observations from the summer of 1975 indicate that the 
maximum water level ovenopped established beaches in regions 
of low to moderate fetch but did not reach tops of beaches in 
regions of high fetch. Although some erosion did occur under 
high water levels in 1975 prior to full impoundment, it was 
limited to the southern regions of the lake, and even there it was 
minor compared with changes following full impoundment. 
Using 1975 as a base year in the sediment budget analysis 
nonetheless underestimates the change from the natural condi
tion in regions 1 .  2, and 6. 

With full impoundment in the summer of 1976 the lake level 

I was raised above established beaches and bedrock outcrops into 
ll the unconsolidated overburden that comprised 86% of the new 

L � shoreline. High rates of shoreline erosion occurred in all regions 
of moderate to high fetch .  Shoreline rates of erosion were found 

I to be largely energy dependent (Newbury and McCullough l 1984). Negligible material was removed from shorelines in 
• protected bays with low fetches ( < l lcm). Rather, new shoreline 

profiles in such areas wen: the product of permafrost melting I and subsequent slumping. The erosion estimates of Newbury 
• � and McCullough (1984) and E in Table 4 specifically exclude 

these areas. Maximum eroded input occurred in region 3-4 
(Table 4), which has the largest mean fetches and extensive • actively receding shorelines. !Ill Although numerous studies have found cohesive clays to be 
less erodible than sands under ftowing water conditions (e.g. 

I Hjulstrom 1939; Terwindt et al. 1968), in SlL, unfrozen sand 
banks and clay banks with permafrost eroded at similar rates 
under similar energy regimes. The excavation process on SIL 
shorelines produced clay aggregates of a wide size range. 

I Subaerial exposure of undercut collapsing clay blocks produced 
a highly fractured appearance in the laminated clay. The 

• fracture lines may have followed planes of dehydration created 
by permafrost and surface drying. On disturbance, these blocks I crumbled along fracture planes into chunks of a variety of sizes. 
Fractionation of the blocks was funher assisted by preferential 
erosion of the silty laminae (fig. 6 in Newbury and McCullough 

1 1984
.
). Clay aggregates could also have been detached from 

submerged clay layers under turbulent pressure variations 
(Terwindt et al. 1968) caused by breaking waves. Although 
some suspended material entered the lake directly as a slurry I where permafrost melting was widespread, the great bulle of 
material entered as aggregates of various sizes. 

Transpon I Upon submersion of eroded shoreline material, bed load 
transpon initially predominated. Soning of the blocky aggre
gates excavated from shorelines began as smaller sized blocks 

I were transponed to greater depths than large blocks. Transpqn 
1 along the bottom caused rounding of the blocks to typical beach ' 

pebble shapes (Fig. 8). Because the clay aggregates were easily 
abraded, they were worn smaller each time they wen: entrained � and continually moved to lower energy regimes farther offshore. 

Deposition 
It was estimated that 90% of eroded material was deposited 
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within SIL by analysis of the suspended sediment budgets for 
the first 3 yr of impoundment. Of this deposited material,  
70-80%, depending on the region, was deposited nearshore. 
The observed ponion of nearshore accumulation off an eroding 
sand shoreline (site 18) was 85%. Similarly. at an energetic clay 
shoreline (site 1)  with a maximum fetch of l l lcm, 75% of 
eroded material was deposited within 300m of the shoreline. 
The agreement of observed and expected deposition at these 
sites suppons the general conclusions of the sediment budget. 
The exceptional situation at site 1 1 ,  when: ·most of the eroded 
material was removed from the nearshore zone, may be typical 
of the ultimate fate of all the nearshore deposits after the 
shoreline has stabilized on bedrock, and there is no supply of 
new sediment. At site 1 1  the high wave energy from a 22-lcm 
fetch had partly reexposed the bedrock foreshore by 1979. 

Nearshore deposition rates were initially rapid off eroding 
clay shorelines (up to lOcm·yr-1 at site 1) .  Rapid nearshore 
deposition is frequently observed in new reservoirs (e.g. 
Everdingen 1968) where sediments are resistant to abrasion and 
these deposits persist through time. However. in SIL these 
nearshore clay deposits will be unstable in the long term . 
Entrainment of clay aggregates leads to panicle abrasion, 
panicle size reduction, and panicle movement fanher offshore. 
At site 1 even the largest aggregates observed at offshore sites 
were substantially smaller than those that could be moved by 
waves generated by winds whose high strengths are not 
infrequent (Table 9). Deposits at site 1 have accumulated 
nearshore because rates of sediment input have greatly exceeded 
rates of offshore transpon. When new stable shorelines occur, 
sediment input will decrease (Newbury and McCullough 1984) 
and the nearshore deposits will eventually be removed by storm 
waves. 

The comparative stability of sand and clay beaches is evident 
in the cross-sections of the deposits. At the sand site (Fig. 6) 
where well-sorted proglacial sands were eroding, a discrete 
sand wedge accumulated. The surface of the new deposit was 
parallel to, but 3 m  higher than, the preimpoundrnent offshore 
profile. In contrast, the new deposit off the clay shoreline was 
thickest at 2 m  water depth and diminished slowly over several 
hundred metres (Fig. 7) as aggregate sizes diminished and the 
total mass of material loss to suspended transpon increased. At 
site 1 1  where bedrock had been exposed by shoreline erosion, 
only 20% of the eroded volume remained nearshore and of this, 
over90% was igneous sand, which will likely be a stable deposit 
at this site. Any clay sediments that may have been deposited 
immediately after impoundment had been transponed farther 
offshore by 1982. 

If it were assumed that the whole eroded mineral volume 
entered the lake as bed load and that the 20-30% annual loss to 
suspended sediment transpon, suggested by the sediment 
budget analysis, was generated by abrasion of bed load, a mean 
annual erosion constant of 0.25·yr-• might be applied to the 
nearshore clay depOsits in SIL. A logarithmic time decay model 
applied to erosion of these nearshore clay deposits, like that 
applil:d by Newbury and McCullough ( 1984) for stabilization of 
banlt erosion, v.-ould estimate that 10 yr would be required for 
90% removal of these clay deposits to offshore waters and 
outftow. However, significant net erosion of these deposits 
would not occur until the input of material from shorelines 
decreased substantially. Consequently, the high turbidities in 
SIL (Heclcy 1984) caused by impoundment will continue for 
significant lengths of time after shoreline excavation ceases. 
Newbury and McCullough (1984) estimated that 35 yr may be 
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TABLE 9. Comparison of maximum grain diameter observed along a 
nearshore depth profile at site 1 and the size of particle that could be 
entrained by a strong wind (sustained wind of 45 km ·h-I,  0. 9-m wave 
with 3.8-s period; for method see Komar and Miller 1973). Wind 
speeds >45 km ·h-I were sustained for an average of 30 h in each 
open-water season from 1977 to 1979. 

Max. grain Max. grain 
Distance offshore Depth diameter observed diameter entrained 

(m) (m) (mm) (mm) 

20 2 6 30 
60 3 0.5 9 

180 4.8 0. 1 2 

required for 90% of the fine-grained shorelines to return to their 
preimpoundment condition. Erosion of unstable nearshore 
deposits may require an additional decade before suspended 
sediment concentrations return to preimpoundment levels and 
the Churchill River is once again the major sediment source for 
SIL. 

Uncenainty is attached to our estimates for subaqueous 
erosion of nearshore clay deposits. Rates of abrasion for any 
particular site must be related to eroding particle size and shape, 
hydrodynamic energy, and perhaps sand content of the deposits 
before a better model can be developed. Future research on this 
process should emphasize the generation of suspended sediment 
from abrading clay aggregates. 

Impact 

Only basins whose postimpoundment shorelines were largely 
bedrock (region 7 of Newbury et al. 1984) or sand (region 5) 
suffered little effect on their suspended sediment budgets and 
offshore suspended sediment concentrations ( Hecky 1984; 
Patalas and Saiki 1984). The immediate effects of bank erosion 
are most dramatic nearshore where high turbidities and high net 
sedimentation rates occur. This deposition is unstable and is 
occurring in areas that before impoundment had bedrock, 
cobble, gravel, and sand bottoms. Substantial changes in the 
utilization of these areas by biological communities have 
occurred (Fudge and Bodaly 1984; D. Rosenberg, Department 
of Fisheries and Oceans, pers. comm.). ln the long term, these 
deposits will be removed; but, in the process of removal, the 
offshore effects of suspended sediments on light transmission 
(Hecky 1984) and planktonic communities (Hecky and Guild
ford 1984; Patalas and Saiki 1984) will persist even after 
shorelines have stabilized. As the nearshore deposits are 
eroded, most of the suspended sediment will be removed at the 
outftow in the rapidly flushed regions 0- 1 ,  2, and 6. Even in the 
large and slowly flushed region 3-4, loss at outflow can still 
predominate because much of the suspended material is line 
grained ( < 1 1&-Dl  nominal diameter). Although in this region 
material may be removed from shorelines and nearshore 
deposits more rapidly than from the other regions because of its 
greater fetches, its loss ra..c: of suspended material is lower 
because of its slow flushing rate. The return of region 3-4 to a 
preimpoundment state with respect to suspended sediment con
centration may be as slow as the basins that have smaller fetches 
and lower wave energies. 
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The impoundment of Southern Indian lake (Sill and diversion from the lake of the Churchill River in 
northern Manitoba, Canada, were the subjects of two independent environmental impact statements. 
Subsequently, a case stucly measured change in the limnological and biological characteristics of the lake 
after development. Comparison of pre- and post-impoundment observations allows an assessment of the 
predictive capability that was applied to the lake by the preimpact statements. Predictions related to the 
physical environment, e.g. increased shoreline erosion, littoral sedimentation, higher turbidity, and 
decreased light penetration and visibility, were qualitatively correct; however, an unpredicted decrease in 
water temperature also occurred. Increased phosphorus availability and light limitation of primary 
production were also correctly forecasted in a- qualitative manner. These aspects will be quantitatively 
predictable in future reservoirs because of studies at Sll and elsewhere. Biological responses above the 
primary trophic level were mostly not predicted or predicted incorrectly. Unpredicted changes that were 
especially significant to the fishery were rapid declines in the quantity and quality of whitefish ( Coregonus 
clupeaformis) catch, increases in mercury concentrations in fish, and the need for extensive compensation 
programs to keep the fishery economically viable. Testable hypotheses to explain all unpredicted events 
have been formulated but require experimental verification. The paradigm of reservoir ecosystem 
development that is present in the literature requires reformulation if future environmental impact 
analyses of reservoirs are to be improved. 

La retenue des eaux du lac Sud des lndiens et a derivation de Ia riviere Churchill, dans le Manitoba 
septentrional (C;anada), ont ete l'objet de deux evaluations environnementales. Dans une etude de cas 
subsequente, les changements de caracteristiques limnologiques et biologiques du lac apres Ia montee 
des eaux ont ete mesures. Une comparaison des observations d'avant et d'apres retenue permet d'evaluer 
Ia capacite previsionnelle, qui a ete appliquee au lac l l'aide des evaluations environnementales d'avant Ia  
retenue. les predictions touchant l'environnement physique, p. ex. erosion accrue de Ia  ligne de rivage, 
�imentation du littoral, turbidite plus forte et penetration de Ia lumiere et visibilite reduites, ont ete 
qualitativement exactes; cependant, il s'est produit une diminution non predite de Ia temperature de 
l'eau. Une ,Plus grande accessibilite du phosphore et Ia limitation par Ia lumiere de Ia production primaire 
ont ete egalement correctement predites de maniere qualitative. Grice aux etudes menees au lac Sud des 
lndiens et ailleurs, il sera possible de predire ces aspects quantitativement dans de futurs reservoirs. les 
reactions biologiques au-dell du niveau trophique primaire ont ete pour Ia plupart non predites, ou 
encore predites incorrectement. Parmi des changements non predits, et particulierement importants pour 
Ia p�che, on note de rapides declins de Ia quantite et de Ia qualite des prises de grand coregone <Coregonus 
clupeaformis), des augmentations de concentration de mercure dans les poissons et le besoin de pro
grammes compensatoires intensifs afin de maintenir Ia rentabilite de Ia p�che . Nous avons formule des 
hypotheses verifiables pour expliquer tous les evenements non predits, mais ces hypotheses devront 
�tre verifiees experimentalement. II faudra formuler de nouveau le paradigme de devel"ppement des 
ecosystemes des reservoirs contenu dans les travaux publies, si I' on veut ameliorer les analyses d'evalua
tion environnementale des reservoirs. 
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A 
ny major industrial or resource development today will 
likely be required to undergo an environmental impact 
assessment, i.e. consideration and evaluation before 
development of probable effects, either by law, regu

lation or public demand. Impact assessments have become so 
ubiquitous and bureaucratized that it is easy to forget that they 

are recent phenomena. Public awareness of environmental 
problems grew rapidly through the 1960's (Parlour and Schat
zow 1978; Beanlands and Duinker 1983), and many govern
ments responded by institutionalizing environmental impact 
assessments in the early 19iU's. Although environmental 
impact assessments are now commonplace, strong misgivings 
have been registered about their purpose, structure . conduct. 
utility, and effectiveness (e.g. Schindler 1976; Rosenberg et al. 
1981 ;  Beanlands and Duinker 1983). This is as true of reservoir 

1This paper is one of a series on the effects of the Southern Indian 
Lake impoundment and Churchill River diversion. 
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Rivers Study Board ( 1 975); 9, Freshwater Institute Studies (in this issue). Arrow marks signing of Northern Aood Agreement, which has a 
mechanism for handling compensation claims. 

I developments as of other developments (Rosenberg et al. 198 1 )  
even though man's experience with reservoirs began with the 
earliest organized civilizations (Wittfogel 1 957). 

The long association between man and reservoirs might lead 

I one to think that all the effects of reservoir formation would be 
well known. This opinion has been recently expressed through 
statements such as "it seems unlikely that subsequent impound-
ments in the temperate regions will give rise to any large-scale 

I surprises" (Baxter 1977, p. 277). Others such as Efford ( 1 975, 
p. 197) have stressed the opposite view that "'ur ability to 
measure the impact of hydro-dams on biological systems is not 
well developed." This apparent divergence of opinion is I understandable when the paucity of postimpact environmental 
data for reservoirs is considered (Geen 1974). In a review of 
environmental impact assessment (Rosenberg et al . 198 1 ), 

I postdevelopment monitoring and analysis were identified as the 
most frequent deficiencies of the six necessary components of 
an "ideal" scientific impact assessment. 1be scientific method 
requires both the posing of testable hypotheses (environmental 

I prediction) and hypothesis testing (postdevelopment analysis). 
Any evaluation of the utility of environmental impact assess
ments must consider the predictive capability of environmental 
science and consequently the comparison of prediction and I results. The objective of this paper is to examine these two 
aspects of environmental impact assessment using the impound
ment of Southern Indian Lalce (SIL) and accompanying diverl sion of the Churchill River as an example. 

Historic:al Background 

I Federal water power surveys in the early 1900's ( 1 ,  Fig. 1 )  
identified the hydroelectric potential of the Churchill River in 
northern Manitoba, Canada. Extensive provincial surveys 
beginning in the 1940's (2,  Fig. 1 )  confirmed this potential, 

I and hydroelectric feasibility studies commenced. By the mid-
1950's (3,  Fig. 1 )  the possibility for diversion of the Churchill 
River ftow into the Nelson basin had been discovered. In the 

I 1960's feasibility studies by Manitob Hydro (4 and 5 ,  Fig. 1 )  
indicated that a high-level impoundment of SlL (i.e. increasing 
its level by 10 m to 265 m ASL) and diversion of water from the 
Churchill River into the Nelson River would optimize electric 

I generation benefits relative to all other possible system con
figurations (Dickson 1975). There was public resistance to this 
scheme primarily because the feasibility studies had not 
considered the effect of such a development on the existing and 

I future utilization of natural resources in northern Manitoba. As 
often happens in such developments, natural resource impacts 
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were addressed late in the planning process (6, Fig. 1 ) . In 
response to public concern, Manitoba Hydro retained a consult
ing engineering fum to assess the impact of various diversion 
configurations on naTUral resource utilization (Underwood
McLellan and Associates Ltd. 1970a). This was the first 
published predevelopment impact assessment (7, Fig. 1 ) .  
Subsequently, Manitoba Hydro opted for a low-level impound
ment and diversion scheme that would ftood SlL by 3 m to a 
maximum elevation of 258 m ASL. Continuing public concern 
about the effects of this option led to the establishment of a 
second predevelopment assessment (8, Fig. 1 } ,  a Federal
Provincial study to examine the environmental effects of a 
low-level impoundment (Lake Winnipeg, Churchill and Nelson 
Rivers Study Board 1975). This study proceeded concurrently 
with construction of the development. The Freshwater Institute 
of the Department of Fisheries and Oceans subsequently 
conducted a program of research on SIL, which continued after 
impoundment and diversion (9, Fig. 1 ) .  These follow-up studies 
can be used to assess the predictions made by the preimpound
ment impact analyses. 

Strategy 
In this paper the impoundment of SIL and the diversion of the 

Churchill River is treated as a large-scale experiment conducted 
to test hypotheses made by predevelopment impact assess
ments, in order to evaluate the predictive capability of scientific 
theory being applied to new reservoirs during the early 1 970's 
when the SlL assessments were done . We will then discuss how 
the theory might be modified based on the SlL experiment to 
achieve bener predictability, especially in a quantitative sense, 
in future reservoir developments. In so doing, we will enumer
ate several new

· 
or revised hypotheses generated by considera

tion of the SlL experiment and suggest how they might be 
tested. 

Methods 
Sources of Predictions 

The Underwood-McLellan and Associates Ltd. (U-M) study 
( 1970a) and the Lalce WiMipeg, Churchill and Nelson Rivers 
(L WCNR) study ( 1975) each had different terms of reference, 
purposes, and time frames for assessing systems with slightly 
different project configurations. To understand how we derived 
testable predictions from these studies, it is necessary to briefiy 
review the objectives and methodologies of each. 
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The U ·M study 
It had " . . .  the overall objective . . .  to detennine the costs and 

benefits of various schemes of diversion of the Churchill River" 
(Underwood-Mclellan and Associates Ltd. 1970a, p. 8). The 
study was primarily an office study based on natural resource 
infonnation already available. Virtually no new data were 
collected from the study area. Consequently, predictions were 
based on experiences in other IJ=servoirs as derived from the 
scientific literature. The study (Underwood-Mclellan and 
Associates Ltd. 1 970b) did not have a defined operating regime 
for any of the various diversion configurations considered, but it 
specifically gave predictions for a high-level diversion from SIL 
(maximum elevation 265 m ASL) and a low-level diversion 
(maximum elevation 256 m ASL) with seve.ral possible ranges 
of drawdown. The minimum range of drawdown considered 
was 1 .5 m. In the configuration eventually developed (Newbury 
et al. 1984 and below), the maximum elevation bas not 
exceeded 258 m. The annual drawdown is less than 2 m, which 
is similar to the preimpoundmcnt annual range of water levels. 
Consequently, predictions from U-M based on drawdown 
effects bave been eliminated from our analysis. We consider 
tbat if the U-M study had specifically made predictions for a 
258-m elevation it would bave interpolated between the severity 
of its expected effects at 256 and 265 m. 

The LWCNR study 
This study began after Manitoba Hydro had fixed the 

configuration, operating regime, and timing of construction. 
Churchill River water was to be diverted at up to 875 m3 ·s-1 
from SIL into the Nelson River basin. Diversion would be by 
gravity flow, and the lake was not to be raised above 259 m 
ASL. Drawdown on SIL was to be similar to the natural range of 
water level fluctuation. Construction of control works and 
the diversion channel proceeded contemporaneously with the 
study. The objective of the study was, therefore, limited to 
making " . . .  recommendations for enhancing the overall benefits 
with due consideration for the protection of the environment" 
(LWCNR 1975, p. 61) .  Specifically, the terms of reference 
directed that the study " . . .  must be adapted to provide reliable 
data on present natural conditions and the anticipated and actual 
conditions arising from the operation of the controls as designed 
and constructed" (LWCNR 1975, p. 61). Field studies were 
conducted on SIL in 1972 and 1973; thus, predictions were 
based on a large amount of descriptive data. The natural state of 
SIL and predicted changes were summarized in Hecky ·and 
Ayles ( 1 974). 

Source of Results 

An emphatic recommendation of the L WCNR study was that 
a long-term ecological monitoring and research program be 
conducted to establish the impact of the development. Sub
sequently. the Freshwater Institute initiated a case study of the 
SIL reservoir; studies funded by the Department of Fisheries 
IUid Oceans began in 1974 and bave continued to the present. 
The operational regime for SIL over the period of postimpound
ment studies has differed only slightly from that considered by 
the LWCNR study, i.e. although elevation of the lake has 
not exceeded 258 m ASL, diversion flows have exceeded 
875 m3 ·s- 1  from time to time during hydraulic capacity studies 
of the diversion channel undertaken by Manitoba Hydro 
(Newbury et al. 1984). The results of this case study are 
published as a series of 17 papers in this issue of the CaiUldian 
JourMI of Fisheries and Aquatic Sciences. The major results of 
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these studies are briefly reviewed here to characterize the natural 
state and to establish observed changes that occurred with 
impoundment and diversion. 

Summary of Impacts 

During the summer of 1976 the level of SIL was raised to 3 m  
above its long-tenn mean elevation . The lake was impounded 
by a control dam on the natural outlet at Missi Falls ( Fig. 2) 
causing the water of the ChurchilJ River to How by gravity into 
the Nelson River basin via an excavated channel at South Bay 
(region 6, Fig. 2). Since September 1977. the diverted How 
from the ChurchilJ River has averaged 75% of the river's 
long-tenn mean flow of 101 1 m3·s-1 out ofSIL (Newbury et al. 
1984). Impoundment incteased the area of the lake by 21% to 
239l lan2• Preimpoundment assessment of the multibasin lake 
recognized eight regions defined by channel constrictions (Fig. 
2; Newbury et al. 1984). These regions. in their natural state. 
differed in their flushing rates and water chemistry (Cleugh 
1974), primary productivity (Hecky and Guildford 1984). 
biological communities (Hecky 1975; Patalas and Saiki 1984; 
Wiens and Rosenberg 1984), and commercial fishing effort 
(Bodaly et al. 1984b). The impounded lake also had regional 
differences in extent of flooded area, change in mean depth, and 
nature of flooded banks (Newbury et al. 1984). The quantitative 
effects of impoundment on selected limnological variables in 
four major regions of the lake are summarized in Table 1 .  

Physical Changes 

After impoundment, SlL was deeper and cooler, and these 
effects were apparent in all major regions (Table 1) .  Hecky 
( 1984) concluded that the greater mean depth of all the regions 
in the unstratified lake had the effect of diluting incoming heat. 
Increased back-scattering of solar irradiance in regions of the 
lake with higher suspended sediments added to the general 
cooling effect as well. In regions north of the diversion point 
(regions 4 and 5 in Table 1), decreased riverine heat input in the 
spring delayed ice-out (Hecky 1984). Delayed ice-out reduced 
the length of the heating season and lowered the maximum 
temperatures achieved relative to the regions upstream of 
diversion. Patalas and Saiki ( 1 984) found that the temperature 
decreases in the upper 5 m (2-3°C) were even greater than the 
declines in whole water mass temperatures given in Table I .  
Region 6 (South Bay). which before impoundment was a wann. 
shallow, isolated bay off the main axis of Churchill River How. 
was cooled by the introduction of relatively cool diverted water 
from the deeper region to the north (Hecky 1984). The 
postdiversion flushing rate for this bay was too rapid to allow 
significant warming of the diverted water. 

The postimpoundment water surface intersected glacial and 
organic deposits on 86% of the new shoreline (Newbury et al. 
1984). Onshore waves initiated substantial erosion on all 
shorelines exposed to more •!tan 1 km of offshore fetch 
(Newbury and McCullough 1984). In re .. 'ons l .  4, and 6. 
the predominant backshore material was permafrost-affected. 
glacio-lacustrine clays and fine-grained tills. The shoreline 
erosion introduced large volumes of these materials to the lake 
(Table 1). As much as 80% of this eroded material was initially 
deposited nearshore ( Hecky and McCullough 1984). The 
remainder went into suspension and significantly increased the 
offshore sediment concentrations by 2-5 times (Table I ) .  In 
region 5, the shoreline was composed of sandy eskers , kames. 
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I FtG. 2. Southern Indian Lake location map. Numerals are assigned to regions as defined in Newbury 

et al. (1984). land organic deposits. Most of the sediment was deposited 
nearshore, and there was less effect on offshore sediment 
concentrations. In general, increased sediment concentrations 
offshore reduced Secchi disk transparency and light penetra-ltion. The mean water column light intensity, I (Table 1) ,  was 
further reduced because of the greater mean depths of these 
well-mixed regions (Hecky 1984). After impoundment, SIL 

· was, on average, a darker, less transparent lake than before. 

�Biological Changes 

Primary productivity after impoundment either was incre&Se(j lin the relatively well-illuminated regions of the lake , e.g. region 
S (Table 1), or was unchanged in regions where I declined 
below S.OmE·m-2·d-1 (Hecky and Guildford 1984). In the !latter regions, postimpoundment light limitation replaced preImpoundment phosphorus limitation with no significant change 
in integral production. Seasonal mean chlorophyll concentra
tions rose in all regions of the lake in response to less light and lmore nulrients from shorelines. Phosphorus deficiency was lrelieved in all regions of the lake except in small, shallow bays 
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where i remained high enough to cause utilization of all 
available nulrients (Hecky and Guildford 1984; Planas and 
Hecky 1984). Such bays had significantly increased integral 
primary production. 

The zooplankton and zoobenthic communities responded in opposite ways to impoundment. Zooplankton biomasses 
decreased by 30-40% in the major regions of the Jake. 
Cladocerans and small cyclopoid copepod species accounted for 
most of the declines in biomass (Patalas and Saiki 1984). 
Calanoid copepods were less affected, with some larger species 
actually being more abundant and more widespread after 
impoundment. Mysis r�licta increased from being very rare to 
being common. Patalas and Saiki ( 1984) attributed these 
changes in the zooplankton community to a combination of 
lower temperatures and reduced predation because of poorer 
transparency. The density of zoobenthos generally increased in 
SIL. and no significant changes in community composition 
occurred (Wiens and Rosenberg 1984). The magnitude of 
regional responses in zoobenthos (Table l )  could be explained 
in terms of nulrient and organic inputs from Hooded shorelines. 
phytoplankton primary production, and concentrations of sus-
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TABLE I. Comparison of morphometric, hydrologic, Hmnological, and biological factors for four SIL regions before and after 
impoundment. Inundation ratio (Wiens and Rosenberg 1984) is the proportion of flooded land to postimpoundment water area. 
Mean depth and ftusbing rate are from Newbury et al. ( 1984). Temperature change is based on mean water mass temperature at 
maximum beat content (Hecky 1984). Seasonal mean suspended sediment concentrations were calculated by Wiens and Rosenberg 
( 1984) from data of Hecky et al. ( 1979) for years 1974 and 1977. I is the mean water column light intensity during the day for 2 yr 
before and 2 yr after impoundment (Hecky and Guildford 1984). Secchi values are from Hecky ( 1984). Erosive inputs are the 
means for the first three postimpoundment years; erosive inputs were negligible before impoundment (Hecky and McCullough 
1984). Primary production and chlorophyll data are from Hecky and Guildford ( 1 984). Zooplankton biomass estimates compare 
the postimpoundment mean with 1972 (Patalas and Saiki 1984), and zoobenthos density compares 1977 with 1972 (Wiens and 
Rosenberg 1984). Underlined pairs of data were considered not significantly different statistically by the authors. Suspended 
sediment, i. Seccbi disk, primary production, chlorophyll, and zoobenthos density values for region 6 are for the western subregion 
(Hecky 1984), which accounts for 62% of the area and 72% of the volume of region 6. All other parameters are calculated for the 
whole region. 

Post 

loundatioa ratio 0 0.09 
Mean depch (m) 8.0 10.1 
Flusbi.ng time (yr) 0. 12 0. 17 
Temperanue change ("C) 0 -0.8 
Suspended sediment (mg· L.-1) 3.2 8 . 1  
I (mE· m-2·min- 1) 6.2 4.0 
Seccbi disk ( m) 1.4 0.9 
Erosive input (g· m-2· yr-1) ... o 1390 
Primary productioa (mg · m-2·d-1) 530 460 
Chlorophyll (mg·m- 3) 4.6 5.0 
Zooplankton biomass (mg·m-3) 905 707 
Zoobenthos density (no. · m-2) 6200 ,00 

pended sediments. In some areas, high suspended sediment 
concentrations apparently negated the increased input of organic 
substrate. Crawford and Rosenberg ( 1984) showed that one 
major soun:e of organic substrate, black spruce (Picea mariallll) 
needles, was quickly colonized and broken down mainly by 
chironomids. This study suggested that such ftooded vegetation 
would be rapidly utilized. Within 3 yr after impoundment there 
was evidence that the zoobenthic densities were returning to 
preimpoundment levels in some regions (Wiens and Rosenberg 
1984). 

Fisheries 

The catch per unit effort (CUE) of whitefish ( Coregonus 
clupeaformis) on the traditional fishing grounds declined after 
impoundment (Bodaly et al. 1984b). This decline caused a 
redistribution of commercial fishing effort from re6ion 4 to 
region S in order to exploit lower quality (darker color, higher 
Trilunophorus crassus cyst counts) stocks that were formerly 
avoided. The lower CUE was attributed to redistribution of 
whitefish stocks, which may have been due to reduced visibility 
either affecting feeding success, which in tum caused move
ment to more favorable conditions, or affecting schooling 
behavior (Bodaly et al. 1984b). Tocal whi•·.fish catch was 
maintained for S yr after Hooding by increased tocal fishing 
effort, but then, effort slowed and tocal catch declined. Patalas 
and Saiki ( 1 984) noted that the increases in Mysis and other 
large calanoid copepod abundances concurTCd with the apparent 
decline in whitefish abundance, suggesting reduced whitefish 
predation on food resources. Reduced predation by adult 
whitefish may also have contributed to the general increase in 
zoobenthos as well. In situ experimental i.nc:ubations showed 
that high sedimentation of silts and days negatively affected 
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Region 

4 6 

Post Post 

0 0. 16 0 0.31 0 0.08 
12. 1 13.0 4.9 5.9 3.5 5.8 
0.23 1 .4 u 2.8 4.2 O.oJ 
0 - 1 .3 0 - 1 .4 0 - 1 .3 
1 .2 6.3 1.7 4. 1 3.0 1 1 .0 

10.0 4.9 15.9 9.8 13.9 5.5 
2.9 1 . 3  3.0 2.3 1 . 6  0.7 
0 3312 0 no ,..0 1700 

570 560 400 720 220 290 

2.9 4.0 2.4 4.4 1 .9 3.6 
930 625 18, 957 1486 933 

3800 8300 2800 6100 1000 1500 

whitefish egg survival (Fudge and Bodaly 1984). creating 
concern for the long-term abundance of whitefish in SIL·. 

Impoundment produced a very strong year-class of northern 
pike (Esox lucius) in 1977, the I st yr of high spring water level. 
but young pike were much less abundant in subsequent years 
(Bodaly and Lesack 1 984). Adult pike showed no effect of 
impoundment on growth, mortality , or condition. The lack of 
response in adult pike populations was attributed to the low 
degree of ftooding in the chosen study area on SIL (8odaly and 
Lesack 1984). Mercury concentrations in muscle increased in 
all commercial fish species after ftooding (Bodaly et al. 1984a). 
Northern pike and walleye ( S1izos1edion vilreum virreum) 
exceeded the Canadian marketing limits for mercury concentra
tion in ftesh and in some cases exceeded the marketing limit for 
export. These increases in fish mercury concentration also 
threatened an important domestic food source. 

Compensation 

The Northern Aood Agreement, among the federal and 
provincial governments, Manitoba Hydro, and five Indian 
reserves affected by the Churchill-Nelson River hydro develop
ment, was signed in 1977 (Fig. 1), and it inc:luded a mechanism 
for arbitration of compensation c:laims. The South Indian L...:e 
community was not signatory to this agreement and may not be 
covered by it. However, as the local economy was quite 
dependent on the fishery, a series of annual compensation 
packages were negotiated between Manitoba Hydro and the 
South Indian Lake Fishermen's Association over the period 
1978-82. These compensation plans differed in size and intent 
from year to year and ranged in total value from approximately 
$40000 to $600 000. They inc:luded, at various times. provi
sions for bonus payments paid on a per pound basis. rep1ac�ment 
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of lost or damaged nets and motors, fish grade sorters, 
assistance for fishing nearby lakes unaffected by Hooding, and 

I payments to individual fishermen based on historic production. 
In early 1983, a final settlement of $2.5 million was agreed 
upon. which would compensate for all present and future 

I damages to the fishery . Wagner ( 1984) found that the postim· 
poundment commercial fishery would not be economically 
viable without the compensation payments that were being 
made for value losses attributed to the impoundment, and he 

I concluded that fishermen were undercompensated because the 
excra effort required to recover a marketable catch was not 
recognized as an increased cost. 

I Results and Discussion 

Reservoir Theory 

I The paradigm 
The U-M study surveyed the reservoir literature to establish a 

general catalogue of responses by aquatic ecosystems to 

I impoundment. The literature available at the time demonstrated 
that many new rese.rvoir ecosystems had a similar developmen
tal sequence. Although the majority of reports was based on 
Russian experience (summarized in column I of Table 2), the 

I developmental sequence was reinforced by the smaller number 
of experiences from the tropics and North America, and similar 
characterizations can be found in numerous reviews (e.g. Frey 
1967, Lowe-McConnell 1973; Baxter 1977). We will refer to 

I the developmental sequence in column I of Table 2 as the 
"reservoir paradigm." A scientific paradigm. sensu Kuhn 
( 1970), is a widely accepted model or pattern for a phenom
enon, the correctness of which is not seriously questioned by lpracticing scientists beyond minor modifications in articulation. 
The reservoir paradigm makes the general prediction of an 
initial trophic upsurge during which all biotic communities have lhigher standing crops and productivities. Much of the experi· 
ence on which the paradigm was based was biased towards 
valley reservoirs where new bodies of water were created from 
initially riverine conditions. 

the U-M study 
SIL was already a lake that would undergo marginal Hooding, r the U-M study modified the existing paradigm (Table 2. .olumn 2). It was recognized that shoreline erosion would be the 

major physical impact. Erosion was a concern in SIL because of 
long, open fetches available for wind-generated waves to form, .hich would dissipate on the widespread, erodible, fine-grained lkJacio-Jacustrine deposits in the permafrost-affected backshore. 
Appreciation of the potential for erosion, in tum, modified 
expected littoral productivity in the vicinity of actively eroding thorelines and Jed to a prediction of decreased zoobenthic 

roductivity in offshore areas because of increased sedimenta
tion (Table 2, column 2). Positive trophic responses leading to �·ncreased food availability for fish were only expected in 

rotected nearshore areas of low erosion, so only the littoral 
welling pilce (of the commercially important fish species) 

were predicted to increase in productivity after impoundment. !ipawning problems were predicted for the most important 1=ommercially fished species. whitefish and walleye, and these 
problems were projected to lead to falling production for these 
species after impoundment with a slow return to preimpound-tent levels as new spawning habitat evolved. The prediction of 

nly marginal increases in fish production after impoundment 
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resulted from an integration of food chain effects and spawning 
effects and was a significant departure from the paradigm. 

The LWCNR study 
A year of field study and a more defined operating regime 

allowed refinement of some of the U-M study predictions , 
elimination of others, and generation of one significant new 
prediction concerning decline in CUE i.n the commercial fishery 
(Table 2, column 3). Predictions about thermal stratification and 
deoxygenation were more definitive. The prediction that shore
line erosion would be substantial was modified by stating that 
most of the eroded material would be deposited nearshore . 
Offshore turbidity increases were expected to reduce drastically 
light availability to phytoplankton and nullify the effect of 
nutrient increases on algal growth after impoundment. Conse
quently, it was predicted that offshore primary production over 
most of the lake would not increase after impoundment. The 
L WCNR suggested that offshore effects on zoobenthos would 
not be as negative as was anticipated in the U-M �tudy; 
however, no specific prediction on benthic productivity in the 
immediate, postimpoundment period was offered because of 
uncertainty concerning the interaction among nutrients, sedi
mentation, and zoobenthos. Most of the predictions concerning 
fish ecology made by U-M were adopted by L WCNR. In the 
commercial fishery no increase in production was expected, 
and a decline in the CUE was predicted by L WCNR for the 
immediate postimpoundment period because of stock move
ments in response to the changed environmental regime. The 
L WCNR study had clearly abandoned the reservoir paradigm as 
not applicable to SIL (Table 2, cf. columns 1 and 3). 

Comparison of Predictions and Observations 

Although many ·of the predictions that were made and that can 
be presently assessed were qualitatively correct (Table 2, 
column 4), some predictions were wrong (Table 2, column 5). 
For example, pilce spawning success became poor after being 
very successful in the I st yr after impoundment. Also, growth 
and survival of pilce were not detectably enhanced by impound
ment. It had been feared that lake whitefish required shallow 
water over rocky bottoms for spawning and would not find such 
suitable substratum immediately after impoundment, but they 
continued to spawn on their original sites at greater depths. 

A number of significant and totally unpredicted impacts 
occurred (Table 2, column 6). The decline in whitefish market 
quality contributed to the economic decline of the SIL commer
cial fishery (Wagner 1984). The contamination of fish by 
mercury threatened a major domestic food source and the 
marketability of the piscivorous walleye and pike. Other 
oversights by both L WCNR and U-M included significant 
changes in zooplankton and zoobenthic standing crops and a 
general cooling of the impounded lake. 

· 

The correct predictions of U-M and L WCNR were highly 
modified from the reservoir paradigm. The U-M study had 
decided that the gene. a1 trophic upsurge expected from the 
reservoir paradigm would be limited to a few components of the 
food chain and/or to restricted portions of the reservoir and it 
anticipated only marginal increases in fish production. The 
L WCNR study predicted that there would be no increase in the 
production of important commercial stocks. and it forecasted a 
decline in CUE in the fishery. The U-M "office" study was 
nearly as effective in its predictions of aquatic impacts as the 
L WCNR study was after a year of field studies on SIL. The year 
of field studies allowed the L WCNR study to better define some 
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..... � TABLE 2. Comparison of preimpoundment predictions with postimpoundment observations. Predictions were made with increasing familiarity with the syscem from lefc co righl, reservoir 
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paradigm, through Underwood-Mclellan (U-M), to r'Jc: Lake Winnipeg, Churchill and Nelson Rivers Study (LWCNR). Observations are grouped as lo whelher chey were correclly predicced, 
incorreclly predicted, or unpredicted. Page numbers in parenlheses for individual enlries refer co lhe reference at lhe top of lhe column. Predictions and observacions are idencified wich num
bers and leuers, e.g. Ia, to facilitate comparison down and across the table. 

The reservoir plllldi&m 
(USSR, Rzosb 1966) 

(Ia) Thermal Slrllification may 
appear 

(I  b) Dcoxyaenation may occur 
in hypolimnion 

(h) Increased nulricnls due 10 
leaching from ftooded soils 

(3a) Initially hi&her phyto
plankton produclivity 

( 4a) Decrease in number of 
species 

(4b) Higher biomasses, 
especially in CruSiacea 

Predictions 

U-M 
(Underwood·Mcl..ellan and 

Associates Ud. 1970b) 

(Ia) Thermal stratification may 
appear 

( I  b) DcoayJCllllion in shallow 
bays wilh exlei!Sive lloodin& 

lWCNR 
(Hccky and Ayles 1974) 

I. Physical factors 
( Ia) No lhermal stratification 

(p. 16) 
(I b) DcoayJCllllioa only in 

(I c) lniCIISive shoreline erosion (I c) 
and increased turbidity 

immediate vicinity or 
flooded soils (p. 19) 
Extensive shoreline erosioa 
will increase sedimentation 

(p. 82, 8S) 

(21) Increased nutrients due to 
leachin& from flooded soils 
(p. 84) 

(3a) Hieber offshore: primary 
production for first 3-S yr 
(p. 84) 

No specific predictions 

riles, especially nearshore:, 
and IWtlidity will increase 
(p. 19) 

II. Nucrielll factors 
(h) Increased nutrients due to 

active shoreline erosioa and 
decay or veaetation (p. 18) 

Ill. Al&ae 
(3a) No increase in offshore: 

primary production over 
moSI or lake; probably lower 
primary production near· 
shore in exposed areas or 
hi&h wind fetch (p. 19). In 
proleeled areas with high 
transparency, production 
will increase in shon term 

IV. Zooplankton 

No shotHerm predictions 

Corncctly prcdic:led 

( I  )a No lhermal stratification 
(Hecky 1984) 

( I  b) No lignificanl deoxnena
tion in Sll (Bodaly et al. 
1984c) 

(I c) Shoreline erosion extensive 
(Newbury and Mc:Cullou&h 
1984) 
Nearshore: sedimentation 
rates hi&h (Hecky and 
McCullou&h 1984) 
Turbidity increased 
(Hecky 1984) 

(2a) Phosphate concenlrllions 
increased (C. Anema, UR· 
publ. data); phosphonls 
deficiency in algae eliminated 
(Hecky and Guildford 1984) 
Spruce needles are sianifi· 
cant carbon inpul and are 
rapidly de&raded by belllhoi 
(Crawford and Rosenber& 
1984) 

(31) No significant increase in 
primary productivity in tur
bid reaions of lake. Regions 
with high transparency 
showed increased produc· 
lion (Hecky and Guildford 
1984) 

Observations 

Jnconccdy prcdicled Unprcdicted 

( I  a) Mean lake temperatures and 
surface water temperatures 
decreased (Hecky 1984; 
Patalas and Saiki 1984) 

( 4a) No decline in number of 
species 

(4b) Decline in numbers and 
bionlltss of zooplankton 
(Patalas and Saiki 19114) 
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TABLE 2. ( Conclud�d) 

The reservoir paradiam 
(USSR, Rzoska 1966) 

(Sa) Extensive development in 
nearshore areas, especially 
chironomids . 

(Sb) Usually increased biomass 
in profunda! in first few 
years 

._ 

Prediclions 

U-M 
(Underwood-McLellan and 

Associates Ltd. 1970b) 

(Sa) Extensive development in 
procected flooded areas 

(Sb) Decrease ncar eroding 
shon:lincs andoffshon: 
(p. 83, 8S) 

(6a) Hiahc:r growth raleS initially (6a) 
because of abundant food 

Forage fish do well in pro
tected Hooded areas (p. 83) 
and pike habitat increased 
(p. 83. 8i) 

(6b) Some spawnina problems 
�y occur 

(7a) Significantly increased 
fish yields 

(6b) Reduced spawning success 
of whitefish and walleye 
(p. 87) 

(7a) Marainal increases in fish 
production initially 

� 

LWCNR 
(Hecky and Ayles 1974) 

V. Zoobenthos 
No shon-term predictions 

VI. Fish 
(6a) Increase in pike production 

(because of increased 
spawnina habitM, arowth, 
and survival) but no shoo
term increase in commer
cially imponanc species, 
i.e. whitefish and walleye 

(6b) Spawnina problems �Y 
occur for walleye and white
fish in shon term (p. 19). as 
old spawnin& &rounds 
would be drowned and 
subject to sedime.ntation 

VII. Commercial fishery 

(7a) No shon-term increase in 
productivity (p. 2 1 ,  22) 

(7b) Decline in CUE in commer
cial fishery in shon term 
because of SIOCk movemencs 
(p. 2 1 .  22) 

- -

Comectly predicled 

(Sa) Extensive development of 
chironomid populations in 
Hooded vcaetation (0. M. 
Rosenberg and A. P. Wiens, 
unpubl. data) 

(7a) No shon-tc:rm increases in 
fish yield 

(7b) CUE of commercial fishery 
declined (Bodily et al. 
1984b) 

- - -

Observations 

lncomc:tly predicted 

(6a) Poor pike spawnina; no 
increase in survival or powtb of pike (Bodaly and 
Lesack 1984) 

(6b) Whitefish spawnina on old JIOIIDds, but there �Y be 
problems of eu survival 
(fudge and Bodaly 1984) 

Unpredicted 

(Sbl Increase in profunda! 
benthos immediately fol
lowing impoundment and 
continuing to present 
(Wiens and Rosenberg 1984 
and unpubl. )  

(7c) Quality of whitefish catch 
declined (Bodaly et al. 
19114b) 

(7d) Increased mercury concen
trations in fish threatened 
market ing of predatory 
species and poses health 
hazard to domestic con
sumption (Bodaly et al. 
19114a) 

(7.:) Fishery requires compensa
tion for survival (Wagner 
1984) 
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FIG. 3. Cross-section of an eroding shoreline on Southern lndian Lake that was cleared of timber before flooding. Material removed in 
succeeding years is indicated by broken line on bank cross-section. Material deposited nearshore is indicated by broken line under the new water 
level. Note that the shoreline zone cleared of timber was eroded away within I yr of flooding. 

of the U-M predictions and to modify significantly a few others 
although much of this improvement resulted from having better 
defined project configuration. The most important contribution 
of the LWCNR study, a requirement of its terms of reference, 
was to define baseline conditions so that subsequent impacts 
could be evaluated. 

The utility of both assessments, however, was marginal for 
two principal reasons. First, there were a number of highly 
significant impacts that were not predicted. Second, even 
correct predictions were usually qualitative, i.e. either they· 
were not based on direct numerical estimates or they were 
quantified incorrectly. This second aspect is significant because 
decisions for major resource development are generally based 
on quantitative benefit/cost data. A qualitative statement alone, 
even if correct, often cannot directly enter such benefit/cost 
analyses. We will now review the attempts at quantification 
made in predevelopment studies in order to suggest how im
provements might be made in the future. 

Quantification of Predictions 

TM U-M study 
The reservoir paradigm supplied to the U-M study a series of 

qualitative predictions about new reservoirs, but it did not offer 
a set of quantitative relationships for estimating changes in 
ecosystem parameters. However, quantification of resource 
impact was forced upon the U-M study by its terms of reference, 
which required the monetary assessment of costs and benefits of 
vuious diversion and impoundment options. The impacts 
identified by U-M were scaled against depth of Hooding or 
extent of drawdown depending on which was recognized as 
causing the impact. For example, nutrient and organic loading 
from ftooded terrain to the new reservoir was assumed to 
increav in proportion to the depth of ftooding. In tum. primary 
production was assumed to be nutrient dependent and would 
thus increase with nutrient loading. This scal.ar approach to 
impact assessment was directly analogous to the linear program
ming model used by hydraulic engineers to optimize the choice 
of hydraulic sttuctures where hydraulic bead, ftow, and usable 
or .. live" storage determine power benefits. The creation of a 
numerical scale for the impact on biological systems allowed 
the generation of a similarly scaled. quantitative estimate of 
impact on the fishery resource based on the current market value 
of the resource. The assessment bad to be stated in ·monetary 
terms to integrate it with the power benefits of vuious project 
configurations. 

The U-M scalar approach to impact prediction allowed 
quantitative predictions to be made, but they were not derived 
from confirmed relationships in the reservoir literature . This 
approach created an idealized SlL lake-reservoir about which 
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predictions could be made. Unfortunately, the idealized reser
voir was an illusion, and it led to erroneous conclusions. For 
example, consider this statement offered without substantiation: 
"Fish populations in an artificial impoundment will be signifi
cantly affected if water levels are increased more than 10 feet 
and if drawdown exceeds five feet" ( Underwood-McLellan and 
Associates Ltd. 1 970c , p. 73). By implication, an impoundment 
created within this configuration would not have significant 
effects on fish populations. In fact, Sll was impounded and 
operated within a 1 0-ft ( 3 . 1 m) elevation change and a 3-ft 
(0. 9 m) drawdown. but there have been significant effects on 
fish populations (Table 2). What went wrong? 

On Sll. a significant change in the lake occurred as soon as 
· the natural range of lake levels was exceeded. Shoreline erosion 

of the previously stable , forested backshore began introducing 
large quantities of organic debris, clay, and sand into the lake. 
Suspended sediment concentrations increased dramatically as 
did sedimentation, particularly in the lake "s littoral zone off 
erodillg shorelines. At exposed shorelines with high wave 
energies, erosion rapidly cut into banks and removed material 
well beyond the initial water contact (Fig. 3) .  At protected 
shoreline sites, the rates of shoreline recession were lower. but 
materials were still added in excess of the initial zone of Hooding 
as permafrost-affected banks melted and settling of the back
shore zone occurred. 

Erosion proceeds at any given water level until a bedrock 
surface is contacted (Newbury and McCullough 1 984}; there
fore, impoundment levels higher than 3 m  would have produced 
only minor modifications to the longevity and extent of 
shoreline restabilization. The U-M study using a scalar approach 
underestimated the effect that shoreline erosion would have on 
the whole lake at low levels of Hooding. Consequently. the 
study erred in accepting an apparently minor change in lake 
level as insignificant for fisheries because impacts on SIL did 
not increase in a linear manner with depth of ftooding·. Rather. 
the ecosystem endured a discrete change with the first water 
level increase over the natural range at which shorelines had 
become stable over several thousand years. 

After the decision was made to proceed with the low-level 
flooding, the , "TOneous scalar an, lysis was manifes�d by an 
extensive timber cleuing program for soon-to-be-Hooded 
forested .ICCas in vuious parts of the lake. The western half of 
South Bay (region 6, Fig. 2) was cleared to the 259-m ( 850 ft 
ASL elevation ( I  m above regulated water level ) at a cost of 
several million dollars. The folly of this clearing program. 
either for aesthetic purposes or to retard debris generation .  is 
obvious from Fig. 3. Over most of South Bay, the cleared zone 
was entirely eroded in the 1 st yr of impoundment. and the 
present lakeshore in western South Bay is advancing inland as a 
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� steep vertical face draped with hanging terrestrial debris and 
ringed with fallen trees (Newbury and McCullough 1984). The 
only effective clearing done on SIL was on bedrock shorelines 
and on protected shorelines without pennafrost. 

The LWCNR study 
There was no need in this study for quantitative prediction of 

resource impact as input to evaluating project alternatives 
because construction of the diversion was completed nearly 
simultaneously with the study (Fig. 1 ). The only quantitative 

I prediction in the L WCNR study concerned the long-tenn (i.e. 
after shoreline stabilization) effects of river diversion on the 
productivity of the northern regions of SIL. Using nutrient 

__ loading theory available at the time (Vollenweider 1968), 

I L WCNR ( 1975) forecasted a 30% decline in primary production 
and fish production in those regions because a large proportion 
of a crucial nutrient, phosphorus, supplied by the Churchill 

I River would be diverted with the river. The scientists involved 
with the study recognized the lack of quantitative theory for 
relating flooding and erosion to water quality and biology, and it 
was this lack that prompted the continued study of SIL and 

I research into processes linking flooded terrain with water 
quality and biological communities. 

Deficiencies of the Paradigm l Success in prediction is the only valid criterion for choosing 
between scientific paradigms or theories. By this standard. the 
existing reservoir paradigm was unsatisfactory for SIL because � many expectations from the paradigm were qualitatively incor-1 rect or, if correct, they were not quantifiable. In the SIL 
reservoir, only the zoobenthos densities and nutrient release 
behaved, after flooding, as expected from the paradigm. The I U-M study and L WCNR study made extensive modifications of 
the paradigm (Table 2). The fundamental modification of these 
studies was to recognize that the nature of the land to be flooded 
could determine the ecosystem response of the reservoir. In 
SIL, highly erodible pennafrost-affected glacio-lacustrine and 
fine-grained tills were the predominant backshore material, and 
in regions with this material, high turbidity and high sedimenta-111 tion rates occurred and modified the generally expected ecosysl tern response. But both studies and the paradigm overlooked a 
second important aspect, the dynamic heat balance of the lake 
reservoir that led to a general cooling of the lake after I I impoundment. Both of these aspects were unappreciated in the l l reservoir paradigm because the paradigm was based primarily 
on in-reservoir biological studies of relatively deep riverine �� impoundments. In such impoundments, changes in depth are 

l l  generally large, leading to thermal stratification and a wanning 
of the surface-mixed layer, and wind fetches are often limited so 
that erosion rates are relatively low even if erodible shoreline 

I material is present. Reservoir studies that contributed to the 
paradigm emphasized in-reservoir biological responses to im
poundment rather than transfer processes (heat input, erosion, 
leaching), so the paradigm did not include an appreciation of the 
effect of different kinds of thennal structure, vegetation, and 
soils on water quality and ecosystem productivity. Consequent
ly, the experience and knowledge gained from existing reser
voirs was not easily transferable to a new reservoir situation. 

Successful use of the existing reservoir paradigm requires 
finding a well-studied, analogous reservoir that has a similar 
climatic regime, morphometry. terrain, extent of flooding, ( )biological community, etc. In fact, choosing an analogue is L Jdifficult given the nonrandom distribution of critical factors. 
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Proponents and opponents of various water development 
schemes can choose reservoirs that they feel match the proposed 
situation but that may have evolved quite differently after 
impoundment. A reservoir frequently mentioned by proponents 
as an analogue to SIL at the time of the preimpoundment 
assessments was Reindeer Lake in northern Saskatchewan. This 
naturally large lake was impounded in 1942. The latitude, 
increase in water level, surface area, operating regime, climate, 
bedrock geology. and pre impoundment fishery were all similar 
to those of SIL, but Reindeer Lake suffered only marginal 
effects o.n its fishery after impoundment (Atton 1975). The 
critical difference between SIL and Reindeer Lake was the 
distribution of erodible, fine-grained shorelines in their basins. 
In SIL, extensive bank erosion has altered the sedimentation 
regime and water quality of the lake. Similar deposits were 
extremely sparse at Reindeer Lake and erosion was minimal . 
Thus, even if agreement can be reached that only one charac
teristic of the proposed analogues is different, without a predic
tive model for the effect of that characteristic,  antagonists can 
still disagree on wbal effect that one difference will have on the 
overall development of the new reservoir. 

A New Paradigm 

A new paradigm is required for future reservotr tmpact 
studies. The act of prediction assumes that the future, in some 
way, already exists in the present (Schumacher 1973) and that it 
only needs to be seen. For objective prediction making. the 
future must be observable by everyone and not just special 
"seers." For reservoirs, the observable facets before impound
ment include reservoir surface area and geological characteris
tics of land to be flooded, proposed water depth. proposed 
operational regimes, meteorological conditions, river flows, 
biological communities, resource utilization. and resource 
valuation. Although quantitative prediction can only be gener
ated for parameters that can be related to such observable 
quantities before impoundment (see Nielson 1967), the number 
of quantitative relationships established between preimpound
tnent parameters and postimpoundment water quality and 
biological responses remains small. The reservoir modeling 
attempts of Ostrofsky and Duthie ( 1 978), deBroissia et al. 
( 198 1),  ·and Grimard and Jones ( 1 982) are examples of 
input-output models (VoUenweider 1975) that are specifically 
designed for new reservoirs and that relate water quality effects 
to measurable preimpoundment parameters. These models have 
focussed on reservoir primary productivity and its presumed 
dependence on phosphorus as they attempt to predict the 
internal loading of phosphorus from Hooded terrain. These 
models require transfer coefficients, for the input of phosphorus 
per unit of flooded area, that are analogous to phosphorus export 
coefficients for watersheds (Dillon and Kirchner 1975). The 
validity of these reservoir models that predict internal loading of 
phosphorus remains largely undetermined. Grimard and Jones 
( 1982) pointed out that there were insufficient data on phos
phorus in any new reservoir to allow a definitive test of their 
model. Although these · modeling efforts are still in their 
infancy, they represent the best avenue for improving our 
predictive capability concerning nuttients in new reservoirs. 

The new paradigm requires transfe.r coefficients applicable to 
observable preimpoundment parameters to model the fluxes of 
mass and energy into a new reservoir. In SIL. internal loading 
of sediments from eroding shorelines had effects throughout the 
ecosystem and was a focus for our studies. The empirical rela
tion between energy and erosion developed by Newbury and 
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McCullough ( 1984) allows eroded volumes to be predicted in 
new reservoirs based on preimpoundment shoreline mapping 
and meteorological records. The sedimentological fate of the 
eroded inorganic material, particularly its high retention near
shore, may also be predictable if the behavior of this material 
during transport, described by Hecky and McCullough ( 1984), 
can be shown to apply to other reservoirs. ln concert, these 
studies demonstrate bow suspended sediment concentrations 
might be predicted. ln addition, Hecky ( 1984) found that light 
extinction in SlL was a linear function of suspended sediments, 
and Hecky and Guildford ( 1984) showed that algal populations 
in SIL became light-limited as the mean water column light 
intensity fell below S mE ·  m-2 ·min- 1• The effects of these 
physical changes in the environment on the primary trophic 
level were qualitatively predicted by the L WCNR study, and 
they are now amenable to quantitative analysis. 

Predictability of Higher Trophic Level Effects 

The qualitative responses of the biological communities 
above the primary trophic level in SlL to reservoir formation 
were, in general, poorly predicted by the reservoir paradigm, 
U-M, and LWCNR. ln fact, the number of completely 
unpredicted significant responses tended to increase with 
trophic level. 1be reservoir paradigm has the general expecta
tion of an increase in production and biomass a1 all trophic 
levels; but in SlL, whole communities as well as constituent 
species responded differently to the new physical. chemical. 
and biological regime. For example, algal productivity was 
largely unchanged (Hecky and Guildford 1984), profundal 
zoobenthos abundance increased (Wiens and Rosenberg 1984), 
and zooplanlcton abundance decreased (Patalas and Saiki 1984) 
after impoundment. Patalas and Saiki ( 1 984) offered several 
examples of densities of individual zooplanlcton species increas
ing or declining with impoundment and diversion. Perhaps the 
most difficult response of all to predict was that of the fish 
community, which can be sensitive, not only to changes in 
abundance of prey species and thereby, ecosystem energy flow, 
but also to direct physical effects on behavior, feeding success. 
and spawning habitat. The major biological responses in SlL 
unpredicted by both U-M and LWCNR studies were ( l )  the 
increase in zoobenthos densities, (2) the decrease in zooplank
ton biomass, (3) the increase in mercury concentrations in fish 
flesh, and (4) the decline in market quality of the whitefish 
catch. Does present ecological theory imply that these biologi
cal responses are likely to remain "unpredictable" (sensu Rigler 
1982), or are there testable hypotheses to explain their occur
rence in SlL? 

The responses in the zoobenthos and zooplankton communi
ties involved primarily increased or decreased abundances of 
the species extant before impoundment, i.e. there were no major 
shifts in the communities due to extinction or immigration. 
Rigler (1982) argued persuasively that long-term responses of 
individual species may well be "unpredictable" at present or 
forever because under current ecological and evoll·•ionary 
theory species are expected to change through time, out he 
maintained that nonevolving state variables such as biomass of 
zooplankton or zoobenthos are subject to at least empirical 
prediction. The observed increase in profundal zoobenthos in 
SlL, although typical of many new reservoirs (Table 2, column 
1 ) ,  was not expected by the U-M or LWCNR studies. The U-M 
study had forecasted a decline in zoobenthic biomass because of 
increased sedimentation rates, while the L WCNR study had 
foregone a specific prediction because of uncertainty over the 
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significance of increased sedimentation to the zoobenthos. 
Wiens and Rosenberg ( 1984) concluded that the pattern of 
responses in SIL was dependent on the balance between organic 
loading and inorganic sedimentation. These factors and the 
zoobenthos response are susceptible to experimental manipula
tion in mesocosms (Grice and Reeve 1982). as well as to 
confirmation in new reservoirs, and therefore their hypothesis is 
testable. The observed decline in zooplankton standing crops 
was not predicted but likely could have been. in principle. if the 
lowered mean water temperatures as well as postimpoundment 
turbidity levels had been quantitatively predicted (Patalas and [ Saiki 1984). These hypotheses concerning the zooplankton 
decline are also testable. lmproved predictability for zooben
thos and zooplankton abundance in new reservoirs requires ( 1 )  I accurate forecasts of energy budgets and internal loading and 
concentrations of organic material and sediment and (2) 
quantification of the relationships between these environmental 
factors and these communities. l ln the clear light of hindsight, it is possible to state that the 
problems that the fishery encountered in quality (Bodaly et al. 
1984b) and in mercury contamination (Bodaly et al. 1984a) 
should have been considered by the preimpoundment assess
ment; but they were not considered because they were not part 
of the existing paradigm (Table 2). The rapid change in white
fish quality in SlL is explained by a shift in exploitation to lower 
quality stocks already in the lake at impoundment (Bodaly et al. 
1984b). The presence of lower quality stocks in SlL was 
historically known, and certain regions of the lake were avoided 
to ensure that the catch was of high quality. The L WCNR study 
predicted stock movements and lower CUE. so it could have 
identified a potential quality problem if it had considered the 
historic fishing patterns on the lake. Such a prediction would not 
have been quantitative, but it would have been a useful warning. 
Dispersal of lake whitefish may explain the reduced CUE and 
quality change after flooding, but causes for the dispersal are 
still unknown. Reduced underwater light intensity and visibility 
were probably the most significant environmental changes in 
SlL (Hecky 1984), yet data on critical light levels for feeding. 
schooling, and other aspects of fish behavior are poorly known 
or unknown for the whitefish (Bodaly et al. 1984b). Better 
predictability for higher trophic levels, particularly the fish 
community, will require much more knowledge of species 
biology than is presently available. 

The federal government inspection program for mercury in 
commercial fish shipments did not begin until 1970, but by the 
time of the L WCNR study in 1972 there was a growing 
appreciation that fisheries not associated with industrial pollu
tion occasionally did have high mercury concentrations. In view 
of the severe effect mercury contamination can have on 
domestic consumption and commercial marketability (Bodaly 
et al. 1984a), concern about the effect of impoundment on the 
natural mercury cycle could have been identified. However. no 
more than a warning could have been given in the L WCNR 
( 1975) study, as the first hypothesis associating fish mercury 
contamination and impoundments did not appear until later 
(Abernathy and Cumbie 1 977). ln fact. SlL was the first 
reservoir where an increase in mercury concentrations in fish 
after impoundment was oburved, not ju.st inferred. We are 
currently testing the hypothesis (Bodaly et al. 1984a) that 
flooding caused the increase in mercury concentrations in fish at 
SIL in mesocosm experiments using a radioisotope of inorganic 
mercury to follow its transformation to methylmercury and 
accumulation in fish. 

CQ/1. J. Fish. Aqum. Sci .• Vol. 41. 1984 



Elevated mercury levels in predatory species and reduced 
whitefish marketability are quality issues for the commercial 

11 fishery, and as such, they are somewhat distinct from productiv
ity issues. Both U-M and L WCNR studies considered produc: 
tivity issues in great detail, but they underemphasized quality 
concerns. In terms of economic impact in the short term. the II quality issues proved to be more damaging (Wagner 1984) than 
declines in productivity, although concerns for productivity 
may be well-founded in the long term. Both of these issues have 

I� led to monetary compensation programs for fisheries losses or 
claims for compensation, the need for which was not predicted 
by preimpoundment assessments. Institution of compensation 
has been retrospective and contentious, and lack of a compre-1 hensive compensation scheme so far has penalized the SIL 
fishermen more than the developer (Wagner 1984). It would 
have been preferable to recognize before the event that 
compensation for fisheries losses would be necessary, and the 

I principles of compensation agreed upon before the reservoir 
was developed. Future assessments must recognize the possibil
ity of compensation by continuing preimpoundment baseline 

I studies that emphasize resource production, quality, and utiliza
tion into the postdevelopment period to document change in the 
resource and its utilization. 

I Conclusion 

Pre- and post-impoundment studies will allow testing of 1- predictions and make the environmental impact assessment 
_ procedure scientific and self-improving (Rosenberg et al. 

198 1 ) .  Unfortunately, we concur with Beanlands and Duinker 
( 1983, p. 2.3) that "Until now, environmental assessment has I largely been a pre-development activity." Perhaps the major 
lesson from SIL is that this current approach to assessment is 
incomplete and unacceptable. The number of unexpected and 

I poorly quantified impacts at SIL indicates that significant 
improvement remains to be made in the impact assessment of 
new reservoirs and river diversions. Prediction making must not 
become an end in itself because •• . . . predictions are easily made; 

I it is accuracy in a prediction which is difficult" (Neilson 1967, 
p. 166). Predevelopment predictions alone are not adequate to 
protect the habitat or the resource users. Such predictions should 
be recognized as planning aids that require testing in the I postdevelopment period to establish their veracity and complete 
the environmental assessment process. 
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In 1976, an 8SO m3/ s  river diversion was constructed through 300 km of permafrost
affected landscape in northern Manitoba. The diversion was accomplished by rais
ing the level of a 1 , 977 km2 riverine lake on the Churchill River (Southern Indian 
Lake) until the water spilled acroaa a terrestrial drainage divide into a series 
of small valleys tributary to the Nelson River. OVer 400 lat2 of permafrost
affected backshore area surrounding the lake were flooded . The mean annual temp
erature in the Southern Indian Lake region is -S°C. Three repeated phases of shore
line erosion in permafrost materials were observed; .. lting and undercutting of the 
backshore zone, massive faulting of the overhanging shoreline, and removal of the 
.. lting and slumpinl debris. At erosion .onitoring sites in fine-grained frozen 
silts and clays, representative of over three-quarters of the postimpoundment shore
line, rates of retreat of up to 12 m/yr were .. asured. The index of erosion based 
on the wave energy impinging on the shoraline vas 0 . 0003S ml/tonne. After S years 
of erosion, restabilization of the shoreline has occurred only where bedrock has 
been encountered on the retreating backshore . Clearing of the forested backshore 
prior to flooding did not affect the erosion rates. The rapidly eroding shore
lines have increased the suspended sediment concentration in Southern Indian Lake 
water and have triggered degradation of the commercial fishery. 

nrrRODUCTION 

Southern Indian Lake lies in shallow irregular 
Precambrian bedrock depressions on the Churchill 
Rive r in northern Manitoba (latitude 57°N, long
itude 99°W) (Figure 1 ) . The climate of the region 
is continental, with long cold winters and shor t ,  
cool summers. Average mean =onthly temperatures 
vary from -26.5°C in January to +16°C in July. 

FIGURE 1 The 2 , 391 km2 Southern Indian Lake re
servoir is located on the Precambrian Shield in the 
discontinuous permafrost zone of central canada. 
The lake lies on the northern boundary of the 
glacio-lacustrine deposits of Lake Agassiz . 

The mean annual temperature is -S°C. One third of 
the annual precipitation of 430 mm occurs as snow-
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fall during the average 200-day mid-October to late 
Hay snow cover period. The average accumulated 
depth of snow is 60 em. Black spruce (Picea 
mariana (Mill . ) B . S . P . ) , jackpine (Pinus banksiana 

Lamb. ) ,  and tamarack (Larix laricTr\ii(DuRoi� 
Koch) are the principal tree species of the boreal 
forest that covers the upland surrounding the lake. 
A layer of decaying mosses and lichens varying in 
thickness from a few em to 5 m has accumulated 
since the final glacial retreat from the region 
7 ,000 to 9 , 000 BP. During the deglaciat ion period , 
eskers , kames, and other proglacial landforms were 
deposited on the bedrock surface in the northern 
third of the region surrounding the lake. The 
deposits fora a rolling upland with a local relief 
seldoa exceeding 20 a. The uplands in the southern 
two-thirds of the basin lay within the area covered 
by glacial Lake Agassiz , a large proglacial lake 
that extended southward to the northern United 
States. Deposits of laminated silty clays up to 
20 m thick occur throughout the region. In the 
southern region, the upland relief is greater and 
more abrup t ,  with exposed knolls and ridges of bed
rock separated by poorly dra1ned wetlands .  

Permafrost is widespread in all terrain types 
surroundina the lake with the exception of the pro
glacial deposits in the northern region . The 
depth of the active layer varies from O . S  to 2 m, 
depending upon local topography and the thickness 
of peat deposits. The temperature of the perma
frost ranges from -0. 2° to -0.8°C. Landforms 
associated with permafrost such as palsas, collapse 
scars , and peat plateaus occur frequently in the 
southern glacio-lacustrine region. Although the 
permafrost exceeds 10 m in depth in the upland 
areas (Brown 1973) , it does not exist under the 
lake or under the narrow valleys of major tribu
taries. 



In 1966, a program of hydroelectric development 
began in northern Manitoba to supply electrical 
energy to southern Manitoba and the central United 
States. A 927 km direct-current transmission line 
was constructed from southern !�nitoba to hydro
electric dams at Kettle Rapids ( 1 , 2 72 !1W capacity) 
and Long Spruce Rapids (980 HW capacity) on the 
lower �elson River, 200 km southeast of Southern 
Indian Lake . Rather than extending the trans
m.ission line to potential dam sites on the Chur
chill River, a license was granted to Manitoba 
Hydro to divert 850 m3fs (about 85%) of the Chur
chill River waters southwards across a drainage 
divide, through a long series df small channel s  
and lake basins i n  the Rat and Burntwood River 
valleys tributary to the Nelson River above the 
power dams. ln June 1976, a dam was completed 
across th� natural outlet of Southern Indian Lake 
at Missi Falls, and the mean lake level was raised 
3 m to divert the flow across the drainage divide 
at the southern end of the basin (Figure 2) . The 
area of the lake was increased from 1 , 977 to 2 , 39 1  km2. Flooding extended beyond the sub-lake thawed 
zone into the permafrost-affected upland. 

" -- - --SITt 
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FIGURE 2 Southern Indian Lake is a series of bed
rock-cont rolled , riverine basins on the Churchill 
R.iver. The basins have been numbered to facili
tate limnological studie s .  Erosion monitoring sta
tions in granular deposits and fine-grained perma
frost materials are located at 20 sit• � of varying 
exposure throughout the lake. 

Preimpo�dment studies of the effects of flood
i�g on shoreline stability predicted qualitatively 
that erosion and solifluction of the shoreline 
materials would occur (Undervood-HcLellan 1970, 
Lake Winnipeg Cturchill Nelson Rivers Study Board 
1975) . Quantitative estimates of the rates and 
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extent of shoreline erosion were not made, as 
analogous conditions had not occurred or had not 
been reported for such a large impoundments in 
permafro s t .  

METHODS 

The study reported in this paper began in 1 97 5 ,  
year prior to the impoundment .  Erosion monitor

ing sites were selected and surveyed at 20 locat
ions having d ifferent exposures to wave conditions. 
The rates of erosion in the initial year of impound
ment and the relative resistance to erosion of the 
permafrost materials have been previously reported 
(Newbury et al . 1978) . The resistance to erosion 
was based on an index of erosion reported by 
Kachugin (1966) as a "washout coefficient, Ke . "  
which expressed the volume o f  backshore material 
eroded per unit of wave energy dissipated on the 
shoreline. Kachugin ' s  units of the washout co
efficient of m2/tonne are derived from the •tuotient 
of cubic meters of eroded materials per meter of 
shoreline length divided by the perpendicular com
ponent of the wave energy act ing on the backshore 
expressed as tonne-meters per meter of shoreline 
length (m3/m) / ( tonne-m/m) . Eroded volumes have 
been surveyed annually since impoundment at erosion 
monitoring sites. Wave energies have been hindcast 
from wind speeds and directions recorded at 2 sites 
adjacent to the lake (Figure 2) using the modified 
Sverdrup-Hunk procedure ( U . S .  Army Coastal Engineer
ing Research Center 1966) . 

The lake was divided into eight sub-basins 
(Figure 2) , for which the contribution of shorel ine 

materials to the lake after impoundment was estimat
ed . The washout coefficients determined from the 
monitoring sites were combined with the hindcast 
wave energies acting on 331 reaches of shoreline to 
detP.rraine the total erosion in each basin. The 
actively eroding shorel ine reaches were mapped by 
aerial and boat reconnaissance of the whole lake in 
1976 and 1978. 

RESULTS AND DISCUSSION 

Erosion Processes 

Representative textures and ice contents of 
shoreline deposits at the monitoring sites are 
given in Table 1 .  An example of surveyed profiles 
showing annual erosion and nearshore deposit ion of 
lacustrine clay at a relatively high wave energy 
site is shown in Figure 3 .  The erosion o f  frozen 
fine-grained materials on shorelines surrounding 
the larger basins of the lake was observed to pro
ceed in a repeated sequence of melting, slumping 
and removal phases . In the initial phase, melting 
occurs below and slightly above the water surface. 
In the second phase, the partia' l.y thawed materials 
flov out to form a silty-clay beach strewn with 
scattered frozen blocks . In some cases, caverns or 
melt niches are formed that are up to I m in height 
and extend up to 3 m into and unde r the frozen 
backshore materials (Figure 4) . In this situation , 
the overlying cantilevered block splits away from 
the main land mass and falls onto the foreshore 
(Figure 5) . In the final phase , wave erosion re-
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TABLE 1 Texture and Ice Content of Mineral Mater
ials at Shoreline Monitoring Sites. (Dashes in
dicate samples were not analysed . )  

Site 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
1 1  
12 

13 
148 
15 

168 
1 7a 
t ab 

19 
20 

Textural analysis of 
£!&rent materials (%2 

Sand Silt Clay 

1 1 5  84 . 
0 16 84 
1 34 65 

0 1 5  85 
1 26 73 
1 34 65 

0 49 5 1  
1 9  16 65 

1 17 82 

3 5  46 19 
1 0  4 5  4 5  

1 19 80 

8 39 53 
2 36 62 

98 0 2 

9 33 58 
4 37 59 

34 65 

Ice 
content 
(% of dry 
weight) 

43 

64 

64 

4 7  

56 
92 

43 

8Samples analy�ed were of backshore lacustrine 
deposits. To date, erosion at these sites has been 
predominantly of former sandy beach materials. 

bPredominantly f ine to coarse sand with some silty 
beds. 
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moves the tallen debris and the warm lake water is 
again brought in contact with frozen backshore 
materials. In the silty-clay glacio-lacustrine 
materials, the form of the slumping and eroding 
shorelines does not change substantially as the 
backshore retreats inland . If bedrock or coarse 
granular materials are encountered at the eroding 
face , the inland movement at the water level ceases 
but erosion of the backshore continues until a wave
washed bedrock zone or a stable beach is establ ished . 

At non-permafrost sites in coarse granular de
posits (Sites 15 and 18) , erosion and deposition 
processes agreed with those reported by Bruun 
( 1 962) for similar materials. 

Erosion Rates at Monitoring Sites 

The total volume of annual erosion and the wash
out coefficient , Ke •  at each of the 20 monitoring 
sites surrounding the lake are summari�ed for 4 
years of t.poundeent in Table 2 .  Where bedrock was 
not encountered, the mean washout coefficie1 .. for 
the permafrost materials was generally one-half of 
that reported by Kachugin ( 1 966) for similar mat
erials in the unfrozen state. Although this 
suggests that permafrost conditions may retard 
erosion , no data are supplied with the Soviet Union 
observations , and the magnitude of the washout co
efficient may have been based on a different method 
of determining an index of the wave energy . 

There was a wider range of Ke values observed 
during the first year of impoundment than in the 
following 3 years. At sheltered sites exposed to 
low wave energies, several open water seasons were 
required to destroy the protective moss and root 
cover at the water ' s  edge . At exposed sites, large 
volumes of peat were quickly removed from the flood
ed foreshore,  producing high Ke values in the first 
yea r .  Because o f  the variability of early years, 
general Ke values were calculated using 1978-1980 
data only. Also e.xcluded from the general Ke deter
minations were values at sites after bedrock had 
been encountered at the eroding face (Sites 6 ,  8 ,  
1 0 ,  and 1 1 ) .  Based on the 1 6  shoreline sites which 
extend over the range of materials and fetches en
countered on Southern Indian Lake , the general Ke 
value found by linear regression was 0 . 00035 m2 / 
tonne (r2 • 0 . 7 1 ,  n • 42 , Figure 6) . 

-
- - --�- - � -- .rt -7 IU'T. W7. OCT. - 0Ct 8111 - .rt lll9 

.__ _ 
s.so. - - -. .. _ -- - •• t 

FIGURE 3 A typical consecutive annual sequence of eroding shoreline profiles 
at Site I (Figure 2 ) .  Slumped material from the initial 1975-76 period was 
removed in the following year . 



FICURE 4 The sequence of erosion in permafrost 
aaterials begins "ith the thawing and rttCOval of 
backshore aaterials at the reservoir water level. 
Deep niches and caverns aay be formed UDder the 
backshore zone as shown here at an island in 
region 4 .  The portion o f  the survey boat protrud
ing into the cavern is 5 m in length. 
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FIGURE 5 As the thawing and eroding niche proceeds 
under the backshore zone, the length of the can
tilevered block of frozen materials overhead in
creases until th� ntire backshore zone splits and 
tuables onto th . oreshore. The block is then 
thawed and remc dd by waves , and the formation of 
a new niche coaaences under the freshly exposed 
frozen bank. 

TABLE 2 Total Volumes of Material Eroded Annually From Monitored Shoreline Sites on Southern Indian Lake 
(m3 per m of shoreline) . 

Site 1977 1978 1979 1980 

1 2 3 . 4  (0. 77) 1 5 . 7  (0.48) 1 0 . 1  ( 0 . 6 1 )  1 5 . 3  (0.66) 
2 1 . 8  (0. 18) 1 . 7  ( 0 . 1 6 )  1 . 3  (0. 27) 0 . 8  (0. 12) 
3 8 . 9  (0. 35) 7 . 5  ( 0 . 29) 3 . 0  ( 0 . 24 )  8 . 4  ( 0 . 50) 
4 7 . 0  ( 0 . 67) 4 . 3  ( 0 . 3 4 )  1 . 3  (0. 1 5 )  2 . 9  ( 0 . 35) 
5 0 . 9  ( 0 . 7 1 )  0 . 6  ( 0 .  38) 0 . 9  ( 0 . 74) 0 . 5  (0. 56) 

6 2 1 . 0  ( 1 .  32) 1 4 . 4  ( 0 .  90) 1 . 6 (0. 14) 4 . 5  ( 0 . 28 )  
7 9 . 4  (0.48) 4 . 4  ( 0 . 19) 0 . 9  ( 0 . 04) 5 .  1 ( 0 . 26) 
8 1 . 9  (0.84) 0 . 6  ( 0 . 26) 0.2 (0. 13) 0 . 4  (0. 17 ) 
9 0 . 0  (0.00) 1 . 2  (0. 19 )  1 . 5  ( 0 . 38) 3 . 1  ( 1 .  70) 

10 o.o (0.00) 0 . 2  ( 0 . 06 )  0 . 1  ( 0 . 07) 0.5 (O . � i l  
1 1  1 7 . 4  (0.54) 4 . 3  ( 0 . 1 1 )  0 . 7  (0.03) not surveyed 
12 4 . 8  (0.98) 2 . 1  ( 0 . 33) 2 . 6  ( 0 . 5 1 )  

" " 

1 3  1 . 4  (0.35) 2 . 0  ( 0 . 14) 
14 2 . 0  (0.34) 3 . 5  (0.47) 1 . 4  (0.27) 3.5 ( 0 . 66) 
15 o.o  (0.00) 0 . 1  ( 0 . 56) 0 . 2  ( 1 .  32) 0 . 1  ( 0 . 5 1 )  

1 6  8 . 6  (0.94) 1 4. 6  ( 0 . 32) not surveyed 
1 7  2 . 2  ( 1 .  35) 2 . 7  (0. 55) 4 . 2  (0.42) " " 

18 1 . 0  ( 0 . 16) 1 . 5  ( 0 . 1 6 )  6 . 3  (0.40) 4 . 3  (0.44) 
19 2 . 1  ( !) .  32) 0 . 1  ( 0 . 03 )  0 . 1  (0.05) 0.2 (0.08) 
20 1 . 3  ( 0 . 29) 0 . 4  ( 0 . 1 4 )  0 . 3  (0. 22) 0 . 4  ( 0 . 20) 

The erosion index, Ke• is shown in parentheses for each period (x 1o-3 mZ/tonne) .  Arrows indicate cumula-
tive erosion at shorelines not surveyed in 1978.  
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FIGURE 6 The linear relat ionship between eroded 
mate rials and wave energy for the 1 978- 1 980 period 
on Southern Indian LakE is s imilar to that proposed 
by Kachugin ( 1 966) for reservo irs in the Soviet 
Union . The scattered data points and wide con
f idence l imits ( 95%) at high eros ion and high en
£ r gy sites suggest that the relat ionship may be 
curv i l inea r .  

Sediment Cont ributed by Shoreline Erosion 

The total dry weight of mineral materials eroded 
in the years 1 9 7 6 ,  1 97 7 ,  and 1 9 78 for each basin 
excluding the limited exposure shorelines of region 
7 of the lake , 1e sUDB&rtzed in Table 3 .  E.st imates 
were not extended beyond 1 978 , as that was the last 
y E a r  in which a reconna issance survey was under
taken to determine the port ions of the total shore
line in overburden and bedrock materials . Post
impoundment bank erosion dramat ically increased 
the turbidity of the lake (Hecky and McCullough 
1 98 3 ) . The long-term pce impoundment sediment in
put to t he whole lake, est imated from Churchill 
River inflows , is 200 x 1 06 kg/yr . The sediment 
input f rom eroding sho relines following impound
ment exceeds 4 , 000 x 1 06 kg/yr . 

Time Required for Shoreline Restabilizat ion 

In the f irst 5 years o f  impoundment on Southern 
Indian Lake , restab ilization in perm�frost-affected 
fine-grained materials has occurred only on shore
lines where bedrock underlying the b-ckshore zone 
was exposed at the wate r ' s  edge . Where bedrock vas 
not encountered , there has been no change in the 
mel t ing, slumping and eroding sequence of shorel ine 
migrat ion.  The annual erosion indices at monitor
ing sites in fine-grained materials have shown no 
diminishing t rend following the f irst year o f  im
poundment (Table 2 ) . The clear ing of shorelines 
up to the impoundment level did not af fect erosion 
rates . 

Because sub-surface exploration of the bedrock 
topography surround ing the lake is prohibitively 
expensive , the t ime required for shorel ine re-
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TABLE 3 Estimated Total Dry Weight• of Mineral 
Materia l s  Eroded From the Shorel ines of the Major 
Basins o f  Southern Indian Lake for the Period 1 9 76-
1 978 ( 1 06 kg) b 

Region 1 9 7 6  1 9 7 7  1 978 
0 122 1 7 7  1 66 

528 672 6 1 5  
2 238 3 1 1  290 

3 478 668 608 

4 1 5 94 2099 1 9 1 6  

5 207 275 229 

6 1 90 2 7 3  247 

Whole Lake 3357 4475 407 1 

·· ----

-rhe volume of dry mineral material eroded was cal
culated using an average water content of the per
ennially frozen silty-clays of 58% dry weight and 
assuming a bulk dry density of 2600 kg/m3 . 
b

Atter Hecky and McCullough ( 1 983) . 

stabilization can be est imated only from the fre
quency of occurrence o f  bedrock at the monito ring 
sites scat tered throughout the lake . Eighteen o f  
the monitoring sites occur in f ine-grained materials 
which are representat ive o f  over three quarters 
( 2 , 84 1  km) o f  the post impoundment shore l ine . In 
the init ial 4 years of impoundment , bedrock was 
encountered in the ret reat ing backshore of the 4 
mo st exposed monitoring sites . Assuming t hat the 
bedrock d is t ribu t ion is s imilar at less exposed 
s ites , the rate of bedrock encounters should de
crease , because more t ime wi l l  be required to re
move the overburden . I f  the rate decays geo
met r ical ly , 4 / 1 8  of the remaining eroding shore
line will s t r ike bedrock every 4 years un til the 
pre impoundment condition is resto red . 

Prior to impoundmen t ,  76% of the shorel ine was 
bedrock con t rolled . Following impoundment , bed
rock was exposed on only 14% of the sho reline . Be
cause the wave energy dist ribut ion on the lake and 
the bedrock topography were not changed by the 
impoundment , the sa&e proportion of shorel ine will 
ult imately be bedrock controlled .  At the assumed 
geomet ric recovery rate of the sample shorelines , 
it would take 35 years to restore 90% of the f ine
grained pe rma frost shorelines to their pre impound
ment �ond i t ion . Although this is an approximate 
est imate , it is l ikely that the instabi. ::y of the 
Southern Indian Lake shorel ine will not change for 
several decades . The discharge of bank sed iment 
into the lake wi ll cont inue to disrupt the f i shery 
resources upon which the local residents are depend
ent ( Bodaly et al . 1 983a , b) . 
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f o r e n e r g y  t r i n s p o r t a t t o n .  

� E F E� CU 5 5 I GNS �ND C 0 N i � � l � T 5  

ii l g h t s - o t - ,� .s �  ;. �. a  t n e t r  :... s : .:; '= : � t : C!  ; � .' u c � ; r o: :  
o n t m a i s d t r ec � i v t n r o u g n  c : 1 1 1 S 1 � n �  � r  t n O i r �c t i y  t n r o u g h  h a t a t � t  
� O C i f t c a t t c n .  A p r t o r t  � n �  wo u l d  � x o • c t t h • t  t h �  g r e i t e i t  1 � p a : : s  o n  � t l 0 ! 1 f e 
MC u l d  r s s u l t  f r o �  l a r g e  s c a l e  h a b i t i t  � o d t i t c � t i o � s  e s p e c t i i i ; t n J�e �h t c h 
I n v o l ve t M e  c l e a r 1 n g o t  � O w s  t n r o u g h  t h e i o r � ; t � c cn > t r o n � � n � .  F r o �  a d a t a  
po t n t o f  v t e w 1 t  1.s ea ;; u ! r t o  c o l l e c t  ci � -:l •H .1 t p·J i i t 2  t'1 1 b d a t  1 o t i  t h .J n  I t  I S  
an 1 � a l  d a t a  t h e r e f o r @ 1 t  h a s  b e � n  � o r ? c o � m o �  t o  an i l i � e  t � e  w i ! d l 1 f e t s s u �  
f r o 111 t h e h a b t t a t  s t i n d p o t n t .  O t r e c t  r e p �! r c L S 5 l o n s  � n  i :l t lroa l s �n t h e  u � h e r 
h a n c  � r e  • o r •  d i f f i c u l t  t� f o r e c a s t  b u t  t � e y  r a v e  o e e n  sn own t J  b e  n u m e r c � s  : n  
r e t r o s p e c t i � e s t ud 1 � s a n d  t h u s  g r e a t e r e f r o r t s  a r e  n e e d e d  t a w i � d  : c l l e c t • n � 
t h e  pr o p e r  d � t a  t o  • a i e  v a l t d  p r e ti t c t t o n s .  T n e  f o l i o � 1 n 9  a r e  i s � l e c t t on c f  

d e m o n s t r a t e d  t m p a c t s  w h 1 c h  i h o w  t h e  � 1 f ? 1 c � l t i  o f  c � o o s 1 n 9 t h �  s u 1 t a b l e d a t a  
b a s e  f o r  t h e  1 111 p a c t  a s s e s s m en t o f  R O W s  c r.  w t l j l 1 f e .  

D e n s e  a g g r e g r a t t c n s  o t  a n 1 •a l s o r  � 1 g r a t 1 n g p o t u i a t t � ;, s  c a n  b e  
ex t r e m e l y v u l n e r • b l e  t o  s e r t c u s  � � � s e i  d u e  t o  t r a f t t c o r  s t r u : t u r e s .  K i � t �  
1 1 97 1 1  r ep o r t e d h 1 g h � o r t a l t t v o f  r e t n d & i r  � � � �g� !��  � �C ��� �� ; e n  r o a d s  � n d  
r a 1 l r o 1 d s , e s o e c 1 a l l y  i n w 1 n t er . A l l e n a n d  � c C u l l a u q h  1 1 9 7 o :  a , d  � u g l 1 s 1 ! �  
!! 1 1 9 7 4 >  r e s p tc t i v e l i r e p o r t e a h e a v y  �h t t e - t a l l e d d � e r  I Q � gsg ����!  
�trgt�l!��! l •c r t 1 l 1 t y on M 1 c h 1 g • n • � d  F e nn s y 1 v a n t �  h l g h • I Y i .  w h 1 l �  G r e " t e r 
1 1 9 7 4 l  e s t i c u t e d  t t. e  h i g h w • y  111 o o s e  i � l £ ! !  ! l f � � l k t . �  a t  1 5 - 2 0:, :l � r  c e n �  o i  t h e  
a d j ac en t pop u l a t i o n i n  a Q u e b e c  p a r k , O i v t s  1 1 � � 0 1  r s o o r t e d c "  t h e  M i g " w a y 
r e l a t e d •o r t • l i t y  o i  � t d i u m - s l z t d � � m m a l F  1 n  T e � a s .  M a s s 1 v e r o a d k t l l s  o f  
amp h i b 1 a ns on w e t  w • r •  s p r 1 ng o r  e a r l y f a l l e v � n 1 n g s  a r e  d 1 f f t c u l t  t o  o o c u � e � t 
1 n  t h e  l l t e r a t u r e  ( � a n  G e l d e r  1 9 7 3 ;  M o o r e  1 9 5 4 :  C a r p en t e r a n d  li e l z e ! i 1 � 5 1 > , 
b u t  occ as i o n • l l y  a n e c d o t a l i n f o r m a t 1 o n c a n b e  r e v e a l t n g . � o r  1 n s t a n c e & 1 d e r  
I u n p u b  • d a t  1 l h a s  o b s e n  e d 1 k 1 1 1 o i 5•) 0 ! eo p a r o f r o g s i � � � � � � e � �!! ! l d 'J n n ·1 a 
3 - h o u r  m 1 g r a t i o n on 1 k m  o f  f a r m r o a d t d J a : e � t  to a r t v � r  n t b e r n it � l u � 1 n  
s o u t h e r n  Q u e b e c . I n  S w 1 t • e r l a n d , s c Q e  m o u n t a i n  r o a d s  � r e  t e n � c r a r 1 l v  c � o ; ed 
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a u r 1 n g a � p h 1 0 1 � n m 1 q r a t 1 o n . � n � e r  : e r t � � �  c o n j i t l o n ; ( � . � .  D a · t � � l d a r � n e s s ,  
f o g l , p o � e r l 1 n e  s t r � c t u r e s  s u � h  � s  t o w � r s ,  c o n d u c t o r s � n d  � r o u n d  w : r e s c a n 
i n f l l t t  a � p r e c 1 a b ! e  l o s s e s  t o  � i r d  p o p v l � t 1 o n s  ( � n d � r s c n  ; ; 7 8 : � l o � p o a l  � n o  
� a i c n 1 i 7 6 ; S t ou t  a n d  C o r n w e : i 1 ; 7 6 ;  a o � � � r  a " a  N 1 c � e r s c n  ! � 7 5 :  S c a t t ! �  � �  
1 1 7 : ;  S ! c y f r 1 e .:; 1 =7 7 : :  C o r i"l w e l l a l'l d  H c c "l b a u m  1 'i 7 l :  O g : i n l!!' P 6 7 :  S t o d d u d  &� I' d  

No r r i s 1 9 6 i i . 

i h  g h t s - o f - w a �· s t r u c t u r e s  a r e  s o m e t i m e s u s e d  t o  a d v a n t a g e  

w i l d l i f e .  3 r i d g e s , t o w e r a a n d p o l e s &� r e  o ? t e n u s e � b y  w : l d l 1 f e  t or n e s t i n g 

s i t u  ! & r i d g e s  a l'l d  M c C o n n o n  1 9 8 1 :  G l l on e r  a n d  W i e h e  1 9 7 7 ;  S L t h l e c r. e r a n d  G r i e s e 

1 9 7 9 ; � r e v e s t  ! �  ! l  1 9 7 8 : . S o m e  � i g M w a y  1 n t e r c h a n � e o v e r p a s s e s  n a v e  b e e n  

s h e wn t o  h a r b o u r  d e n s i t i e s o f  �o c d c n u c k s  � � � � � g t �  �g � � ! l w h i c h w e r e  s e v e r a l  
f o l d h i g h er t h a n  t n o s e  T o u n d i n  a d ; a c ! n t a g r 1 c u l t u r a l  a r e a s ( D o u c e t  ! �  � �  
1 9 7 4 1 , R a i l r o a d a n a  h 1 g h w a y P O w s  t i n  b e  c on d u c l v '! t o  w a t e r f o w l  n e s t 1 n g  
( V oor n tte s  a n d C a s s e l  1 9 9 0 ;  O e t t i n g a n d  C a s s e l 1 .:; 1 1 ;  F a g e  a n d  C a s s e l l 1 9 7 1 1 .  

C h a n g e s : n  t h e s t r u c t u r e  o f  a n i � a l c o m m u n i t i e s f o l l o w • n g t h �  
d e v e l o p m � n t  o r  m a i n t e n a n c e o f  R G � s  h a 1 e b e e n  d i ! c u s s e d  1 n  � c m e  s t u d 1 e � . 
D o u c � t  a n d  8 1 d e r  1 1 � 8 : 1  s n o w e d  t h a t  � o s t f o r e s t s c e c i e s e x c e p t  a m c h 1 b 1 a n s 
r e d u c e d  t h e i r  3 C t i v i t y 1 n  i n e � l � d e v e l o p e d  � O W  a n a  B r a m w e l l a n d  B 1 d e r  ! 1 9 3 1 1  

r e p o r t e d t h e  s a � e  p h e n o m e n o n  f o l l o w i n g a d e f o l i a t i o n e x c e r i m e n t 1 n  a R O W . A s  
t h e  e a r l y  s t a g e s o i  v e q e t a t 1 o n d e v e l o p t n  c o w e r l 1 n e R O W s , p 1 o n e e r  s m a l l m a m m a l  

c o m � u n 1 t 1 1t S d e v e l o p ( � d a m s  a n d  G e 1 s  1 � 8 1 :  S c M r e 1 b e r � �  ! !  1 9 7 6 > . A s  t h e  b r u s h  

c c m n u n 1 t y d e v e l op s , . b i r d  s p e c 1 e s r t c h n ! s s  i n c r e a s e s  1 n  R O � s  ( B r a m b l e a n a  
B y r n e s  1 9 8 4 ;  C h .a s k o  a n d G a t e s  1 9 8 Z ; 1'1 e y t r s  a n d P r o v o s t  1 9 (3 1 1 ,  

T h e  t n c r e a s e d p r o d u C t l i l t y  a n d  h i g h e r a v a 1 l � o 1 1 1 t y o f  p r e y s 1 n  R Q � s  

c c u l d  r tt s u l t i n  g r e a t e r p r e o a t i o n 1 n t e n s 1 t v .  L a d 1 n o ( 1 96 0 l r e p o r t e d h 1 9 h e r  
• c t i v l t y  f o r m a m • a l i a n a n d  r e p t 1 l 1 o n o r e d a t o r s  i n p o w e r l 1 n e  R O W s .  S e v tt r a l 

s t u d l t i h a v e r e p o r t e d g r e a t ttr a l'l l m a l  a c t 1 v 1 t y  a t  t h e  f o r tt s t e d g tt ! W e g n er a n d  

" e r r i a n 1 9 7 9 ;  D o u c e t  1 9 7 5 ;  B i d e r 1 9 6 8 > . R O W s c o n s t i t u t e  l a n g  d o u b l e e c o t o n e s  
a n d  G a t e s  a n d  L y z e l  ( 1 9 7 S l  h a v e s h c � n  t h a t  t h i S  c o n c e n t r a t e s n e s t s ,  p r o d u c i n g 
an e c o l o g i c a l t r a p w h e r e  e g g s  � n d  y o a n g s a r e  e K t r e m e l y v u l n e r a b i �  t o  

p r e d H·o r s .  

C o � p l e t e  i s o l a t 1 o n o f  p o p u l a t i o n s  b v  t h e 1 m p l a n t a t 1 o n o f  a RO�  h � s  

n e v tr b e e n  d P .t o n s t r a t e d .  D o u c e t  ! � � l  ( 1 9 8 1 1 ,  L a m o t h e  a n d D u p u ·1 ( 1 9 8 2 > a n d  

W i l l e y a n d  " a � i c n i 1 9 90 l n a v e  a l l r e p �r t e o d e � r  c r o s s i n g p o w e r i 1 n e  R O W s  i n  
• H n t er . D o u c e t  a n d  B r o111 n d 9 8 3 l , M d a u  a n d G oi i s ( 1 9 9 1 l  S c h r e i b e r  a n d  G r a v e s  

( 1 9 7 7 1 a n  C: S c h r i 1 b e r ! � 2 !.  i 1 9 7 e l o b Sl.' r v e d s m a  I 1 m a m  1'11i 1 s c r o s s i n g R 0 W s t'n 
w i n t e r a n d  s u u tt r . H o w e v e r , J o y a l ! � ! l  ! 1 9a .: n  i n d  D o u c e t !! � 1  i 1 9 9 1 1  h a v e  
r e s p e c t i � e l y s n o•n t h a t  u n d e r g i v e n  c o n d i t i o n s ,  m o o s e a n d  d e e r  c r o s s i n g s • e r e  

r t d u c e a  i n  ROWs  d u
.
r i n g w i n t e r . O x l e y ! � !l  1 1 9 7 4 )  l'l a v e  s � o o w n t h a t  w h i t e 

: o o t e d  m i c e  < E! ( 2 � � � � � i  l � � £ 2E � ! l  � n a  c h 1 p 1 u n k s  1 ! � � 1 � �  ! � � � � � � ! l f a i l e d t o  
c r o s s  a 9 0  m w 1 C: e  r c a d w a t .  F i n a l i y ,  D o u c e t  a n d  B r o w n  < 1 9 9 3 > f o u n d  m a r k � d 

d i f f er � n c e s  i n  h i r e l b ! 2 Y !  !�!�! S ! D � § l a c t i v i t y ,  d u r 1 n g a p o p u l a t 1 o n p e a k , i n  

t h e  a d j a c t n t  wo o d s  o n  e a c l'l  s i d e  o f  a 3 0  m w i d e R O W . 

· 1 , 
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D i s p e r s a l  o �  p l a n t s  a n d  a n t m a l s h a v e  b e en f a c i ! i t a ! i d  b y  R O W ; .  H u e y  
C 1 9 4 1 1  w a s  o n e o f  t h e  f i r s t  t o  r e p o r t  s u c h  a r a n g e  ex t e n ; i o n  + o r  p o � � � t  g o � e r s 
< ! � 9�Q� � ! l  i n  A r i z o n a .  G e t :  !l ! ! < 1 9 7 9 1  s h o we d t � a t  f t e l d v o l e s  C � i � � Q 1 � !  
2 � � � ! ! ! Y § � ! � � ! l  u s e d  r o a d w a y s  a s  d t s � e r s a l  r o u t e s .  T h e  p r e s en c e o f  f i e ! �  
v o l es i n  c l e a r e d R O W s  1 n  f o r e s t e d � r e a s  a n d  t h e  p r e s e n c t  o f  � r a s s l a n d  b i r d  
s p e c i e s I C h a s k o  a n d G a t e s , 1 9 8 3 1  I n d i c a t e t � a t  a n t �a l s  h a v e  t � !  pct.e� t i a l  t o  
d t s p t r ! e  i n  R O W !i .  Th i s  p o t e n t t a l  f o r  d l s � e r s a l  c r t n g s  up . h o  i • p o r t a n t  
p o t n t s .  O ne , t h e  b i o g e o g r a p h i c a l  c o n c e p t  c f  s a l t i t o r i a l  d i sJ�r s i l  f r o m  o n e  
h a b i t i t  p a t c h t o  a n o t h e r  c o u l d  we l l  b e  a p h e n o m e n o n t a k 1 n g p l a c e i �  a t l e a r ed 
� o w .  T h e  s e c ond p o 1 n t  was d 1 s c u s sed b y  Sc h r 1 � b 1r !! !l 1 1 9 7 b l  a n d  i s r e l a t td 
t o  t h e  s p r t a d  o f  d l s t a s t s  b y  an i m a l s  s u c h  as r o � t n t s  t�p a n d t n g  t � e i r  r a n g e  
t h r o u g h  d t s p e r s a l  i n  e s t a b l i s h e d  t r an s p o r t i n a  e n e r g y  �OWs . 

T h e  l a s t  gr o u p  o f  i mp a c t s a r e  t h o s e  t h a t  a r e  l o n g  t e r m e d  �r 
r e s u l t i n g I n d t r e c t l y  f r o •  t h e  l � p l a n t a t t o n o f  a R O W .  The N e w f o u n o l a n d  
r a t l r o a d w a s  c o ap l e t e d a t  t h e  t u r n  o f  t h e  c e n t u r { a n d  1 t  r a n  t h r c u gn t h e  
� 1 g r a t i o n r o u t e  o f  t h e  a a i n  c a r i b o u h e r d .  rlun t e r s  a u t c l l y  a d j u s t e �  t o  h u n t 
t h e c a r t b o u  a s  t h t y  c r o s s e d  t h e  �ow a n d o y  ! q :5 t h t s  s c � e � e  h i �  l a r g e l v 
c o n t r t b u t e d to t h e  d e m t se o f  t h e  40 000 ; a r 1 b o u  h � r d  < B e r g e r u 1  : 9 a : 1 . O � e r  
a � d  �c o s t d e c l t n e s  t n  Q u e b e c i n  t h e  60 ' s h a v e  b e en c or r e l a t e d t o  � x c e s s t v� 
h u n t t n g i n  a r e a s  � h E r e  ac c e s s � a s  f a c t l t t a t � d  by t � e  d e � e l o c � ! n t  of n � w  
h t g h • a y s  C B i d e r  � n d  P t M l o t t J Q 7 � t . T n �  i c r e c a s t t n g o f  l o " g - t t r m  a " d i o r  
t n d i r t c t l y 1 n d u c e d  c h an g e s 1 n  w t l a l t f e p o � u l a t t o n s  1 s  a n  1 s s u t  �� ! � �  d e s e r v e s  

s er i o u s  c o n s t d e r a t t o n s  t n  r o u t e  a n d  c o r r 1 d or � i a n n t n g .  

C O N C E P TS , CR I T E � I A  A N D  APPROAC H E S  

W i l d l t f t  s p e c i es n e ed a h a b t t u t  � o s a i c  wh t c h  e n a b l e s  t h e m t o  f e � d . 
b r e e d , r a i s e  young a n d  r e s t . I t  t S  r e c o g n t z ed h o w e v e r  t h a t  s o m e  h a b i t a t  
c om p on en t s a r t  • c r t  1 a p o r t a n t  t h a n o t n e r s 1 n  t i m e a n d  s p 3 c e .  T h i s  h a s  
f a c 1 l 1 t a t e d t h e  a d op t 1 on o f  t h t  ; o n c e p t  o f  c r i t i c a l  h a b i t a t  1 n  r o u � e  s e l e � t t o n 
s t u d i e s .  Cr t t t c a l  h a b i t a t  r e m a t n s an t ! l - d � i t n e d  c o n c � o t :  1 t  h a s  b � e n 
v a r t o u s l y t n t er p r e t ed a s  h a b i t a t  wh i c h :  1 1  n a r : o u r s  a h t g h d 1 � e r s 1 t i  � f  l i f e  

f or m s  C e . g .  � a r s h l a n d s l  1 : >  f u l f t l l s a s p � c t f t c s 2 a s on a l  n i e d  f o r a q t v e n  
s p e c i es < e . g .  w 1 n t i r y a r a s  + o r wh 1 t e - t a 1 l ed d e e r i . : 1  p r o v t d � ; a f r a g 1 l e  
i n d / o r l i � i t e d  r e f u g e t o  a r a r e or e n d i n g i r e d  s p e c t e s ,  a " d  4 1  f u l f i l l s  s o � e  
a n t e r m ed 1 a r y  f u n c t t on 1 n  t h e b i o l o g y  o f  a g t v e n  s p t c t e s < e . g .  m t g r a t i o n r o u t e s  
o f  c a r 1 b o u l . 

D e s p i t e  soae s h o r t c o • i n g s , t h e  c o n c e p t  o f  c r 1 t 1 c a l  h a b i t a t  r e � � 1 n s 
� a l t d  b u t  1 t  n e e d s  c l a r i f l c a t i c n a n d  r t f l n e m e n t .  T h e  c � n t r a l p r e b l e � 1 5  t h e  
f a c t  t h a t 1 t  1 s  d l f t l c u l t t o  r � c o g n 1 : e c r t t t c a l . h &� b i t � t  w t t h o u t  p r o p e r 
a n f o r � f t t o n .  H 3 b t t i t & v a l u a t t on a � d  � � p p e d  r v s u l t s h a v e  o e e �  i a g g t n g  ! t  

s c a l e s a o p r o p r t � t i  f o r p l a n n e r s .  i h �  M � C S  o r o d u c e d  b v  A R D A  f o r e r. a �� l � w � � e  
o i t �� . n a d e q u a t e  p l a n � t n g t o o l s  b e c a u � e o f  o o o r  r e s n l u t t o n ,  l ! c •  o f  c o � e r a l e  
� r  1 n c o • p l � t e  w i i d l t i e : n i o r � a t 1 o n .  Th 1 s  � � s  o e � o n s t r a t � d  d � r t n g  t h e  r e : e n t  
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r o u t t n g  o f  h i g h v o l t a ge t r a n s m i s s i on l i n e s  t n  Q u e b e c  w h e r e  s e v e r a l  ex i s t i n g  
deer y a r d s  f a i l e d t o  a p p e a r  o n  t h e  A R D A  � a p s  f o r u n g u l a t e  p o t e n t i a l . Y e t , i n  
s c � e  a r e a s ! t h e  A R D A  a n a l y s i s r e m a t n s  t h e  b e s t o v e r a l l m a p p e d i n f o r m a t i o n 
a v a i l a b l e .  T h e  n e x t  s t e p t s  to s e e k  t n f o r m i t l on f r o� t h e  r e g i o n a l  l e v e l ; a 
s l ow p r o c e s s  u n d e r  t h e  b e s t  c t r c u m s t a n c e s , e s p e c i a l l y  i f  i t  r e q u i r es 
ao d t t l o n a l  f i e l d  sur v e y s .  T h e r e  are e f f o r t s  u n d e r w a y  wh i c h s h o u l d  i m p r o v e  

t h i s s t t u a t i o n .  F o r  i n s t a n c e  t h e  C a n a d t i n Com M t t t e e  o n  E c o l o g i c a l  L a n d  
C l a s s i f t c a t i o n h a s  a w i l d l t f e  wo r k 1 n g g r o u p  wh i c h  i s  d e v e l oo t n g a p p r o p r i a te 
e e t h o d o l o g i es a n d  f or m a t  f o r  h a b i t a t  e a p p t n g  C T a y l or ! 9 i 9 l .  Ho u n s e l l a n d  
R i s l e y 1 1 9 8 2 1 h a v e  d e v e l o p e d  a h a b t t a t  c l a s s i f t c a t i o n s y s t e •  t o  p r e d t c t t h e  
t i f e c t s  o f  p o we r l i n e ROWs o n  wi l d l i f e .  I n  Q u e b e c , t h e  M t n i s t r y  o '  L e i s u r e ,  
F t sh a n d  G a � •  h a s  b e e n  c o n c e r ned a b o u t  w i l d l i f e  h a b i t a t  a n d  i t  i s  s t r 1 v 1 n g t o  
g t v e l e g a l  s t a t u s  a n d  p r o t e c t t on t o  d e f t n e d  a n d  i d e n t t f i e d c r i t i c a l  h a b i t a t s  
1 S ar r a z 1 n  1 �8 3 1 . R e s u l t s o f  t h e s e  e f f or t s  s h o u l d  i � p r o v� t h e  p l a n n i n q  p r o c e s s  
i n  r e l a t i o n t o  wi l d l i f e  h a b i t a t s  b e c a u s e  p l a n n e r s  w t l l  h a v e a c c e s s  t o  
organ i z e d  i n f o r � a t t o n a n d  g u i d e l i n e s  l e . g .  m a p s ,  l i wS l c o n c e r n i n g v a i u e d  
wi l d l t f e h a b i t a t .  H o w e v e r  i t  a p p e a r s t h a t  p l a n n e r s  w i l l  b e  l e f t  wt t h  c e r t a i n  
de c t s i o n s  c o n c e r n i n g  p r i o r t t y c r i t i c a l  h a b t t a t 5  1 n  c o n f l t c t t n g s t t u a � t o n s .  

I n  t h e  • a J o r i t y  o f  p l a n n t n g st u d t e s ,  t � e  w i l d l i f e an a l y s i s  i s  o f t e n 
l i m i t e d  to a f e w  s o - c a l l e d s o c t o e c o n o m t c a l l y  t mp o r t a n t  or k e y  s p e c 1 e s .  T h i s  
e p p r o a c h  r a i s e s  t wo t m p o r t a n t  c c n c e r n s .  T h e  f t r s t  o n e  i s t h a t  k e y s p ec i e s 

� e a n s  d t f f e r e n t  t h 1 n g 1  t o  d t f f e r e n t  p e o p l � . F o r  i n s t a n c e  i t  c ou l d  c e  an 
en d a � g e r e d s p e c 1 e s or a s p e c t e s t h a t  o l a y s  a d o m t n a n t  r o l e  t n  t h e  e v o l u t i o n of 
the s t r u c t u r e  of t h e  an 1 m a l  c o � m u n t t y . T h e r e t s n o  r e a s on why w o l v e s , 

b e c v er s ,  r o b t n t  or b u l l � r o g s  c a n n o t  q u a l t f y  u n d e r  g t v e � c i r c u m s t an c e s . B u t  
the q u e s t i o n r e m a i n s a s  t o  w n o  a n d  � n a t  c r t t e r t a  s h o u l d d e c t d e wh i c h a r e  t h e  
k e y  t p e c t t s 1 n  a g i v E n  r o u t e  se l e c t i o n s t u d y .  T h e  s e c o n d  c o n c e r n  i s  t n a t  t h e  

soundn e s s  o f  d e t e r m 1 n 1 n g a p r 1 o r 1  t h a t  s o � e  s p e c t e s a r t  � o r a  � mp o r t a n t  t h a n  
o t h � r s  : n  t h e  e c o s v s t e� t s  a h t g h l y  q u e s t t o n a b l e  o r a c t a c e ,  w h a t e v er t h e  s c a l e  
o f  Y a l u e s  u s ed . E l t o n  1 1 q 2 7 l  c o n s t d e r e d  a r c t t c  c o p e p o d s  a s  � e v t n d u s t r y  
a n i m a l s  a n d  F i a r. k a  1 1 9 8 � 1  a n d  � a t n e  1 l q b 6 l  d e f i n ed � e y s t o n e  p r e d a t o r s .  
� l t n o u g h  t h e s e  s t u d i e s  s u g g e s t e d � r. a t  s o � e  s p e c i e s a r e  d o m i n a n t  i n  s h a p t n g t h e  
s t r u c t u r e  o r  a n 1 � o l  c c •�u n l t t e s ,  1 �  g e n e r a l  f e w  ec o l o g i c a l  s t u d i e s h a v e  
i u p p o r t e d  t h e  c o � c e p t  t h a t  s o m e  o r g a n t � m s  a r e  m o r e  i m p o r t a n t  t h a n  o t h e r s t n  

eco s y s t e m s . ! n d e e d  t h e  h o l z s t t c � � o r o J c n  e � b r a c e d b y  m o s t  e c o l o g t s t s  m a � e s  
s u c h  d t s t t n c t t on i  o f  t m o o r t a n c e  M t g h l i  d u c t o u s .  

B y  d e f t n t t l o n s ,  � O W s  a r e n a r r ow s t r i p s  a n d  t h i s  h a s  p r o m o t e d  t h e  
b e l i e f t n a t  s i t e - s p e c l f i c  t • p a c t s  w e r e  o f  l 1 t t l e  c on s e o u e n c E  < w i t h  a f e w 

e x c e p t t o n s :  e . g .  p i p e l t n t  s o i l !  r t s k s  a n d  c a r t b o u  m g r a t i o n o i s r u o t i o n i n  t h e  
n o r t h > . T h u s  t h e  p l a n n t n g p r o c � s s  o f t e r c o n � 1 d e r s  t h a t  o n l y  a s m a l l  f r a c t t o n 
af a g t � e n  h a b ! t a t  < e . g .  C i r s n . r o o s t , d e er y a r d l  1 s  l o s t  � h @ n b t s e c t e d b v  a 
ROW a� J t h d t  � o s t  an ; � a l s  c a n  r e i o c a t e  o u t s t d e  t n e  d t s t u r b e d : o n e .  A l t h o u g h  
t h J S � n a l v s i s c � n � t t h s t � n d  r � g u i � t l � F a n d  p u b l t c  s c r u t t n ,  i n  s u c c e s s t v e 
o r o ; � c t s .  s m a i l  t n ; r e a� n t i l  i o E s e t  � o � l d  1 n  ! h �  l � n g  r u n  ; � o p a r d l : e t � e  
:- � s o •J r c t- a ,.  a w 'l ;. i e  t r. r � n: g l'l  d t r e c {  o r  � �. c 1 � e c t  r o:- t� e r c L· � s t o n s  s :J c h  � =  ti' H l s e  
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T h e  s � m �  c o n c e p t  c � n  ce � p c i l e d t c  w l l d �r n e s : .  � - � d e r � e s ;  h a s  
� @ 1 ; r a 1  a e f 1 n t t 1 c n s ;  1 t  c a n  r � p r e s e � t  � a � t a r e � ;  c i  u n t a u : h a �  l a n J  or 

, , n a c c e s s J b l e  � r e a ;  s o m e t & m � s  1 n  a o � r k or r e ; � r , v  � n j  � � m �  � � ! � � r n � s ;  a r e a ;  

� r �  c r o t c c t e d  o v  l � g a i  s t i t u s .  W e  o r t � n a t t a c h  � h �  a t t r i b u t e  p r 1 � t i n �  t J  

w i l d e � n e s s  � n d  a n  d C , e p t a � l �  � e f t n l t i cn o i  p r 1 � � l n e 1 s  t � a t  wh � c h 1 !  �n s p o i l �d 
o y  M o o e r n  t en d e n c 1 e s . I r  •e s u b s � r l D � to t � �  co� � e c t t r a t  � � � !  w 1 l d er � e s � 
� � o u l d  r e �� 1 n i r e e  of l a r g e  sc � l e  i n t e r � e � t 1 c n s , 1 t  f o l l o • s t h a t  t � e  r ou t i n g  

o f  a ROW t h r o� g h s u c h  an a r • a  y n d e r  t � e  � i S u �� t t o n  t h a t  on l v  a � � a l l  f r a c t t o n 
o r  t h e un 1 t i s  l o s t s n o u l d  bt o o p � s e d  f o r t � o  r � � • o n s .  F t r s t , � �  o e s t r o y s t h 9  
� e r � c on c ep t o !  a p r t s t t n e a r � a , t i  n o t  w r l G er n a s s  t t se l f .  T h !  s ec on d r e a s o n  
I i  r e l a t ed t o  l o s s e s b y  sm a l l i n c r im• n t .  I f  a R O �  C d n  b e  r o u t 9 d  t � r o� g h a 
� t l d ar n e ! s a r e a  u n de r  t h •  j � s � mp t 1 on t h a t  � n l v  • s m � l i f r a c t 1 � n c ?  h •b i t a t  i 3  
l o 11 c h e d , t n e  s a .�e a s s v 11 p t  1 on c a n  b e  c a r r  1 •d o � t  t o  S Y c c e s s  1 v e  r o u : e  p r a p o <; a l  • 
i n  t h e  s � •e o r  d l i f •r • n t  w 1 l � ar n e s 1  a r � i  a n d  t n u s  a l i w l i d �r n i S i � r • • s  c � u i a  

� �  � n c r oa c h e d a n d  J w o � a r d i : e u .  

l t  a s  � n r e a l i s t i c  t o  a t t e m p t  t u  u e v e l o p  i c o � P l � t e  � n d � r i t � n d : n g  o f  i l l 
*C o s y s t e � s or a n t m a l  c o mmu n i t t 9 1 a n  o r d i r t o  r o u t �  a n  e r. e r g y  t r a n s p � r t  � � n � • r  
' � ' l i l l y t h r ou g �  t h �  r u r � i  o r  f o r � s t � d  e � v 1 r c n � e n t .  �cw v � e r , 1 �  c r � e r  t o  

c o n s t d er t h e  w 1 l d l a f e 1 s su e ,  i t  1 s  I m p er � t i • e  t o  h a � j  � t  l � a ; t  i pr � l 1 � 1 n � r t 

u " d � r s t an d 1 n g  o f  t h e  t c o l uq t c a l r e l a t l OO i n i � i  •h 1 c h v e r a o u s w t i d l i f � s p � c 1 e s 
m a 1 n t a 1 n  w 1 t h e � c h  G t h e r � n d  M l t h  t h e : r  h a b a t a t . T o  � r 9 d 1 c t  t n e  r e pe r c u s s 1 o " s  
o f  ROWs o n  w 1 i d l i f e  a c h o i c e u s u a l i v  � • s  t o  o e  M i d e  b • t w e � n  � d • � c r l p t ! v e 
a p p r o a c h a n d  an ex p er 1 m en t a l a p p r o a c h . T � e  d e s c r 1 o t l � �  agpr c t c n  1 �  c ; t e n 

s p ec u l a t a v e a n d  f a i l s  tu y 1 e l d t h e  d • t a  r e q u t r e d to d !t e r � t n e  t � P  
r e p • r c u s s a on s  c o n c • r n 1 n g r e p r o d � c t t on ,  r e ed i n g , o e n • v i our , p r e d a t t o" ,  

d i s p e r s a l  a n d  u l t i � a t e  f 1. t e  o f  w i l o l l f e pop u l a t t o n s  u n d e r  c o n s t d e r a t t o n .  On 
the o t h er �a n d ,  the use o f  e n p e r i a e n t a t i o n a n d  s c t e n t i f 1 c � • = h o d s  h J s  b � en 
s l o w  and • t  t a m es t n c o n c l � s 1 v e i n  p r c d u c a n g _ n ! o r � a t • �n h e l � f � !  t o  p ! � n n 9 r s .  

L e t  u s  • M a m i n t t � 1 s we a k n e s s  1 �  r e l a t 1 on t c  wh l t • - t i t l eo d t t r . 1 " h o t  s p e c i e ; "  

1 n a a n y � O W  p l i n n 1 n g  s t u d 1 • s t n  t h e  n o r t h e a s t .  T h e  � t l d l a f e l t t e r a � u r !  ( H a l l �  
1 9 7 8 ;  D a s a a n n  l Y i l  i n d  Hos l �y 1 95 o l  s u q g e i t s  t M �  c r � � t t o n Q t  • c � e s t  c l � a � t n g �  
t o  p r o d u c •  p 1 on v e r v e g t t l t l � n a n d  p r o v 1 d t w l � t E r b r ow s e t o r d�er . & r i • b l e  a � J  
B y r n e s  < 1 � 7 4 , l i S � I  o b s •r v ed I n c r e a s 9 s  1 n  c e � �  b r �w 3 � 1 n  p a w � r ! 1 n a  � O W ;  t n  
P e n n s y l v an i a .  T h e s e  r � s u l t s ,  a l t h u u g h  u s e i u l  t n  r o � t e  E t l e c t t o n 1 n  d e � r  r � n q �  
a t  l ar g e , b t � 0 8 e  o f  d� b t ou s � � l u e 1 n  nor t h e r n  1 e � r  y a r o s  " � t r e  c J � � r  1 1  s o  

c r t t J c a l . A f i v e y e • r  s t u d y  < Dou c e t ! �  ! !  J � S ! 1 � �  s u c h  � y i r J  s h o w e d  t h a t  
deer w e r e  l e s s  a c t i v e 1 n  a 3 0  � w 1 d e p o w e r l i n � � O w  t � a n  1 n  t h e  i � J 1 c e n t  f or e � t  

i n  t � •  w1 n t e r  and t h e a u t � o r i  s u g g e s t•� t h a t a e t r  y a r � s  s h o u l d  � e  � v o 1 deo b y  
e n e r g y  tr a n s p o r t a t 1 u n R O Ws . H o w e v e r , a r e c e n t  s t u d y i p o u c e t  • n �  Br o wn 1 9 8 3 1  
c o n d u c t e d  i n  t� e s a a t  y a r d  s h o w•d t h a t  t • e r  sp �n t c o n s 1 d e r a c : e  t i �� b r o w s t n g  

i n  t h e ROW d � r i n g w i n t • r .  T h u s  a f t e r 1 0  y e a r s  o f  r e s e a r c h  t � �  r e s u l t s  a r e  

s t i l l  i n c onc l u s a v e c on c e r n 1 n � t h e  t r a d e - o f t  b • t wetn t h e  l o s s  o f  c o v e �  a n d t n •  
g a 1 n i n  f oo d p r o d u c t i o n i n  r e l a t 1 o n t o  R O W s  1 n  n �r t hE r n d e e r  v a r d s .  T � e  

a a g n t t u d t o f  t h 1 1  t r a c e -o r •  1 1  a l so l i � • l i t o  c h a n g e  r o r  e a : h  y � r d  � e p pn j t n g 

u p o n  • i n t e r s e v � r t t y a n d  i n n u a l  p o p u l a t i o n l • � � l s  w 1 t � 1 n a y a r d .  T� 1 s  o � � 
s p tc i • s s c • n i r i o  s h o w s t h � t  t h e r e  a r e  c a s e s  " n 9 r e  c o n ; l u : 1 c � s  b i ; • d  on 
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r e � � 3 r c �  � � t i  i r �  o i  i 1 m 1 t � a  � � S ! E : � n c e  t �  : � �  c o r r ; a c r  a n j  r o u t �  ! e i � c t 1 o n 

c; r •.· c � c:. s  

S at , e r c l  -: :; t h -"J r � ; B th.• n : "'; r. tj ; ;..�. a 
: = ; ; ;  � � �  w � r J i i 7 5 · � i � �  � � � i o r � � t " � 

L· �.· t il - e ,· : ·1 .j � :  ;; c m � : v 2 r g t :f 9 1 :  f:i r '��r  
; 1 � 1 t � a u ; �  o i  sc 1 e n t ! • 1 c � � t n u a s  ; �  
� o w e � g r . p o 1 n t p o c u t  l n �  d ! f • 1 L u l l 1 � s 

o ;  c ;. H! o 1.: c l u :  ·� t: c n t r .;  i - t r � i t rn E- r, t s t •J •J l e s ·� ll r � n ·l t h a � ;- i i 1 o111 r. ,., �· 1 Ill p ,J c t 

a s � � � s��n t »  o i  _ � r c p o ! � d  � r c � e c t .  i @ � n l a � d i  a � a  � u � � � e r  • 1 � 3 � ;  h � : �  
:itJ � q e i t .:-o t·h <? u 5 ,  o • a 11 �co l o g 1 c a i Ci t> 1· s i.lf! c t i • -:  t ·.J t i'l e b 1 o i o � 1 c a ! c o  'l! � 'J n '? n t s o r 
l �p a c t  i t u d t � S .  r� 1 5  j � p r a a c �  �c u i c  n • e d  t O  U S ¥  s c m �  U� l i ) z n g � C � L o g : c a l  

p r oc • i s e s  ; u c n  l S  t u t r o p h l c i t t o n !  or n u t r 1 �� t  c � c l 1 n g a ;  a n e g o t 1 1 b i e  
c u r  r e '' c y • I n .:;1 to n e r  a ! , ; t. •.: o 1 fo s c r .� h o 1 � a ;q 1r. a i ::. o t:l m .. ; r o1  t 1 e s � ,. e o a i  t i  c u � t t o  

c o � � u c t c e c • u s e  c r  � u � t 1 · t e c n � ; � � e  i a � � i 1 n q p r ob ! t �s . ; t u d t � s b y  Br a�we ! l  � n d  
B l il E: r  1 1 9 8 1 • 1  l � d 1 n o  i 1 �8(t l  a 1' <1  C'c •.t•: H  cl n d  & 1 d e r  d � �.: ; l• S H '! � s a n d  t r d n i e t � s  
a i  a t t c h n l q � e  a n c  a n 1 � a i  ac t 1 w 1 t v  � s  a c u r r 9 n c v  � � v @  s h o w n  t h e  s n or t - t @ r m  
e f f e c t s  o f  c l � a r @ d p c � er l i n � � O � s  o n  t e r r e s t r i a l · � � � • 1  c om • u n 1 t 1 e � � u t  t n e  
i o n g  t � r m  e f f e c t s  r e � a 1 n  l a r g i l y u n l n o w � . 

we ; i r � l i  b e l • • v e  t h a t  e x p e r i m e n t a l r e 1 e a r c h  en r e p r e s e n t a t 1 1 t 

p r o b l i A S  wcu l d  e . a i u a t e  t h i  i t g : t t � a c y  o f  ie , e r a l  c o n c e r n s r t l a t e d t o  w i l d l 1 f e 
d n d  � C � s  a n a  � n �  � u t c o� e wo � i c  : � c r e a i e t h e  e f t 1 c a e � c v  �t t h e p l a n n 1 n g 
p r oc t i i .  � � t h c u g �  t � �  • � p r a � t : b : i 1 t 1  o ;  c o n � u c t a n ;  m a n y  l a r g e  s c a l e  
t r e a t � � n t - c o n t r o i  � t ud 1 e s 1 s  r e c J ? n l z � d .  1 t  s e @ � �  t n a t  a c o t en t 1 a l s o l u t 1 on t o  
t h t s  d l ' f i c u l t v  i s  t o  1 m p l e � e n t a f e w r @ p r e s en t a t l v t i o n ? - t t r �  s t u d 1 e s a n a  t o  
e � t s � l i S h • on i t c r . � g i o r e n u � o � r  Ct f  t v p i C i l  p r o J e C t S  i � e a n l a n d s  a n d  UU 1 n � e r 
! 9a 3 : . Th 1 1  ap p r o i c h  wo � l d  d v e n t u a l l v  1 e n e r a t e  a d a t a  b a s �  i r o� wh 1 c h t o  m � k e  
p r � d , c t i o n s  a n d  s u g g e s t  8 1 t 1 g a t 1 on s .  

A n o t ner a p p r o a c h  1 s  t c  c r e a t •  • � o @ r l �t � t a l  r e a c h @ S  c f  e n • r g v  a n d  
t r � n s c or t a t i on R O � s  f or t h e  s p ec 1 f a c  p u r p o ' e  o f  ' n v t s t t g J t t n g r e p er c u s s i o n s  e n  
w 1 i d l : f w .  T h e s t  a ; e c i a l s • c t 1 o � i  c c u l d  b e  s u b � i t t e d t o  t r ea t m en t - c o n t r o l  
e & p t r l m v � t s  a n d  c c � l d  c o � t r t b � t �  t 0  e c c l O Q 1 C i i  s c 1 e n c e  and I Mp r o v e  t h e  
io t C u r a c y  of p r � d : c t l � n s  f o r c c r r J d o r  ;J l an n i n q .  

� e s u l t s  o f  l on g - t e r �  J t u � 1 @ S m a y  t u r n  o u t  t o  � e  t h e  n t t e s s a r y  
� � f � r m a t i on f o r  tt f a c i � n t  p l an n t n g J "  r e l a t 1 o n t o  w t l d l 1 f e  a n d  R O W s .  H o w  l o ng 
s h o u � d  t h o i t  s t u d & e s �· l S  a d 1 f f t c u l t  q u w s t i on t o  a n s w e r  b u t  t n  o r d � r t o  
J b t i o n  ad •oua t 9  d a t a  t o  � • (, •  p r � d 1 c t 1 o n s  � o s s 1 b l e  c o n c e r n 1 n ;  w t l d l 1 f e 
pop u l a t 1 o n s  a n d  r e l a t • d  � r o c e l i e s , s t u a i  s o e c 1 f t c a t 1 o n s  s h ou l d  c o n s i d � r  f e r 
i n s t a n c e  t h e  c y c l t c a i  n i t u r e  o f  s e � e r a l  � 1 l d l 1 f e p o p u l a t 1 on s  i � d  � O W  
• a 1 n t t n a n c 1  c yc l e s .  

T h e r e  a r v  s e v e r a l  t v p e s  o f  d a t a  r t q u i r •d i n  o r d v r  t o  1 n t e g r a t e  
w 1 l d l t f e t s s u t s  i n  t h e  r o u t e  s t i tC t l o n p r o c e s s .  Two s o ec l f l t t y p e s  o f  d a t a  
a r e :  l l  t h � s e  r t l ! t e d t o  1 m p a c t �  o r  C J n s t r a i n t s  a s s o c i a t ed t o  r ou t 1 n g  a n c  R O W  
t •p l � � t e t i o n ,  an d � �  t n o s e  d a t a  r e a u : r e o  t o  d e t t r M i n t  t h e  e f f e c t s  o f  RO� 
m a i n t e n A n c e  a c t t v a t 1 t l on w i ! d i 1 f e ! e . g .  t i m i n � cf wo r k ,  t y p e s  o f  m • c � • n e r v ,  
l a o o u r  f or c t ,  p h v t O C l d t s , f 1 r t 1  � t c . l .  T � t  i p p r o a c h  h a s b e e n  t h a t  b a s a l t n 9 
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d a t a  w 1 l l p r e v i a e s u f f t c 1 e n t  t c o l o g 1 c a i  u n d t r s t a n d i n g  t o  p !r m 1 t  t � e  
f o r mu l a t i o n o f  p r e d i c t t o n s .  A l t h o u g n  t h i s  s o u n d s  l o g i c a l , t h e  � r o J i e m l i e s  1 n  
t � e  f a c t  t h a t  t h e  e = p r e s s 1 o n b a s e l i n e  d a t a  l i  M u c h  t o �  v a g u e  1 n  t 1 � e ,  s p a c e  
a n d  s c o p e .  T h e  1 n t e � p r e t a t 1 o n o f  t h i s c o n c e p t  b y  e n v 1 r o n � e n t a l  s � � : t a l i s t s  1 n  
� p e r m 1 t  p r o c u r e m e n t  s y s t em h a s  b t en t o  c o l i e c t  1 � 1 n 1 m u m  o f  � a t �  t o  s � t i s f y  
t h e  g u i d e l i n e s . M a n y  o f t h e s e  d a t a  c o l l e c t i o n s  • e r e  o f  l i � i t e d  u s e  t n  
s u c c e s s i v e  r o u t e  s e l e c t i o n s t u d i t s m a 1 n l y  b e c a u s e  v e r y f e w o f  t � e s e  s t � d t e s 
i n c l u d e d  s y s t e m a t i C  l o n g - t e r �  mo n i t o r i n g  i S e a n l a n d s  a n d  D u t n k � r  1 9a � J . I n  
a d d t t i o n , v t r y f e w  o f  t h e s t  a n a l y s e s  c o n c er n e d  t h e � se l v � s w i t h i n d i r e c t  
I m p a c t s .  C o n s e q u tn t l y  t h e r e  i s  a p a u c i t t  o f  y o o d  r e p r e s � n t a t i v e  s t u d i e s  
wh : c h c o u l d  s e r v e  a s  b a c k b o n e  1 n  n e w  r ou t e s e l e c t i o n s t u d 1 e s .  T h �  p o s t 
c o n s t r u c t i o n m on i t o r 1 n g  o f t e n p r e s e n t s  a n o n - e � p a n s i ve a n d  p r a c t 1 c a l  w a v  o f  
p r o d u c i n g b e f o r e  a n d  a f t t r t y p t  d a t a  I B t a n l a n d s a n d  Ou 1 n ktr 1 98 3 ) . C e r t a i n l y  
t h i S a p p r o a c h  s h o u l d  p r o v i d t p e r t i n e n t  w i l d l i f e d a t i  a n 1  c o n c l u s i � n s  
�p o l 1 c a b l e t o  f u t u r e  ro u t i n g s  o f  l 1 n e a r e n e r g 1 f a c i l i t i e 3 .  

A s  s t a t e d  ta r l 1 e r ,  a n  l •p r o v e m t n t  i �  a p p r o a c �  w� u l d b e  a t t a i � e d  
t h r o u g h  r i g o r o u s  tx p t r t m t n t a l  s t u d i e s o n  s p e : 1 ; 1 c  � 1 l d l 1 ; � p r � b ! � m s  r e l a t e d  t o  
R O W  i m p l a n t a t i o n or � a 1 n t e n a n c e .  3uch  s � u o i e s .  u s 1 � g  S C i e n t t f i :  � � t � o d 3 1  
w o u l d  c o n s i der t o p 1 c s  l 1 k e  h a b i t a t  � a n a g � � e n t ,  � � g e  e f i � c t ,  o l � � t  a � 1  a n t m a l  
c o m m u n i t i e s .  � n t m a l  �c t 1 v 1 t r 1  p r � d i t l o n !  c � �p � t � t 1 o � ,  d l � o �r s � l  a n �  s a s e t y  
h a z a r d s , i n  c r d � r  t o  d e v e l o p t h e  n e c � s ; a � y  � i t l  t o  � d k �  p r � d 1 � t 1 o n �  
c o n c e r � J n g  I m p a c t s  o i  RCWs on w 1 ! c ! 1 f e .  c r f o ' t 3  � �  t � a t  � : � � c � : c n � a • e  
p r o d u c e d  u s e f u l  p r e l 1 m 1 n � r y  r e s u l t s  c � � � e r � 1 n g a� t � a l  a c t � v : t �  I C � a s � o  an � 
G ..-t e J  i 9 82 : 8r u .. e 1 l a n d  i. h d �tr 1 9 :3 1 :  . fi ouc e t  ��  �l 1 9 S t , L a d : r- .- l '1 :? rJ I 1 l: u t  
r e s e a r c h  m u s t  � �  c o n t 1 � u � d t o  d e t e r m 1 n �  t � �  t r u e  � � p a c t  � J s � : :  o '  R O � s  o r  
� 1 l d l i f e .  F i n a l l y ,  i t  s o m e  p c 1 n t  1 n  t l " ! ,  r e ! e a r c �  w 1 l l  � a v e  t c  ' d d r e ; ;  t h e  
c o m p l � h p r o b l e m o f  t n d L r t c t  1 m o a c t s .  

I'IA IJ11GEMENT 

M o s t  w 1 l d l l f t  m a n a g e m e n t  v e � t u r e s t o  d i t �  i n  e n �t r g v  t r a � s p c r t a t 1 � n 
R O W s  w e r e  d i r e c t e d a t  M a b t t a t  � o d 1 f t c a t 1 � n s .  I t  I S  Q u l t !  a � a : 1 n g no� 
� � n � g t • e n t  e f f o r t s  g e t  the  g o  a h e a d  d e s p t t e  f l a g r a n t  l a c �  o '  1 ? t a  c o 1 c e r n 1 � g  
t h e  w 1 l d l 1 f e I S s u e .  T h t  r o u t 1 n g o f  R J � s  c r ; a t e s  a i p � � � o - t t m c � r a l  t r a d e - o f f  
w h e r e  s o m e  s p e c i e s b e n • f i t  w h i l e  o t h e r s  a r f  s t r � s s e d  � � d  un l � � s  � e  u � d e r s t a n d  
t h e  � a g n i t u d e  o f  t h 1 s  t r a d e - o f f ,  1 t  r e m • t n i  e K � r e m e l �  d : f f i c u l t  t a  m a k e  
e n � i g h t e d m • n a q e m e n t  d f c 1 s 1 o n s  c o � c e r n t � g  � t l d l : f ! .  T h e r e  1 5  c o n ! t d � r � b l e  
g e n e r a l  a n d  s o m �wh a t  t ec h n i c a l 1 n i o r � a t 1 � n o �  t h e  � a n a � e m e n t  c f  R O � s  f o r  � I s h 
• n d  w 1 l d l 1 f e l e , g . l e P d y  a n d  A d a � s  ! 9 6 2 ;  G a l v i n � �  � l  1 q 7 9 ,  a n d  M ! v e r s � n d  
P r O Y O S t  l � S l l .  A l t n o u g h  t h e s e  r e p o r t s  a n d  s e v e r a l  o t h e r s  • r e  m o r e  c o n c e r � e d 
w 1 t h  h a � i t a t  � q r o o � 1 n g "  t h a n  h a b 1 t a t • i n a g e � e n t t � e y  1 " d 1 c a t e  t h a t  a t  t i m e s , 
a n d  t h r o u g h  p o s 1 t 1 � � • a � a g e m e n t d t c l S l o n s .  a c e r t 3 1 n  c o 1 p a t 1 b 1 l i t y c a �  b e  
� c h i e v � d  � e t �••n W 1 l d l 1 f e r p o � i s 1 t e s  a n d  t h e  r o u t t n g  o l  R O W s .  C e r t a : n l t .  t o  
d a t e ,  t h e r e  t s  3 \ i l i a b ! e  i � o w l e o 9 e  o n  s o � e  s p � c 1 f t �  � l l d l t t ? c � � c � r 0 ;  �� � � h 
c • n t. e  i n t e g r a t t: d 1 :1  t h e  :; l a n n 1 n Q  p r o c e s s  t n  !:'r v P r  t o  a d d r e s s  s o '.l e  s o � i: t ; I t  
w t l � ! t f e 1 s s u � s  a � d  r e J u t e  t h e  1 m p a c t  a � d  s � � � t t � e s  o o s s 1 b l y  ; � � r : , �  t h �  F a � e  
o f  so m �� w 1 I d 1 1 f e s C· e .:  1 � !'. .  i n  t '' � n c ,.. t n e � s t i or e ·· i' ·" p I e , • e :.. s u e  c i !'! ;  .; r '= u s �  
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pub l i c  c o n c e r n s  � �  much a s  w h i t e - t a i l e d d e e r . T h e s e  u n g u l a t es c o n g r e g a t e  i n  
t r ad i t i on a l w i n t e r y a r d s  wh i c h  r ep r e s e n t  c r i t i c a l  h a b 1 t a t  f o r t h e  s u r v i v a l o f  
t h e  deer p o p u l a t i o n s . U n d er t h e s e  c i r c u � s t a n c e s , o n e  w � u l d  c o n s 1 d e r  y a r d s  t o  
b e  • a j or c o n s t r a 1 n t s  t o  c o r r 1 d o r  r o u t 1 n g .  H o w e v � r  a d e er y a r d  c a n  b e  b r o � e n 
1 n to t wo �a j o r  c o • p o n e n t s  w h t c h  a r e  c o v e r  a n d  f � o d : a n d  w h i l e  t h e  c l e a r i n g o f  
co n i f e r o u s  c o v e r  t o  r o u t e  a �  e n e r g y  f ac t l i t y s h ou l d  n o t  b e  c on s 1 d e r �� . 
dec i d u o u s  s t a n d s  on t h e  o t h e r h a n o  c a n  o r es en t a v i a b l e a l t e r n a t t v e u n d er 

sptc i f t c  c t r c u m s t an c e s . T e � t b o o k s  on y a r d  m a n a g e � en t ( e . g .  D a s • �n n  1 9 7 1 1  
sugg es t t o  r e j u v e n � t e  c l i � � x d e c i d u o u s  s t � n d s  t o  p r o d u c e  d e e r  b r o w s e , t h u s  t h e  
ro u t 1 n g  o f  e n e r g y  t r � n s p or t a t t on R O W s  1 n  s u c h  m a t u r e  � ec i d u o u s s t a n d s  w i t h t n 1 
deer y a r d  � p p e a r s  i e a s i b l e .  O n c e  t h i s c on c e p t  i s  ac c e o t ed 1 t  b e c om e s  p o s s i b l �  
t o t o r •u l � t e  ob J t C t t v e l y  a n d  1 n t e gr 1 t t t h e  d e t a i l s  o f  a m a n a g e � en t  p l a n 1 n t o i 
p ro J e c t  < e . g . c l e a r t n g - b y - s m a l l - b l o c � s  r o t a t i on / ,  A s u c c e s s f u l c a s e  h a s  b e e n  
r tpor t ed < L am o t h e  a n d  D u p u y  1 99 = 1  t n  Que b ec , w h e r e  a t w 1 n 735  k V  l t n e  w a s  
routeo t h r o u g h  an a c t i v e d e e r  y a r d .  By l oc a t i n g t h e  e l e v a t e d t o w e r s  t n  
c l e ar 1 n g s  p r a c t i c e d  1 n  d ec 1 d u o u s  a n d  m i x ea s t a n d s  a n d  r a 1 s i n g t h e  c o n d � c t o r s  
to s p a r e  c o n i f er o u s  s t a n d s ,  t h e  l � s  o f  c o v e r  w a s  m 1 n 1 m i : t d a n d  d e e r  w e r e  
prov i d ed · N i t h q u a n t i t i e s o f  b r o w s e  f r o m  t h e  s l a s h  o f  t h e  or 1 g 1 n a l  c l 9 a r 1 n g  
wh i c h  w a s  c a r r i ed o u t  1 n  t h e  w i n t e r a n d  b r owse p r od u c e d  b y  t h e  n e w  g r o w t h  1 n  
succ e s s i v e y e a r s .  O v e r a l l ,  1 t  1 s  p o s s t b l e  t h a t t h e  p r o J e c t  m a v  h a v e  b e� e f 1 t e1 
dee r .  U n f o r t u n a t e l y  the l o n g  t e r m  �on t t o r t n g  of t h t s  p r o J e c t was not g e a r eo 
to d e t e r • 1 n e t h e  c o v er -b r o � se t r a d e - o f f  a � d  1 t  r � m a i n s  d 1 f f 1 c u l t to d e t er m : n a 
tht . t f f t c t  o f  t h e  m a i n t e n a r. c e  s c h ed u l e on b r o w � � p r o d u c t i on a n d  a v a i l a b t l t t y . 

J t  1 5  • o s t  i mo o r t a n t  t o  e � p h a s i z e  t � a t we c a n  o n l v  p r o c e ed on a c a � e  
b y  c a ! t  b a s i s  a n d  t h a t  a l l d e e r  y a r d s a r t  n o t  s y ! t e ma t t c a l l v  su t t @� f o r  t h e  
rou t 1 n g  o f  an e n er g t  t r a n s p c r t a t i o n � G W .  I n  1 d d 1 t 1 o n , t h e  r � u t i n g  o f  a R O w  i n  

a deer y a r d e l t • i n a t e s  t h e  w i l d e r n e s s  c h a r a c t e r & s t t c s wh 1 c h  a r e  s o me t 1 m e 5  
a t t a c h e d  t o  s u c h  h a b & t a t s .  F 1 � a l l y  o n  a c o mp a r a t 1 v t s c 1 l e ,  d t 9r a r 9  c e r t a i n l y  
1uch b e t t e r o f f  t o  h a v e a l t n t a r e � e r g v  t r a n s p o r t  f a c i l t t y e n c r o a c h  t h e t r  
y a r d s  t h a n  a h ou s 1 � g d e v t l o o �tn t .  Th i s  k i n d o f  c� o : c e  1 s  n o t u s u a l l y  l e f t  t o  
w i l d l i f � r s a n d / or p l a nn er s  a l on e .  

H i b J t �t � i n a g e m e n t  s r o � i �  n o t  b e  c o n � t d e r e d  t � e  c u r � - a l l  f o r  t h e  
var 1 o u s  p r o b l e m s  t h i t  � G � s  o r e se � t • o r w t l d l t f e oo o u l a t 1 o n s .  T h e  m � n a g e M e n � 
or R O w s  f or �o� ! l O l l � t I S  i. c .-, ;n o l e � � ; � u e- ; ;-: � y e �" s  a 'l d  ,:- ,. ov o s t  l q 6 l l .  P te  b e  
e f f e c t z � e ,  � a o : t • t  m � n a g e m p n t  m u s t  b �  c a r r t e d  a c c o r d t n g t �  a s e t  o f  

ob j ec t l � t s ,  � t � 4 r w t s e t h e  �i i e c t s  � o u i o  � M o u n t  t o  w¥1 1 - 1 n t e � t 1 o n e d  � a b 1 t a t  
• qr oo m 1 n g • . F r o �  a � 1 i d l 1 i e p o 1 n t  o f  v t ew , l t n e a r  e n e r g v  t r a n s p o r t a t i o n 
f a c 1 l 1 t i e s p r e : e n t  t n r e e 0 1 f f e r e n t  s e t !  of p r o b l e m ;  wh t c h a r e t h o se a s s o c i a t ed 
w i t ll :  1 1  ;l l i r. r. i n g , : 1  c o n s t r u .: t t � r. a 11 d ,  : ;  o p e r a t 1 o n a n d  m a t 'l t e n • n c �t .  T h e  
p l a n n 1 ng p h a i t  n o t  o n l y d F t e r � t n e �  t h e  r cu t e  b u t  1 t  1 5  • l s o r e � p o 'l � i b l e  f o r  
t h e  f or��l i t t un c f  � u l d e l t n t!  a r. d  t e r � s o •  r e r e r e n c e s  f o r  t h e  c o n s t r u c t 1 on a n d  
cp1r a t i o n F h i s e s .  T h u s  c o � m u n 1 c a t 1 o n I S  P ! S e " t t a l  b e t w e e n  t h 9 ! !  p h a s e s i f  
� a n a 9 • � • " t  l S  t c  b �  su c c e s s f v i . ; : n e e  F l a n n t n ; .  c on s t r u c t t o n a � a  o p e r a t i on 
a r e  c a r r i e a o u t  � v  a t f f � r e n t  � q t n c : e s c r  d t - 1 S l O � s w ! t � 1 11  an a g e n c y , 
cos� un t c a t t c n o r e a � c � � n s  s t a r t  d u r 1 11 g t n @  r o n s t r � c t t o n o h a s e  a n d  o f t e n b e � o � �  
c o � p l � t e  0 1 r 1 n g t � @ D O @r a t l on i n C  � ? l � t e n J n c E  c h i s e .  
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C E- r � a • r d  1 d t.- C l  i : c ;; s •It "' .j t: c on .: e r r • l ; g � �· e r o 1.o t • ., g c; n d � o � s t r u c t i on 
� � p :? c c s  : .;. n  oe .:: a i ; e d lf. a n a q e lll en t a e c i S l •-' "  b •.J t  t o1 1!  d e c t s � o n s  c on c '!r n t n g cht· 

c � �r � t l o n a�o mil l n t en c; � .:: e a f  � RG� . 1 0  p � a c t t c � .  a r e  � e n e r ! l i y  l i f t  t l  tht· 

� r vp G n .r n t ,  i :-: e  p 1 a n n t n g  p n a ; e ; n c. u l J  c o n ; : :; e r  t l" e  ;'l u n t � n a ., c e  i s p e c t s  of a· 
� Q �  � � r q s e r 1 a u i l y 1 n  r � l a t 1 o n t o  � I ! O l i T � our 1 n g � r o u t �  ;�l �c t t on s t u d y .  

f tu s  a p p r o � c h  r e q •.� t r � s  t n r e e  l .n p c r t.i n t  r '! Q L: I S t t e ; .  O n e , t h e  t�r iii S o f  

r e f � r e n c e s  f or i\ G W  h a b l t ir t  41a l l" t t1 n a n c e  m=J s t  r '! m o H! e x t r � at l y  s i lllp l l · . . ; � c on d l � ,  f � l l c; w - u p  or • o n 1 t 0r 1 n 9 p r � 9 r a m s  � � s t  b� p � �  1 :1  p l a c t ;  s u c h  p ro qr a11 

c o � l d  b e  1 n t e gr a t ed I I"  t h e  c v � r i l l RO� 1 n s p t c t : o n p r o g r a o ,  F i n a l l Y 
c o m lll un l C i t i O O i  m u s t  b e  a s s u r e d  o � t w e t n  t h t  111 a s t e r  p l an r t s p o n s t b l l i t y l t vtll · 
a n d  t h §  f 1 e l d � � l n t tn an c t 1 £- � & l s .  S r � a k d o w n �  at t h i s  l a t t t r s t a ge art 
t o  f 1 n d a s  b u l i � o : t r o p e r a t o r s . 

ROL E OF W I L D L I F E  �ATA I N  CO�R I O CR S E L E C T I O� 

T h t  r ou t t s t l ec t t o n p r o c t s s  mu s �  c o n s l d t r w \ l d l 1 f e w 1 t h 1 n an array 
of o t ��r b 1 o p h y s 1 c a l  c o n t t r � i n t s  a l o n �  w 1 t h s o c ; a l  v a l u e s ,  c o s t s  a nd t e c h n i c a l  
c o n s t r 1 1 n t s .  T h �  1 �p �r t an c e o f  w 1 l d l 1 f e 1 n  s u c h  � u l t 1 d 1 s c i p l i n a r y  a p p r � tc�tl 

nas b t �n � • r a c t t r l : t d  b y  a r o l l e r c o a s t e r a p p r o a c h  wn e r t w t l � l 1 f e  1 s su ts 

P l a y e d  a v t r y  d i f f tr t n t  r o l e  1 n  v a r 1 o u s  s t u J 1 e 1 .  P� r � a o s  o n •  r e A son i o r t h i s  

i s  t n t � 1 l l i n g n e s s  o f  t h t  p u b l i c t o  a o a n a c n  t h t 1 r  r 1 g h t s  c r  t n t � r e s t i n  
• l l d l i f t  ( 5 c h o tn f t l d  a n a  H@n dee 1 1 7B I .  When t h e r �  1 1  a c o � • 1 1 c t  w i t � o� Mtr 
1 1 1 u t s  ( � . g .  f o r es t r y , a g r i c u l t ur e !  t n  a r o u t e  s e ! e c t 1 � n s t u d v ,  o f t t n  c r: e  c an 
t x o t c t  w 1 l d l 1 i t 1 1 1 u t t  t o  p l a y a s e t o n c � r y r o ! t  u n d •r a l a c �  o f  � c ! t a i ntd 
p u � l } C  t n t er t s t . O n  t h t  o t h e r  n o n � ,  s e ve r a l � u b l 1 '  g r o u p s  a r e  o f t • n  · m o st 
t a g e r t o  a d d  w t t g h t  t o  � t h -. r  1 s i u v s  s u c n  as agr i c u l t u r a .  f � r a s t r y  •"d 
r t � r ea t 1 on .  F e r h a p s  o n t  r e a s on f o r t n @ st t s s u t i  g a 1 n 1 n q III O�tn t � �  d� r 1 n g a 
s t ud y 1 1  t h e f a c t  t h c t  t h e y  l tn d  t h t•s � l � t s to d tp t n d a O l t o r t d 1 C t 1 o n s  and 
f o r ec a s t .  For ex a• p l t ,  1 t  1 s  • a 5 i e r to d e t tr � l nt t h a t  200 hi v t r s u s  bOO ha of 
ag r i c u l t u r a l  l a n d  w 1 l l  b t  l � s t d t p tn a i n g  o n  t h t  o u t c o• • of a r o u t t  l • : tc t 1 o n 
s t u d y  w h t r t  t w o  a l t t r n a t i vts ar t c on s l dt r t d . W i l d l t r t  • • s u t s  a r t  u su a l l y n o t  

a s  c l e ar l y  p r e s t n t t d  a n a  p e r h a p s  t h v  l a c K  o f  a d t q u a t t  d a t i .  a t  : 1 a 1 s , c an 
c o n t r i b u t t  t o  t h t  u l t t � a t t  a t m l ' t  o f  - t l d l i f t c o n c t r n s  1 n  t h e  c orr i d or • � d  
r o u t t  s t l t c t i on p r oc e s s .  T h � r •  a r e  v e r y f e w wt l l  i n f �r � e d  v o t c e s wh 1 � h s p e a k  

f o r  w i l d l i f t 1 n  r o � t t  s e l t c t 1 on s t u d i e s a n d  un l e s s  a sp e c 1 t s o r  h ab 1 t a t 1 5  
l t g a l l y p r o t t c t t d 1 t h t  l e v e l  ot c � n s t r a 1 n t  o f  t h t  � l l d l t f t 1 1 1 u t  i s  g r t a t l y  

r td uc t d . I +  t h t  1 ap o r t a n c t  of w i l d i f t  1 1 1 u t s  1 s  t o  b e  e s t a b l t s h t j  f r c �  !o c i a l  
v a l u t s  1 n d  n a t i o n a l  htr 1 t a g t p o 1 n t s  o f  v l t w ,  t h 1 s  c a n o n l y  �� a c h i � v t d  t h � o u q h  
b e t t tr k n o w l t d g t  o f  t h t  i •p a c t s o f  � O W s  on w 1 l d l 1 f t c o•�u n i t t e s .  

CONCLUS I ON 

Wi l d l i f t p o p u l at i o n s  c a n  be a f f t c t ed i n  m • n v  �ays  b y  l i n e a r  t n e r g y  

t r ansp or t \ ac l l i t l t l .  T h t s t  i •p ac t s  c a n  b t  sh o r t - o �  l o n g - t erm ed , d 1 r e c t  or 

i n d i r ec t ,  t r i v i a l  or of gr e a t s i g n i f i c a n c e .  An t s s e n t 1 a l  c o •p o r. e n t of t � •  

p l an n i n g a n d  • •p a c t  a s s t s s�tn t p r oc t s ltl 1 1  t o  m A k e  p r t d i c t t o n s .  Un l t s s  you 
h av e  a dtf i n 1 t t  i d ta o f :  l l  wh i c h p o p u l a t t o n s  a r t  p r e s tl" t a n d  a t  w h a t  t i •e of  
t h t  y ta r t h t y  & r t  • o s t  v u l n t r a b l t  t o  h a b i t a t  e o d 1 f 1 : a t 1 o n , a n d  l!  wh 1 r. h  
tc o l o g l c a l  p ro c t s st s  I E . q .  p r t d a t 1 o n l w 1 l l  be a f f t : t e d b y  a R O � , 1 t  b e comes  

- � . 
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e x t r � m e l y d t f f i c u l t t o  ma � e  � c c u r 1 t e  o r e d t c t 1 o n s  c c n c � r � t � g t h e  i a t e  o l  t h e ! E  
p o p u i a t t o n s 1 t h e t r  o � h a t 1 o u r , d l 3 p � r s a !  a � d  c o m� u n : t v  s t r u c t u r @ ,  e s o @ C i a i l Y  1 n  
3 l o n g - t e r m  p e r s p e c h .., e .  T t> e  r o l e  "J f  .: r. e r g ;  : c r n .j �J r s 1 n  s h c' !H n g e n 1 .n ,a l  
c o m � un 1 t : e s r e o r a s @ n t � � r e : e � t l � t s r e ; t  1 n  t h �  � c t � n t l f l c  c o � m u n 1 t y .  I t  � �  
o b v t ol• S  t �J ,;. t  s e> ;:� e  s � e � ; �? s .�1 ! l  c e n e f 1 t  w i'1 1 ! e  c t r. � r s  ;u i l b e  :l l s ,. d v a n t a g a o  a :'\ .J 

t h e  t r 3 0 e - o i f p r � s e n t � d  o .  � � e r g �  � Q � s  r e m a 1 � s  d l i ; 1 c � l � t o  p r e d 1 : t  i r e �  t h e  
e v t d e n c e  a � � � l • b l e .  S c ! � � t i � I C  r n s e a r c M  : n  t h i S  f ; � l d  ; s  � a � i •  n e e d e d  t o  
p r o v t d e t h e  p r o p e r  o a t a  t o  m a � e  a c c u r a t e p r e d l C t t o n s  c o n c � · n 1 n g w 1 l d i 1 f ?  a n d  
r 11u t e s �r l e c t t � r • •  

r e � U C �  

1 11 p r o � �  
b 1 stc t s ·: 

R � s e a r c h  c o n c E r n . n q n � � l l i t m i n a g e � e n t 1 n  P S t i b l l s h e ri  R O � s  c o u l d  
c o n s t r a i n t s  f r o � t h e  r o u t e  s @ i e c t t o n p r o c e s s  i n c  � t  t n e  s a m e  t i m � 

t h �  f a t e  o f  w t l d l t f i p o p u l 1 t 1 cn s  � c c u o y t � g n a c 1 t a t s w� 1 c h  b e c o m �  
b �  en � r g y  t r i n s o or t i t n e a r  ; a c t l t t t e s .  T h e  f i l l � r e  t o  i d o p t  t h t s  

cour s e  o f  ac t 1 on w t l l  r e s u l t t n  � s t a t e  o f  s t a g n a t i o n w h e r e  e a c h  r o u t e  
se l ec t 1 o n w i l l  p r o d u c a  v ar t o u s q � a n t t t ; e ; o f  d e s c r t p t l � e  w 1 i d l t r e d a t �  �h t c h 
w i l l  o e  o f l 11 1 11 t t- d  Li S e  t o  t h t!  r o L• t � s � l e c t i •Jro  �· r c c r. s s  a n d  t o  m a n a g e tr· e n t  

T n e  r o l �  o f  � i l d l ; f e 1 s s u e s  t n  c cr r t d o r s e l e t t t o n � t i l  b e  e n h ! n c e 1 
a n d  s t • p l : f t e d t h r o u � h  mo r e  1 n t e n s ; v e r e s e a r c h  t n  t h a t  s p e c 1 ; a :  f t e l �  o f  
w t l d ! ; i e b 1 o l o g y .  6 e t t e r o v e r a l l  e v a l u a t ; o n a n o  � a p p t n g o f  � 1 l d l 1 r e h a � l t d t  
( t . g .  t h r o u g �  i m p r o v � a r w s o l u t t o n � �  r e m o t e s e n ; t n ; l  � ; l i  �r n a b l e  p l a � n t! r s t o  
r e c o � � 1 : e  � r c o l e � s  e a r l )  t n  t h e  c o r r t d o r  a � d  r o � t e  se l e c t 1 o n p r o c e s s . T � �  
sat ur 1 � g o f  t h e  a b o v e  c o n s t c e r a t ; o :" s  c a n on l �  t a k �  p l a c e  1 f  p l an n e r s and 
w1 l d l t r e  s p e c t a l t s t s  ma t n t a t n  a n o p e �  d 1 � l ogu e t o  e n s u r e  a r e a l i s t i C  a n d  
f a v o r a o i e  • n : l u ! i c � o f  w 1 l 0 l 1 f e  t s s u e s  1 n  t h e r o u t e  se l e c t t o n p r o c e s s .  I n  t h e  
l on g  r u n , t h i s  w ; l l  • a � e  t h e r o u t e  s e l e c t t o n � r e c e s s  r a s i er 1 �or e c o n f l i c t  

i r e e  � n d  m o r �  e f f i c t e � t .  
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ICE CONTROL MEASURES ON THE ST . LAWRENCE RIVER 

Introduction 

Within the 1 6 0  mi le reach of t..l-te lower St . La\vrence 

River between Montreal and Quebec City ( see Fig . 1 )  flooding 

of l ow lying areas and damage to shore property used to always 

be haz ards associ ated with winte r . The primary reason for 

s uch flooding lay in the fact that the ice s ti l l  had a firm 

grip on the river at the time of the spring freshet . F looding 

also occurred during the e arly and mid-winter months due to 

ice j ams caused by shoving and tele scoping of the i ce cover 

before . final consoli dation . Marks on bui ldings along the 

Montre al waterfront atte s t  to the heights to which the most 

disastrous of these floods reache d ;  the wor s t  being that o f  

1 8 8 6  when Notre Dame Street vi rtua l ly became a rive r .  The 

muni cipalities around and downstream shared with Mon treal the 

distre s s  associ ated wi th the annual spring run-off and i ce 

break-up in the S t .  Lawrence . I t  is recorde d ,  for example , 

that 50 people lost the i r  lives during the spring flood of 

1 86 5 ,  and that in the Sore l-Be rthiervi lle region miles of 

low-lying areas were innundate d .  

From earliest time s , a particul a r ly vexatious pro

blem has been the formation of an ice bridge at Cap Rouge , 

some five mi les wes t  o f  Quebec City . Here , at the s i te of 

the impre s s i ve Quebec Bridge , the St. Lawrence i s  about 1 7 5  

feet dee p , but its width i s  reduced to less than hal f a mi le . 

Under conditions o f  extremely cold weather and a heavy run 

of dri ft and sheet ice , thi s  nar row p as s age was o f ten spanned 

by a bridge of i ce during s l ack water at high tide . I f  this 

bridge was not dis lodged by the fo l l owing ebb tide , a s o l i d  

barrier would form and gene rally remain in p lace until spring . 

Not only did thi s  lead to considerable f looding upstream, but 

when the bridge finally let go , the e f fects in Quebec Harbour 

were often disas t rous . The break - up o f  the Cap Rouge ice 

bridge on Hay 9 ,  1 8 7 4  is reported to have re sulted in water

front damage , including sunken ships , to the extent of one 

mi l l ion dol l ars . 

• • •  2 
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The first organized attempt at ice control was made 

in 1 9 0 6  when two fede ral government icebreakers made the ir 

presence felt on the St . Lawrence . In the early spring of th at 

ye ar the brand new Lady Grey * and Montcalm , working together , 

succe s s fully broke up the ice bridge at Cap Rouge be fore flood 

dangers deve lope d .  Although this was a modest beginn1ng , it 

was literally a "breakthrough " .  The Lady Grey is shown at work 

in Fig.  2 .  

!t soon became evident that the formation of an ice 

bridge could be prevented by continual icebreaker patrol 

throughout the winte r ,  and with this barrier removed , it was 

a relatively easy matter to 

upstream as Trois-Rivi�t·es . 

breaker fleet of the Saurel 

maintain an open channe l  as far 

With the addition to the ice-

in 1 9 2 9  and the N . B .  McLean a year 

late r ,  it was generally pos sible to open a channel to Montre al 

in time to provide an escape route for the heavy run of ice 

and freshet waters in the spring . There sti l l  remained , how

eve r ,  the problem of early and mid-winter f loods . It was not 

until the acquis i tion of more powerful and modern icebreakers 

in the e arly 1 9 5 0 ' s  and the inauguration of continuous ice

breaking operations thro·ugh the winter that the s ituation was 

controlled and the incidence of flooding drastically reduced . 

Due to this flood prevention program , improved icebreaking 

technique s , and recently instal led control works , the di sasters 

of former years are now all but forgotten . Although we must 

accept the fact that we are as yet unable to prevent the 

formation of ice j ams , they are now removed by the icebreakers 

long be fore there is danger o f  flooding . As a matter of 

interest , the maximum leve l at Montreal last winter occurred 

on February 5 ,  when an ice j am at Montreal East raised the 

water level to about 13 feet above norma l for a short period , 

as compared with leve l s  2 5  feet above normal which frequently 

occurred in the pas t .  

* The Lady Grey sank dramatically afte r a co llision while 
assis ting the Quebec ferry in 1 9 5 5 . 

• • •  3 
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Problem Areas 

As alre ady mentioned , a maj o r problem area is the 

Quebec Narrows section at Cap Rouge . The tidal range at Quebec 

is in the order of twenty fee t and e f fe ctive icebreaking ope r

ations can only be carrie d out on the ebb tide which f l ushes 

the broken i ce downs tream. The se ope rations may have to be 

curtailed or even suspended unde r conditions of poor vi s ibi l i ty . 

During critical periods o f  winte r , at least one icebreaker i s  

o n  standby a t  Quebec t o  prevent the formation o f  j ams . The 

winter o f  1 9 6 7 -6 8  i s  i l lus trative o f  the very serious condi

tions which can arise in this section . During the extremely 

cold weather in the first two weeks of January 1 9 6 8 , the i ce 

bridged ove r in the Quebec Narrows and with continuing extreme 

tempe ratures a very seve re i ce j am quickly formed upriver as 

far as Tro i s - Rivi�re s . It took the combined e f forts of nine 

Coast Guard icebreakers ( including the three "heavies " )  about 

three weeks to finally clear the channel to Montreal . The 

conditions which faced the icebreakers are we l l .  i l l us t rated 

in Fig . 3 .  

Between Quebec and Troi s - Rivi�res tidal action and 

icebreaker patrol gene rally keep the channel open throughout 

the winter . From Trois-Rivi�res to Montre al , howeve r ,  the 

s i tuation is much more comp le x ,  and in this reach there are 

two key areas for contro lling the ice problem - the Lake 

S t .  Peter-Lanoraie Section and the LaPrairie Basin . 

Ice Cove r Formation - Trois -Rivi�res to Montre al 

The ice cover in the S t .  L awrence River from Troi s 

Rivi�res to the foot o f  the Lachine Rapids deve lops in much 

the s ame way every year . With the advent o f  col d  weathe r ,  

water tempe rature �adually falls to the free z ing poin t ,  drift 

i ce begins to appear over the surface , and sheet ice forms in 

the bays and in areas of s l ack wate r .  This newly formed ice 

tends to break o f f  under the action o f  wind and waves and 

together with a mixture o f  " f raz i l " and s lush , dri fts down -

• • •  4 
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stream into Lake St . Peter where the average current velocity 

is le ss than 1 . 5  feet per second , and at times of strong 

northeasterly winds there may be no surface movement at all . 

Th is condition allows border ice to form and bridge across 

the narrow outlet of the lake . The mass of drifting ice 

accumulates against the bridye and a cover soon forms . This 

usually happens toward the end of December . There after , the 

ice cover packs upstream to Montreal at a rate dependent on 

the meteoro logi cal conditions and in a manner governed by the 

hydraulic characteristics of the rive r .  

The mechanics o f  ice cover growth by packing are 

not yet fully understood . In the pas t ,  the process was based 

on simple current velocity criteri a ,  with the limiting velo

city for advance of the cover by packing being taken as 2 . 2 5 

feet per second . I t  is now generally accepted that progres

sion of an ice cover is related to the Froude number , the 

value of which determines whe ther ice floes '"i l l  pack against 

the leading edge of the advancing cove r ,  or be drawn under i t .  

The actual value of thi s  number for a particular section is 

probably dependent on various factors , including the hydraulic 

conditions and the characteristics o f  the ice at the section . 

From observations made by Kivi s i ldl , i t  appears that the 

average critical Froude number is about : 

F = V/ (gD) � = 0 . 0 8  

where V = velocity of the current at the section 

D = mean depth of water at the section 

g = acceleration due to gravity 

According to Kivi s i ld , when the Froude number is 

less than 0 . 0 8 ,  ice accumulates against the edge of the cover 

and the pack grows ups tream , be coming more massive as the 

Froude number approaches the critical value . At higher Froude 

numbers ice is drawn under the cover and is deposited on the 

unders ide to form a "hanging dam" at sections where the shear 

stress against the cover is below a certain value . This process 

• • •  5 



- 5 -

creates a backwater e f fect upstream and makes hydraulic condi

tions favourab le for ice to accumulate again st the cove r ,  thus 

allowing the pack to continue its growth upstream . This is 

the manne r in which the ice cove r advances from Lake St . Peter 

to Montreal . A typical ice cover formation is i l l ustrated in 

Figs . 4 and 5 .  I f  the weather remains very cold the ice cove r 

wil l  be relatively strong . A period of mi ld weather ,  however , 

can weaken the cover suffi ciently that it cannot wi thstand the 

thrust on i t .  At this point the cover may buckle or teles cope 

and compress to form a heavy ice j am ,  with subsequent sharp 

increases in upstream water levels . Serious j amming frequently 

occurs in the narrows at the head o f  Lake S t .  Peter, in the 

Lanoraie section and in Montreal Harbour . 

A key fac tor governing the ice problem at Montreal 

and downs tream is the continuous generation of i ce throughout 

the winter in the seven mi le open water reach of the Lachine 

Rapids and lower end of Lake St . Loui s .  The vast quantities 

of ice generated in this section continue to flow downstream 

unti l  the increase in water levels in upper Montreal Harbour 

caused by the advancing ice cover i s  suf ficient to reduce 

current ve locities and permit an ice cover to form in LaPrairie 

Basin up to the foot of the rapids . Thereafte r ,  with continuing 

cold weather , the cover in the basin consolidates and the bulk 

of the ice generated in the rapids area is stored under i t .  

This marks the end o f  a critical stage i n  the winter ' s  opera

tions and norma lly there is li ttle further trouble . A typical 

ice cover in Montreal Harbour during the fi fties is shown in 

Fig.  6 .  

In Lake St . Peter a �urther complication arises 

after the channel has been opened by the icebreakers i� e arly 

win te r .  The lake i s  some 8 mi lP.s wide and 2 0  mi les long with 

an average depth of about 10 fee t .  The Ship Channe l ,  which 

passes through the middle of the lake , i s  800 feet wide and 

dredged to a depth o f  3 5  fee t .  The problem here i s  that from 

time to time large pieces of the cove r break o f f  through the 

action of wind and the waves o f  passing ships . The se large 

masses move into the shipping lane and ef fec�ively block it . 
• • • 6 
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One of the most troublesome areas is the northeast section of 

the lake , and an example of what can happen is illustrated in 

Fig . 7 .  

Icebreaking and Winter Navigation 

Until a few years ago icebreaking between Montreal 

and Quebec City was traditionally carried out only for flood 

control , and the maintenance of an ice-free track for ferry 

crossings at Quebe c ,  Trois -Rivi�res and Sore l . Officially no 

direct assis tance was given to ships navi�ating in this reach 

of the river except in emergencies . During the last decade , 

howeve r ,  there has been a growing trend of ships taking advan

tage of these icebreaking operations to reach Montre al in the 

winter months . The closed season , i . e .  the time between last 

departures and first arrivals at Mon treal has been progres

sively shortened from about five months at the beginning of 

the century until today the port is virtually open to year

round navigation . Most o f  the ships sailing to Montreal in 

winter have specially reinforced hul ls to combat i ce condi

tions in the Gulf and the St . Lawrence Rive r .  Fig . 8 shows 

the trend and growth in the number of vessels sailing to 

Montreal during the winter months , January through March . 

Although the major role o f  the icebreakers in thi s 

reach of the S t .  Lawrence is sti l l  f lood control , they have 

now taken on the addi tional respons ibi lity o f  maintaining 

an open channel in support of the deve loping winter traffic 

through tht� are a .  The annual co st of icebreaking between 

Quebec and Montre al is at present about $750 , 0 0 0  with the 

fol lowing ships of the Coast Guard fleet usually as s igned 

to these operations : 
.; 

N . M . Rogers 1 3 , 0 0 0  Horsepow · r  

N . B .  McLean 6 , 500 Horsepower 

Montcalm 4 , 00 0  Horsepower 

Ernest Lapointe 2 , 0 00 Horsepower 

• • •  7 
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An important factor in icebreaking operations is 

the width of channel ope ned .  The aim is to open a lane wide 

enough to permit safe navigation and adequate ice evacuation . 

This policy leads to less ice being produced in the system , 

and the sl ightly higher ve locities in the restricted channel 

favour better ice evacuation . Fig . 9 shows an historic repre

sentation of the ice cove r formation and icebreaking operations 

between Quebec and Montreal for the winter of 1 9 6 7 -6 8 . The 

influence of these operations on water leve ls in Montreal 

Harbour is further i l l ustrated in F i g .  10 . 

At times bad weather can reduce vi s ibi lity and ser

ious ly hinder the work of maintaining an open channe l .  The 

Minis try of Transport , recognizing the need to get the most 

e f fective use of its icebreaking fleet , is actively evaluating 

and experimenting with a number of accurate vessel location 

sys tems which would a llow the icebreakers to work under con

ditions of extremely poor vis ibi lity . One Radar Pos itioning 

System now under extens ive testing on the Norm� McLeod Rogers 

has indicated that an accuracy o f  about 1 meter can be 

obtained in vessel location . When thi s  equipment has been 

fully p roved and becomes operational , downtime due to poor 

visibility should be practi cally zero . 

I ce Control Structures 

To enhance its ice control program to meet the dual 

chal lenge of reducing the danger of flooding and of ass i s ting 

winter navigation , the Minis try has also installed a numLer 

of additional features in this reach o f  the rive r .  

The construction of EXPO ' 6 7  involved the narrowing 

of St . Lawrence River channels in the Montreal are a ,  re sulting 

in � potential danger of more severe j ams from a run of ice 

out of LaPrairie Basin , and hence pos sible flooding of not 

only EXPO itse l f , but of the low lying areas along the Montreal 

waterfront . To minimize this danger , ,a permanent ice control 

structure was constructed across the river at the lowe r end 

of the basin . The location and detai ls of the structure are 

• • •  8 
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shown in Figs . 1 1 ,  12 and 1 3 . Bui lt in 1 9 6 4 -6 5  at a cost of 

$ 1 8 , 0 00 , 0 00 , the L�Prairie Basin ice control structure was 

taken over by Transport in October o f  1 9 6 6  and came into full 

operation during the s ubsequent winte r .  

The structure , which is essentially an elaborate 

system of floating stoplogs set between piers , was designed 

to help form a stab le ice cove r on the basin e arlier than 

would normally be the case . Once formed , this cove r provides 

a large s torage area for the ice continually generated i n  the 

Lachine Rapids section upstream. Thus , the large volume of 

ice which normally flows out of the basin in early winter is 

arrested and prevented from causing severe ice j ams and con

sequent flooding in the Montreal are a .  

Successful operation of the control structure is 

dependent upon an increase in water level at the structure 

due to backwater e f fects of the ice cover advancing upstream 

into Montreal Harbour . Development of recommended operating 

procedures was based on extens ive mode l s tudie s .  The two 

main factors investi gated were the water leve ls at which the 

s toplogs should be placed to promote an ice cover , and the 

capacity of LaPrairie Basin to store ice under the cove r thus 

formed . I t  was es tablished from the model tests that i f  oper

ated under certain stage discharge relationships created by 

ice j ams downstream , the structure would initi ate an ice cover 

on the basin . The operation is i l l us trated schematically in 

F i g .  14 . 

One me thod of es timating the vo lume of ice formed 

from a given area o f  water e xposed to the cooling action o f  

air is by establishing the rate o f  heat loss a s  the water 

is cooled to the free zing point and applying the rate found 

to later exposures . MacLach lin 2 determined this rate to be 

about 9 5  British Thermal Units transferred per day per square 

foot per degree di ffe rence be tween air and water tempe ratures ,  

and went on to es tab lish the equation : 

. . .  9 
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V = 9 5 . T . A  
1 4 4  X 57 . 4  

( Simp l i fied to V = T A -if> 
where v = Vo l .  o f  ice formed per day in cu.  ft.  

T = Av . Di ff . between air and water temp . 
in oF .  

A = Area of open water in ft . 2 

This relationship was used to establ ish for various 

mean tempe ratures the cumulative production of ice in the open 

reach o f  the Lachine Rapids and Lake St . Louis , the area of 

wh ich was taken to be 2 7 0  x 1 0 6 square fee t .  The storage cap

acity of the basin related to water elevation and rate of ice 

production in the Lachine Rapids·, as obtained from mode l tests , 

i s  shown in the composite diagram in Fig . 15 . 

Because of the succe ss icebreakers have had in recent 

years in maintaining an open channel , the high water conditions 

necessary for operation of the structure as described no longer 

occur , and usual ly the ice covers only about two-thirds of the 

width o f  the basin . Experimental work is now in hand to improve 

the e fficiency o f  the ice retention capacity o f  the structure 

by conve rting some s toplogs to booms and floating them down

stream. Tests are also being made with a boom made out of large 

diameter nylon rope . 

Another feature of the Ministry ' s  ice control program 

is the installation of a sys tem of floating ice booms . Estab

li shed initial ly on an expe rimental bas i s , the ice booms are 

now consi dered to be an integral part o f  the control works o f  

the Ship Channe l .  The booms , which are constructed in 5 0 0  feet 

sections , cons i s t  of � . C .  fir timbers 14 inches by 22 inches 

in section and 30 feet long , linked together with 2 inch dia

meter galvanized steel cab le . A typical arrangement is il lus 

trated in Fig . 16 . 

The booms in the Ship Channe l have been designed and 

located to : 

( a )  Form a stable ice cover outside the shipping 

lanes as e arly as poss ible , thereby closing 

large areas of ice producing open wate r .  

• • •  10 
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( c )  
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Control the movement of this ice cover during 

its formation and retain it throughout the 

winte r .  

Minimize erosion o f  the ice field caused by 

waves from passing ships and thus reduce the 

number o f  floes breaking off into the channe l ,  

presenting a hazard to shipping and creating 

se rious ice j ams .  

The first booms were installed in Lake St . Peter five 

winters ago in the location shown on Fi g .  1 7 .  Thi s  instal lation 

consists of four booms , each 2 , 0 0 0  feet in length . In the light 

of e xperience gained during the first two winters certain des ign 

modi fi cations have been carried out to strengthen the booms and 

improve their pe rformance . This ins tal lation has proved to be 

extremely e f ficient in preventing the ice cover from breaking 

up and has cons iderably eased the workload of the icebreakers 

in thi s  are a .  

I n  conjunction with these booms arti ficial is lands 

were created in Lake St . Pete r to assist in control of ice . 

These i s lands (see F i g .  1 7 ) , constructed o f  glaci al till from 

dredging operations and topped with rock , meas ure 40 feet by 

40 feet at the top { 8  feet above low water datum) , and were 

completed in 19 6 8 .  

Ice booms have also been installed at two other loca

tions , vi z at Lavaltrie ,  near the lower end of the Vercheres 

I s l ands and at Ile S t .  Ours , a little further downstream ( see 

Fi g .  1 7 ) . This is the second winter of operation for the 

Lavaltrie boom which has been very success ful in control ling 

the ice in the channel north of the Ve rcheres I s l ands . The 

boom at S t .  Ours was installed thi s  winter and i ts pe rformance 

is being care fully observe d .  

Ice Studies 

Complementary to , and in conj unction with the ice 

control measures describe d ,  an extens ive program of research 

and development is continuing into all aspects of ice problems 

. • •  11 
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rela ted to the S t .  Lawrence River . The work includes aerial 

photography , col lection of data , field meas urements , labo ra

tory analyse s ,  hydraulic mode l s tudies and icebreaker des i gn . 
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UITRODuCTION 

Le f leuve Saint-Laurent , une des grandes arteres co�erciales 

de ! ' Amerique du No rd, est affronte a un probleme serieux auquel sent liees 

de graves incidences economiques et que l ' on a longteops cru insurmonta

bles , c ' es t-a-dire la presence de glace durant plusieurs mois et a des 

degres divers . 

En j anvier 1966, le Mlnistere des transports , par l ' entre�ise 

de  sa division du Chenal maritime du Sain t-Lauren t ,  entrcprit un vaste 

programme de controle des glaces, dans le but principal d 'eliminer les 

inondations et par la meme occasion promouvoir la navigation d 'hiver sur 

le Saint-Laurent jusqu ' a  MOntreal, tout en gardant la priorite absolue sur 

les fonctions de recherches et de sauvetage . 

Le premier geste pose dans ce s ens fut de mettre sur pied une 

section qui se specialiserait dans ce domaine et dent lcs responsabilites 

maj eures seraient les suivantes : 

I - Les operations de deglaiage 

Diriger et coordonner les operations de degla;age 

entre �wntreal et Notre-Dame de Portneuf . 

II - Les ouvrages de retenue das glaces 

a) Gerer et administrer le Regulateur des glaces 

du Bassin de Laprairie qu.i entrait en operation 
I 

a l ' hiver 1965-66 

b) Planif.ier ! ' installation de nouveaux ouvrages 

de retenue des glaces , en diriger les operations 

et en assurer l ' entretien. 

III - Les recherches et etudes de glace 

Planifier et coordonner les travaux d ' etudes et de 

recherches sur la gla�e. 
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Nous allons tenter d ' ��pliquer ici en quoi consist� chacune 

des responsabilites precitees.  

Secteur 

Objectifs 

Origine 

I - Les operations de degla�age 

MOntreal a Notre-Dame de Portneuf 

Voie maritime du Saint-Laurent (ouverture printaniere -

Entree de la Voie maritime , Port de Montreal , au Lac 

S t-Fran�ois) 

1 - Eliminer les inondations 

2 - Promouvoir la navigation d ' hiver 

Les operations de degla�age sur le Saint-Laurent en 

amant de Trois-Rivieres debuterent en 1928 alors qu'une inondation parti

culierement desastreuse a �wntreal amena le Gouvernement federal a imp lanter 

des methodes pour le controle des inondations . Des brise-glace furent as

signes pour ouvrir un chenal en partant de Trois-Rivieres et en remon tant 

le fleuve durant le mois de fevrier . Le but etait d ' arriver a }�ntreal 

avant la debacle printanicre , ouvrant ainsi une voie d' echappem�nt au sur

plus d ' eau. 

Laisse a lui-meme , le f leuve avait tendance a elever son niveau 

jusqu ' au point d ' inondcr les basses terres riveraines de certaines regions . 

Ceci se produisait des la formation de glace et du mouvement des gla�nns a 
la surface de l' eau et se poursuivait durant tous les mois d ' hiver de meme 

qu' au moment de la crue printaniere. 
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Lorsque viennent les t�peratures froides de l ' hiver, 

generalement dans les premie rs j ours de de cembre , la glace co�ence 

a se former dans les baies et les petites rivieres qui se jettent 

dans le fleuve . Cette glace nouvellement formee tend a se briser sous 

l ' action du vent et des vagues et derive ensuite dans le regime du 

fleuve. Avec la baisse constante des -temperatures d ' ai r ,  elle s ' e

paissit graduellement et c ' es t  ainsi que se for13ent les gla�ons . 

L ' amorce du premier champ de glace complet sur le fleuve 

3 

se faisait lorsque les gla�ons atteignaient la sortie du Lac St-Piene , 

qui, 1 cause de son retrecissement en forme d ' entonnoir , provoquait 

l ' arret de ceux-ci lorsqu ' ils arrivaient en quantite suffisante . 

L ' entassement combine a l ' effet du froid resultait en la fusion de 

tous ces gla�ons. Il se formait alors ce que l ' on appelle un pont de 

glace 1 partir duquel le champ se forl!lait en progressant vers 1 '  amont . 

Aj oute a l ' effet de l ' entonnoir du Lac St-Pierre, il faut 

souligner la faible velocite du courant . Dans le port de MOntreal, les 

vitesses vari�nt generalement entre trois et sept no�uds ; dans 1a 

region de Sorel elles soot d ' environ deux noeuds tandis que sur le Lac 

S t-Pierre elles sont d ' un noeud ou moins et parfois , avec l ' effet de 

vents provenant de l ' est et du nord-est ,  le courant de surface peut 

s ' arreter totalement et meme remonter. 

Lorsque le champ de glace e tait comp lltement forme sur la 

partie avale du Lac S t-Pierre et que le mouvement des gla�ons derivant 

a la surface etait arrete, i� progressait vers l ' amont jusqu ' a  ce que 

le lac soit completement couvert et puis continuait de progresser 

j usqu ' a  ce que le fleuve en entier soit couvert ju�qu ' a  Montreal. Lars 

d ' un hiver normal ce processus p renait environ dix j ours mais dans des 

conditions rigoureuses il pouvait etre comp lete en quatre j ours ou moins . 

L ' effet que produisait ce chaop de glace en eau peu profonde 

est qu ' i l  reduisait la surface d ' ecoulecent par laquelle le meme vol�e 
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d1 eau devait se frayer un chemin et que le niveau no rtllal du fleuve en 

hiver tendait a etre plus eleve qu 1 �n ete.  

4 

En outre , ce champ de glace n 1 e tait pas d1une epaisseur regu

liere puisque la glace flottanto pouvait etre transportee sous la sur-

face glacee par le coura�t puis a son tour voir son mouvement arrete et  

ainsi S I empiler SOUS le Champ de glace j USqU I a former un e  SOrte de 

barrage. De plus , le mouvement de la glace a cause de la pression de la 

glace elle-meme ou a cause du vent ou du courant provoquait un empile-

ment de glace qui pouvait s 1 elever j usqu ' a  vingt pieds ou mime plus 

au-dessus de la surface glacee .  Ces accumulations de glace etaient 

aggravees par la neige epaisse qui, melangee a la glace, agissait tel un 

ciment , et  par le frasil, consis tant en de millions de lamelles cris

tallisees , qui se forme dans les nappes d 'eau peu profoude, ou le cour-

rant est �rop rapide pour permettre la formation de glace solide . Ce 

frasil etant entratne par le courant aide a la fusion des gla;ons entre eux. 

La combinaison de ces deux phenomenes produit cette s ituation 

que 1a surface permettant l 'ecoulement de 1 1 eau est si res treinte que le 

niveau du fleuve peut s ' elever tres rapideQent et ainsi sortir de son 

lit, s ' il est laisse a lui-mime , causant ainsi de desastreuses inondations . 

Endroits menaces d ' inondatiou 

Les endroits en amont du Lac St-Pierre qui sont particuliere

ment susceptibles d ' etre inondes sont le port de Montreal,  Repentigny , 

Lanoraie et les rivieres ae jetant dans le Lac St-Pierre . Avant que ne 

soit entrepris le controle des inondations par la aethode du degla;age ,  

i l  y a une longue liste d ' inondations survenues d�ns ces localites . 

Principe d ' operation pour enrayer les inondations employe jadis 

- Le  mode d ' operation de degla;age employe j adis etait que les 

brise-glace commence� a decouper un chcnal en remontant le fleuve jusqu ' a  

Montreal aussitot que le champ de glace e tait forme et suffisamment ancre 

aux rives et haut- fond pour que le degla�age ou mouvement des navires ne 

I 
J 

I 
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puisse degagcr la couche de glace couvrnnt le Lac St-Pierre et ainsi 

permettre la formation d ' un ernbacle a sa sortie . Lc but de cctte methode 

etait de creer et maintcnir un chenal dans le centre du fleuve qui per

mettrait ! ' evacuation des corc eaux de glace vers l ' aval sans bloquer et 

former des embacles qui arreteraient l ' e coulement de l ' eau. 

Principe d ' operation employe aujourd ' hui 

Auj ourd 'hui , les operations de degla�age en plus de tenter d 'eli

miner les inondations ont pour obj ectif la promotion de la navigation d ' hiver .  

Avec la construction de plusieurs ouvrages de retenue des glaces , 

le mode d ' operation a ete ameliore mime si  fondamentalement il est demeure 

le meme. Ainsi, la saison operationnelle commence habituellement a la 

mi-decembre et se termine a la mi-avril .  En moyenne , trois brise-glace 

sont assignes a la region . 

Le port d ' attache de ces navires est Trois-Rivieres, a cause de 

sa proximite en aval du Lac S t-Pierre.  Toutes les· patrouilles quotidiennes 

et operations de degla�age pour la saison soot effectuees de ce port et 

dictees par les rigueurs du climat et les conditions de glace dans la 

voie navigabl e .  

L e  principe d' operation en cas d ' embicle est de briser 

l ' amoncellement de glace par l ' aval ,  de fa�on 1 ce que les morceaux de 

glace puissent etre evacues par le courant au fur et 1 mesure qu ' ils sent 

de taches. Des brise-glace qui attaqueraient l ' embicle par sa partie amont 

seraient completement inefficaces et ne serviraient qu'1  empiler davantage 

la glace . Il est 1 noter que de forts vents 1 contre-courant pendant 

une longue periode de temps peuvent entraver serieusement ! ' evacuation 

de la glace eassee et meme parfois faire remonter cette glace. Dans ces 

conditions le  travail des brise-glace devient extremement hardu . Encore 

la, la construction d ' ouvrages de retenue des glaces et des ameliorations 

apportees au chenal navigable ont grandem�nt aide a diminuer ces 

inconvenicnts . 
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La procedure normale eDployee pour briser un embaclc est 

que le plus puissant des brise-glace en operation brise l ' amoncelle

ment de glace tandis que les de�� autres , a l ' arrie re , degagent les 

voies moins congestionnees, brisent les trop grands morceaux et main

tiennent un deblaiement rapide. Quand ! ' evacuation de la glace en 

aval de l ' embacle ne pose aucun probleme , une autre methode tres 

efficace est souvent e:ploye e :  de� brise-glace situes parallelement , 

un de chaque cote du chenal , travaillent simultanement ,  attaquant l ' em

bacle tout a tour et degageant ainsi la glace qu ' il y a entre eux. 

P lusieurs fois durant la saison, et quand les conditions 

le permettent, un brise-glace est envoye dans le port de Montreal 

pour y degager certains bassins ou quai s ,  aussi des entailles soot 

o rdinair�ent effectuees au milieu de l ' hiver ou tot a� printeops 

dans le champ de glace de ! ' entree de la Voie maritime du Saint-Laurent 

pour en faciliter l ' ouverture eventuelle. Cette ouverture p rintaniere 

est effectuee par les plus legers des brise-glace des que les condi

tions meteoro logiques le permettent et que la si tuation en aval est 

favorable. 

Effectifs 

Les brise-glace qui travaillent aux operations de degla�age 

font partie de la Garde cotiere canadienne , un service exploite par 

le Ministere federal des transports , qui defraie toutes les depenses 

encourues par les travaux de degla�age. L ' on es time le cout annuel 

des operations de degla�age 1 environ $850, 000 . 

Les brise-glace �ui sont a ssignes au secteur de Montreal 

a Notre-Dame de Portncuf sont general ement choisis parmi ceux qui 

apparaissent dans le tableau suivant . 
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Figure 1. Secteur des operations de degla~age 
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II - Les ouvrages de retenue des glaces 

Objectifs 

Les ouvrages de retenue des glaces que la section Controle 

des glaces operent et entretiennent sur le fleuve Saint-Laurent furent 

construits dans le but d'at teindre les objectifs suivants:  

1)  Former un champ de glace beaucoup plus t5t que ne le 

ferait normalement la nature. 

2) Retenir ce champ de glace durant toute la saison 

d 'hiver malgre les vents 1 contre-courant , les vagues 

de meme que les vagues creees par les navires . 

J) Diminuer la superficie des regions a l 'eau libre 

reduisant par le fait meme la production continuelle de 

nouvelle glace. 

4)  Arreter la glace flo ttante sous un couvert de glace 

forme , afin de l ' empecher de penetrer dans le regime 

du fleuve . 

5) Accelerer les vitesses du courant dans le chenal navi

gable , facilitant ainsi une evacuation rapide de la 

glace flottante et apportant une aide considerable aux 

operations de degla�age. 

Ces ouvrages de retenue des glaces peuvent se diviser en 

trois categories : 

A) Structures permanentes 

1. Le Regulateur des glaces . 

B) Estacades flottantes 

1. Estacades du Lac St-Pierre 

2 .  Estacade de Lavaltrie 

3 . Estacade de l ' Ile St-Ours 

C) lles artificielles 

1. Les iles artificielles du Lac St-Pierre 
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B-1) Les estacades flottantes du Lac St-Pierre 

La section Controle des glaces , ayant ete chargee de la 

planification pour ! ' installation de nouveaux ouvrages de retenue des 

glaces, fit construire en 1967 a titre experimental des estacades 

flot tantes sur le Lac St-Pierre. 

Des etudes ' antecedentes avaient demontre ·que le champ de glace 

qui se formait du cote nord du Lac St-Pierre etait tres instable. De 

forts vents ,  les vagues causees par les navires , une baisse rapide des 

temperatures pouvaient arracher de grandes battures de glace provenant 

de ce champ et ensuite celles-ci ,derivant dans le chenal ,venaient bloquer 

la sortie du Lac St-Pierre et ainsi causer de graves embacles. 

Emplacement 

Les estacades sont situees sur le Lac St-Pierre , a environ 

1 , 000 pieds,  au nord du chenal maritime du Saint-Laurent , entre l ' ancrage 

de Yamachiche et la courbe numero 3 .  

Description 

La longueur totale des es tacades (distance en ligne droi te, 

entre les deux extremites) est d ' environ 8 , 000 pieds , s ' echelonnant en 

tron�ons de 2 , 000 pi�ds chacun. Elles sont constituees de poutres de 

bois flo ttantes attachees par des chaines a des cables d ' acier enfouis 

dans le fond du lac. 

Une es tacade flottante est composee de sections d£ 500 pieds 

de longueur comprenant chacune 13 poutres de bois espacees de 6 pieds 

l ' une de l ' autre. Un cable d ' acier galvanise de 2 pouces de diametre 

d ' unc , ��ou�ur �� �00 pieds,  court a quatre pieds en dessous de ces 

poutres auxquelles il est r�lie par d e� chaines de 4 pieds de longueur . 

En tout les estacades compor��nt 20 de ces sections reliees les unes 

aux autres au moyen de plaques de rac���d. Chacune de ces plaques est 
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a son tour reliee a une ancre de oodele specia l ,  pesant environ 

6 tonnes ; ces ancres sont enfouies sous le lit du fleuve a 400 pieds 

de · -distam:·e· 1 '  une de l ' autre . Les extremites de 1 '  es
.
tacade sont assu

j e tties a des ancres plus lourdes, du t}�e j umele. A chaque plaque de 

raccord, des bouees cylindriques sont at tachees aux estacades pour 

en assqrer la flot tabili.te et pour neutraliser le poids de la plaque 

de raccord et du cible· d '  ancrage. ·. 
·- -· - - - - · ·- - -

dans la matiere inconsistante est mise en place avr precision et 

soumise au prealable a des tractions afin d 'assurer un contact ferme 

avec le lit du fleuve. Dans la :atiere tres molle, i l  peut etre 

necessaire de placer deux ancres ense�ble. La longueur du cable 

d ' ancrage est determinee par la profondeur de l ' eau. On a trouve que 

pour une profondeur de 40 pieds la longueur optimale etait d ' environ 

. - · - - 500 pieds; pour -les --estacades - dU-Lac Saint-Pierre o\1 la profondeur 

·· varie entre 10 et 15 pieds,  un cable de 250 pieds paratt approprie. 

Modifica tiona 

Ayant ete installees a titre expericental en 1967 , plusieurs 

modifiCations furent apportees de?uis. Du materiel plus solide et 

resistant a ete substitue a des pieces vulnerables , ce qui en plus 

d' en augmenter l ' efficacite a reduit considerablement le cout d ' entretien. 

Resultats obtenus 

L 's resultats obtenus sont pour le moins fantastiques comme 

le demontrent les figures 16 et 17 . }�intenant le champ de glace du 

cote nord du Lac Saint-Pierre peut etre oaintenu en place durant tout 

l ' hiver, reduisant le risque d ' ��acle et contribuant par la meme 

occasion a la diminution de temps que doivent passer les brise-glace a�� 

operations de degla«;age . 
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B-2) L ' Estacade de Lavaltrie 

A la suite des succes recportes par les estacades flottantes 

du lac Saint-Pierre , une autre region, soit le chenal de Repentigny ou 

"Chenal du Nord", qui s ' e tend entre Lavaltrie et l ' Ile Ste-Therese , a 

fait ! ' objet d ' etudes en vue de ! ' installation d ' une estacade flot tante . 

Il etait depuis longtemps reconnu que cette surface d 'environ 

200 millions de pieds carres e tait une grande productrice de nouvelle 

glace (1 ,200 pi . cu. /sec. a -20° F ) qui derivait vers le Lac St-Pierre 

pour venir le congestionner.  Aussi lorsqu' un  champ de glace reussissait 

finalement a se former dans cette region, souvent tard dans 1 ' hiver,  

i1 etait frequemment arrache par gros morceaux qui allaient ensuite 

causer des embacles en aval . 

La section Controle des _ glaces fit done construire , en 196 9 ,  

une estacade qui allait former un champ de glace dans cette region des 

le debut de l ' hiver et le maintenir en place j usqu ' a  la debacle 

printaniere . 

Cette estacade entra en operation des le debut de l ' hivcr 

1969-70.  

Emplacement 

L ' estacade est situee sur le fleuve St-Laurent ,  environ 

2 milles en amont de Lavaltrie , sur une ligne perpenuiculaire au 

"chena1 du nord" et s ' e tendant entre 1 ' extremite amont de l ' Ile 

��usseau et le deblai a l ' extremite ava1 de l ' Ile Bouchard. 

La profondeur de l ' eau a cet endroit varie g�,eralcment 

entre 12 pieds et 30 pieds et 1es vitesses de courant sont de 

2 . 5  pieds par seconde . Le lit du fleuve se compose generalement d ' ar

gile grise de grande plasticite avec quelques bandes etroites de 

sable vaseux. 



Description· 

L ' estacade flottante de Lavaltrie est du meme type que 

celles installees sur le Lac St-Pierre.  Le fleuve , a cet endroi t ,  

etant d ' environ 5 , 000 pieds de large, 11 fut decide de limi ter la 

longueur de l ' estacade a 3 , 200 pieds en prenant pour acquis que le 

champ de glace se formerait naturellement sur les sections 

laissees ouvertes entre les extremites de l ' estacade et le rivage. 

Resultats obtenus 

Encore ici les resultats sont fantastiques . Le chaMp de 

glace , qui auparavant etait trls lent i se former dans ce  chenal, est 

en place maintenant des le debut de l ' hiver pour y demeurer j usqu'a 

la debacle printaniere . Les figures 20, 21  et 22 illustrent bien le  

travail effectue par cette estacade. 
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B-3) L ' Estacade de l ' I le St-Ours 

Afin de completer !' excellent travail ef fectue par l ' esta
cade de Lavaltrie sur le "Chenal du Nord• une autre estacade du m�me 
type fut construite et installee en 1971 en vue d ' arreter la pro

duction de nou��lle glace (1 , 200 p i . cu. / scc . a -20° ;f] sur le sectcur 

compris entre l ' extremite aval de l ' Ile St-Ours et l ' estacade de 

Lavaltrie.  La surface affectee par l ' estacade serait d ' environ 

180 millions de pieds carres. 

Emplacement 

L ' estacade est situee sur le fleuve St-Laurent environ 

1 mille 1/2 en amont de Lanoraie sur une ligne perpendiculaire au 

"Chenal du Nord" et s ' etend entre l ' extremite aval de l ' Ile St-Ours 

et l ' extremite aval d ' une batture au nord du "Chenal du Nord" . 

La profondeur de l ' eau a cet endroit varie generalement 

entre 4 pieds et 30 pieds et les vitesses de courant sont de 2 . 5  pieds 

par seconde. Le lit du fleuve se compose generalement � ' argile grise 

de grande plasticite avec quelques bandes etroites de sable vaseux . 

Description 

L ' estacade flottante de l ' Ile St-Ours est du meme type 

que celles installees sur le Lac St-Pierre et a Lavaltrie. Le f leuve 

a cet endroit a une largeur de 4 , 600 pieds.  Une estacade de 3 , 200 

pieds de longueur fut choisie , c ' est-a-dire 8 sections de 500 pieds 

chacune . 

Resultats obtenus 

.· 

On ne peut que repeter ce qui a ete dit pour les estacades du meme 

type installees sur le Lac St-Pierre ee a Lavaltrie , l ' estacade de 
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l ' Ile S t-Ours a fait sa part valable sur le t�tal des efforts 

entrepris pour controler la glace, et justifie certainement ! ' ope

ration annuelle de cette estacade . Les figures 2 0 ,  21 et 22 ne 

peuvent que prouver les succes remportes par ce genre d ' installation. 

Malgre tout , l ' addition d ' une section supplementaire du 

cote · nord de I ' estacade · serait . soubaitable pu!sque cette surface · : ' 

ouverte a present' des "difficultes a -geler lors de la deuxieme annee " 

d 'operation� 
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C) Les iles artificiell�s du Lac St-Pierre 

Les 4 iles artifi cielles du Lac St-Pierre furent construites 

3 titre experimental a l ' automne d� 1967 et 1968 , dans le but 

d ' e tudier les possibilites d ' ec?lois de telles structures pour con

troler la glace sur le fleuve St-Laurent . 

Elles furent integrees a l ' etuda entreprlse pour trouver 

des moyens de re tenir le champ de glace du cote nord du Lac St-Pierre. 

Elles ont done ete disposees de fa;on a completer le travail des 

es tacades flottantes . 

Emplacemen t 

Les iles sont si tuees sur le cote nord du chenal maritime 

du St-Laurent. Trois de ces tles sont a environ 1 , 700 pieds de la · 

bande nord du chenal navigable . L ' autre sur laquelle fut construit 

un phare servant d ' aide l la navigation a ete construite a seulement 

500 pieds de cette bande .  L ' ile 1a plus en aval (tle t·!o 4) est a 

environ 6 milles 1/2 de Pointe l!u Lac . L'ile suivante (ile No 1) 

est a 1 . 500 pieds en amont et l ' au:re , �ui suit (tle No 2) , est 

a un autre 4, 500 pieds en amon t. L ' ile qui sert d ' aide a la naviga

tion (ile No 3) est situee en fzce de l ' ancrage de Yamachiche. 

Description 

Les iles furent construi tes a partir de materiel drague 

dans le chenal maritime du St-Laur�nt et furent par la suite recou

v ertes avec de la pierre de carriere. 

Les iles 1,2  et 4 ont une elevation de 19 pi . (IGLD) et 

leur surface superieure est de 34 ?i. x 34 p i .  tandis que leur 

. surface lnfericure est de 140 p � .  x 140 pi . 



L ' !le 3 a une elevation de 25 pi . · (IGLD) . Sa surface 

superieure es t de 24 pi.  x 24 p i .  et sa surface inferieure est 

de 244 pi.  x 244 pi. 

Resultats obtenus 

L ' on peut maintenant affi�er hors de tout doute que les 

iles artifi cielles ont grandeoent contribue , en compagnie des 

estacades flo ttantes , a la formation et la retenue du champ de 

22 

glace du cote nord du Lac St-Pierre. Les figures 16 (avant 1a cons

truction) et  17 (apres la construction) nous prouvent que les obj ectifs 

vises par la construction de ces iles sont maintenant atteints . 

[ I 
} 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

V o 1 u m e 

SURFACE WATER QUALITY 

1 :  

MANAGEMENT PROPOSAL 

Surface Water Qual i ty Obj ect ives 

D .  A. W i l l i amson 
Envi ronmental Offi cer 
Water S t andards and Stud i e s  Sec t i on 
Envi ronme n t al Management D i v i s i on 
Department of Envi ronme nt and Workplace 

Safety and Health 

Water Standards and Stud i e s  Report 83-2 
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SUMMARY 

The surface waters of Man i toba are used for numerous purpo ses in c l ud i ng 

domes t i c  consump t i on ,  i ndus t r i al u s es and agri cul tural purposes such as 

i rr i gat i on and l i ve stock water i n g . In add i t i o n ,  many surface waters are 

used for recre at i onal purs u i t s  such as swi mm i n g ,  water s k i i n g ,  boat i n g  and 

the enjoyment o f  pleasant sc enery . Most waters are also i nhab i ted by f i s h 

l i fe ,  amph i b i ans ( frogs ) ,  rept i l es ( t urtles ) ,  aquat i c  i ns e c t s  and algae . 

Large forms of wi ldl i fe ,  small furbearing mammals , water fowl and some b i rds 

of prey rely upon surfac e  waters for dr i nk i n g  purpos e s , hab i tat and sources 

of food suppl i e s . 

The qual i t y  o f  surface water has the potent i al to become degraded through 

many other uses such as the d i spo s al of indus t r i al and mun i c i pal ef fluen t s , 

development o f  hydroelec t r i cal gene r a t i n g  s i t es and land u s e  prac t i ce s  such 

a s  agri cul ture and forestry . 

In order to ach i eve harmony be tween the various uses , surface water qual i ty 

obj e c t i ves were developed wh i ch def i ne m i n i mum levels of qual i t y for each of 

the u s e s  that req u i res protec t i on .  The obj ec t i ve s , when not exc eeded , wi ll 

protect an organ i sm, a commun i ty of organ i sms , a pre s c r i bed water use , or a 

de s i gnated mul t i ple purpose water u s e  with an adequate degree of safety . 

S pec i f i c  obj e c t i ve s  have been developed for over e i ghty substanc es . 

The s e  obj e c t i ve� affect all Man i tobans , s i nce i f  they are under protec t i ve ,  

surface water qual i ty may become degraded , or i f  they are over protec t i ve ,  

an unnec e s s ary burden may be imposed on taxpayers and i ndu s t ry i n  order to 

pay for add i t i onal waste treatment f ac i l i t i e s . 
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Surface water qual i ty obj ec t i ve s  are p r i mar i l y  use d by government agenc i e s , 

such as the Envi ronmental Management Divi s i on and the Clean Envi ronment 

Commi s s i on , in order to as s i s t  in developing ef fluent d i scharge re s t r i c t i o n s  

f o r  i ndus t r i al and mun i c i pal waste d i scharges . In add i t ion , other 

government agenc i e s  may use the obj e c t ives to control land use prac ti c e s  

t h a t  may have e f fec t s  o n  water qual i t y ,  s u c h  as c o t tage development . 

The obj e c t i ves are also used by the Envi ronmental Management D i v i s i o n ,  i n  

combi nat ion w i th envi ronmental mon i to r i n g  programs , to determine i f  

pollution control measures are s uc c e s s ful i n  prevent i n g  water po llut i o n . 

For example , the obj ec t i ve s  may be u sed to determine i f  the was t e  treatment 

provi ded by a mun i c i pal sewage lagoon i s  s u c c e s s ful i n  preve n t i n g water 

po l l u t i o n  of a f i sh spawn ing s t re am .  

The obj e c t i ve s  are also used b y  other government agenc ies t o  determine i f  

certa i n  waters are sui table for uses s u c h  a s  i r r i gat i o n . 

I f  the obj e c t i ves are exc eeded , there i s  no d i rect legal recourse to the 

source of the pollut ion . Howeve r ,  the Envi ronmental Management D i v i s i on may 

conduct the neces s ary studies i n  order to determine the cause of the 

pollut ion . Should the c ause be was t e  e f flue n t s , Clean Envi ronment 

Commi s s i on Orders may be revi ewed and revi sed i n  order to provide the 

necess ary protec t i o n . 

O c c as i onally , water qual i t y parameters may exceed these obj ec t i ve s  due to 

natural cond i t i ons . In these cases , the obj e c t i ve s  do not apply .  It i s  the 

i ntent that these obj e c t ives are appl i c able to cond i t ions i n  the water that 

are c aused by man ' s  ac t i vi t i e s . However , i f  a certain parame ter exceeds the 

obj e c t i ves due to natural cond i t ions . it would be unw i s e  to further i nc rease 

that parameter by man-made ac t i v i t i es . 
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It i s  important to real ize that s c i e n t i f i c  i n forma t ion i s  li mi ted on all the 

poss i ble e ffec ts of a pollutant in the envi ronment . New informat ion , 

howeve r , i s  continually be i n s  reported . Thus , the obj e c t i ves must be 

rev i sed per i o d i c ally i n  order to i n clude the most recent s c ient i f i c  

knowledse . Based upon the ava i l able i nformat ion , these obj e c t i ves are 

de s i sned to afford adequate protec t i on w ithout an unreasonable amount o f  

over prot e c t ion o r  under protec t ion . 

Thousands of substances could pote n t i ally pollute Man i toba ' s surface 

waters .  These i nclude , for example , asr i cultural chemic al s , or hazardous 

soods that may be transported throush Man i toba . Obj e c t ives have not been 

developed for all po s s ible substances that could affect water qual i t y .  

However , s i ven reasonable i nformat ion that such substances are presen t ,  

obj e c t i ve s  w i l l  be developed us i n s  the b e s t  ava i l able s c i en t i f i c i n format ion . 

Because spec i f i c  nume r i c al obj e c t ives c annot reasonably be developed for 

every po s s i bl e  chemi cal , phys i c al or b i o l os i c al parueter , seneral 

s t atements concern ins environmental qual i ty are also used to protect water 

qual i ty .  These requi remen t s , althousb wr i t ten in seneral terms , are 

nevertheless water qual ity obj e c t ives . For exampl e , these may be used to 

e s tabl i s h e ffluent l im i t s  even thoush there may be no s pec i f i c nume r i c al 

obj e c t i ve s  app l i c able in the rec e i v i ns water . General s t atements have been 

developed for colour , odour , tas t e , turb i d i ty , depos i t s ,  flo a t i ng mater i als , 

flow ,  l i tter , nutrient s ,  o i l  and srease and to x i c  substances . 

Ideally , obj e c t ives should be ma i n t a i ne d  at all t i mes . It i s  however ,  

senerally accepted that to requ i re objec t i ve m a i ntenance at all t imes i s  

unreasonable . Thus , a spec i f i c  low flow level h a s  been chosen below wh i c h  

t h e  obj e c t i ve s  d o  not have to b e  me t .  Th i s  flow, for larse s t retUDs and 

r i ver s ,  i s  the lowest flow wh i c h ,  on a s t at i s t i c al bas i s ,  would occur for a 

seven consecut i ve day period once every ten year s . For small i n term i t tent 

s t reams th i s  minimum flow i s  0 . 003m
3

/ s . The obj e c t i ves should be 

m a i n t a i ned at all t imes in lakes . 
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M i x i ng zones are areas adjacent , for example , to a d i scharge , where the 

stream or lake may not meet all the water qual i ty obj ec t i ve s . Th i s  i s  

allowed for prac t i c al reasons , s i nce for mo s t  contaminants , i t  would be 

unreasonable to expect the obj ec t i ves to be met at the end of the d i s c harge 

p i pe . M i xi ng zones are therefore recogn i zed as areas subj ect to a l o s s  of 

value , but nevertheles s ,  c e r t a i n  g u i de l i ne s  should be followed to ens ure 

that the loss i s  kept as small as po s s i ble . These i nc lude , for example , 

ensu r i ng that the e n t i re width of r i vers are not completely i n fluenced by a 

d i s c harge in such a manner that f i sh movement i s  proh i b i ted or that bat h i n g  

areas are not i nc luded i n  m i x i ng zones . 

Cert a i n  pr i s t i ne waters support important maj or u s e s , such as recreat i on on 

surface waters w i t h i n  Prov i nc i al Parks . These waters may be g i ven a " H i gh 

Qual i t y" des i gnat ion . It i s  the i ntent that d i s charges or other ac t i vi t i e s  

that may affec t the water qual i ty o f  these areas should b e  very s t r i c tly 

controlled. Thus , development w i th i n  "High Qual i t y" surface water areas 

will l i kely be more cos tly that i n  other areas o f  the Provi nce , s i nce all 

ava i lable measures should be used to c o n t rol env i ronmental d i s turbance s .  

Some pr i s t i ne waters of the Province may be preserved i n  tha i r  natural s tate 

for the future . These waters wi ll be g i ven an "Exc ept i onal Value" 

des i gnat ion . Development o f  any type that may affect water qual i t y should 

be d i s couraged from these areas . 

Obj e c t ives have been developed for e a c h  o f  the general surface water uses 

wi th i n  Mani toba that req u i res protec t i on .  These are des i gnated as classes 

and include dome s t i c  consumpt i o n , aquat ic life and wi ldl i f e ,  i ndu s t r i al 

con sumpt ion , agr i cu l tural consumpt ion , recreat ion and other u s e s . Where 

poss ible , these general c l a s s e s  are further d i v i ded i n to c a tegor ies to 

provide protec t i on , for example , to the d i f ferent types of recreat ion .  
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CLASS 1 :  DOMESTIC CONSUMPTION w i l l  e n sure the protec t i on of waters that are 

s u i  table for human consumpt i on after treatment . S i nce all surface 

waters of Man i toba are s u s cept ible to uncontrolled m i c ro b i olog i c al 

contami nation , for example , by wildl i f e ,  m i n imum treatment 

cons i s t i n g of d i s i nfec t i on i s  requ i red for all surface waters p r i or 

to consumpt ion . Obj e c t i ve s  are i nc l uded for subs tances that may 

have harmful health effec t s , such as pe s t i c i de s , tox i c  metals and 

rad i o ac t i ve mate r i al s  and for substances that may present a n u i s ance 

to the consumer , such as exces s i ve hardness and i ron . 

CLASS 2:  AQUATIC LIFE AND WILDLIFE w i l l  ensure the prot ec t i on of waters 

that are s u i t able for aquat i c  l i fe such as f i sh , amph i b i ans ( frog s ) , 

rept i le s  ( t urtle s )  and other forms of l i fe i ncluding aquat i c  i n s e c t s  

and algae . By e n s u r i n g  protect ion of the aquat ic c ommun i t i e s , 

protec t i on i s  i nd i re c t ly of fered to those forms of wi ldl i f e that 

rely upon surface waters for hab i tat and for food suppl ie s . These 

i nclude ducks , gee s e , furbear ing mammals such as the muskrat and 

b i rds of prey such as the eagle and osprey . Prote c t ion i s  also 

provided to those animals that use these waters for d r i nk i ng 

purpo s e s . 

Obj e c t ives are i n c luded for numerous parameters i ncluding d i s solved 

oxygen , tox i c  met a l s  and pe s t i c i des . The presence of d i s solved 

oxygen in water is e s sent i al for aquat i c  l i f e ,  and the type of 

aquat i c  commun i ty i s  dependent to a large extent on the amount of 

d i s solved oxygen pre sent . Tox i c  metal s ,  such as z i n c  and c admium, 

i n  small concentrat ions , c an have harmful effec ts on growth and 

reproduc t i on ,  and in large concentrat ions , can be lethal . Othe rs , 

such as mercury and PCB ' s ,  e \ en though present in small quan t i t i e s , 

c an slowly bi o-accumulat� i n  the t i s s ue of or�an i sms , unt i l  h i gher 

harmful levels are reached . 
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Some metal s ,  such as c admium , are mo�e or less tox i c  depend i ng upon 

the hardness of the wate � .  For th i s  reason , a mathemat ic al equat ion 

i s  used to establ i sh an obj e c t ive based upon the �elat i o n s h i p  

between tox i c i t y  and hardne s s . 

The e x i s tence and compo s i t ion of an aquat i c  co11111un i ty also depends 

upon temperature character i st i c s . An excess ive i nc rease in 

temperature c an be harmful by int erfering w i th f i sh spawn ing cycles , 

c a u s i n g  changes in growth ancf res p i ra t i on , and c au s i ng more heat 

tolerant spec i e s  to replace heat sens i t ive one s . Heat related 

wi nter f i s h k i l l s  can occur when a heated di scharge is suddenly 

s topped . F i s h  that have been attracted to a heated area are 

suddenly exposed to the cold amb i ent temperature . 

Develop i ng s i te-spec i f i c  temperature obj ect ives i s  compl i c ated and 

t ime consumi n g .  Therefore , a method i s  i ncluded by wh i c h  

temperature obj e c t ives w i l l  be developed f o r  spec i f i c d i s charges . 

CLASS 2 :  AQUATIC LIFI AND WILDLIFE i s  subd i v i ded i nto two c ategor i e s  in 

order to provide spec i f i c  pro tec t i on to d i fferent general groups of aquat ic 

l i fe i n  Man i toba. 

CATEGORY A :  COLD WATER AQUATIC LIFE, COOL WATER AQUATIC LIFE AND 

WILDLIFE wi 11 provide protec t i on to all types of aqu at ic 

l i fe i nhab i t i ng the surface waters of Man i toba , i nc luding 

the protec t ion o f  wi ldl i fe . 

CATEGORY 8: COOL WATER AQUATIC LIFE AND WILDLIFE w i l l  provide 

protec t i on to cool water aquat ic l i fe such as walleye , 

sauger and p i ke ,  i n c l udin g the protec t i o n of wi ldl i f e . 

Th i s  category , however , will not provide adequate 

protect ion to cold wate� aquat ic l i fe such as trout and 

wh i te f i sh .  
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CLASS 3 :  INDUSTRIAL CONSUMPTION w i l l  ens ure the protec t i on of waters that 

are u s ed for i ndu s t r i al purpo s e s . Howeve r ,  obj ec t ives will not be 

developed at present due to the large number of present and 

poten t i al i ndus t r i al users , each w i t h  d i f f erent qual i ty requi rements 

for water . 

CLASS 4 :  AGRICULTURAL CONSUMPTION w i l l  provide protec t ion to waters used by 

the market garden and fa�i ng i ndus t ry for i r r i g a t i o n  and l i ve s tock 

wat e r i ng purposes . Obj e c t i ves are i n c l uded for paramete rs , such as 

sod i um ,  that w i l l  protect var i ous textured s o i l s . Other object ives , 

such as boron , w i l l  protect sens i t ive plan t s .  In add i t ion , other s , 

for example , fecal col i form bacter i a  are i nc l uded that are i n tended 

to protect humans following consumpt i o n  o f  raw vegetables i r r i g ated 

w i t h  water s  of t h i s  c l as s .  

Th i s  c l a s s  i s  subd i v i ded i n t o  four c atego r i e s  i n  order to provide prote c t ion 

to three d i f ferent general i r r i gat i o n  prac t i c e s  plus to provide prote c t i o n  

for l i ves tock water i ng .  

CATEGORY A: IRRIGATION will provide protec t i on to waters that are 

u s ed by the greenhouse i ndustry where such water is the 

only source of mo i s ture for the greenhouse plan t s . 

CATEGORY 8 :  IRRIGATION wi l l  provide protec t i on t o  waters that are 

used to i r r i gate f i e ld crops , where such water is used to 

supplement natural r a i n f al l . 

CATEGORY C: IRRIGATION w i l l  provide protec t i on to waters that are 

I 
I 

used to i r r i gate f i eld crops , where such water i s  used to 

supplement natural r a i n f al l . These waters , howeve r ,  may 

damage certa i n  s o i l  types i f  used for long pe r i ods of r 
t i me .  

' 

,_-
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CATEGORY 0 :  LIVESTOCK w i l l  prov ide protec t i o n to waters that are 

used by l i ve s to c k .  

CLASS 5 :  RECREATION w i l l  ensure that surface waters may b e  s afely used for 

swimming and bo at i ng purpo s e s  and also may provide for the enj oyment 

of pleasant scenery . The s e  water s  provide outdoor rec reat i onal 

opportun i t ie s  for both Man i toba res i de n t s  and for touri s t s . 

Th i s  class i s  further subd i v i ded i n to two c atego r i e s  i n  order to provide 

protect ion to the di fferent types of water related recre a t i on depen d i ng upon 

the extent of contact wi th the wate r .  

CATEGORY A :  PRIMARY RECREATION w i l l  ens ure the protec t i o n o f  

waters that may be u s ed for purpo ses such a s  swimming and 

water ski i n g ,  where contact wi th the water i s  an 

important aspect of the ac t i v i ty .  

CATEGORY 8 :  SECONDARY RECREATION wi l l  ens ure the protec t i on of 

waters that may be u s ed for purposes such as f i s h i n g and 

boat i n g ,  where contac t  wi th the water i s  only i nc i dental 

to the ac t i v i t y .  

Man i t oba ' s  surface waters may be u s ed for other purpo s e s  that do not req u i re 

protec t i o n  through the e s t abl i shment of object ives . These i n c l ude , for 

example , the d i s po s al of was te s  or the generat i on of hydroelec t r i cal power . 

Because o f  soc i al or economic reason s , c e r t a i n  waters may be used only for 

these uses . Such waters may be g i ven a CLASS 6 :  OTHER USES c l as s i f i c at i on . 
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PREAMBLE 

In 1 9 7 6 , the Envi ronme n t a l  Manageme n t  D i v i s ion prepared a proposal outl i n i n g 

a sys tem o f  sur face water qual i ty obj e c t i ve s  and watershed clas s i f i c a t i ons 

for the Province of Manitoba that would form the bas i s  of a surface water 

qual i ty management prog r am .  Th i s  propo s al was c r i t i c ally revi ewed by the 

Clean Envi ronment Commi s s ion through publ i c  hear ings held in 19 7 7 , under 

Sec t i on 13 . 1  of the Clean Envi ronment Ac t .  It was subsequently implemented 

w i th s everal r e v i s i ons resul t i ng from the pub l i c  hear i ngs . 

Vol ume I ,  Surfac e  Wat e r  Qual i ty Obj e c t i ve s , here i n ,  c o n t a i n s  revi s e d  

obj ec t i ve s  wh i ch r e f l e c t  c u r r e n t  s c i e n t i f i c  knowledge and wh i c h  del i neate 

numerous changes in the water u s e  c l a s s e s  and c ategor i e s  i n  order to better 

reflect the s u r f ac e  water u s e  w i t h i n  Man i toba .  Spec i f i c  problem areas 

encountered in the o r i g i nal obj ec t i ve s  have been further de f i ned . 

Volume 2 ,  Watershed Cla s s i f i c a t i on s , under separate cover , conta i n s a 

re v i s ed procedure for the appl i c at i on of surface water qual i ty obj e c t i ve s .  

The sur face water qual i ty obj e c t i ve s  w i l l  be appended for each of the 

n i neteen wat e r sheds w i t h i n  Man i toba as they bec ome ava i l able . Th i s  document 

also c o n t a i n s a procedure for u t i l i z i n g the surface water qual i t y 

obj ec t i ves , on an i nt e r i m  bas i s  for wa ter sheds that have not been c l as s i f ied .  

The at tached documents have been prepared by t h e  Water Standards and S t ud i e s  

Sec t i on of the Envi ronmental Management D i v i s i o n  and have been revi ewed by 

t h e  Water Pollut ion Cont rol Sec t i on of the Envi ronme n t al Management 

D i v i s i on , the Man i t oba Departme n t s  of Agr i c ul ture , Mun i c i pal Affa i r s , 

Health , Urban Affai r s , Economic Development and Tou r i sm ,  Ener�y and H i n e s  

and the Parks , Wild l i f e ,  Resource Alloc a t i o n ,  F i s h e r i e s  and Water Re sources 

Branches o f  the Man i toba Department of Natural R e s o u r c e s . 
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FOR FURTHER INFORMATION ON THE SURFACE WATER QUALITY OBJECTIVES OR 
WATERSHED CLASSIFICATIONS , PLEASE CONTACT : 

D .  A .  WILLIAMSON 
ENVIRONMENTAL OFFICER 
WATER STANDARDS AND STUDIES SECTION 
ENVIRONMENTAL MANAGEMENT DIVISION 
DEPARTMENT OF ENVIRONMENT AND WORKPLACE 

SAFETY AND HEALTH 
BOX 1 ,  BLDG . 2 ,  139 TUXEDO AVENUE 
WINNIPEG , MANITOBA 
i3N OH6 
( 204) 944-7030 
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L I S T 0 F F I G U R E S 

P i s ew Fal l s , located on the Grass R i ve r ,  i s  one of 
Man i toba ' s  many p i c t ure sque wa ter-related s i te s . 

Th i s  t r i butary to the Shell R i ve r  flows for only a 
short per i od of t ime e ach year , thus i s  con s i dered 
an i n termi ttent stream . . . . . . . .  . 

Water for dome s t i c  consump t i on should be s afe , 
palatable and ae s the t i c ally pleas i n g  . 

The s e  var i ous spec i e s  of algae form an important 
l i nk i n  the food c h a i n  of h i gher organi sms , such 
as f i s h .  However ,  g i ven the nece s s ary e n r i ched 
cond i t i on s , algae may pro l i ferate un t i l  nui sance 
cond i t ions are reached . . . . . . . . . . . .  . 

Man i toba ' s surface waters abound wi th s pe c i e s  o f  
f i sh such a s  t h i s pearl dac e .  Larger forage f i sh , 
such as walleye , rely upon these plus many other 
s pe c i e s  as a source of food supply . . . .  

Amph i b i an s  such as th i s  leopard frog , rely 
surface waters for h ab i t at and for sources 
food suppl i e s . . . . . 

Canada geese are often seen in a s s oc i at i on 
Man i toba ' s lakes and mar shes 

The La Salle R i ve r  is used as a source of 
i r r i ga t i on water for vegetable c rops . 
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F i gure 9 :  Many s t reams , such as the Shell R i ve r , are used 
for watering l i ve s tock . I t  is howeve r ,  con s i de red 
envi ronmentally unacceptable t o  allow l i ve s tock 
d i r e c t  access to the r i ve r  . . . . . . . . . . .  . 

F i gure 1 0 :  Man i t oba ' s surfac e  waters provi de an ae s the t i c ally 
ple as i ng s et t i ng for the enj oymen t  o f  s econdary 
z ec re at i onal pursu i t s , such as angl i ng . .  

F i gure 1 1 :  The a s s im i l a t i ve c apac i ty of streams , such as 
the W i n n i peg Ri ver , i s  used to d i spose of 
l i qu i d  waste effluen t s  . . . . . . . . . . 
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1 . INTRODUCTION 

There are 

dome s t i c , 

many d i verse u s e s  

i ndu s t r i al and 

- 1 -

of surface waters w i t h i n  Man i toba , such as 

agr i cul tural consumpt i on ,  propagat ion and 

maintenance of aquat i c  l i fe ,  w i l dl i fe ,  waterfowl , shoreb i rds and furbe ar i ng 

an imals and recreat ion . The s e  o f ten requ i r e  waters of d i f f e r i ng phys i c al ,  

chemi cal and b i o lo g i cal qual i ty .  The s e  u s e s ,  plus others such as the 

d i s po s al o f  was te s ,  gener at i on o f  hydroele c t r i c  powe r ,  removal o f  e Jt c e s s  

p re c i p i t at i on , hydrau l i c  alterat ions to natural watercour s e s  and land use 

prac t i s e s  compete for the qual i ty resources o f  prov i n c i al surface wate r s . 

The acceptab i l i ty of water i s  d i rectly related to the needs of the user . 

Water c on t a i n i ng a c ertai n comb i nat i on of cons t i tuents may be s u i  table for 

one use but may be totally unsui table for another u s e . 

The Envi ronmental Management D i v i s ion i s  s t r i v i ng to mai n t a i n ,  enhance and 

protect the chemi cal , phys i c al and b i olog i c al i ntegr i ty o f  all surfac e  

wate r s  wi t h i n  t h e  Prov i n c e  o f  Man i toba . Ach i evement of th i s  goal will 

e n s ure that the present and potent i al surface water u s e s  are ma inta ined in 

concordance wi th the soc i al and _ econom i c  development o f  the Prov i nc e . To 

t h i s  end , surface water qual i t y  obj e c t i ve s  were formul ated wh i c h  de f i ne 

m i n imum leve l s  o f  qual i t y  requ i red for the var i ou s  u s e s . Prov i nc i al waters 

de s i gnated "H i gh Qual i ty" wi ll be af forded greater prote c t i on and waters 

de s i gnated "Except i onal Value" wi l l  be mai n t a i ned in the i r  natural or 

non-degr aded s t ate . 

I f  the obj e c t i ve s  are under prote c t i ve ,  surface water qual i ty may become 

degraded , o r  i f  they are over prote c t i ve , an unne c e s s ary burden may be 

imposed on taxpayers and i ndustry i n  order to pay for add i t i onal waste 

treatment f ac i l i t i e s . The s e  obj e c t ives , therefore , impact all Man i toban s , 

s i nc e  they may affect lhe operat ion o f  i ndu s t r i e s , mu� l c i pal i t i a s and 

c e r t a i n  aspects of ag r i cul ture . 



Figure 1 :  P i sew Fal ls , located on the Grass River , is one o f  Manitoba ' s  many 
picturesque water-related s i tes . 
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Surface water qual i ty obj e c t i ve s  are des i gnated concentrat ions of 

c on s t i tuent s  that , when not exc eeded , will protect an organ i sm ,  a c ommun i t y 

of organ i sms , a pre s c r i bed water use , or a de s i gnated mul t i ple purpose wate r 

u s e  w i th an adequate degree of safety . 

Where water qual i ty characte r i s t i c s  could not be de f i ned i n  s c i en t i f i c ally 

defe n s i ble quan t i tat i ve t e rms , general narrat i ve s t atements were developed 

that reflec ted the nec e s s ary and de s i rable qual i ty .  

1 . 1  APPLICATION OF SURFACE WATER QUALITY OBJECTIVES 

Surfac e  water qual i ty obj e c t i ve s  are used as a management tool s u i ted to 

prote c t i ng surface water qual i ty .  The obj e c t i ve s  are used i n  conj unc t i on 

with amb i ent mon i to r i n g  dat a :  

( a ) t o  develop e f fluent d i s charge l im i t at i ons for the protec t i on of 

spec i f i c  u s e s , through determi n i ng the c apab i l i ty o f  a rece i v i ng water 

course to ass imi late was te contaminan t s . The ass imi lat ive c apac i ty i s  

usually the d i f ference between obj e c t i ve leve l s  and amb ient leve l s , 

where the amb i e n t  leve l s  are lowe r ,  

( b )  t o  develop rat i onal po l i c i e s  to g u i de those agen c i e s  hav i ng l e g i slat ive 

author i t y ,  i n  co-operat i on w i th the Envi ronmental Management D i v i s i on ,  

for proj e c t s  i nvol v i ng resource apport i onment , such as hydrolog i c al 

altera t i o n s  and land u s e  prac t i se s  that may contr ibute to water qual i ty 

deteri orat ion . Such proj e c t s  inc lude , but are not l imi ted to : 

( i )  water flow augmentat i on ,  

( i i )  lake level regulat ion , 

( i i i )  water flow regulat i on ,  

( i v )  i n ter-ba s i n  water tran s fe r ,  

( V )  e xtrac t i on and appor t i onme n t  

mun i c i pal and i ndus t r i al purpo s e s , 

( v i )  cons truc t i on ac t i vi t i e s , 

o f  water for agr icult ure , 

( v i i )  r e source harve s t i ng or extrac t i on operat ions ( t imber h arve s t ,  

w i ld r i c e  h arve s t ,  mi neral explorat ion , m i n i n � .  e t c . ) ,  

( v i i i )  appo r t i onment of c rown , mun i c i pal , or pri vate l ands for 

rec reat ional or other purpo s e s  through leas e ,  sale , 

subd i v i s i on , etc . 
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( c )  to develop be s t  management prac t i se s  to con trol non - po i n t  or d i f f u s e  

sources of pollut ion , 

( d )  to a s s e s s  the e f f ec t i ve n e s s  of pollut ion control me asures in protec t i ng 

bene f i c i al u s e s , and 

( e )  to ident ify i f  the amb i e n t  water c an s u s t a i n  s pec i f i c  u s e s . 

Paramount among the above appl i c at i ons , i s  the ut i l i z at i on of the obj e c t ives 

for c on s ideration by the Clean Env i ronment Commi s s i on , in order to develop 

e f fluent d i scharge l im i tat ions nece s s ary to make d i scharges compat ible w i th 

s pec i f i c  surfac e  water u se s .  The water qual i ty obj e c t ives should not be 

c o n s t rued as permi t t ing any waste amenable to tre atment or con t rol to be 

d i s c h arged i n  any surface wat e r s  wi thout treatment or control that could 

reasonably be expec ted . 

I f  the water qual i ty obj ec t i ve s  are not me t ,  there i s  no d i rect legal 

impl i c a t i on to the source of the contaminat ion . Such a s i tuat i on howeve r ,  

would i n d i cate that adm i n i s t rat i ve ac t i on i s  requi red t o  determine the c au s e  

and i f  remed i al ac t i on i s  requ i red . For example , remed i al ac t i on may 

i nvolve the r ev i ew and rev i s i on of Clean Env i ronment Commi s s ion orde r s , i f  

po i n t source d i s c h arges are the c au s at i ve agen t s . 

U t i l i zat ion o f  surface water qual i ty obj e c t ives i s  but one i n t egral facet o f  

s u r f ac e  water qual i ty protec t ion . Water qual i ty obj e c t i ve s  a r e  u s ed i n  

conj unc t i on wi th other prov i n c i al and federal gu i del i n e s  and regulat ions o n  

quant i t i e s , rates and concent rat i on s  o f  chemi c al , phys i c al , biol o g i c al and 

other con s t i tuents to wh i c h  d i s c hargers are subj ec t .  

1 . 2  NATURAL CHARACTERISTICS OUTSIDE THE OBJECTIVES 

Waters may have , on o c c as i on , natural characte r i s t i c s  o u• s i de the obj e c t i ve s  

i n  wh i ch c a s e  the obj e c t i ve s  d o  not appl y .  The obj e c t i ve s  contai ned here i n  

apply to man- i nduced alterat i on s . Wi thdrawal and subsequent d i s charge o f  

s u c h  �aters wi thout alterat ion of t h e  phys i c al , chemi cal or b i olog i c al 

charac ter i s t i c s  i n to the same or s i mi l i ar water body wilJ not con s t i tute 

violat i on o f  the s e  obj ect ives . The reduc t i on in water quan t i t y following 
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wi thdrawal but pr ior to d i scharge however ,  should not c ause exceedenc es o f  

the general o r  s pec i f i c  surface wat e r  qual i ty obj ect ives such that other 

r i par i an uses may be adverse ly affe c t e d . 

I t  should be noted that where the as s im i lat i ve c apac i ty i s  ut i l i zed by 

i nfer ior natural qual i ty ,  further deter i orat i on by the i n t roduc t ion o f  

contami nants should not b e  allowe d ,  unless such add i t i on s  will not 

j eopard i s e  any bene f i c i al use as s hown through s i te spec i f i c i nve s t i g at i ons . 

1 . 3  LIMITATIONS AND INTERPRETATION OF SURFACE WATER QUALITY OBJECTIVES 

The surface water qual i ty obj ec t i ve s  c o n t a i ned here i n  are based upon current 

s c i en t i f i c  knowledge . Thus , they mus t  be revi ewed and rev i sed regularly to 

ensure that they reflec t
. 

new i nforma t i on on c r i ter i a  and l imi tat ions and 

that ex i s t i ng or potent i al u s e s  are accur ately i den t i f i ed .  

There i s  a great deal of uncert a i n t y  o f  spec i f i c  c au s e  effec t relat i onsh i ps 

between all concent rat i on s  of c on t am i nants and all envi ronmental vari able s .  

In add i t i on , i nformat ion i s  s c arce on the antagon i s t i c , synerg i s t i c  and 

add i t ive effects of comb i na t i on s  of c o n t ami n ant s .  

The obj ec t i ves nec e s s ary to protect aquat i c  l i fe ,  for example , were adopted 

from c r i t e r i a  that were developed ut i l i z i ng an array of data from organ i sms , 

both plant and an imal , occupy i ng var i ous t roph i c  levels . Others were 

adopted after the appl i c a t i o n  of safety factors to a l imi ted data ba se . 

These obj ec t i ves then , are des i gned to pro tec t mo s t  aquat i c  organ i.' sms mo s t  

of the t i me ,  but not nec e s s ar i l y  a l l  o rgani sms all of the t ime . 

S im i l arly , water u�ed for dome s t i c  c o n s ump t i on wh i ch cont a i n s  sub s t ances at 

concentrat i on s  less than the max i mum acceptable obj ec t i ves should he 

s u i table for l i felong c on s umpt i o n .  These obj e c t ives were developed i n  

con s i derat i on o f  other expos ure routes , such a s  d i e tary i n t ake . 

These obj ect i ves are de s i gned to a f ford adequate prot ec t i on , w i thout an 

unrea5onable amount of over protec t i on or under prote ct ion . Henc e , adve r s e  

effec t s  may b e  d i scerni ble should e xceedenc e s  of t h e  obj e c t ives b e  prolonged . 
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The obj ect ives are expre s s ed in terms of total concentrati ons of 

con s t i tuents i n  whole unf i l t ered water , except where otherw i s e  spec i f ied and 

as max imum acceptable concentrat i o ns . Max imum acceptable concent rat io ns 

should be constr ued to mean i n s tan taneous max i mum ( or min imum} concent rat io ns 

not to be exceeded at any t i me i n  any place . It should be noted that certain 

obj ec t i ves are below the present techn i c al detec t i on c apab i l i t ies of analyt

i c al i n s t rument s .  Th i s  is j us t i f i able , however , s i n ce these object i ves are 

use ful in c al c u l at in& wa s te load l im i t at ion s . 

1 . 4  HIGH QUALITY WATERS 

Waters de s i gnated as "H i gh Qual i ty" should have b i olog i c al ,  chem i c al and 

phys i c al qual i t y better than the e s t ab l i shed obj e c t ives . Such waters should 

support a h i gh qual i ty benef i c i al u s e . The de s i g nat ion " H i gh Qual i ty" w i l l  

be used i n  conj un c t i on w i t h  the respec t i ve benef i c ial use c l a s s  o r  c a tegory 

that is determined to be of h i gh qual i t y .  Waters s u i table for i nclus i on are 

as follows : 

( a ) waters that flow through or that are bounded by Prov i n c i al or Nat io nal 

Parks , 

( b )  waters w i t h i n  re l a t i vely und i s turbed watersheds , 

( c )  waters po s s e s s ing outs tand ing qual i t y charac ter i s t i c s , 

( d )  waters that support a d i verse or uni que flora and fauna wh i c h  are 

sens i t i ve to man- i nduced water qual i t y alterat ions . 

Measurable or c alculable degradat ion should not occur as a result of human 

ac t i v i t y , that w i l l  j eopard i ze the de s i gnated h i gh qual i ty u s e  unle s s :  

( a } the proposed new , add i t i on·al o r  i n c reased d i s c harge o r  d i sc harge s o f  

pollutants i s  j us t i f i e d ,  

( b )  such proposed d i s c harges w i l l  not preclude any use pre sen tly pos s i bl e  

i n  s u c h  waters and down s t ream from s u c h  water s , and w i l l  not result i n  

exceedences of t h e  water qual i ty obj e c t i ves , and 

1 
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( c )  any proj ect or development wh ich wi l l  result i n  new , add i t ional or 

i nc reased d i s charges of pollutants i n to such waters should be req u i red 

to u t i l ize the best ava i l able comb i n at i on of tre atment , land d i s posal , 

re-use and d i s charge technolog i e s  to control such was t e s , i nc l uding the 

u s e  of best management prac t i se s  to curb s o i l  ero s ion . 

1 . 5  EXCEPTIONAL VALUE WATERS 

Any water whos e  qual i ty i s  better than the e s t abl i shed obj ec t i ves and whose 

value as a resource for the support of a combination of aquat i c  l i fe and 

wi l d l i fe and recreat ional uses i s  such that the waters are of exc ept ional 

recreat i onal and ecolog i c al value w i l l  be g i ven an "Excep t i onal Value" 

des i gn a t i o n . Waters s u i table for i n c lu s i on are as follows : 

( a )  w i l d  and s c en i c  r i vers or l ake s , 

( b )  waters or watersheds provi d i n g hab i tat for rare or endangered flora and 

fauna , 

( c )  waters c on s i dered sens i t i ve such that i r rever s i ble harm w i l l  result 

fol lowing human impac t ,  

( d ) waters whose except i onal qual i ty and value as a future resource 

prec ludes the a s s i gnment of present uses . 

The above waters w i l l  be g i ven a s i ngle "Except i onal Value" de s i gnat i on .  

Th i s  des i gnat i on will be used to replace all other po s s ible bene f i c i al use 

des i gnat ions . Water courses de s i gnated as such should not rece ive any 

alterations that result in me asurable , c alculable or perc e i ved water qual ity 

degradat ion or degradat ion of other values deemed except i onal . 

1 . 6  DEVELOPMENT OF SPECIFIC SURFACE WATER QUALITY OBJECTIVES 

The l i s t  of spec i f i c  water qual i t y  obj ec t ives does not include all po s s i ble 

substan c e s  that could affect water qual i t y .  Technology howeve r ,  e x i s t s  for 

the. development of analyt i c al procedures and for water qual i t y obj ec t i ves 

for all po s s i ble contaminan t s . 
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For e xample , over 600 substances are reg i s tered by Agr i c u l t ure Canada as 

act i ve i ngred i en t s  wi t h i n  pest control produc t s . The se produc t s  are used 

for var ious purposes i nc l uding wood pres ervat i ve s , i n sec t i c i des , herb i c i de s ,  

fung i c i de s , mate r i al s  ?reservat i ves , plant growth regulators , et c . ,  and are 

ava i lable for use in Man i toba. In add i t ion , thou s ands of other sub s t ances 

are recogn i zed by the Env i ronmental Managemen t  D i v i s ion as hazardous goods , 

and are subj e c t  to manufac ture , use , s torage or transport w i t h i n  Man i toba . 

These produ c t s  therefore , have the potent i al to contami nate surface wate r s . 

Analyt i c al techni ques and obj e c t i ve s  w i l l  be developed g i ven reasonable 

i n forma t i on that such substances are presen t . 

For subs t ances not l i s ted , the general requi rement from Sec t i on 1 .  7 that 

t h e s e  should not be present in concen trat i ons or comb i nat i o n s  that i nj ure , 

be tox i c  to , or produce adver s e  phys iolog i c al or behav ioral responses i n  

human s ,  aquat i c ,  semi-aqua t i c  and terre s t r i al l i fe should apply . 

Spec i f i c  nume r i c al water qual i ty obj e c t ives w i l l  be developed ut i l i z i ng the 

b e s t  ava i l able s c i en t i f i c  i n format ion . Obj e c t i ve s  w i l l  be developed as 

follows for the p rotec t i on of aqua t i c  l i f e :  

1 .  Obj e c t ives wi l l  be developed u t i l i z i ng the m i n imum data base concept 

pub l i shed by the Un i ted States Envi ronme n t al Protec t i on Agency in the 

Federal Reg i s ter , Vol . 4 5 , No . 2 3 1 ,  F r i day , November 2 8 ,  1980 , o r  

subsequent s imi l i ar method s . 

2 .  I n  those cases where i t  h as been determ i n ed that there i s  insuff i c ient 

ava i l able data to e s tabl i s h a s afe concent rat ion for a pollutant , the 

s afe concen trat i on value should be determi ned by appl y i n g  the 

approp r i at e  appl i c at i on factor t o  the 96 hr tc
5 0  

value . The 96 hr 

Lc
5 0  

i s  de f i ned as that concentrat ion o f  a tox i c  mate r i al or 

mater i al s  wh i c h  k i l l s  f i fty percent of b i oas s ay t e s t  or&an i sms in 

n i nety- s i x  hours . I f  an exper imentally der i ved appl i c at i on fac tor does 

not e x i s t  for a pol lutant , the followi ng values should be used in the 

determi nat i on of safe concent rat ion value s : 
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( a ) conc entr:-ations should n o t  e xceed 0 . 2  of the lowe s t  chr:-on i c  dose 

level at wh i c h  subtle and de leteriou s  effec t s  were noted , 

( b )  conc e n t r:-at i o n s  of pollutants that are non-pe r s i s t ent or have 

non-cumulat i ve effec t s  should not e xceed 0 . 05 of the 96 hr Lc
5 0

, 

( c )  concent rat i o n s  o f  pollutants that are pe r s i s tent or:- have 

accumu l at i ve effec t s  should not exceed 0 . 01 of the 96 hr Lc
5 0

, 

( d )  concentrat ions of pollutants wi th known syner:-g i s t i c  Ot" 

antagon i s t i c  effec t s  w i t h  pollutants in the e ffluent or r:-ec e i v i ng 

water wi l l  be e s tabl i shed on a case-by-case bas i s  ut i l i z i ng the 

be s t  ava i lable s c i en t i f i c  dat a .  

Obj e c t ives for other u s e s  w i l l  b e  developed u t i l i z i n g  the best ava i l able 

s c i en t i f i c  i nformat ion on exposure- response data , i n ge s t ion rates , r i s k 

extr:-apolat i on technique s , exposure f r:-om sour:-ces other than surfac e  wate r ,  

and appropr i ate appl i c at ion fac tors dependent upon the quant i ty and qual i ty 

of dat a .  

1 . 7  GENERAL REQUIREMENTS 

Because spec i f i c  nume r i c al obj e ct i ve s  c annot reasonably be developed for 

every po s s i ble chemi c al , 

general s tateme n t s  are 

phys i c al o r  b i olog i c al parame t e r , the following 

also u s ed t o  protect water qual i ty .  These 

s t atemen t s ,  although wr i t ten in general terms , are neverthele s s  water:

qual i ty obj e c t ives . For e xample , these may be u s ed to e s tabl i sh ef fluent 

l imi t s  even though there may be no s pec i f i c numer i c al obj e c t ives appl i c able 

i n  the rec e i v i n g  water . 

All waters o f  the Prov i n c e  of Man i toba should be fr:-ee of c on s t i tuents 

attri butable to sewage , i ndus t r i al , agr i c ultural and other land use 

prac t i c e s , or other man- i nduced point o r  non-po i nt sour:-ce d i s charges such 

that the following general obj e c t i ve s  are met as minimum cond i t ions at all 

t imes and in all plac e s : 
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Parameter, Sub s t ance, or Cond i t ion 

Colour , odour , taste , turb i d i ty 

Depo s i t s 

Float i ng mat e r i al s  

Flow 

L i t ter 

Nut r i e n t s  

Obje c t i ve s  

Free from mater i als that produce 
colour , odour , taste , turb i d i t y 
or other cond i t i o n s  i n  such a 
degree as to be obj ec t i on able o r  
to impa i r  any ben e f i c i al u s e . 

None that 
format i on 
otherwi se 
depo s i t s . 

w i l l  c au s e  the 
of putre s c en t  o r  

obj e c t ionable s l udge 

Free from float i n g  debr i s ,  o i l , 
scum ,  and other float i n g  
mater i al s  i n  s u f f i c ient amounts 
to be uns i gh t ly or delete r i ou s . 

Water quant i t i e s  ( flows and l ake 
level s }  should not be altered to 
a degree wh i c h  will c au s e  
exceedences o f  t h e  general o r  
spec i f i c  surface water qual i ty 
obj ec t i ve s  such that bene f i c i al 
uses may be adversely affected . 

Free from mate r i als such as 
garbage , rubb i s h ,  tras h ,  c an s , 
bot tles , or any unwan ted o r  
d i s c arded s o l i d  mate r i al . 

Ni trogen , phosphorus , c arbon and 
c o n t r i bu t i ng tr ace elemen t s  
should b e  l i mi ted t o  t h e  extent 
nec e s s ary to prevent the 
n u i s an c e  growth and reprodu c t i o n 
of aquat ic rooted , at tached and 
float i n� plan t s , fungi or 
bac ter i a  or to otherwi s e  render 
the water unsui table for other 
benef i c i al uses . 

For general gu i dan ce , unle s s  i t  
c an be demonst rated that total 
phosphorus is not a l i m i t i ng 
f ac t o r ,  cons i der i ng the 
morpholog i c al , phys i c al , 
chem i c al o r  other 
charac ter i s t i c s  o f  the water 
body , total phosphorus should 
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O i l  and &rease 

Tox i c  substances 

1 . 8  MINIMUM AND MAXIMUM FLOWS AND LEVELS 

not exceed 0 . 02 5  mg / L  i n  any 
reservo i r ,  lake , pond , or in a 
t r i butary at the po i n t  where i t  
enters such bod ies o f  wat er . I n  
add i t ion , total phosphorus 
should not exceed 0 . OS mg / L  in 
any s t ream exc ept those 
i dent i f i ed in the imme d i ately 
prec ed i n& s t atement . I t  should 
be noted that maintenance of 
such concentrat ions may not 
&uarantee that eutroph i c at i on 
problems wi l l  not develop . 

Free from o i l  and &rease 
res i dues wh ich c auses a v i s i ble 
f i lm or sheen upon the waters or 
any d i s colourat i on of the 
surface of adj o i n ing s hore l i nes 
or causes a s ludge or emuls ion 
to be depo s i ted beneath the 
surface of the water or upon the 
adj o i n i ng shorel i nes . 

Free from substances in 
concentrat ions o r  i n  
comb i nations that i nj ure , be 
tox i c  to , or produce adverse 
phy s i olo& i cal or behavioral 
responses i n  human s ,  aquat ic , 
semi-aquat i c  and terrestr ial 
l i fe .  

Ideally , obj e c t i ves should be mai n tai ned at all t i mes . It i s  howeve r ,  

generally accepted that to requ ire obj ect ive maintenance at all t imes i s  

unreasonable . Thu s , spec i f i c low flow levels have been chosen below wh ich 

the obj e c t i ve s  do not have to be me t .  

1 . 8 . 1  RIVERS AND STREAMS 

The spec i f i c  nume r i c al water qual i ty obj e c t ives should apply at all t i mes 

except dur i ng per i ods when flows are less than the average minimum seven day 

f low wh i c h  occurs once in ten years C Q7_ 10 > .  Should the average m i n imum 
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seven day flow with a recurrence i n terval of once i n  ten years be 
3 

0 . 003m / s  or l e s s , then the c r i te r i a  from the following Sec t i on 1 . 8 . 2 ,  

INTERMITTENT STREAMS should apply . In c as e s  where the s t ream flow i s  h i ghly 

regulated it may not be po s s ible to c alculate the average m i n imum seven day 

flow wi th a recurrence i n t erval of once in ten year s . In such i n s tances the 

s pec i f i c  nume r i c al obj ec t i ve-s should apply for all per i ods above the min imum 

d a i ly d i s c harge for the per iod o f  record after the s t ream flow was altered . 

The s pec i f i c  nume r i c al obj e c t ives shoul d . howeve r .  apply at all t imes i f  the 

bene f i c i al u s e s  are supported because of poo l i ng of water dur i n g  per iods o f  

low natural flows . The general requi rement s  �rom t h e  preceding Sec t i on 1 . 7  

should apply at all t imes regard l e s s  o f  the amount of flow . M i n imum and 

max imum s tream flow c r i ter i a  may be developed on a s i te s pec i f i c bas i s  

should fluctuat i ng s tream flows i n fluence water qual i t y  such that bene f i c i al 

u s e s  wi l l  be _j eopard i zed . 

1 . 8 . 2  INTERMITTENT STREAMS 

Interm i t tent s t reams and natural or man-made d r a i nage channels rec e i ve water 

from prec i p i t a t i o n  from small watersheds ( us u ally l e s s  than 1 km
2 

i n  

area ) . and from ground water source s .  hence u s ually flow dur i ng short 

per i od s . Such s treams however • are an i n tegral part o f  the surface water 

resources of the Provi n c e  of Man i toba .  The spec i f i c numer i c al water qual i ty 

obj ect ives should apply to all such s treams when the flow i s  0 . 003m
3 

/ s  or 

greater . When the i n termi ttent s t ream does not cont a i n  th i s  flow , the 

obj e c t i ve s  to be mai n t a i ned should be those per t a i n i ng t o  the water body to 

wh i ch the i ntermittent s tream i s  t r i bu t ar y . The s pec i f i c  numer i c al 

obj e c t i ve s  should however . apply at all t imes i f  the bene f i c i al uses are 

supported because of poo l i ng dur i n g  periods of low natural flows . The 

general requ i rements from the preced i n g  Sec t i on 1 .  7 should apply at all 

t imes regardl e s s  of the amoun t  of flow . M i n imum and max imum s t ream flow 

c r i te r i a  may ·be developed on a s i te spec i f i c  b as i s  should fluct uat ing stream 

flows i n fluence water qual i ty such that bene f i c i al uses will be j eopard i zed . 
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Figure 2 :  This tributary to t he Shell 
River f lows for only a short period 
of t ime each year , thus , is 
considered an int ermi t t ent s t ream . 

- - - - - - - - -

Figure 3 :  Wa ter for domes t ic consump t ion 
should be sa fe . pa latable and aes t he t i ca l l y 
pleas in� . 

-

1-' 
w 
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1 . 8 . 3 LAKES, BAYS AND IMPOUNDMENTS 

The surface water qual i ty obj e c t i ves should apply at all t i mes to l ake s , 

bays and impoundment s . S i t e s pec i f i c  water qual i t y management s t rateg ies 

may be develope d , del i neat i n g max i mum and m i n imum leve l s , when natural or 

man-made lake level fluct uat i on s  c au s e  water qual i t y deter iorat i on such that 

benef i c i al uses are j eopard i zed . 

1 . 9  MIXING ZONES 

M i x i n g  zones are areas adj acent to a d i s charge or to an ac t i v i t y that may 

affect water qual i ty where a rec e i v i n g  water may not meet all the water 

qual i ty obj ec t i ve s . Th i s  i s  allowed for prac t i c al reason s , s i nce for mo s t  

con t am i n ants , i t  would be unreasonable t o  expect the obj e c t i ves t o  b e  met a t  

the end o f  the d i s charge p i pe .  Was t e s  and water are g i ven a n  area t o  m i x  

such that the water qual i t y obj e c t i ve s  are me t a t  the boundar i e s  o f  the 

m i x i ng zone . M i x i ng zones are recog n i z ed as areas subj ect to l o s s  of value , 

however they should not be c o n s t rued as a subs t i tute for was t e d i s c harge 

tre atment . 

M i x i ng zone s should be determi ned on a c a s e -by-c ase b as i s  u t i l i z i ng a 

thorough knowl edge of loc al cond i t i o n s . Normally , geome t r i c  s i ze 

con s t r a i n t s  will not be as s i gned due to the complex nature o f  the m i x i n g 

prope r t i e s  of l iqu i d s . The followi n g  gu i del i n es should apply to mi x i n g 

zones where appl i c able : 

( a )  the mi x i ng zone should be as small as prac t i c able and should not be o f  

s u c h  s i ze o r  shape as t o  c ause or contri bute to the i mpai rment o f  water 

uses , 

( b )  the m i x i ng zone should c o n t a i n  not more tha.n 257. of the c r o s s - s ect i onal 

area/volume of flow at any t r an s e c t  in the rece i v i n g  water dur ing all 

flow reg imes when the spec i f i c  water qual i t y obj e c t i ves are appl i c able , 

( c )  the m i x i n g zone should be de s i gned to allow an adequate zone of pa s s age 

for the moveme nt or d r i f t  of all s t ages of aquat i c  l i fe ,  
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( d )  mi x i ng zones should not i n terfere wi th the mi gratory rout es , natut"al 

movemen t s ,  survi val , reproduc t i on ,  growth or i nc rease the vulnerab i l i ty 

to predat ion of any representat i ve aqua t i c  spec i e s , 

( e )  mi x i ng zones should not i n terfere wi th s pawn ing and nursery areas , 

( f )  when two or more mi x i ng zones are in c lo s e  pro x i mi t y ,  they should be s o  

d e f i ned t h a t  a cont i nuous pass ageway f o r  aquat i c  l i fe i s  ava i l able , 

( g )  in lakes and other surface impoundmen t s ,  the volume of mi x i ng zones 

should not e xceed 1� of the volume of that port ion of the rec e iv i ng 

waters avai lable for m i x i ng , 

( b )  mi x i ng zones should not c au s e  an i rrever s i bl e  organ i sm response , 

( i )  mi x i ng zones sho�ld not i n tersect the mout h s '  of r i vers , 

( j )  the 96 hr Lc 5 0  for i n d i genous f i sh spec i e s  should not be exc eeded at 

any po i nt in the mi x i ng zone s , 

( k ) mi x i ng zones should not contaminate natural sediments so as to c ause or 

contr ibute to exceedenc es of the water qual i ty obj ec t i ves outs i de the 

mi x i ng zone , 

( 1 )  mi x i ng zones should not inter.sect dome s t i c  water supply i n takes or 

bath i n g  areas , 

( m )  the general requi rement s from the prec eding Se c t i on 1 . 7  should apply at 

all po i nt s  wi t h i n  the m i x i ng zon e s . 

2 .  BENEFICIAL USES 

The following sect ions are separated i n to classes that represent general 

surf ace water uses wi th i n  Han i toba . These i nc lude dome s t i c  consumpt ion , 

aquat i c  l i fe and wildl i fe , i ndus t r i al con sump t i on ,  aericul tural con sump t i on . 

recreat i on and other uses . Where po s s ible , these general clas ses are 

further d i v i ded i n to catego r i e s  to prov i de protec t i on ,  for exampl e , to the 

d i fferent types of recreat ion . 

2 . 1  CLASS 1 :  DOMESTIC CONSUMPTION 

Th i s  class will ensure the prote c t ion of waters that are sui table for human 

consump t i on ,  cul i nary or food proces s i ng purpos es , and other household 

purpo ses after tre atment in order that the treated water will not e x c eed lhe 
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max imum accepta ble concent rat ions of the "Gu i de l i nes for Canad i an Dr i n king 

Water Qual i ty , "  197 8 ,  pub l i shed by Health and Welfare Canada , and any 

revi s i ons , amendments or supplemen t s ,  theret o . 

The spec i f i c  requi rements l i s ted hereunder are a comb i na t i o n of max imum 

acceptable conce n t rat ions and obj e c t i ve concen trat ions as set forth i n  the 

above men t i oned gu i de l i nes and g u i de l i ne s  u t i l i ze d  by the Prov i nce o f  

Man i toba . Inherent i n  these requ i reme n t s  i s  the neces s i ty to d i s i nfect all 

raw surface water suppl i e s  as m i n i mum tre atment p r i o r  to consumpt ion , s i nce 

all surface waters of Man i toba are s u s c e pt ible t o  uncontrolled 

m i c rob i olog i c al contami nat ion , for exampl e , by wi ldl i fe .  

Some surfac e  waters o f  the Pro v i n c e  o f  Man i toba normally exceed several o f  

t h e s e  requ i rements due t o  natural o r  background occu renc es . Part i al ,  

comple t e  or a comb i nat ion o f  convent i on al and un i t  proces ses then become 

nece s s ary i n  order to produce potable water f rom such raw water suppl i e s . 

Spec i f i c  requ i reme n t s  will not be developed for every pos s i ble comb i n at i on 

of ex i s t i ng or ava i l able t reatment proce s s e s . 

Rather ,  i t  i s  the i ntent that man- i nduced water qual i ty alterat i o n s  not 

c au s e  an unacceptable i nc reased r i sk t o  publ i c  health o r  an unacceptable 

i n c reased tre atment c o s t  to the water user or suppl i e r .  The following 

ma x i mum acceptable obj ec t i ve s  should be u s ed , o n  a s i te spec i f i c  bas i s ,  to 

as s i s t in determ i n i n g  when i nc reased health r i sks or i n creased treatment 

c o s t s  may be expec ted , in conj unc t i on w i th i n format i on concern i ng :  

( a )  the chemi c al , phy s i c al or b i o log i c al qual i t y of the proposed d i scharge 

or alterat i on be i ng cons idered , 

( b )  amb ient o r  background s u rface water qual i t y ,  

( c )  des ign o f  downstream water tre atment f ac i l i t i es , 

( d )  other per t i nent i nformat i o n . 

2 . 1 . 1  SPECIFIC REQUIREMENTS 

2 . 1 . 1 . 1 RECOMMENDED LIMITS FOR PHYSICAL CHARACTERISTICS 
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Max i mum Ac c ept able 

15 True Colour Un i t s  

Odour Inoffen s i ve 

pH 6 . 5  - 8 . 5  pH Un i t s  

Taste Inoffen s i ve 

Turb i d i ty 5 Nephelome t r i c  Turb i d i t y Un i t s  

2 . 1 . 1 . 2  RECOMMENDED LIMITS FOR CHEMICAL SUBSTANCES RELATED TO HEALTH 

1 
Sub s tance 

Inorgan i c  

Ant imony 

Ar s e n i c  

B ar i um 

Boron 

Cadmium 

Chromium 

Cyan ide 

Fluo r i de 

Lead 

Mercury 

N i trate 

Ni t r i te 

Selen i um 

( Free ) 

( as N )
2 

( a s N )  
2 

Max i mum Ac c ept able 

0 . 0002 mg/L 

0 . 05 mg/L 

1 . 0  mg/L 

5 . 0  mg/L 

0 . 00 5  mg / L  

0 . 05 mg/L 

0 . 2  mg/L 

1 . 5  mg/ L  

0 . 05 mg/ L  

0 . 001 mg/L 

10 . 0  mg / 1  

1 . 0  mg/L 

0 . 01 mg /L 
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S i lver 

Sod i um 

Sulphate 

uran i um 

Organ i c  

N i t r i l ot r i ac e t i c  Ac i d  ( NTA) 

Pe s t i c i de s  ( To t a1 )
3 

T r i h alomethanes ( Total potent i a1 )
4 

0 . 05 mg/L 

400 . mg/L 

500 . mg/L 

0 . 02 mg/L 

0 . 05 

0 . 1  mg/L 

0 . 3 5 mg/L 

1 .  Unle s s  o therwi se s t ated the l im i t s  refer to the sum of all forms 
presen t . 

2 .  Where both n i trate and n i t r i te are present , the total n i trate , 
plus n i t r i te-ni trogen should not exc eed 10 mg/L . 

3 .  For max imum acceptable concen t r at i on s  of i n d i v i dual pest i c i de s  see 
Sec t i on 2 . 1 .  1 .  3 . 

4 .  Comp r i s e  chloroform , bromo d i c h loromethane , chlorod ibromome thane 
and b romo form. 

2 . 1 . 1 . 3  RECOMMENDED LIMITS FOR PESTICIDES 

t
. 

' d  
1 

Pes 1 c 1  e Max imum Ac cept able 

Ald r i n  and D i e ldr i n  0 . 0007 mg/L 

Carbaryl 0 . 0 7  mg /L 

Chlordane ( Total I s omers ) 0 . 00 7  mg/L 
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DDT ( Total I s ome r s )  0 . 03 :; /L 

D i az i non 0 . 01� :;/L 

Endr i n  0 .  0002 :;/ L  

Heptachlor and Heptachlor Epo x i de 0 . 003 -.; /L 

L i ndane 0 . 004 :; /L 

Methoxychlor 0 . 1  :;/ L  

Methyl Parath ion 0 . 007 :;/ L  

Parath i on 0 . 03 5  :;/ L  

Toxaphene 0 . 005 :; /L 

2 ,  4-D 0 . 1  :; / L  

2 ,  4 ,  5 - TP 0 . 01 :; /L 

1 t . 
' d  

2 
Tota Pes l C l  e s  0 . 1  ::;/ L  

1 .  The l im i t s  f o r  each pes t i c i de refer t: �e sum of all forms 
pre s e n t . 

2 .  The "Total Pe s t i c i des" l imi t appl i e s  to �r i n  wh i c h  more than 
one of the above pe s t i c i de s  i s  present , :: ·nich c as e ,  the sum of 
the i r  conc en trat ions should not exc eed 0 . :  � L .  

2 . 1 . 1 . 4  RECOMMENDED LIMITS FOR SUBSTANCES RELAT� � -sTHETIC AND OTHER 

CONSIDERATIONS 

Contaminant Max imum Ac: c �- · l e  

Chlor i de 250 . � .  

Copper 1 . 0  � -

Hardne s s  ( as caco
3

> 200 . t: 

Hydrogen Sul f ide ( as H
2

S )  o . o : -
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Iron 0 . 3  mg/L 

Manganese 0 . 05 mg/L 

Phenols 0 . 002 mg/L 

Total D i s solved So l i ds 500 . mg /L 

Z i nc 5 . 0  mg/L 

2 . 1 . 1 . 5  RECOMMENDED LIMITS FOR RADIONUCLIDES 

Rad i onuc l i de s  Max i mum Ac c ept able 

Ce s i um - 1 3 7  50 Bq/L 

Iodine - 131 10 Bq/L 

Rad i um - 2 2 6  1 Bq/L 

S t ron t i um - 90 10 Bq/L 

Tr i t i um 40000 Bq/L 

Where two o r  more rad i onuc 1 i de s  affec t i ng the s ame organ or t i s sue are found 
t o  be pre s en t ,  the followint relat ions h i p ,  based on the Internat ional 
Commi s s ion on Rad i olog i c al Protec t i on publ i c at i on 2 6 , should be s at i s f i ed :  

+ + := 1 

Where c 1 , c 2 , c i are the observed concentrat ions , and c1 , c2 , C i 
are the max i mum ac ceptable concent rat ions for each con t r i but ing rad i onuc l i de .  

l 
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2 . 1 . 1 . 6  RECOMMENDED LIMITS FOR MICROBIOLOGICAL CHARACTERISTICS 

Ind i c ator Orzan i sm Max imum Ac c ept able 

Fecal c o l i form bac te r i a  90 percen t i l e :  10 organ i sms / lOOmL 

Total c o l i form bac t e r i a  90 pe rcent i l e :  1 0 0  organi sms/ lOOmL 

· 1 2 . 2  CLASS 2 :  AQUATIC LIFE AND WILDLIFE 

I 

I 

I 
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2 .  2 . 1  CATEGORY A: COLD WATER AQUATIC LIFE, COOL WATER AQUATIC LIFE AND 

WILDLIFE 

Th i s  c ategory will ensure the pas s age , ma i n tenance and propagation of f i sh 

s pec i e s  i ncluding the family Salmoni dae ( c har , t rou t ,  wh i t e f i s h ,  grayl i ng )  

and add i t i onal flora and fauna wh ich are i n d i genous t o  a cold water 

habi tat . Th i s  c ategory will also ensure the passage , ma intenance and 

propagat ion of f i sh s pec i e s  and add i t i onal flora and fauna wh i ch are 

indi genous to a cool water h ab i tat ( mooney e , goldeye , p i ke ,  perch , walleye , 

s auger ) .  Add i t ional flora and fauna inc ludes other aquat i c  organi sms but 

not l im i ted to bacte r i a ,  fung i , algae , aquat i c  i n s e c t s , other aquat i c  

i nvertebrates , rept i les , amph i b i ans and f i shes . 

By ensur i ng prote c t ion of the aquat ic c ommun i t i e s , protec t i on i s  i n d i rectly 

o f fered to those forms of wi ldl i fe that rely upon sur face wat e r s  for hab i t at 

and for food suppl i e s . 

Th i s  c ategory will therefore ensure the protec t i on of s t reams , lake s , 

mar s he s , swamps , lowlands , etc . wh i c h  are s at i s factory as h ab i tat for 

aquat i c  and semi-aquat i c  wild animals , such as waterfowl , shoreb i rds , 

furbear i n g  mammals and other water ori ented wildl i fe i nc luding the ne c e s s ary 

aqua t i c  organi sms i n  the i t'  food cha i n .  Prot ect i on of waters s u i t able fot' 

water i ng wild an imals w i l l  be provided . 
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Obj e c t i ves are inc luded for numerous parameters i ncluding d i s solved oxygen , 

tox i c  me tals and pe s t i c i des . The pre sence of d i s solved oxygen in water i s  

es sent i al for aquat i c  l i f e ,  and the type o f  aquat i c  commun i t y i s  dependent 

to a l arge ext ent on the amount of d i s solved oxygen present . Tox i c  metal s ,  

s uc h  as z i nc and cadmium, i n  small c o ncentrat ions , c an have harmful ef fects 

on growth and reproduc t i on ,  and i n  large concentrat ions , c an be lethal . 

Othe r s , such as mercury and PCB ' s ,  even though present i n  small quan t i t i es , 

c an slowly b i o-accumulate i n  the t i s s ue of organi sms , un t i l  h i gher harmful 

levels are reached . 

Some met al s ,  s uch as cadmium, are more o r  l e s s  tox i c  depen d i n g  upon the 

hardn e s s  of the water . For th i s  reason , a mathemat i c al equat i on i s  used to 

e s tabl i s h  an obj e c t i ve based upon the relat ionsh i p  between to x i c i ty and 

hardne s s . 

The e x i s tence and c ompo s i t ion of an aquat i c  c ommun i ty also depends upon 

temperature character i s t i c s . An exc e s s i ve i nc rease i n  temperatur-e c an be 

harmful by i n terfering with f i sh spawn i n g  cycles , c au s i n g  changes in growth 

and resp irat i o n , and c au s ing more h e at tolerant spec i e s  to replace beat 

s e n s i t i ve one s . Heat related winter f i sh k i l l s  c an o c c ur when a heated 

d i s charge i s  suddenly s topped . F i s h  that have been attrac ted to a heated 

area are suddenly exposed t o  the cold amb ie nt temperature . 

Develop i n g s i te-spec i f i c  tempe rature obj ec t i ve s  i s  compl i c ated and t i me 

con sumi ng . Therefore , a method i s  i nc l uded by wh i c h tempe r at u re obj e c t i ve s  

w i l l  be developed foro spec i f i c  d i sc harge s . 

2 . 2 . 1 . 1  SPECIFIC REQUIREMENTS 

Parameter 

Ammon i a  ( un- i o n i zed , NH 3 ) 

Max imum Ac c ept able 
Concentra t i on 

0 . 02• mg /L 

•the percent un- ioni zed ammon i a  c an be 
c al c ulated for any temperature and pH by u s ing 

Re ference 

EPA ( 19 7 6 )  
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the following formula taken from Thurs ton , 
R . V . , et al , 1974 . Aqueous �o n i a  equ i l ibrium 
c alculat i ons . Techn i c al report number 74- 1 ,  
F i sher i e s  B i oassay Laboratory , 
Montana State Un i ver s i t y ,  
Bozeman , Mon tana, 1 8  page s . 

f 1 
X 100 

10 
( pKa - pH ) 

+1 

where : 
f • the percent of the total ammo n i a  i n  the 

un- i o n i zed state , 

pKa ( d i s soc i at i on cons tant for ammo n i a )  • 

0 . 0901821 + 2729 . 9 2 
T 

T temperature i n  degrees Kelvin 
( 2 7 3 . 1 6 •  Kelv i n  = o• Cels i u s )  

Ars en i c  ( Total ) 0 . 05 mg/L Envi ronment Canada ( 19 7 9 )  

Cadmi um ( Total ) e < l . 05 ( l n  ( h ardnes s ) ) -8 . 5 3 )  EPA ( 1 980 ) 

where hardness i s  expressed 
in mg/L as CaC03 
( eg )  5 0  mg/L CaC03 a 0 . 0 12 �g/L 
100 mg/L Caco3 a 0 . 0 25 �g/L 
200 mg/L CaC03 � 0 . 0 51 �g/L 

Chlordane 0 . 0043 �g/L EPA ( 1980) 

Chlo r i n e  0 . 002 mg/L EPA ( 19 7 6 )  
( To t al res idual ) 

Chrom i um 0 . 29 �g/L EPA ( 1 980 ) 
( To t al hexavale n t )  

Copper ( Total )  5 . 6  �g/L EPA ( 1980) 

Cyan i de ,  Free 3 . 5  �g/L EPA ( 1980) 
( sum of HCN and CN- , 

expre s s ed as CN) 

DDT and metabol i t e s  

D i e ldr i n  

D i s solved oxygen 

0 . 0010 �g/L 

0 . 0019 JJ&IL 

6� s aturat ion 
( i ns t an t aneous mi n i mwm) 

EPA ( 1980 ) 

EPA ( 1 980) 

Dav i s  ( 1 9 7 5 ) 
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Figure 4 :  These various species of algae form an important 
l ink in the food chain o f  higher o rganisms , such as fish . 
Howeve r ,  given the necessary enriched conditions , algae may 
proli ferate until nuisance conditions are reached . 

Figure 5 :  Manitoba ' s  surface 
fish such as this pearl dace . 
walleye , rely upon these plus 
of food supply . 

waters abound with species o f  
Larger forage fish , such as 

many other species as a source 
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Endo s u l f an 0 . 05 6  �g/L 

Endr i n  0 . 0023 pg/L 

Heptachlor 0 . 003 8 pg/L 

Hexachlorobutad i ene 0 . 1  pg/L 
( HCBD) 

Hydrogen Sulph i de 0 . 002 mg/L 
< H 2S ) 

I ron ( Total ) 1 . 0  mg/L 

Lead ( To t al ) e < 2 . 3 5 ( l n ( hardne s s ) ) - 9 . 48 )  

L i ndane 

where hardne s s  i s  expre s s ed 
i n  mg/L as caco3 
( eg ) S O mg/L CaC03 ; 0 . 7 5 pg/L 
100 mg/L CaC03 ; 3 . 8  pg/L 
200 mg/L CaC03 ; 20 . 0  pg/L 

0 . 080 pg/L 

Mercury ( Total ) 0 . 00057 pg/L 

N i ckel ( To t a l )  e < 0 . 7 6 ( ln ( hardne s s ) ) + 1 . 06 )  

where hardness i s  expre s sed i n  
mg/L as CaC03 
( eg ) SO mg/L CaC03 & 56 pg/L 
100 mg/L CaC03 a 96 pg/L 
200 mg/L CaC03 ; 160 pg/L 

Non - f i lterable re s i due 25 mg/L 

pH 6 . 5  - 9 . 0  pH un i t s  

Phenols 1 . 0 pg/L 

Phthal i c  ac i d  e s ters 
( i )  D i butylpbthalate 4 . 0  pg/L 

( DBP ) 

( i i )  D i - ( 2-ethylhexyl ) 0 . 6  pg/L 
phthalate ( DEHP) 

( i i i )  Other phthalates 0 . 2  pg/L 

Polych lor i n ated b i phenyls 0 . 014 }.&giL 

EPA ( 1980) 

EPA ( 1 980) 

EPA ( 1 980) 

Envi ronment Canada 
( 1 983 ) 

EPA ( 1 9 7 6 )  

EPA ( 1 9 7 6 )  

EPA ( 1 980) 

EPA ( 1980) 

EPA ( 1980) 

EPA ( 1980) 

Alabaster & Ll oyd ( 1 982 ) 

Alabaster & Lloyd ( 1 982 ) 

EPA ( 19 7 6 )  

Envi ronment Canada 
( 19 83 ) 

Envi ronment Cr nada 
( 1 98 3 ) 

Envi ronment Canada 
( 1 98 3 ) 

EPA ( 1 980) 
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Selen i um ( To t al selen i t e )  3 5  }Jg/L EPA ( 1980 ) 

S i lver ( Total ) 

Temperature 

Envi ronment Canada 
( 1 9 7 9 )  

S i te s pec i f i c obj e c t ives will 
be developed c on s i de r i ng the 
followi n g :  

1 .  Thermal add i t ions should be such 
that thermal s t rat i f i c at i on and 
subsequent turnover dates are 
not altered from those e x i s t i n g  
p r i o r  t o  t h e  add i t i on of heat 
from art i f i c i al o r i g i n .  

2 .  One l im i t  wh i c h  cons i s t s  of a max imum 
weekly average temperature that : 
( a ) In the warmer mon ths i s  determined 

EPA ( 19 7 6 )  

b y  add i ng t o  the phy s i ol o g i c al optimum 
temperature ( u s ually for growt h )  a factor 
c alculated as one-th i rd of the d i fference 
between the ult imate upper i nc i p i ent lethal 
temperature and the opt imum temperature for 
the mo s t  sen s i t ive important s pe c i e s  ( and 
appropri ate l i fe s tage s )  that normally i s  
found at that loc at i o n  and t ime ,  

( b ) i n  the colder months i s  an 
elevated temperature that would s t i l l  
ensure t h a t  important spec i e s  would 
survive i f  the temperat u r e  suddenly 
dropped to the normal amb i e n t  tem
perature , or 

( c )  dur i n g  reproduc t i on seasons mee t s  
spec i f i c  s i te requi reme n t s  f o r  s uc c e s s 
ful mi grat ion , spawn i ng , e g g  i ncubat ion , 
and other reprodu c t i ve func t i on s  of 
important spec i e s , or 

( d )  at a spec i f i c  s i te i s  found nec e s s ary 
to preserve normal s pec i e s  d i vers i ty 
or prevent unde s i rable growths of 
nui s ance organ i sms . 

3 .  A second l im i t  wh i c h  i s  the t ime
dependent max imum temperature for 
short e xposure s . 

I .  

.� · 
� 
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Figure 6 :  Amphibians , such as this leopard frog, rely 
upon surface waters for habitat and for sources of food 
supp lie s .  

Figure 7 :  Canada geese a r e  often seen in association with 
Manitoba ' s  lakes and marshes . 



Toxaphene 

Z i nc ( Total ) 

- 2 8  -

4 .  Maximum l i m i t s  may be spec i f i e d for 
i nc remental temperature fluct uat i ons 
neces sary to prote c t  aqu at ic l i fe 
from sudden temperatu re change s . 

0 . 013 pg/L 

47 pg/L 

2 . 2 . 2  CATEGORY 8 :  COOL· WATER AQUATIC LIFE AND WILDLIFE 

EPA ( 1980) 

EPA ( 1980) 

Th i s  c ategory wi l l  ensure the p a s s age , ma i n t enance and propagat i on o f  f i sh 

spec ies and add i t i onal flora and fauna wh i c h  are i nd i genous to a cool water 

h ab i tat (mooneye , goldeye , p i ke ,  perch , walleye , &a lger ) . Th i s  category 

also inc ludes other aquat i c  organ i sms but not l imi ted to bac ter i a ,  fun gi , 

algae , aquat i c  insects , other aquat ic i nvertebrate� . rept iles , amph i b i ans 

and f i shes that are i n d i genous to a cool water h ab i tat . 

Th i s  category will also ensure the prote c t i on of streams , lakes , marshe s , 

swamps , lowlands , e t c . wh i ch are sat i s factory as h ab i t at for aqua t i c  and 

semi-aquat i c  wild animal s ,  such as waterfowl , shoreb i rds , furbea r i n g  mammals 

and other water o r i ented wi ldli f e including the nece s s ary aquat ic organ i sms 

i n  the i r  food c h a i n .  

animals i s  provi ded . 

Protect io n of waters s u i t able for wate r in g wild 

2 . 2 . 2 . 1  SPECIFIC REQUIREMENTS 

All parameters and l imi tat ions from Sec t i on 2 .  2 . 1 . 1  should apply except a s  

fol lows : 

Parameter 

Chlorine 
(Total res idual ) 

D i s solved oxygen 

Max imum Ac cept able Concentration 

0 . 01 m&/L 

47� s a turat ion ( i n s t antaneous 
m i n i mum) 

Reference 

EPA ( 19 7 6 )  

Dav i s  ( 19 7 5 )  
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2 . 3 CLASS 3 :  INDUSTRIAL CONSUMPTION 

Th i s  class w i l l  ensure the prote c t i on of all waters wh i ch are or may be used 

as a source of supply for i ndus t r i al processes or cool ing water , or any 

other i ndus t r i al or commerc i al purposes and for wh i ch qual i ty control i s  or 

may be nec e s sary . 

D i s charge s o r  alte r at i on s  to waters c l as s i f i ed as CLASS 3 :  INDUSTRIAL 

CONSUMPTION , should not be permi tted such that down s t ream present or 

potent i al i ndu s t r i al users w i l l  i ncur un ac ceptable add i t i onal t reatment 

c o s t s . 

2 . 3 . 1  SPECIFIC REQUI REMENTS 

Selec t i ve l i m i t s  w i l l  be imposed for any spec i f i c  water as requi red . 
Obj e c t ives w i l l  not be formulated at present due to the large number of 
present and potent i al i ndu s t r i al water users , each with vary i ng requi rements 
for qual i ty control of water . 

2 . 4  CLASS 4 :  AGRICULTURAL CONSUMPTION 

2 . 4 . 1  CATEGORY A :  IRRIGATION ( Sole Source of Wate r )  

Th i s  c ategory w i l l  ensure t h e  long term protect i on o f  f i ne ,  med i um and 

c o arse textured s o i l s  from the accumulat i on of substances that may be 

harmful or c ause a reduc t i on i n  fert i l i ty ;  w i ll ensure the prote c t ion of 

sen s i t i ve ,  semi-tole r ant and tolerant spec i e s  of plant s ; and w i l l  ens ure the 

protec t i on of humans from the harmful effec t s  c aused by the accumulat i on of 

substances on marketable produce that may not be proc e s s ed p r i or to 

con sumpt i on .  Th i s  c ategory w i l l  prov i de protec t i on for i n tens i ve 

hor t i cultural c rop produc t i on , where i r r i gat i on i s  used as the only source 

of water . 
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Figure 8 :  The La Salle River is used as a source o f  
irrigation water for vegetable crops . 

Figure 9 :  Many s t reams , such as the Shell Rive r ,  are used 
for watering lives tock . It is however ,  considered 
environmentally unaccep table to allow lives tock direct 
access to the river . 



I 

I 

I 

I 

I 

I 

I 

. I 

I 

� I 

; I 
I 

I 

I 

I 

. I 

- 31 -

Obj e c t i ve s  are i ncluded for parameters such as sod i um ,  that wi l l  pro tect 

var ious textured s o i l s .  Other obj e c t i ve s ,  such as boron , wi l l  protect 

sens i t i ve plan t s .  In add i t i on , others , for exampl e , fecal c o l i form bac t e r i a  

are i nc luded that a r e  i n tended to pr
.
otect human s following consumpt i on o f  

raw vegetables i rr i gated wi th water o f  t h i s  c l as s . 

2 . 4 . 1 . 1  SPECIFIC REQUIREMENTS 

Parame t e r  

Aluminum ( Total ) 

Ars e n i c  ( Total ) 

Beryl l i um ( Total ) 

Boron ( To t a l )  

Cadmium ( Total ) 

Chloride ( Soluble) 

Chromium ( To t al ) 

Cobalt ( Total ) 

Conduc t i vi ty 

Copper ( Total ) 

Fecal c o l i form 
bac t e r i a  

Maximum A� c eptable Conc entrat i on Reference 

5 . 0  mg/L NAS /NAE ( 19 7 3 )  

0 . 1  mg/L Envi ronment Canada 
( 1 9 7 9 )  

0 . 1  mg/L NAS/NAE ( 19 7 3 )  

0 . 5  mg/L Best profe s s i onal , 
j udgement ( Man i toba 
Agr i c ul ture ) 

0 . 01 mg/L Envi ronment Canada 
( 19 7 9 )  

6 8  mg/L Best profe s s ional 
j udgement ( Man i toba 
Agr icultu re ) 

0 . 1  mg/L Env i ronment Canada 
( 1 9 7 9 )  

0 . 0 5 mg/L NAS/NAE ( 19 7 3 )  

1000 pS/cm Best profe s s ional 
j udgement ( Mani toba 
Ag r i cult ure ) 

0 . 2  mg/L Env i ronment Canada 
( 19 7 9 )  

( a )  geome t r i c  me an : 1000 organi sms NAS/ NAE ( 19 7 3 )· 
/ 10 0  mL ( b )  i nd i v i dual max i mum: 
2000 organ i sms/100 mL 
( su f f i c i ent samples should be 
c o l l e c ted i n  order to perm i t  
val i d  i n terpretat ion) . 



F i l t e r ab l e  r e s i due 

F l uor i de ( To t a l ) 

- 3 2 -

Should c o n tac t w i t h the i rr i g at i on 
wat e r  by f i e l d  s t a f f  be probab l e , 
the fec al c o l i form bac t e r i a  
c h arac t e r i s t i c s  f rom the f o l l ow i n g  
S e c t i on 2 . 5 ,  CLASS 5 :  RECREAT ION , 
CAT�GORY A :  PRIMARY RECREAT ION 
s ho u l d  app l y . 

7 00 mg / L  

1 . 0  mg / L  

H ydrogen s u l f i de ( H2 S )  3 . 0  mg /L 

I ron ( To t a l ) 

Lead ( To t a l ) 

L i t h i um ( To t a l ) 

Mangane s e  ( To t al ) 

Mo l ybdenum ( To l al ) 

N i c k e l  ( To t a l ) 

pH 

Rad i onuc l i de s  

S e len i um ( To t a l ) 

S od i um 

5 . 0 mg/ L  

5 . 0 mg / L  

2 . 5  mg /L 

0 . 2  mg /L 

0 . 01 mg / L  

0 . 2  mg / L  

6 . 0-- 8 . 5  p H  un i t s  

The l i m i t s from the preced i n g 
S e c t i on 2 . 1 . 1 . 5 ,  RECOMM�N D�D 
LIMITS FOR RADIONUCLI DES 
s hould apply . 

0 . 02 mg / L  

( a ) 2 0  11 g / L  

( b )  4 . 0 Sod i um Ad sorpt i on Rat i o  
( SAR ) 

B e s t  profe s s i onal 
j udgeme nt ( Man i toba 
Agr i c u l t u r e )  

NAS / NAE ( 19 7 3 )  

B e s t  profe s s i onal 
j udgement ( Man i toba 
Agr i c u l t ure ) 

NAS / NAE ( 19 7 3 )  

Envi ronment Canada 
( 1 9 7 9 )  

NAS / NAE ( 1 9 7 3 )  

NAS / NAE ( 19 7 3 ) 

NAS / NAE ( 1 9 7 3 ) 

Envi ronme n t  Canada 
( 1 9 7 9 )  

B e s t  pro f e s s i on a l  
j udgement ( Man i toba 
Agr i c u l t u re ) 

H e a l t h  and We l f are 
Canad a  ( 1 9 7 8 )  

E n v i ronment Canada 
( 19 7 9 )  

B e s t  profe s s i o n a l  
j udgeme n t  ( Man i toba 
Agr i c u l t u re ) 

NAS /NAE ( 1 9 7 3 )  

I i i I I 
I I 
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S u l f a t e s  

Vanad i um ( Total ) 

Z i nc ( To t al ) 

3 3  -

. 04 3 N a+ 

SAR 

ca++ + . 04 Mg++ 

e xpre s s ed in mg / L  

2 5 0  mg / L  

0 . 1 . mg / L  

2 . 0  mg / L  

Be s t  profe s s i onal 
j udgement ( Man i tob a 
Agr i c ulture ) 

NAS /NAE ( 19 7 3 ) 

NAS/NAE ( 19 7 3 ) 

2 . 4 . 2  CATEGORY B :  IRRIGATION ( Suppl emen t al Source o f  Water) 

Th i s  c ategory w i l l  e n s u re the long term pro tec t i on o f  f i ne ,  med i um and 

;� c o a r s e  text ured s o i l s  f rom the accumul at i on of s u b s t an c e s  that may b e  

h armfu l  or c au s e  a reduc t i o n  i n  fert i l i ty ;  w i l l  e nsure t h e  protec t i on o f  

' J : � 
. . 
. , · 

I 

s e n s i t i ve , s em i -tolerant and toleran t  s pe c i e s  of plant s ;  and w i ll ensure the 

protec t i on o f  humans f rom h armfu l  e f fec t s  · c au sed b y  the ac c umul at i on o f  

s u b s t an c e s  on market ab l e  produce that may not be pro c e s s ed p r i or to 

c o n s umpt i on . Th i s  c ategory w i l l  provi de prot e c t i on for f i eld crop 

produ c t i on where i rr i gat i on wate r  i s  u s e d  t o  s u ppleme n t  natural 

prec i p i t at i on . Th i s  c ategory may be appl i c able only dur i ng the i r r i g at i on 

s e a s o n . 

2 . 4 . 2 . 1  SPECIFIC REQUIREMENTS 

The max i mum ac ceptable c o n c e n t r at i on s  for parame ters l i s ted i n  the preced i ng 
S ec t i on 2 . 4 . 2 . 1  should apply w i th the follow i ng e x c e pt i on s : 

P arameter Max i mum Ac c ept able Con c entrat i on 

Boron ( To t al ) 1 . 0  mg / L  

Chlor i de ( Solubl e )  1 5 0  mg / L  

Referenc e 

B e s t  pro f e s s i onal 
j udgement ( Man i t oba 
Agr i c u l t u re ) 

B e s t  pro f e s s i onal 
j udgement ( Man i toba 
Agr i c ul t u re ) 



Conduc t i v i ty 

F i l te rable r e s i due 

p H  

Sod i um  

- 3 4 -

1 , 5 00 p S / cm 

1 , 0 5 0  mg / L  

5 . 0-9 . 0  p H  un i t s 

6 . 0  Sod i um Ads o r pt i on Rat i o  ( SAR ) 

SAR a 

. 04 3 Na+ 

�2 5  ca++ + . 04 Mg++ 

e xp r e s s ed in mg / L  

2 . 4 . 3 CATEGORY C :  IRRIGATION (Qu al i f i ed U s e  of Water) 

Be s t  profe s s i onal 
j udgeme nt ( Man i toba 
Agr i c ulture ) 

B e s t  profe s s i o n al 
j udgeme nt ( Man i toba 
Agr i c u l t ure ) 

B e s t  profe s s i on al 
j udgeme nt ( Man i toba 
Agr i c ulture ) 

NAS /NAE ( 1 9 7 3 ) 

Th i s  c ategory w i l l  e n s ure the long term protec t i on o f  c o ar s e  s o i l s , 

protec t i on up to twenty ye a r s  o f  med i um  to f i ne t e x t ured s o i l s , and short 

t e rm protec t i o n  o f  f i ne t ex tured s o i l s  f rom the a c c umulat i on o f  s ub s t an c e s  

that may be harmful o r  c au s e  a reduc t i on i n  f e r t i l i ty ;  w i ll e n s u r e  the 

protec t i on of s e n s i t i ve , s em i - to l e r ant and t o l e r an t  s pec i e s  o f  plant s ;  and 

w i l l  e n s ure the prot ec t i on of humans f rom h armful e f f e c t s  c au s ed by the 

accumul at i on o f  s u b s t a n c e s  on marke t able produc e that may not be proc e s sed 

pr i o r  to c o n s umpt i o n . Th i s  c ategory w i l l  prov i de protec t i on f o r  permane n t  

i rr i gat i o n  i n s t a l l at i on s  on c o a r s e  s o i l s  and for tempor ary i r r i gat i on 

i n s t allat i o n s  on med i um to f i ne s o i l s  whe r e  i r r i gat i on wat e r  i s  u s ed to 

s uppleme n t  natural prec i p i t at i on .  

dur i ng the i rr i g at i on s e as o n . 

2 . 4 . 3 . 1  SPECIFIC REQU IREMENTS 

Th i s  c ategory may be appl i c able only 

The max i mum a c c e p t able c o n c e n t r a t i o n s  for parame t e r s  l i s ted i n  the preced i ng 
Sec t i on 2 . 4 . 2 . 1  should apply w i th the follow i n g  e xcept i on s : 

' 
• 1. .... 
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Parame t er 

Alum i num ( Total ) 

Arsen i c  ( To t al ) 

Beryl l i um ( To t al ) 

Boron ( To t al ) 

Chrom i um  ( Total ) 

Cobal t ( To t al )  

Conduc t i v i ty 

Copper ( To t a l )  

F i l t e r able re s i due 

Fluor i de ( Total ) 

I ron ( To t al ) 

Lead ( To t al ) 

Mangan e s e  ( To t a l )  

N i c kel ( To t al ) 

Selen i um ( To t al ) 

Sod i um 

Vanad i um ( To t al ) 

Z i nc ( To t al ) 

- 3 5  -
Max i mum Ac c ept able Conc entrat i on 

20 . 0  mg /L 

2 . 0  mg / L  

0 . 5  mg/L 

2 . 0 mg / L  

1 . 0  mg/ L  

5 . 0 mg / L  

2 0 0 0  p S / cm 

5 . 0 mg / L  

1 400 mg / L  

1 5 . 0  mg / L  

20 . 0  mg/L 

1 0 . 0  mg/L 

1 0 . 0  mg / L  

2 . 0 mg/L 

0 . 0 5 mg /L 

8 . 0  Sod i um Ads orpt i on Rat i o  ( SAR ) 

SAR = 

. 04 3  N a+ 

�2 5  ca++ + . 04 Mg++ 

e xpre s s ed i n  mg/L 

1 . 0  mg / L  

10 . 0  mg/L 

Re ference 

NAS/ NAE ( 1 9 7 3 )  

NAS / NAE ( 1 9 7 3 ) 

NAS /NAE ( 19 7 3 )  

NAS /NAE ( 19 7 3 )  

NAS/ NAE ( 19 7 3 )  

NAS /NAE ( 1 9 7 3 )  

B e s t  prof e s s i onal 
j udgement ( Man i toba 
Agr i c ul t ure ) 

Env i ronme n t  Canada 
( 1 9 7 9 )  

B e s t  profe s s i onal 
j udgement ( Man i toba 
Agr i c ul ture ) 

NAS/NAE ( 1 9 7 3 ) 

NAS / NAE ( 1 9 7 3 ) 

Envi ronme n t  Canada 
( 19 7 9 )  

NAS /NAE ( 1 9 7 3 )  

Env i ronme n t  Canada 
( 1 9 7 9 )  

Envi ronme n t  Canada 
( 1 9 7 9 )  

NAS/NAE ( 1 9 7 3 ) 

NAS / NAE ( 1 9 7 3 )  

NAS /NAE ( 1 9 7 3 ) 
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2 . 4 . 4  CATEGORY D :  LIVESTOCK 

- 36 -

Th i s  c a t egory w i l l  ensure the protec t i on of all c l a s s e s  and ages o f  

l i ve s tock and poul t ry from i nh i b i tory e f f e c t s  following water consump t i on . 

Adj u s tment problems , such as mi ld and temporary d i arrhe a ,  may result when 

the l i ve s tock are i n t roduced to the water , but should not affect the i r  

health o r  performanc e .  D i s i n fec t i on may be requi red for waters heav i ly 

contaminated wi th was t e s  of fecal o r i g i n  in order to provide a s u i  table 

supply for i n ge s t ion by monogas t r i c  animals ( poul t r y ,  swine , horses ) .  

2 . 4 . 4 . 1  SPECIFIC REQUIREMENTS 

Parame t e r  

Alkal i n i ty ( Total , 
as CaC03 ) 1 

Aluminum ( Total )  

Ar s e n i c  ( Total ) 

Boron ( To t a l )  

Cadm i um ( To t a l )  

Chrom i um ( Total ) 

Cobalt ( Total ) 

Conduc t i v i ty 

Copper ( Total ) 

D i s solved oxygen 

F i l t e rable re s i due 

Fluor i de ( Total) 

Lead ( Total ) 

Max imum Ac cept able Concentrat i on 

1000 mg/L 

5 . 0 mg/L 

0 .  5 mg/L 

5 . 0 mg/L 

0 . 02 mg/L 

1 . 0  mg/L 

1 . 0  mg/L 

4300 lJS/cm 

1 . 0  mg/L 

ma i nt a i n  aerob i c  cond i t ions 

3000 mg/L 

2 . 0  mg/L 

0 .  5 mg/L 

Re ference 

Man i toba Agr i c u l ture 

NAS/NAE ( 19 7 3 )  

Envi ronment Canada 
( 19 7 9 )  

NAS/NAE ( 19 7 3 ) 

Envi ronment Canada 
( 19 7 9 )  

Envi ronme nt Canada 
( 19 7 9 )  

NAS/NAE ( 1 9 7 3 )  

Man i toba Ag r i cul ture 

Envi ronme n t  Canada 
( 1 9  7 9 )  

NAS/NAE ( 19 7 3 )  

NAS/NAE ( 1 9 7 3 )  

NAS/NAE ( 1 9 7 3 )  

Envi ronment Canada 
( 19 7 9 )  
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Me r c ury ( To t al } 

N i c kel ( To t al ) 

N i trate - N i t r i te 
( N03 - N02 } 

pH 

Rad i onuc l i de s  

Sele n i um  ( Total ) 

Tox i c  algae 

Vanad i um < To t al ) 

Z i nc ( To t al ) 

- 3 7 
-

0 . 00 3 mg / L  

5 . 0 mg/L 

1 0 . 0  mg / L  

5 . 5 -9 . 0  p H  un i t s  

The l i m i t s from the preced i ng 
Sec t i on 2 . 1 . 1 . 5 ,  RECOMMENDED 
LIMITS FOR RADIONUCLIDES , 
should apply . 

0 . 05 mg / L  

1000 mg/ L  

Waters bear i n g he avy growth s  
o f  blue green al g ae should b e  
avo i ded . 

0 . 1  mg/L 

5 0 . 0  mg/ L  

Env i ronme n t  Canada 
( 1 9 7 9 }  

Env i ronme n t  C anada 
( 1 9 7 9 }  

B e s t  profe s s i onal 
j udgeme n t  ( Man i toba 
Agr i c ul t ure ) 

Man i toba Agr i c ulture 

Health and We lfare 
Canada ( 19 7 8 }  

Env i ronme n t  C an ad a  
( 19 7 9 )  

Man i toba Agr i c ult ure 

Man i toba Agr i c u l t ure 

NAS/ NAE ( 19 7 3 ) 

Env i ronme n t  C anada 
( 19 7 9 )  

1 .  Alkal i n i ty ( Total , a s  CaC03 ) plus S u l f at e  ( S04 ) should not 
exceed 1000 mg/L ( Be s t  profe s s i on al j udgeme n t , Man i toba 
Agr i c u l t ur e ) . 

2 . 5  CLASS 5 :  RECREATION 

Surface wat e r s  prov i de outdoor r e c r e at i o� al opportun i t i e s  for both Man i toba 

r e s i de n t s  and tour i s t s . Th i s  c l a s s  w i l l  e n s ure that s u c h  wat e r s  may be 

s afely u s ed for swimm i n g  and boat i ng purpo s e s  and also may prov i de for the 

enj oyment o f  pleasant s cenery . 

2 . 5 . 1 CATEGORY A :  PRIMARY RECREATION 

Th i s  c ategory wi ll ensure the protec t i on o f  wat e r s  '"h i c h are s u i t able for 

p r imary rec reat i onal u s e s  whe r e  the human body may c ome in d i rec t cont ac t 
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wi th the wate r ,  to the po int that wat e r  may be i nges ted ac c i dently or water 

may contact c e r t a i n  sens i t i ve organs such as the eyes , ears and no se . 

Examples could i nclude wad ing and dabbl i n g ,  swimmi ng , d i v i n g ,  water ski ing , 

sur f i ng and i n t imate contac t w i t h  water d i re c tly assoc i ated wi th shore l i ne 

ac t i vi t i e s . Due to c l imat i c  cond i t ions i n  Kani toba , pr imary rec reat ion i s  

u s ually rest r i c ted t o  the per i od from Kay 1 to September 3 0  o f  the s ame year . 

2 . 5 . 1 . 1  SPECIFIC REQUI REMENTS 

Parameter 

Clar i ty ( Se c c h i  
d i s c  vi s i b i l i ty )  

D i s solved oxygen 

Fecal c o l i form 
bacter i a  

pH 

Turb i d i t y  

Max imum Ac c eptable Concen t rat i on 

1 . 2  meters ( m i n imum) 

ma i n t a i n  aerob i c  
c ond i t i o n s  

( a ) geome t r i c  mean : 200 organi sms 
/100 mL ( b )  i nd i v i dual max i mum: 
400 organ i sms / 10 0  mL ( su f f i c i ent 
s amples should be collected i n  
order t o  perm i t  val i d  i nterpre
t a t i o n )  

6 . 5 -8 . 5  p H  un i t s 

50 Jackson Turb i d i ty Un i t s  

2 . 5 . 2  CATEGORY B :  SECONDARY RECREATION 

Reference 

Health and Welfare 
Canada ( 19 8 3 )  

B e s t  profe s s i onal 
j udgement 
( Envi ronmental 
Management D i v i s ion) 

Health and We lf are 
Canada ( 19 8 3 )  

Health and Welfare 
Canada ( 19 8 3 )  

Health and Welfare 
Canada ( 19 8 3 )  

Th i s  c ategory wi l l  prov i de protec t i on t o  waters wh i c h  are s u i table for 

boat i n g , f i sh i ng and other water rel ated ac t i vi t i es other than imme r s ion 

rec reat ion , i nc l ud i ng nav i gat ion and aesthet i c  enj oyment of s c enery . Th i s  

c ategory i nc lude s act i v i t i e s  i n  wh i ch water u s e  i s  i nc i dental , ac c i dental or 

sensory , and i nc l udes f i s h i ng , boat i n g ,  c amp i n g ,  hunt i ng and h i k ing . 
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Figure 10 : Manitoba ' s  surface waters provide an 
aesthetically pleasing set ting for the enj oyment o f  
secondary recreational pursuits , such as angling . 

Figure 1 1 :  The assimilative capacity of streams , such as the 
Winnipeg River , is used to dispose of liquid waste e ffluents . 
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2 . 5 . 2 . 1  SPECIFIC REQUIREMENTS 

Parameter 

D i s solved 
oxygen 

Fecal c o l i form 
bacter i a  

N av i g a t i onal 
hazards 

Temperature 

Max imum Ac c ept able Con c entrat ion 

mai n t a i n  aerob i c  cond i t i on s  

( a ) geome t r i c  mean : 1000 organi sms 
/100 mL ( b )  i n d i vi dual max imum: 
2000 organ i sms / 10 0  mL ( su f f i c i ent 
samples should be collec ted in 
order to perm i t  val i d  i n ter
pretat i on ) . 

There should be no unmarked sub
mergent or emergent obstruct ions 
that pose a threat to n av i gat i on . 

There should be no temperatu re . 
change s that interfere wi th the 
natural free z i n g  patterns or dates 
that pose a threat to nav i gat i on . 

2 . 6  CLASS 6 :  OTHER USES 

Reference 

EPA ( 19 7 6 )  

B e s t  prof e s s i onal 
j udgement ( Envi ron
mental Management 
D i v i s i o n )  

B e s t  profe s s i onal 
j udgement ( Env i ron
mental Management 
D i v i s i o n )  

Best profe s s i onal 
j udgement ( Env i ron
mental Management 
D i v i s i o n )  

The uses t o  b e  protec ted i n  t h i s  c l as s  may be under other j ur i sd i c t i ons and 

in other are as to wh i c h  the waters of the Provi nc e  are t r i butary and may 

i nc lude any o r  all o f  the uses l i s ted i n  the prec eding c atego r i e s , plus any 

other pos s i ble benef i c i al uses . The Envi ronme n t al Management D i v i s i on , 

therefore , r e serves the r i gh t  to de s i gnate any obj e c t i ve nec e s s ary for the 

protec t i on of th i s  c l as s , c on s i stent wi th legal l imi tat i on s . 

The Env i ronmental Management D i v i s i on i s  also cogn i z an t  of the fact that 

other uses of s t reams , r i vers or lakes may also i n c lude the removal of 

e xc e s s  prec i p i t a t i on , produc t i on of hydroelec t r i c  power o r  d i s po s al of 

was te s .  The s e  are bene f i c i al uses , however ,  they do not requ i re protec t i on 

through the de s i gnat ion of obj ect i ve s . These uses , however may be chosen on 

the bas i s  of soc i al or economic cond i t ions to take precedence over the other 

preced i ng de s i gnated bene f i c i al u s e s . 
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Red R iver F loodway 
City of Win nipeg Dykes 

FLOOD 
COnTROL 

Portage Diversion 
Shel lmouth Reservoir  
Fa i rford R iver 
Ass in iboine R iver Dykes 
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Minister 

Flood 
Control 

Manitoba l ies in a gigantic drainage system which extends 
east to Ontario, west to Alberta and south to the headwaters 
of the Mississippi River. This huge area is drained by several 
major rivers including the Winnipeg, Red, Assiniboine and the 
Saskatchewan which all flow through Manitoba into Lake 
Winnipeg. The Lake Manitoba· Lake Winnipegosis system also 
drains into Lake Winnipeg through the Dauphin River. I n  the 
spring, runoff from melting snow frequently causes flooding 
of the land bordering these rivers and tributaries. Flooding in 
the mi ldly sloping Red R iver Val ley exempl ifies this type of 
problem. When the Red R iver overflows its banks a large area 
is subject to flooding. I n  1 950 the floodwaters extended over 
1 5  miles in width, flooding an area of approximately 500 
square miles. 

Floods have been a tremendous economic burden to 
Manitobans. It is estimated that the average annual flood 
damage in Manitoba was $ 1 4  m i l l ion before the major flood 
control works were built. 

The Water Resources Division of the Manitoba Department 
of Mines, Resources and Environmental Management has 
overa l l  responsibi l ity for major flood control works and for 
the co-ordination of flood fighting activities in the Province. 
This is done on the basis of flood forecasting which al lows 
the Division to evaluate the possibil ity of spring flooding. 
The total amount of rain and snow is measured and, in the 
spring, information is gathered about runoff conditions on a 
number of streams and rivers including the tributaries of the 
Red and Assiniboine rivers. This information is analyzed and 
estimates of peak river flows are determined. Action taken in 
operating permanent flood control works and evaluation of 
the need for emergency measures depends on these forecasts. 
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Red River 
Floodway 
The first thing that comes to mind 
when we think of flood control in 
Manitoba, is the Red R iver F loodway 
This is Manitoba's largest flood pro
tection project. It is also the most 
costly,  and it provides the most ob· 
vious benefit by protecting Winnipeg 
from damaging floods. As over 80 
per cent of the water that passes 
through Winnipeg during the spring 
runoff comes from the Red R iver, 
control of this river is the key to 
Winnipeg flood protection. 

There were alternatives to bu ilding 
the Floodway. The Red R iver could 
have been deepened through the 
City; or � reservoir  could have been 

,;,. ... . 

· ·� . . . 
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1974 Flood - Water is diverted from the 
· Red River at the flooaway inlet structure. 

Sr. Ncroert. bypassing Winnioeg. 

Floodway outlet to Red River at Lockport. 
during 1974 flood conditions. 
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bu i lt  south of Winnipeg to hold ex
cess spring runoff, for slow release 
during the summer. These were not 
practical alternatives, however, as 
dredging the channel would have 
cost twice as much as a f loodway , 
and a dam built south of Winn ipeg 
creating a flood storage reservoir,  
would resu lt i n  heavy flooding to 
farmland during flood conditions. 

The Red R iver F loodway allows all 
the water in the Red R iver to f low 
through Winn ipeg during normal 
summer, fall and winter months. 
But in the spring, when the discharge 
is greater than 30,000 cubic feet per 
second (cfs) , the water flow divides 
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between the Red R iver and the 
F loodway. 

The amount of water diverted into 
the Floodway is regulated by a con
trol structure .  This structure mai n 
tains the Red R iver's natural l evel 
upstream of the F l oodway but 
a l l ows up to 60,000 cfs of flood 
water to enter the F l oodway and 
bypass the City of Winnipeg. 

The p roject was completed in 1 968 
at a total cost of $62.7 m i l l ion which 
was shared between the Province of 
Manitoba and the Federal Govern
ment. 
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Shell mouth 
Reservoir 
The Shel lmouth Reservoir was de
signed to fi l l  a need for the control 
of the Assiniboine R iver and its 
tributaries. The dam controls·the 
Assiniboine R iver which used to 
flood, on average, once every ten 
years causing damage to a great deal 
of residential, agricultural and indus
trial property. Protection is provided 
to rural areas along the Assiniboine 
Valley and to urban centres such as 
Brandon. I n  addition, the reservoi r  
stores water which, under natural 
conditions, would raise flood levels 
in Winnipeg. 

Several sites for flood control reser
voirs were studied on the Assiniboine 

- - ----------- --- -----

The reservoir stretches back 35 miles from 

this dam. Spring runoff is stored and re

leased slowly throughout the year. 

Ga ree/ ou tlet condutt controls normal 

river flow. 

The concrete spillway, provides for flows 

in excess of reservoir capacity. 
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R iver and its tri butaries. It was found 
more effective to build a dam on the 
R iver rather than try to control the 
tributaries. 

The dam which was built at the june· 
tion of the Shel l and Assin iboine 
rivers is 70 feet high and 4,200 feet 
long. The reservoir stretches up
stream for 35 m iles, extending into 
the Province of Saskatchewan. At 
ful l  supply leve l ,  a storage capacity 
of 390,000 acre-feet is provided of 
wh ich 225,000 acre-feet are al located 
for the storage of flood waters. 

The structure is equipped with a 
gated conduit which control s the 
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amount of water released through
out the year. These releases make it 
possible to maintain a m inimum flow 
of 300 cfs. at Brandon as compared 
to the recorded natural minimum 
flow on the Assiniboine R iver of 
7 cfs. This ensures that users along 
the Assiniboine River, particularly 
in urban centres such as Brandon 
and Portage Ia Prairie, wil l  have more 
dependable supplies of water. 

This Federal-Provincial project was 
completed in 1 972. The total share
able cost of $1 0.8 m il l ion was 
divided equally between the two 
governments. 
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Portage 
Diversion 
Flooding of the Assiniboine R iver 
between Winnipeg and Portage Ia 
Prairie can be extremely severe as 
the surrounding land slopes away 
from the R iver. This unusual land 
formation results in widespread 
flooding and makes it difficult for 
water to drain back into the R iver 
following a flood crest. The water 
eventual ly drains back through other 
drainage systems but, in the process, 
delays crop planting for weeks. 
To al leviate this situation and to 
reduce flooding i n  Winnipeg, a 
channel known as the Portage Diver
sion was constructed from Portage Ia 
Prairie due north to Lake Manitoba. 

Concrete drop structures control erosion 

as the Diversion Channel drops between 

Portage ld Prairie and Lake Manitoba. 

Lake Mamrot;a outlet of the Parwp'3 
D:verSion Channel. 

Dam in foreground permits control of 

river levels. Gates in background permit 

diversion of the Assinihoine R ivcr into 

Lake Mamtoba. 
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Diversion of water into the channel 
is accompl ished by two control struc
tures: a dam and sp i l lway on the 
Assin iboine R iver, and a gated struc
ture at the in let to the diversion 
channel.  

The control structure on the R iver 
creates an impoundment controlled 
at a summer water level 869 feet 
above mean sea level, by operation 
of the bascule sp i l l way gates. Normal 
flows are released through a conduit 
in the structure. Whenever flood con
ditions exist downstream of Portage 
Ia Prairie or at Winn ipeg the diver
sion inlet control structure is opened 
to permit discharge of the flood 

waters to Lake Man itoba. The diver
sior. can carry up to 25,000 cfs. 

The Portage Diversion is primari ly a 
flood control project, however, the 
impoundment reservo ir, with water 
levels higher than the natural river 
stages, cou ld be used as an essent ial 
component of a system for del ivery 
of water supplies to south central 
Man itoba. 

The Federal Government contributed 
$9.3 m i l l io n  of the $20.5 m i l l i on 
total cost of the project, which was 
compl eted in 1 970. 
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Fairford River 
Control 
Under natural conditions Lake The Fairford River control is at  the outlet 

Manitoba water levels have fluctu- of Lake Manitoba. This control structure 

a ted greatly from year to year. permtts effective regulation of Lake 

Levels, measured in feet above mean t.1anitoiJ.1 water le1'els. 

sea level, have varied from a low of 
809.3 in 1942 to a h igh of 8 1 6.3 in Tnr. :!.'tHJ around til!! conrrot ;:ruc!.,re 1s 
1 955. These extremes have had ue1·cwoer1 as a p1cni<. area ana canw �!Ct:. 
disastrous effects on farm land and 
recreation property i n  the immediate The Fairford ,qiver channel was widened 
vicinity of the Lake. to provide grea ter discharge capacity. 

When Lake Manitoba wa:; low, 
cottage owners complained of un-
attractive beaches and farmers com-
plained because there was not enough 
water with in reasonable distance for 
their cattle. But when the water level 
was h igh large tracts of land were 
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flooded, with meadows and pasture 
land reverting to marsh. This created 
a considerable loss to farmers. Cot· 
tage owners were flooded out and 
trappers and fishermen also suffered 
losses. 

After public hearings and engineering 
investigations, the Lakes Winnipeg 
and Manitoba Board recommended 
that Lake Manitoba be ma intained 
between elevations 8 1 1 and 813,  by 
control l i ng the outflow from Lake 
Manitoba at Fairford. 

A control structure was al ready in 
operation but it  and the outlet 
channel from Lake Manitoba were 

too small for regulation purposes. 
Additional discharge capacity was 
obtained by bui lding a new structure 
and digging a new channel one and 
one-half mi les long with a base vary
ing in width between 200 and 300 
feet. The p roject was completed in 
1 96 1  at a cost of approximately 
$600,000 which was shared by the 
Federal and Provincial governments. 
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Dykes 
Following the disastrous 1 950 Flood, 
the G reater Winnipeg Dyking Board 
was formed on July 1 0, 1 950, by 
agreement between the Federal and 
Provincial governments. The Board 
establ ished a permanent system of 
dykes. The Federal Government con
tributed 75 per cent of the total cost 
of $4.6 mi llion. The remainder was 
shared between the Provincial and 
Municipal governments. 

The d�1kes were built along both sides 
of the Red River and the Assiniboine 
River to an elevation two feet above 
the 1 948 F load and four feet below 
the 1 950 peak leve l .  I n  most cases 
the dykes were designed as paved 

roadways throughout the city. I n  
addition, 3 1  pumping stations were 
built.  During floods these are used if 
necessary, to pump storm water into 
the rivers. The dyking system is now 
a vital and integral part of the flood 
control works protect ing Winnipeg. 

Between Winnipeg and Portage Ia 
Prairie the Federal Government has 
spent approximately $2.0 mil lion 
constructing many miles of dykes 
along the Assiniboine R iver. Despite 
this, extensive flooding continued 
u nti l  the Portage D iversion was com
pleted in 1 970. Further upstream in 
B randon, 1 4  mi les of dykes were 
bui lt  after the 1 955 Flood. 



------------------

Morris is surrounded hy iJ clyk e to provide 

protection to the huilt up area. 

In the City, landscaping can turn a river 

dyke into an attractive fea tllre of the 

oroperty. 

1974 Flood ·· Morris. farmland oursicle 

che protective ring dyke lies under water. 

Large areas in the Red R iver Valley 
are subject to periodic flooding but, 
for economical and physical reasons, 
it is not possible to provide complete 
protection by dyking along the Red 
River. Instead, protection has been 
provided, under a program financed 
by the Federal and Provincial govern
ments, by construction of ring dykes 
around the communities of Emerson, 
Letel lier, Dominion City, St. Jean 
Baptiste, Morris, Rosenort and St. 
Adolphe. Total cost of the program 
completed in 1 972 was $2.7 mil l ion. 
Brunkild had been protected pre
viously by dyking constructed by the 
Province. 

There is an inherent risk to residents 
withi n  a dyking system because dykes 
could fa i l  or be overtopped under 
severe flood conditions. Legislation 
has been passed which authorizes the 
evacuation of dyked areas, if neces
sary, for reasons of health or safety 
of the residents. 
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S H E L LMOUTH DAM 

Height 
Length 
Storage Capacity 
Reservoir Length 

FAI R F O R D 

Length 
Stop Log Bays 
D ischarge Capacity 
Regulation Range 

PORTAG E D I V E RSION 

Diversion 

Length 
Capacity 
I nlet Gates 

Control Dam 

Height 
Length 
Gates 
Reservoir Storage 

R E D  R I V E R  F LOODWAY 

Length 
Average Depth 
Base Width 
Design Capacity 
Control Gates 

------ - . - -- -------· 

70 feet 
4,200 feet 

390;000 acre feet 
35 m i les 

237 feet 
1 1  

10,000 cfs 
8 1 0.87 - 81 2.87 

18 m iles 
25,000 cfs 
4 - 1 4.5' X 40' 

35 feet 
1 ,400 feet 

2 - 13' X 75' 
14,600 acre feet 

29.4 miles 
30 feet 

380 - 540 feet 
60,000 cfs 
2 - 34.8 X 1 1 2.5 
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MAJOR F LOODS I N  THE R E D  R IV E R  VALLEY 

Hei�t et Winnipeg Peak Probable-Flood Flooded 
Yetr Above Datum Discharge Frequency Acreage 

(feetl (cfs) (Yean) 

1 948 23. 1  69,000 1 2  67,400 

1 950 30.3 1 03,000 36 3 1 6,500 

1 852 35.2 1 65,000 1 50 523,000 

1 826 37.3 225,000 460 616,000 

------ -- ---------------------------
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Morris, Manitoba during 1 974 
flooding, i l lustrates necessity 
of dyking systems. 
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This report, prepared for the M i nistry of Energy for Ontario, Is published as a public 
service for the information of the public. The Ministry does not, however, warrant the 
accuracy of !ts contents and cannot guarantee or assume any liability for the 
effectiveness or economic benefits of the devices and processes described in the 
report. The list of suppliers are those known to the Ministry at time of printing. 

The assistance of Ontario Hydro in supplying much of the research and data 
contained herein, is acknowledged and appreciated. 

IS8N CH74:Hl2� 
1.5M/3-a3/095 

COVER: This is one of the many 
small dams now in use in Ontario that 

could be considered suitable for 
micro·hydro power. 



CONTENTS 
Minister's Foreword 

What Is a Micro· Hydro System? 

Considerations lor a Micro·Hydro System 

1 .  Hydro-Site Potential 
2. Power Requirements 
3. Environmental Impact and Approvals 
4. Equipment Options 

Turbines 
Water Wheels 

5. Alternative Layouts 
6. Estimating the Costs 
7. Evaluating the Economics 

Sample Economic Analyses 

Conclusion 

Bibliography 

Appendices 

Appendix 1 - Glossary 
Appendix 2 - Determining Flow and Head and estimating 

efficiency. 
Appendix 3 - A sample computation analysis lor economic 

analysis. 
Appendix 4 - Ca u t ions and suggestions lor do-it-your

sellers. 
Appendill 5 - Manufacturers 
Appendix 6 - List of Ministry of Natural Resources district 

offices. 

This is an artist's conception of one of the earliest methods of 
obtaining water power. with its origins going back to Roman 
times. Completely mechanical, the principle has changed little 
over the centuries. 

© Her Majesty the Queen in Right of Ontario, 
as represented by the Ministry of E;nergy. 
March 198 1 ,  Toronto. 

First Printing March 1 98 1  
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Third Printing March 1 983 

Reproduction of any portion of this booklet 
for commercial purposes without permis· 
sion is forbidden. However, reproduction of 
any portion of this booklet for educational 
purposes is permitted. on condition that the 
source of the material is acknowledged. 
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M I NISTER'S M ESSAGE 

With the price of energy climbing, there is a growing interest 
throughout much of the world in micro-hydrQ systems - the 
generation of electrical power from small rivers, streams and 
waterfalls - to serve homes, farms, shops and even small 
communities of up to 25 homes. 

Ontario has thousands of small sites where water power can 
be used to do just that. 

Where environmental and community concerns can be met, 
such projects can be a useful supplemental source of energy 
for the province. 

The Ontario Ministry of Energy plans to install demonstration 
micro-hydro generating stations at various sites throughout 
Ontario, to assess the technology currently available and to 
provide visible examples as a guide to others. 

Water power, after all, was the original "fuel" for Ontario's 
electricity system. Even now, with oil, coal and nuclear power 
being used, it still provides about 36per cent of the province's 
electrical power. 

And it will continue to play an important role in Ontario's 
energy future. It is an indigenous and renewable energy 
source that ca be tapped by proven technology. Further· 
more, in many cases water power is environmentally benign 
and can replace the burning of fossil fuels for electrical 
generation. 

While Ontario's untapped hydraulic potential, even if fully 
developed, is not sufficient to meet more than a portion of our 
growing electrical demand, the energy contribution from 
both large and small sites is welcome. 

(ii) 

This booklet sets out the steps to follow in developing very 
small sites. 

And while it is a practical "how·to" guide, applicable to 
installing almost any micro-hydro system, it is also a guide to 
where such projects are feasible. 

The booklet shows how to evaluate the power potential of a 
particular site and how to determine residential and farm 
power requirements. To be attractive, a potential site should 
be capable of meeting both peak and average energy 
requirements. 

It also includes information about typical micro·hydro 
components and power site layouts. Some details about 
alternative equipment and systems are also presented, along 
with general cost information and comments on the effects 
of various siting factors. Environmental considerations are 
also discussed, and there is a summary of the governmental 
approval process. 

It is important to remember, however, that this booklet is 
general in nature and does not provide details of design, 
costs, and installation. Such information is available from 
other sources, some of which are listed in the bibliography, or 
from an appropriate hydroelectric equipment supplier or 
engineering consultant. 

1 wish the very best to all who invest their money, time, and 
effort in installing and operating a successful micro·hydro 
unit. 

Yours sincerely, 

��u/� 
Hon. Robert Welch, 
Minister of Energy 
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WI-IAT IS A MICRO-HYDRO SYSTEM? 

Throughout t h i s  booklet. t h e  term micro-hydro refers t o  an 
installation with a capacity of 100 kW or less. 

The term system impl ies all of the components required to 
convert the potential energy in a stream into electrical energy 
al the user"s location. 

Installations with a capacity of 100 kW to 10 MW ( 10,000 kW) 
are referred to as small hydro. While much of the information 
in this booklet is also applicable to small hydro, these larger 
instal lations are more complex than micro-hydro systems. 

Installations beyond 10 MW are known as medium and large 
hydraul ic plants. This booklet is not useful for planning such 
instal lations. They require teams of specialists for feasibil ity 
studies and for engineering and planning. 

No two hydroelectric developments are exactly alike. Each 
involves a unique set of considerations in design and 
construction. The heart of a micro-hydro system is the gen
erating equipment - the turbine, generator, and control 
mechanisms - all of which are generally housed together. 

To deliver water to the turbine. a dam to divert the stream flow 
and a pipeline - also known as a penstock - are typically 
required. 

Depending on the site, other requirements may include a 
canal or fo�ebay: trashracks to f i l ter debris and prevent i t  
from being drawn into the turbine a t  the pipeline entrance, 
and a pipeline gate or valve. A tail race. or waterway back to 
the stream. must be provided if the powerhouse is not situ· 
ated to permit discharge directly into the stream. The micro
hydro system must also include electrical l ines to deliver the 
power to its destination. 

Figure 1 i l lustrates a typical micro-hydro installation . 

The type of micro-hydro plant best suited to a given site wil l  
depend upon many factors. including the head - vertical 
distance through which the water falls - the available flow 
of water, and the general topography of the area. 

A concentrated-fal l  hydroelectric development. (Figure 1 ), is 
one in which the powerhouse is located near the dam, thus 
requiring a minimum length of pipeline. In such installations, 
which are common for low-head developments, the power
house may be located at one end of the dam or directly down
stream from it .  

In a divided-fall development, (Figure 2), the powerhouse is 
loacted a considerable distance from the dam, and water is 
del ivered t h rough a p ipel ine or canal .  With favourable 
topography this type of development can make i t  possible to 
realize a high head despite a low dam. 
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CONSI DERATIONS FOR A M IC RO-HYDRO SYSTEM 

Seven factors must be addressed I n  deciding i f  micro-hydro 
would work at a specific site. · 

1 .  Hydro-Site Potential 
2. Power Requirements 
3. Environmental Impact and Approvals 
4. Equipment Options 
5. Alternative Layouts 
6. Costs 
7. Economics 

Following are suggestions for assessing each of the 
seven: 

1 .  Hyd�ite Potential 
To determine the hydraulic potential of the water flowing 
in your stream, you must know both the water's flow rate 
and the head through which it can be made to fall. 

The flow rate is the quantity of water moving past a point 
in a given time. The head is the vertical height from the 
1\eadwater in the case of a dam. Where no dam exists, the 
head Is the vertical height from the level where the water 
enters the intake pipe to the level where the water leaves 
the turbine housing. 

Appendix 2 gives a detailed account of determining flow 
rate and head. 

The technology for harnessing hydroelectric energy is 
more than 100 years old. In basic terms, the amount of 
energy that can be generated in a powerplant at a given 
site depends upon the following three factors: 

Flow (Q) - the quantity of water available 

Head (H) - the vertical distance through which the water 
falls 

Efficiency (e) - the ability of the powerplant to utilize the 
available head and f low. Normally, powerplant efficiency 
Is about 70 per cent to 90 per cent. 

The capacity of the powerplant In kilowatts (P), In Imperial 
units, may be expressed as: 

P = a x H x e  

709 

where: 
a = the usable flow rate of water through the turbine in 

cubic feet per minute. 
NOTE: Work the equation first with mean annual 
flow, then with minimum flow to learn the site's 
true potential. 

H = The available head, In feet 

e = the overal l  powerplant efficiency 

709 = a derived constant 

The graph presented in Figure 3 can also be used to deter
mine the power output of a micro-hydro system. This type 
of graph Is called a nomograph. II Is designed so that a 
straightedge, positioned at the figures corresponding to 
the head and flow of the potential site, allows reading the 
power output available I n  the middle column. In the 
example shown, a flow of 400 cubic feet per minute and a 
net head of 35 feet gives an estimated output of 10 kW. 
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NOTE: I n  metric units, the capacity may be expressed as: 

P = a x H x e  

102 

where: 
a = the usable flow rate of water through the turbine, in 

l ltres per second 

H = The available head, in metres 

e = the overal l  powerplant efficiency 

102 = a derived constant 
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CONSI DERATIONS FOR A MICRO-HYDRO SYSTEM 

2. Power Requirements 
Early in any assessment,power needs and the characteristics 
of those needs should be carefully examined. This entails 
two separate but related determinations: 

• ENERGY: The total number of kilowatt hours (kWh) used in 
a given period of time - a month or a year 

,...- -
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TABLE 1 . .  
·��.�,�::�- . .  , ... � . -

� : � ·. '�� .. �:�j:·.·::- : . . . . : 

Note: Household consumption usually varies over a year. It is 
wise to study at least one complete year's bills. 

For another way to estimate energy requirements, see 
Table 1, which lists the energy usep by typical household 
appliances. 

To estimate your monthly energy requirements, s�iect all the 
appl iances you use and add the corresponding numbers from 
the energy required column. To estimate peak power require
ment, add the f igures from the power column for a l l  
appliances that could conceivably be used simultaneously. 

To determine if a micro-hydro facility can supply all the 
electrical power needed at a price you are willing to pay, you 
must measure both total energy consumption and peak 

e PEAK POWER CONSUMPTION: The maximum amount of 
electricity which will  be needed at any one moment 

Accuracy is essential. Inaccurate estimations wil l  result in 
too expensive a system or one that does not meet the power 
needs. 

If the existing power supply is from a utility company, refer to 
past bil l ings to determine total consumption. 

·. 
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power consumption because a situation may arise in which 
the system could meet one need but not the other. 

In most micro-hydro systems - as with larger systems - the 
peak requirement is more likely to cause problems than the 
total requirement. 

Any hydroelectric system - micro or macro - that has to 
serve an occasional peak load will be less efficient and more 
costly to install and run than a system serving a more uniform 
demand for energy. 

So, when analysing a proposed micro-hydro system, ask 
yourself if you can make some adjustments in the way, or 
pattern, in which you use electricity. Can you change your 
peak consumption to fit the system you are planning? 
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CONSIDERATIONS FOR A MICRO-HYDRO SYSTEM 

Explore this possibility before deciding that you must 
provide for a high peak consumption. 

A typical pattern of peak load and the resulting average load 
is illustrated in Figure 4. 

Figure 4 
A generalized residential pattern of power demand 
Illustrating the difference between peak and 
average power demand. 
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3. Environmental Impact and 
Approvals 
The approval process cannot begin until an environmental 
impact review has been made of a proposed micro-hydro 
system. A district office of the Ministry of Natural Resources 
will provide more details, but some of the major areas of 
concern are: 

• The effect of ponding on fish and other aquatic life. 
• Interference with fish movements, especially the migration 

of pickerel, suckers, and salnionids. 
• Making sure fish can't be sucked or dragged through the 

turbine. 
• Physical ·and chemical consequences of changing the 

stream's flow. 
• Maintenance of adequate stream flow downstream from 

the project. 

If the initial assessment shows unacceptable environmental 
impact, it may be possible to change the plan or take steps 
4 

that will allow the project to proceed. For example, if 
interruption of fish migration is a problem, provision could be 
made for a fishway. 

A district office of the Ministry of Natural Resources, a 
regional office of the Min1stry of the Environment, and 
officials of the local mun1cipality and/or conservation 
authority should be contacted while the project is still in the 
design stage. They will be able to provide guidance for the 
assessment, and outline what is required for their appro.,al.  

For assistance in contacting the appropriate officials call the 
Ministry of Energy, Electric Power Section at (416) 965-9603, 
or write to them at 56 Wellesley St. W., Toronto, Ont. M7 A 287 . 

-
Most of the approvals required can be handled by a district 
office of the Ministry of Natural Resources. The district 
manager and his staff can also help with a general assess
ment of the proposed site if called in at an early stage. For a 
complete list of district offices, turn to Appendix 6 on page 22. 

The following outline of the required applications and 
approvals and of the federal and provincial legislation 
involved may appear daunting. But many of the approvals 
can be obtained concurrently. In this connection, a good 
working relationship with the staff at a district office of the 
Ministry of Natural Resources will be invaluable. With their 
assistance the approval process will be much smoother. 

The first step is to determine whether the water course 
proposed for development is considered to be navigable. In 
general, a stream is considered to be navigable if, at average 
flow, it is suitable for commercial or recreational boating. In  
most cases, the district Ministry office wi l l  be able to advise 
whether a particular stream is considered navigable. 

The following legislation may apply: 

The Navigable Waters Protection Act 
A hydroelectric project on a navigable watercourse requires 
the approval of the federal Department of T ran sport to ensure 
that the project wil l  not interfere with navigation. An 
application form for approval under Section 5 of The 
Navigable Waters Protection Act (R.S.C. 1970) may be 
obtained from Transport Canada. It must be submitted to the 
Chief, Navigable Waters Protection Act, Programs Division, 
Canadian Coast Guard, Transport Canada, 6th floor, Tower A, 
Place de Ville, Ottawa, K1A ON7. 

The Beds of Navigable Waters Act 
and The Public Lands Act 
If a stream is considered to be unnavigable, the bed belongs 
to the owner, or owners, of the banks of the stream. 
However, under The Beds of Navigable Waters Act (R.S.O. 
1970 c. 41) the beds of all navigable waters belong to the 
Crown unless expressly granted in the original letters patent. 

If the Crown owns the bed of the stream, the water may not be 
used to generate electricity without a Water Power Lease 
under Sections 4 and 4a of The Public Lands Act (R.S.O. 2970 
c. 380). Such a lease currently costs approximately $2.50 per 
average kilowatt output per year ($3.50 per average horse
power per year), and may be obtained by applying to the local 
district office of the Ministry of Natural Resources. There is 
no charge for installations of less than 100 hp, or approxi
mately 75 kilowatts. 
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CONSI DERATIONS FOR A M ICRO-HYDRO SYSTEM 

The Lakes and Rivers Improvement Act 
If the project wil l  require either construction of a new dam or 
material alteration of an existing dam - regardless of 
whether the landowner owns th£ 'led of the stream or if it is 
navigable - the project must be approved by the Ministry of 
Natural Resources, under The Lakes and Rivers tmprov• 
ment Act (R.S.O. 1970, c. 233). 

I f  a new dam is required, the owner must first apply, under 
Section 10, to a district office of the Ministry of Natural 
Resources for approval of the location of the dam. I f  the 
location is approved, or i f  the only requirement is alteration of 
an existing dam, a separate application must then be made 
to the district office of the Ministry of Natural Resources for 
approval of the detai led plans and specifications for a new 
dam (Section 10) or for a modified dam (Section 12). 

The Minister of Natural Resources may require that a fishway 
be instal led around any new dam. If the Minister intends to 
refuse to approve a new dam, or modifications to an existing 
one, he must give the applicant 15 days' notice of his 
intention (Section Sa). At the applicant's request, the Minister 
will appoint someone to hold a public inquiry regarding the 
proposed undertaking and report back to him. 

The Minister will then consider the report and decide whether 
to approve the app l i cation (Section 8b). The M i nister's 
decision may be appealed to the Lieutenant Governor-in· 
Council (the Cabinet) (Section 8c). 

The Canada Fisheries Act 
New dams, modifications to existing dams and the intake to 
the turbine are also subject to The Canada Fisheries Act 
(R.S.C. 1970, Chapter F-14). 

A project may be prohibited if it wil l  result in harmful al tera· 
lion, disruption, or destruction of fish habitat unless special 
permission is granted by the federal Minister of Fisheries 
(Section 31). I f  the project is permitted, that Minister may still 
require that a fishway be installed around any dam or other 
obstruction. He may also require that a minimum flow of 
water be maintained over the dam (Section 20). The Minister 
may also require a fishguard to be instal led on the turbine's 
water intake or similar measures designed to protect the fish 
(Section 28). 

In Ontario, this Act is administered by the Ministry of Natural 
Resources. The requirements of the Act may be considered in 
conjunction with the review under The Lakes and Rivers 
Improvement Act. 

Conservation Authority Approval 
I f  the proposed s i te l ies w i t h i n  the boundaries of a 
conservation authority, its review of the project normally 
proceeds in parallel with the M NR's under The Lakes and 
Rivers Improvement Act. 

Documents submitted to a district Ministry office will  be 
forwarded to the conservation al• " hority involved at your 
request. However, separate approval may be required, so the 
applicant should approach the authority early in the approval 
process. A conservat ion authority's main concern is usually 
the effect the project would have on flooding. 

The Ontario Water Resources Act 
Another Ministry of Environment approval is required if a 
project requires a dam and wil l  use more than 1.1 cubic feet of 
water per minute (10,000 gallons per day). A water-taking 
permit, under Section 37 of The Ontario Water Resources Act 
(R.S.O. 1970, Chapter 332) may be obtained by applying to the 
Chief, Water Resources Assessment, at a regional office of 
the Ministry of the Environment. The district office of the 
Ministry of Natural Resources will be able to direct you to the 
proper Ministry of the Env�ronment regional office. 

The Power Corporation Act -
Electrical Safety Code 
Installation of the generator, and other related equipment. is 
subject to the Electrical Safety Code, a set of regulations 
administered by Ontario Hydro under The Power Corporation 
Act (R.S.O. 1970, Chapter 354). As with most installations, the 
electrical part of a hydraulic generating station must be 
approved by an electrical inspector before use. 

A municipality may require permit applications for parts of 
the project. Discuss your plans with the proper officials early 
in the approval process to detP.rmine the requirements. 

Figure 5 i l lustrates steps to follow in the approval process. 
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CONSI DERATIONS FOR A MICRO-HYD�O SYSTEM 

4. Equipment Options 
Turbines 
The mechanical energy developed by the turbine is converted 
into electricity by a generator similar to the one in your car. 
The electricity can be either direct current (DC) or alternating 
current (AC). Since most household appliances run on AC -
110 volts, 60 cycles - it wil l  be the most practical type of 
electricity to produce. 

If you intend to be completely independent of Ontario 
Hydro's power grid, a synchronous generator which pro
duces a steady and dependable 60-cycle current should be 
used. 

North American AC systems operate at a frequency of 60 
cycles per second and any variation from that will  affect the 
accuracy of clocks, turntables and other appliances. In order 
to generate power at this frequency, the speed of the 
synchronous generator must be constant. A governor is used 
to control water flow which determines the turbine's speed. A 
governor is a device that regulates turbine speed through 
water flow in synchronous generators. Available from 
numerous sources, they are reliable and accurate, but they 
do mean more cost and maintenance. 

The'classic approach to hydroelectric development may be 
described as follows: 

Water is held back by a dam, which provides a steady water 
flow into the turbine as power is produced. As power is 
consumed, a governor-actuated feedback system regulates 
the amount of power produced in order to maintain a balance. 

Because power demands must be met Immediately by the 
generator, all components must be able to meet peak, rather 
than average, output. Such an installation requires a big 
enough turbine and generator, and enough water, to handle 
peak loads. This is a problem that plagues all ut i l ities. Peak
load capacity, plus a little margin, costs far more than 
average-load capacity. In addition, the cost of sophisticated 
governing equipment and flow-rate control mechanisms may 
render a scheme unattractive. 

One way of simpl ifying the problem Is to provide constant 
generation at a level equivalent to the peak demand. Such 
generating units usually dump excess energy as heat which 
can sometimes be used for supplementary space heating or 
water heating. 

When the demand begins to approach the system's capacity, 
such non-essential uses are automatical ly  cut off so critical 
needs may be met. No thrott l ing gates or valves are requ ired 
to l imit the flow of water during low-demand periods. This 
technique is attractive where there is an abundant supply of 
water, because of the relative simplicity of the control 
mechanisms required. 

Another optiC' Is to generate direct current and either use it 
as is or convert it  to AC, when needed, by means of an 
"inverter" of a "Gemini converter:· Inverters are relatively 
expensive; power is lost in  the conversion process, and 
some of them are l imited in their ability to handle the kind of 
surge demand that occurs when many common appliances 
start up. The Gemini converter must be connected to an 
electrical uti l ity. 

A DC-to-AC system has several advantages, especially in 
very smal l  systems (less them 5 kW). The excess power 
generated by a DC system can be stored In batteries, thereby 
extending the system's peak capacity. DC generators are not 
speed-sens.tive and no governor is needed. So, a small DC 
system wil l  usually cost lesn and serve better than a 
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comparable AC system because a small AC unit often cannot 
meet peak needs. 

Battery storage systems generally work better in hydraulic 
units than in wi nd-power units because the hydraulic 
generator is nearly always putting some power back mto the 
batteries. This means that a ''deep·discharge" condition. 
common with wind systems, is very rare. 

Deep discharge is a common cause of battery failure. The 
storage component l imits the size of a DC system, as bat
teries become unwieldy and very costly in systems over 6 kW. 

For those seeking the lowest cost, the conversion of DC to 
AC could be eliminated and 12-volt DC lights and appliances 
would be used. 

There are two main types of llydraulic turbines: impulse and 
reaction. 

Nohab Tampella tubular tul'blnr. Head range up lo 20 m; discn•rge range up to 
60 m>ts. 

Impulse Turbines 
Impulse turbines have generally been used for very high 
heads, although modern, efficient units exist for low·head 
applications, down to about 20 feet. 

Advantages of impulse turbines include high reliability and 
low maintenance cost because of their mechanical simpli
city and a minimum number of parts exposed to wear. 
Impulse turbine efficiencies often exceed 90 per cent. 

Impulse turbines use a high-velocity stream of water that 
strikes buckets mounted around the rim of a rotating turbine 
wheel, or runner, which in turn is attached to and rotates an 
electric generator. 

,. 

1. .. .  �· 
llarbef VertiUI Tubular Turbine: Head 
range up 10 I� m, diSCharge range up 10 ,'----....l .. 1.2 m>l1. 

I •. 
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CONSI DERATIONS FOR A MICRO-HYDRO SYSTEM 
The cross flow turbine i s  a modern adaptation o f  the impulse 
turbine and Is used in the head range from 6 to 600 feet. This 
type of turbine uti lizes a movable guide vane at its inlet and 
maintains turbine efficiencies of up to 85 per cent over a wide 
range of flows. The physical size of crossflow turbines is 
l im• ted by design constraints. The largest runner has a 4.-foot 
diameter. 

Reaction Turbines 
Reaction turbines, while doing the same job as impulse 
turbines, uti lize a different principle. They use pressure as 
well as velocity to rotate the runner. The runner is submerged 
in water during operation and power is developed by water 
flowing over the blades, rather than striking individual 
buckets. 

By using a gradually enlarging draft or discharge tube 
between the turbine's runner discharge and the tailwater, 
reaction turbines take advantage of the total head available 
to the tailwater level, whereas impulse turbines uti l ize only 
t he head that is available to the centre of the runner. This 
enhances the value of reaction turbines in low-head instal la
tions where it may be critical to develop the total head. 

Reaction turbines are widely used in large hydraulic plants, 
and several manufacturers produce small turbines of this 
type. 

Two types of reaction turbines exist, commonly known as 
"Francis" and "propeller:· 

Francis turbines generally operate under higher heads than 
propeller turbines, although they are in use at  some low· head 
installat ions. A Francis turbine has a runner with fixed 
blades. Water enters the turbine in a radial direction, with 
respect to the shaft, and is discharged axially. 
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The principal components include the runner, a water-supply 
casi ng, wicket gates to control the quantity of  water 
admitted, and a draft tube to return the water to the river. The 
wicket gate assembly, in conjunction with a governor, also 
regulates unit load and speed and shuts down the unit. The 
regulating system can be actuated either hydraulically or 
electrically. 

Propeller turbines are generally used for lower heads than 
Francis turbines. The normal range is from 10 to 120 feet, 
Typically, a propeller turbine has a vertical shaft, a spiral 
casing and wicket gates to distribute flow, a draft tube, and 
fixed runner blades. 

The blades of some propeller turbines are adjustable, and 
when this is the case the turbine Is called a Kaplan turbine. 
The propeller turbine has good efficiency at an optimum flow 
point, but its efficiency drops off rapidly at higher and lower 
flows. 

The Kaplan turbine has a relatively high efficiency over a 
wide range of flows. 

Another variation of the propeller turbine is the axial-flow 
turbine. Generally, these units have either a horizontal or a 
slightly inclined shaft, and they may have either fixed or 
adjustable runner blades. 

Three types of turbines fall into this category. These are the 
rim-type, In which the generator is on the periphery of the 
turbine runner, the tube-type, in which the generator is 
located outside the water passage, and the bulb-type, in  
which the generator is housed in a bulb submerged within the 
water passage. 

Water Wheels 
Water wheels are the traditional means of obtaining useful 
energy from fall ing water. Their advantages over turbines 
include their relatively simple construction, their low cost if 
home-built, and their relative insensitivity to variations in 
flow. 

In addition, debris in  the water that can clog a turbine or its 
protective trashrack can normally pass by a water wheel. 
Unfortunately water wheels are much less efficient than 
turbines, and icing can be a problem. Details of water wheels 
are given in several of the references in the bibliography. 

5. Alternative Layouts 
As mentioned earlier, there are two basic types of develop
ment: concentrated-fall and divided-fall .  

The first is more common with low-head development, but 
generally requires a dam to impound and divert water to the 
turbine. Since the dam required is often as high as the head 
being developed, it can be very expensive. However, the 
length of the pipeline required is generally short, resulting in 
small head losses and lower costs. Dams must also be 
designed and operated to pass flood flows, which can also 
add to the cost. 
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CONSIDERATIONS FOR A MICRO-HYDRO SYSTEM 

Environmental considerations may also be a significant 
factor In such developments. A dam may restrict fish 
movement and impoundment may alter natural flow 
patterns, particularly i f  a pond is used to store water for peak 
power generation. 

With dlvided·fall lnstallations, development may be practical 
with only minimal damming and impoundment, and in some 
Instances with no dam at all. Therefore, dam cost may be 

. great ly  reduced,  b u t  p i p e l i n e  co s t s  w i l l  i n c rease 
significantly. 

Major civil structures must, of course, be properly founded 
and designed. Hiring an experienced engineering consultant 
is advisable. 

Power lines are a further consideration and they too may add 
to the cost of the system. If the micro-hydro unit is some 
distance from the demand, power lines are obviously 
required. 

Bear in mind that the greater the distance, the heavier the 
wires r�Jquired If unreasonable power losses are to be 
avoided. This is especially true of DC systems which require 
very large conductors to avoid excessive losses. An i n c rease 
in line voltage also reduces power loss. This should be 
considered i f  the line will be much more than 200 feet in 
length. 

6. Estimating the Costs 
The cost of a micro-hydro system depends on a number C?f 
factors. They include topography, availability of suitable 
equipment, and the ability of the Individual as a do-it· 
yourselfer. In general, the cost will range upwards from $500 
per kilowatt. This low cost implies a do-it-yourself job at a 
favourable site with an existing dam or one requiring no dam 
at all. 

Here are some general guidelines: 

Topography usually dictates the type �nd extent of work 
required. Also, at higher heads, lower flo�·s are required to 
produce equivalent output; this influences tlou cost because 
lower flows permit the use of smaller water passages. So, for 
an installation with a relatively high head, equipment and all 
structures - including intake, pipeline, headrace, and 
tailrace - can be smaller than those needed for lower head 
installation of equal output. 

Under even the best conditions, construction costs at a 
concentrated-fall site where a dam does not have to be built 
are usually about equal to generating equipment costs. 

Additional construction such as a dam, a lengthy penstock, 
and headrace and tailrace excavations add to both Initial and 
operating costs. 

The distance from the powerhouse to the load can also add to 
the cost. The greater the distance, the larger the conductor 
must be, or the higher the transmission voltage required. 

The price of new generating equipment ranges upwards from 
$500 per kilowatt. The cost per kilowatt is usually higher for 
smaller-capacity and for lower-head developments. 

New equipment costs may range as high as $5,000 per 
kilowatt for low-head, small-capacity installations. 

Used equipment is considerably less expensive than new 
equipment, but will usually require more maintenance and 
have a shorter useful life. 
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Finally, by doing it yourself, you can save a great deal in 
construction and equipment installation. 

7. Evaluating the Economics 
Before you can decide if a micro-hydro system will be 
economical, you have to determine exactly how much i t  will 
cost to install. The calculation must take into account the 
cost of the turbine and generator as well as any pipe, cable, 
buildings, dam, civil engineering work, permits, legal work 
and so on - that will be required. You should also consider 
the other available sources of electric power and determine 
their costs. 

An important consideration which might influence the 
economics of a micro-hydro system is the other uses that can 
be made of the water resource, such as fire suppression and 
irrigation. There is often very little extra cost involved in 
developing these uses along with a hydro system. 

A characteristic of many renewable energy resources is that, 
while their "front-end" costs are high, their l ife-cycle costs 
may be competitive with conventional energy sources. Micro· 
hydro, for example, Is fairly expensive to install, but, except 
for small maintenance costs, the system should provide 
"free" energy for 20 years or long'er. The economic analysis 
of any micro-hydro project should take the life-cycle costs 
into account. 

Proximity to existing Ontario Hydro power lines must also be 
taken into consideration. 

Ontario Hydro currently extends its lines based on minimum 
density requirements to justify the capital expenditure and 
future operating expenses. For example, for a year.·round 
residence, Ontario Hydro will extend its line approximately 
1,200 feet along a township road at no charge. 

If further line is needed, the customer can either contract 
with Ontario Hydro to supply up to an additional 1200 feet at 
an annual charge of approximately $0.40 per foot or pay the 
cost of the line, which might be approximately $4.50 per foot. 

It would be advisable to contact the local Ontario Hydro 
office to find out the costs of extending the line to your site. 
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CONSI DERATIONS FOR A MICRO-HYDRO SYSTEM 

So, the further one is from an existing power line, the more 
attractive the micro-hydro option becomes, all else being 
equal. 
If you have easy access to conventional power, and you have 
no other uses for the available water, it may be difficult to 
justify a micro-hydro unit on economic grounds. There are a 
great many factors that will affect your analysis. Here are 
some questions likely to arise: 

• Should your calculations be based on the life of the micro
hydro unit. which may be 20 years or more, or on some 
shorter period? 

One realistic way to analyse your electric power options is to 
calculate the total cost of each option over a certain period of 
time and then compute the costs in current dollars. The fol· 
lowing example shows how an installation might be 
evaluated. 

The figures presented below reflect the cost of each option in 
current dollars, commonly known as present worth (PW). The 
actual numbers reflect the investment needed today, to cover 
the total cost over the 15-year period. lt may be helpful to view 
the differences calculated as "profit" or "loss" resulting 
from having selected the micro-hydro option over the utility 
supply option. 

The sample computations use a 10% interest rate (the rate 
at which you could alternatively invest your money). A 
summary only is presented below; details of the computation 
are given in Appendix 2. 

Example 

• The hydro system is a 6 kW, DC-to-AC battery storage unit. 
• The total cost of the system is $10,000. 
• The $10,000 is borrowed at 12%. 
• Total maintenance is $1,358 ($50 per year with 8 per cent 

annual cost increases). 
• The location where the power is to be used is near existing 

power lines and no charge will be made to connect the 
power lines. . 

• Utility power average cost for 1000 kilowatt hours per 
month is 4.6 cents per kilowatt hour and increases by 10 per 
cent per year. 

• Average monthly consumption is 1000 kilowatt hours. 
• The economic study period is 15 years. 
• The value of the micro-hydro unit at the end of the 15-year 

period is $2,000 (20 per cent of purchase price). 
• No tax deductions or credits are used. 

To Determine the Present Worth of the 
Micro·Hydro Plant Option 
Step 1 - The installation cost assumed is $10,000. The total 
cost of the loan at 12 per cent interest is $22,005.30, and, 
assuming a repayment plan with equal annual payments of 
$1 ,467,03, the present worth of the loan is $12,274.06. 

Step 2 - To this must be added the present worth of the 
annual charges. In this example, only maintenance is 
involved; however, such charges could include taxes, the 
cost of back-up power, and so on. ln this example, the present 
worth of <•nnual maintenance costs is $661.66. 

Step 3 - Deduct the present worth of the salvage value of the 
plant, which is $478.80. 

• Are you faced with additional costs to obtain service from 
the power company? 

• How long do you expect to remain at this residence and will 
the micro-hydro system have market value when you want 
to sell? 

• How much of the installation and maintenance work can 
you do yourself? 

• Is there a possibility of installing a unit larger than your 
needs and selling the surplus power back to the power 
company? 

Step 4 - The result is the present worth of the micro-hydro 
plant: $12,456.92. 

To Determine the Present Worth of the 
Utility Line Supply Option 
Step 1 - The cost of purchasing the required energy for each 
of the 15 years {1,000 kWh/month x 12 months x $0.046/kWh 
for the first year, and escalated by 10 per cent per year for 
subsequent years) is $17,561.00. 

Step 2 - Total the present worth of each yearly value to 
determine the present worth of the utility line supply. This 
value is $8,280.00. 

To Determine Which is the More 
Attractive Option 
Subtract the present worth of the utility line supply from the 
present worth of the micro-hydro plant. A positive number 
indicates that the utility line supply is the more economically 
attractive option whereas a negative number indicates that 
the micro-hydro plant is more attractive. 

In this example, the difference is $4,176.92, indicating that 
the micro-hydro option will be somewhat more expensive 
over the H)-year period, assuming all of the conditions men
tioned above. A change in any of the assumptions can signi
ficantly affect the ecomonics one way or the other. 

If, for instance, the household was one mile from the existing 
power line, and assuming the person was planning to pay for 
the cost of the line beyond the extension allowance given by 
Ontario Hydro, the cost of utilil'f power would increase by 
approximately $18,500. Working through the above calcu· 
lations, and adding this to the cost of line supply, the dif· 
terence in present worth between the two options would be 
-$18,530.03, the micro-hydro system would be the more 
economically attractive option in this case. 

The example shows that micro-hydro --an be a viable option; 
the economics depend heavily on individual conditions. 
There is also the question of how highly you value indepen
dence from traditional energy sources. For some, economic 
conditions permitting, the option of unplugging from the 
power grid may be worth a small additional cost. 
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SAMPLE· ECONOMIC ANALYSES 
Purchase of Surplus Power by the 
Power Company 

Ontario Hydro is in  the process of determining what price it 
would pay to buy power from customers who generate elec
tricity and would like to sell it to the utility. This would include 
not only m i c ro-hydro sites but also large i ndustrial  
cogeneration operations with potential loads of more than 
5000 kW. 

A set of interim rates has been developed reflecting the cost 
savings to Ontario Hydro of such purchases. The rates have 
been based on the assumption that the seller would contract 
to deliver a firm amount of capacity with a guaranteed 
minimum availability during system peak periods. However, 
"at will" energy can also be sold. Here, excess energy is sold 
on an "as available" basis. The maximum output and/or the 
timing of delivery may vary for "at will" energy sales. 
Accordingly, the purchase price would be lower than for the 
guaranteed availability option. 

CONCLUSION 

The cost of the special metering equipment necessary and 
the additional administrative expense indicates that it is not 
economic to provide for the guaranteed availability option 
unless 50·100 kW of power are produced. The ··at-will" sale of 
energy is possible for even the smallest producers of power. 

The appropriate rate could be obtained from the local Ontario 
Hydro office. 
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describes do-it-yourself dam building; tells how to build an 
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with water wheel design . 

A Design Manual for Water Wheels 
A VITA publication 
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3706 Rhode Island Avenue 
Mt. Rainier, Md. 20822 
$4.95 (U.S.) 

A do-it-yourself booklet intended for developing countries. it 
has obvious application in North America as well. Deals with 
design and construction of an overshot water wheel for 
mechanical power. 

Design of Small Dams (1973) 
Prepared by the U.S. Department of the Interior 
Available from: 
Superintendent of Documents 
U.S. Government Printing Office 
Washington. D.C. 20402 
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A Handbook of Homemade Power (1974) 
By the staff of "Mother Earth News" 
Bantam Books 
666 Fifth Ave. 
N.Y., N.Y. 10019 
$2.95 (U.S.) 

Available in most book stores, it includes a brief section on 
hydro power and plans for a small water wheel. 
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By Dermot McGuigan 
Garden Way Publishing Co . 
Charlotte, Vermont 05445 
$4.95 (U.S.) 

Describes many aspects of small and micro-scale hydro, 
gives a number of examples of installations of various types 
of water wheels and turbines in the United Kingdom and the 
United States. Manufacturers are listed along with their 
products and outputs. Equipment costs are often included. It 
contains a good bibliography . 

Harnessing the Turbulence: 
Harrowsmilh Magazine 
(Issue No. 29) 
Harrowsmith Magazine 
Queen Victoria Rd. 
Camden East, Ont. KOK 1JO 
$1.75 

There are several micro-hydro articles in this issue. 
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Room 5620 
Whitney Block 
Queen's Park 
Toronto, Ont. M7A 1W3 

Under revision. 
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A VITA publication 
VITA 
3706 Rhode Island Avenue 
Mt. Rainer, Maryland 20822 
$2.95 (U.S.) 

A 43-page booklet with information on every step in the 
process of developing small-scale hydro power sites. 
Descriptions cover water wheels, a small 12"  diameter 
crossflow turbine and the Pelton Wheel. Small earth dam 
construction is also covered. 

Micro-Hydro Power. Reviewing an Old Concept 
Prepared by: 
Technical Research Staff 
The National Center for Appropriate Technology 
P.O. Box 3838 
Butte, Montana 59702 
January 1979 
Prepared for: U.S. Department of Energy 
$1.30 (U.S.) 

A comprehensive study, but geared to the U.S . 
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Designs for Self-Sufficient Living (1975) 
By J. Leckie, G. Masters, H. Whitehouse, and L. Young 
Sierra Club Books 
530 Bush St. 
San Francisco, Ca. 94108 
$9.95 (U.S.) 

Has a 12-page section on micro-hydro; describes techniques 
for measuring water flow, simple dam construction, and the 
basic types of water wheels and turbines. 

Producing Your Own Power. How To Make Nature's Own 
Energy Sources Work For You 
Edited by Carol H. Stoner 
Rodale Press, Inc. 
33 E. Minor St. 
Emmaus, Pa. 18049 
$3.95 (U.S.) 

Deals with a variety of renewable energy systems. Includes 
sec t ions on water power; meas u ring head and flow: 
calculating power available; a five-page piece on determining 
channel, pipe, and othe� head losses: small earth and rock 
dams; water wheels and turbines and the VITA hydraulic ram . 
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One of the most comprehensive reports available 
on the subject. 
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Describes techniques for making an accurate assessment of 
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Available from: 
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APPENDIX 1 
Glossary 

ASYNCHRONOUS GENERATOR: 
Similar to the synchronous generator except that it must be 
hooked up to an independent power grid to produce usable 
p o w e r .  ( S e e  G E N E R ATO R a n d  S Y N C H R O N O U S  
GENERATOR). 

AXIAL FLOW TURBINE: 
A reaction turbine through which the direction of flow is 
primarily parallel to the turbine shaft. 

CAVITATION: . 
A phenomenon associated with liquids in motion past solid 
surfaces in which vapor bubbles form In areas of low 
pressure and then collapse suddenly In areas of higher 
pressure, resulting in shock waves which can damage solid 
surfaces. 

CROSSFLOW TURBINE: 
A drum-shaped hydroelectric turbine with vanes around its 
circumference which permit the water to enter from one side, 
cross through the hollow centre, and exit from the other side. 

FOREBAY; 
See HEADRACE 

FRANCIS TURBINE: 
A mechanical device used to convert revolving mechanical 
energy into electrical energy. (See ASY NCHRONOUS 
GENERATORS and SYNCHRONOUS GENERATORS). 

GOVERNOR: 
A mechanical or electronic device for automatically control· 
ling the speed of the turbine by regulating the supply of 
water. 

HEAD POND: 
The pond immediately upstream from the hydro plant from 
which additional flow may be taken for peak generation and 
which can refill during periods of lower electrical demand. 

HEAD RACE: 
A channel through which water passes to reach the hydro 
plant intake. 

KAPLAN TURBINE: 
A propeller turbine on which the pitch of the blades is 
adjustable to allow efficient use of the available water. 

Appendlx S 
Page 24 
Manufacturers. 

Appendix & 
Page 28 
List of Ministry of Natural Resources district offices. 

NOTE: Appendices 2, 4 and 5 are adapted from: 
National Center lor Appropriate Technology, 1979. 
"Micro-Hydro Power, Reviewing an Old Concept:• 
DOEIET/01752·1 :60 pp. 

MICRO-HYDRO SYSTEM: 
A hydroelectric installation with a capacity of 100 kW or less, 
including all components required to convert the potential 
energy in a stream or river to electrical energy at the user's 
location. 

PELTON WHEEL: 
A type of impulse turbine with buckets mounted on the rim of 
the wheel which are struck by a high-velocity jet of water to 
rotate the wheel. 

PENSTOCK: 
A pipeline used for carrying water to a water wheel. 

RUNNER: 
The rotating element of the turbine which converts hydraulic 
energy Into mechanical energy. 

SLUICE: 
An artificial channel or passage for water with a gate or valve 
at its head to regulate flow. 

SPILLWAY: 
A passageway or channel to carry off excess water around a 
dam. 

SYNCHRONOUS GENERATOR: 
A machine which converts rotating mechanical energy into 
usable AC electrical power independent of a power grid. (See 
GENERATOR and ASYNCHRONOUS GENERATOR). 

TAILRACE: 
A channel through which the water flows out of a hydro plant. 

TRASH RACKS: 
A screen on the hydro plant intake that blocks debris from 
entering the turbine. 

TURBINE: 
A mechanical device used to convert the potential energy of 
falling water into electrical energy. 

WICKET GATE: 
Flow control gates located in a circle around a turbine and 
normally controlled by a governor. 

13 



APPEN DICES 
APPEN DIX 2 

Flow and Head Efficiency 
Flow is the quantity of water available, and it is rarely 
constant. Most rivers, even when they have large reservoirs, 
are subject to periods of drought as well as periods of heavy 
rain and resultant flood flows. These natural characteristics 
are a major consideration when selecting hydroelectric 
equipment, and are as important as is the available head. 
Heavy rain, which causes flood runoff, may result in the head 
at a site being reduced to almost nothing. Conversely, 
periods of drought may reduce the water supply to unac
ceptable levels. 

Because of the great variability in natural stream-flows, a 
hydrologic record going back as far as possible is desirable 
as a basis for analysing the potential energy output of a site. 
However, if no stream-flow records exist for a particular site, 
then an estimate of flow can be made using one of the 
methods described. 

Low flow is critical to power plant capacity. Measurements of 
stream-flow should be made during the summer when high 
rates of evaporation reduce stream-flow to a minimum. 
Storm runoff should be avoided by taking measurements 
seven days after a storm. 

How to Determine Flow 
Stream-flow records are maintained for many Ontario rivers. 
Although the actual stream gauging stations are operated by 
various agencies, a complete recor·d is maintained by the 
Inland Waters Branch of Environment Canada in Guelph. 
Your local library may have their publication, " Reference 
Index: Hydrometric Map Supplement". Your district office of 
the Ministry of Natural Resources may be able to provide you 
with useful stream-flow figures. 

Although records of 15 to 20 years are desirable, many 
existing gauging stations have not been operating that long. 
Nevertheless, any stream-flow record at or near a proposed 
hydroelectric development provides a more accurate esti
mate of flows than either of the techniques described below. 
However, if no stream-flow gauging data are available, then 
one of the following methods, applied during the low-flow 
period, should provide a reasonable estimate of the flow 
available for hydroelectric development. 

Flow Measurement 
In order to adequately assess the minimum continuous 
power output to be expected from your hydro unit, the 
minimum quanUty of water that will pass through the system 
must be determined. So, it is important to know both the 
minimum flow rate of your stream and what portion of this 
flow can be used for power generation. 

The percentage of the minimum flow that may be temporarily 
diverted for power generation is defined during the 
government approval process. 

Measurement of Flow In a Stream 

Area-Velocity Method 
To estimate the flow In an ungauged stream the following 
procedure may be used. First, both the cross-sectional area 
of the stream and the velocity of flow in the stream must be 
determined. 

To measure the cross-sectional area of the stream the 
following procedure (Figure A) may be used. 
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Step 1 - Select an easily measured section of the stream 
with fairly uniform depth and width. 

Step 2 - Measure the width of the stream. 

Step 3 - Measure and record the depth at equal intervals 
across the channel. 

Step 4 - Compute the average depth by adding the 
measurements taken in Step 3 and dividing by the number of 
measurements taken. 

Step 5 - Calculate the cross-sectional area by multiplying 
the average depth by width. 

NOTE: If all measurements are in feet, the cross-sectional 
area will be in square feet. 

To determine the stream-flow velocity, use the same uniform 
section of the stream and follow the steps outlined below: 

Step 1 - Insert stakes at two points along the stream and 
measure the distance between them: 25 teet is a reasonable 
distance. 

Step 2 - One person should drop a float (a bottle partially 
filled with stones or an orange, make good floats) in the 
centre of the stream opposite the upstream point and a 
second person should carefully time the seconds required for 
the float to pass the downstream point. Repeat several times 
to obtain an average time. 

Step 3 - Compute the stream surface velocity by dividing the 
distance established in Step 1 by the period of time 
measured in Step 2. 

Note: If the distance established is in teet and the time period 
is in minutes, the computed velocity will be in feet per minute. 

Step 4 - The average velocity of flow throughout the stream 
section is less than the centrl't-line surface velocity because 
of friction losses due to channel roughness. To allow tor this, 
the stream surface velocity computed in Step 3 should be 
multiplied by 0.8 to determine the average stream velocity. 

Now, to calulate the stream-flow, multiply the average cross
sectional area, determined above, by the average velocity of 
flow. In mathematical terms this is: 

a =  AV 
where: 

a = flow 
A = cross-sectional area of the stream 
V = average velocity of flow 

Once again, it  should be noted that these measurements of 
flow are best taken during the dry season, since the flow 
during this season may .imit the capacity of the proposed 
hydroelectric i n st a l l ation. Furthermore, government 
approval may not be possible tor a power plant that util izes 
the entire flow, even during low-flow periods, and this may 
further reduce the capacity that may be installed. 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

APPEN DICES 

Example 
To determine the cross-sectional area (A) of  a stream, 
multiply the channel width (w) -in this example, 10 feet - by 
the average depth (d) of the stream. The calculations to 
determine the average depth are below:: 

(d) = d 1  + d2 + d3 + d4 + d5 
5 

= 1 .2 + 2.5 + �.3 + 2.2 + 0.8 = 2 feet 

A = w x d  

= 10 x 2 

= 20 square feet 

To determine the average velocity of stream-flow: 

Say the distance marked off Is 25 feet, and it  takes 1 2  
seconds, o r  0.2 minutes, for t h e  float to travel t h i s  distance, 
then: 

With: 

Surface velocity expressed as V5 

Average velocity expressed as V 

fpm = feet per minute 

0.8 as a variable factor based on the resistance to the water's 
flow caused by the characteristics of the stream bed and 
shoreline. By multiplying It by the surface velocity (Vs) you 
will arrive at the average velocity (V). 
(Vs) = dlstance (feet) = 25 = 1 25 fpm = V = 1 25 x 0.8 

time (minutes) 0.2 = 100 

To determine stream-flow: 

0 = A x V  

= 20 X 1 00  

= 2,000 cubic feet per minute 

Weir Method 
This is an alternative method lor determining stream-flow. It 
is accurate and can be used to measure the flow rate of any 
stream. It is particularly advantageous for flow measure· 
ments in shallow streams where a weighted float would have 
difficulty floating freely. However. it is also a more compli· 
cated technique lor measuring flow . 

Essentially, a temporary dam structure is built across the 
stream perpendicular to the flow, with a rectangular notch or 
spillway of controlled proport ions in the centre section. This 
notch has to be large enough to take the maximum flow of the 
stream during the period of measurement, so make some 
rough estimate of the stream-flow prior to building the weir. 
The notch width should be at least three times its height and 
the lower edge should be perfectly level. The lower edge and 
the vertical sides of the notch should be bevelled with the 
sharp edge upstream. The whole structure can best be built 
out of  timber with all edges and the bottom sealed with clay, 
earth, and sandbags to prevent leakage. A typical weir is 
i l lustrated In Figure B . 

In order to measure tile flow of water over the weir, you have 
to set up a simple depth gauge. This is done by driving a stake 
in the stream bed at least live feet upstream from the weir, 
until a pre-set mark on the stake is precisely level with the 
bottom edge of the notch. The depth of water on this stake, 
above the pre·set mark, will Indicate the flow rate of water 
over the weir. Refer to a :·weir table" in order to determine this 
flow rate. 

A typical weir table is included at the end of this appendix. 

To use the table, determine the depth of water in inches over 
the pre-set stake mark. Find the flow rate in cubic feet per 
minute per inch of notch width in \he table. Multiply this 
volume flow rate by the width, in inches, of your weir notch. 
This will give you the stream-flow rate in cubic feet per 
minute . 

For example: 
Suppose your weir has a notch width of 30 inches. The depth 
of the water on the stake above the pre-set mark is 6.25 
inches. On the weir table, read opposite 6.25 inches to the 
flow rate of 6.28 cubic feet per minute per inch of notch width. 
The flow rate of  the total stream Is then 6.28 cubic feet per 
minute x 30 Inches or 188.4 cubic feet per minute . 

When you have the weir in place, you can take readings at 
your convenience. If you are going to use the weir lor an 
extended period of time, it  is important to frequently check 
the watertightness of the sides and bottom . 

Head 
The head, once again, is the vertical distance the water falls 
at the site. The greater the distance, or head, the more 
potential power there is. 
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The gross head is the difference between the water levels 
both upstream and downstream, and is fairly easy to 
measure. 

The net head of the pqwer plant is equal to the gross head 
minus head losses due to friction and other disturbances in 
water passage to and from the turbine. 

Keeping these head losses to a minimum will enhance 
potential power plant output. As a rule of thumb, if upstream 
and downstream water levels are relatively constant, net 
head should be assumed as equal to gross head minus 5 per 
cent for conduit head loss. If water levels vary a great deal, 
more detailed studies are required to determine the net or 
effective head. 

How to Measure Head 
Any good surveyor can be hired to determine the head. Ask 
him, or her, for the vertical distance between the water 
source, or proposed intake location, and the proposed 
location of the power plant. 

I f  you, know how to use standard surveying equipment such 
as a transit or a surveyor's level and levell ing rod, borrow or 
rent what you need and get a friend to help do your own 
measurements. 

Another do-it-yourself technique requires a carpenter's level, 
some sort of stand to raise the level a few feet off the ground, 
and a tape measure. The method is described below and 

i l lustrated in Figure C. 

Step 1 - Set the level on the stand; make sure it is level and 
that its upper edge is either at the same elevation as the 
water source or a known vertical distance above the water 
surface. 
Step 2 - Sight along the upper edge of the level to a spot on a 
nearby tree, rock or building that is farther down the hi l l  and 
can be reached for measuring. Note this precise spot on the 
object and mark it  (Point A in the diagram). 

Step 3 - Move your level and stand down the hil l  slope and 
set it up again so the upper edge of the level is below Point A 

A Do-lt-yourMOi metllod 
ol musunng Ned using • ll'ftt 

Flgure C 
Measuring HEAD 

WEIR TABLE 
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APPEN DICES 
on the first object. as in the drawing. Mark this point B and 
measure and record the vertical distance from A to B. Now 
sight along the upper edge of the level in the opposite 
direction to another object that is farther down the hill .  

Step 4 - Repeat I his procedure until you end up at the same 
elevation as the proposed power plant site. 

Step 5 - If more than one set-up was required, add all the 
vertical distances A-B. I f  your first set-up was above the water 
surface, subtract the vertical distance between the water 
surface and the upper edge of the level from the sum of the 
vertical distances. 

You now have the total head. 

Efficiency 
Power-plant efficiency will vary according to the efficiency of 
the component parts. Typical efficiencies of major 
components in a micro-hydro system are listed below. More 
precise figures are generally available from the m<.nu
facturers. It  is worth noting that turbines are much more 
efficient than water wheels. 

APPENDIX 3 

Economic Analysis 

Assumptions: 
1 .  The micro-hydro system has a 6 kW capacity and is a DC

to-AC battery storage system. 

2. The cost of the micro-hydro system is $10,000 (This cost is 
realistic for a system usjng new equipment but requiring 
little new construction). 

3. The hydro plant is financed by a 1 5-year 12 per cent loan. 
4. Total maintenance cost is $1,358 over 15 years ($50 per 

year with 8 per cent annual cost increase). 

Step 1 
Present Worth of the Micro-Hydro Plant 
Installation cost is $1 0,000 and the loan at 12 per cent 
interest for 15 years requires equal annual payments of: 

A = $10,000 X (F/P. 12%, 15) X (A/P, 12%,  15) 

. •· 

' 

� . . . 

,.: . ·: . 
f'' �' 
¢ .. : ... _. 
� 

By multiplying the efficiencies of the various components in 
the system, the overall efficiency can be estimated. 

Typical Efficiency Ranges for 
Micro-Hydro Equipment 
Component 
(%) 

Elliciency Range 

Water Wheels 

Turbines 

Generators 

Speed-Increasers 

Inverters 
Gemini Converters 
Batteries 

- Undershot 
- Breast 
- Poncelet 
- Overshot 
- Reaction 
- Impulse 
- Crossflow 
- Synchronous 
- Induction 
- Direct Current 
- GearBox 
- Belt Drive 

25·45 
35·65 
40-60 
60-75 
80-90 
80·95 
60-85 
90-95 
95-98 
90-98 
90-95 
80-90 
85-95 
85-95 
70-80 

Comparison of a 6 kW micro-hydro installation against utility 
power line supply. 

5. The location the power is to be used is near existing power 
lines and no additional costs are required to connect to 
the utility lines. 

6. Average monthly consumption is 1000 kilowatt hours. 
7. Utility power average costs start at 4.6 cents per kilowatt 

hour and increase by 10 per cent annually. 
8. The hydro unit is worth $2,000 (20 per cent of the 

purchase price) at the end of the 15-year period. 
9. No tax deduction or credits are used. 

F/P and A/P are taken from standard compound interest 
tables. To determine the annual payments for larger or 
smaller loans just substitute the actual loan for the $10,000 
used in the example, providing that interest and period are 
12% and 1 5  years respectively. Otherwise interest tables 
should be used to determine the correct factors. 
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Step 2 
Present worth of annual maintenance charges is as follows: 

'· Payme�-� (A) Year (n) 

,. : . 

� . . .-
� . 
I ,  

Step 3 

Factor 
(PlF,' 10%, (n) 

· At 10 Per Cant 

1 • •  .>' •·• • 
...... 0.9091 ... �-..�:: !' .:·:'·,, 

PW 

($) 50.00 
49.09 

I ,, l I 
i 

. j 
· ' l l � 

·· - -- -� 

Present worth of salvage value of plant 2,000 X (P/F, 10%, 1 5) = 2,000 X 0.2394 = $478.80. 

Step 4 
Present worth of hydro plant = 12274.06 + 66 1 .66 - 478.80 = $1 2,456.92. 

Step S 
Present worth of purchase of energy from utility 

.. - - ' 1 
. l 
� 

�· ·r 8,280.00 
������������������.a�������--�-�� -- --�--.��������� ---_____._ ___ _ . 

Step & 
Subtracting the present worth of l ine supply from micro
hydro supply = $ 1 2,456.92 - $8,280.00 = $4,1 76.92 

In this example, the micro-hydro option would be somewhat 
more expensive over a 1 5-year period, assuming all of the 
conditions mentioned beforehand. A change in any of the 
assumptions can significantly affect the economics one way 
or the other. For example, if the location is one mile from an 
existing power line, an additional charge of approximately 
$1 8,500 (4, 100 feet over extension allowance x $4.50 per toot) 
would be required before power could be obtained from the 
utility. 

This added loan of $ 1 8,500 at 1 2% tor 15 years requires equal 
annual payments of 

A = 1 8,500 X 5.474 X .0268 = $2,714.00. 

18 

The present worth of the loan repayment is calculated in the 
same manner as shown previously and equals $22,706.95. 

Adding this to the cost of l ine supply, above, the present 
worth of the utility supply would be: 
$8,280.00 + $22,706.95 = $30,986.95. 

Now, subtracting the present worth of line supply from micro
hydro supply: 
$1 2,456.92 - $30,986.95 = - $1 8,530.03. 

Clearly. with the inclusion of the additional charge in this 
exampls, the micro-hydro option is the more attractive one. 

A similar technique can be used for an economic comparison 
of any two energy supply alternatives. 
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APPENDIX 4 
Cautions and Suggestions 
The following list is presented to make installation easier 
and help you avoid future troubles. 

In the final design stage, be sure to: 

1. Consider your stream bed loading conditions. Silt and 
rocks coming down the stream, particularly during 
periods of high runoff, can cause intake clogging or even 
destruction of the intake pipes. 

2. Size the pipe so that it is capable of handling the volume 
flow rate that you require. Any responsible pipe supplier 
can provide the correct size for the expected flow 
conditions. 

3. Route the pipeline, from intake to the turbine, so that it 
contains the minimum number of bends. Do not use 
elbows of 45 degrees (or greater) i n  the p i pel ine.  
Otherwise. there wi l l  be too much strain on the pipe and 
excessive friction losses. 

4. Keep a downhill slope in the pipe at all times (except lor the 
initial siphon intake, if used)to avoid air locks and silt deposit. 

5. Do not let the water velocity in PVC pipe get much above 
5 feet per second. Above this line velocity other design 
considerations come into play that the do-lt·yourseller is 
not usually prepared to deal with. 

6. Size the pipe in order to maintain about 5 feet per second 
line velocity to avoid excessive ice build-up in the pipe. II  
the line velocity is much less than this and the system is to 
be installed in an area where winters are severe, consider 
insulating or burying the pipe. 

7. Consider installing a water by-pass above the turbine in 
case the water is needed for lire control. 

8. Locate the DC turbine and generator adjacent to the point 
of use. This is important in order to keep electrical 
transmission lines as short as possible so that the line 
losses are kept to a minimum. 

APPENDIX S 
I Manufacturers and Suppliers 
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Canadian 
Robert Lee 
Waterwheel Erectors Ltd. 
P.O. Box 246 
Weiland. Ontario 
L3B 5P4 
(416) 735-512" 

Claude Ale ire 
Dominion Bridge Sulzer Inc. 
555 Notre Dame St. 
Lachine. Quebec 
H8S 2B1 
(514) 634-3551 

Mike Wilson 
Barber Hydraulic Turbine 
Barber Point. P.O. Box 340 
Port Colborne, Ontario 
L3K5W1 
(416) 834-9303 

9. Plan to install the system In warmer weather, or at least 
not under freezing conditions if at all possible. 

When obtaining your equipment, take these factors into 
account: 

1. Deal with a reputable supplier. There is some poor 
equipment around. Buyer beware! 

2. Expect delays in getting quotes and deliveries from 
equipment suppliers, since none of them is currently very 
big and are usually quite busy. 

3. Obtain pipe with a suitable pressure rating; don't buy 
seconds. 

4. Obtain a good trash control system for the intake. A 
screen mesh should be used that has openings smaller 
than the minimum nozzle diameter that leads into the 
turbine. This way, the only solid particles that can come 
down the pipe will be small enough to pass through the 
nozzle without clogging it. 

During installation: 

1. Be sure to follow the manufacturer's or supplier's instruc
tions and suggestions. 

2. Watch lor rocks, and place them carefully when burying 
PVC pipe. 

3. Use gate valves wherever valving is necessary. Other 
kinds of valving allow the water to be turned off too 
quickly, causing potentially dangerous water hammer or 
"banging pipes" effects. 

4. Use standard house wiring procedures with the electrical 
hook-up. Go to your local bookstore and pick up an 
appropriate do-it-yourself book or hire a local electrician. 

Once the system is operational, when you have to close 
valves, be sure to do so slowly. Closing a valve too quickly 
can cause a shock wave (a high pressure wave) that can 
damage the pipe. 

F. W. E. Stapenhorst 
285 Labrosse Ave. 
Point Claire, Quebec 
H9R 1A3 
(514) 695-8230 

Alvin Beeler 
L & S Po\ller Company Ltd. 
Box 90 
Whitney, Ontario 
KOJ 2MO 
(705) 637-5534 

J. S. McAulay 
Allis-Chalmers 
3625 Dufferin Street 
Downsview, Ontario 
M3K 1Z2 
(416) 789-5337 
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Manufacturers and Suppliers 
B. Tripp 
Highlands Energy Systems Ltd. 
A. A. 15 
Orangeville, Ontario 
L9W 2Z2 
(519) 94 1 -5041 

Dependable Turbine Ltd. 
1244 Boundary Road 

Vancouver. B.C. 
V5K 4T6 
(604) 461-3121  

Small Hydro Electrics Canada Ltd. 
Box 54 
Silverton. B.C. 
VOG 2BO 
(604) 358-2406 

A. Nicholl 
Solace Energy Centre Inc. 
2425 Main Street 
Vancouver. B.C. 
V5T 3E1 
(604) 879-5258 

David Buchanan 
Ingersoll-Rand Canada 
255 Lesmill Road 
Toronto. Ontario 
M3B 2V1 
(416) .445-4470 

Leroy Somer Canada Ltd. 
337 Deslauriers 
Ville St. Laurent 
Quebec 
H4N 1W5 
(514) 378-0151 

Hayward Tyler 
1 Vulcan Street 
Rexdale, Ontario 
M9W 1 L3 
(416) 243-1400 

Dave de Montmorency 
Galt Energy Systems Ltd. 
57 Victoria Avenue 
P.O. Box 1354 
Cambridge, Ontario 
N 1 R  3BO 
(519) 653-2531 

International 

Independent Power Developers 
Route 3, Box 285 
Sandpoint. Idaho 
83864 

The James Leffel Company 
Springfield, Ohio 
45501 

Gilbert. Gilkes & Gordon Ltd. 
Westmoreland. England 
LA9 7B7 
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Small Hydro Electric Systems 
P.O. Box 1 24 
Custer. Washington 
98240 

Ossberger Turbinenfabrik 
Weissenberg 
Pastfach 425 
Bayern. West Germany 

Barata Metal Works & Engineering PT 
Mgagel ( 1 09) 
Surabaya, Indonesia 

Jyoti Ltd. 
Industrial Area 
P.O. Chemical Industries 
R.C. Dutt Road 
Baroda 390 003, India 

Westward Mouldings Ltd. 
Greenhill Works 
Delaware Road 
Gunnislake. Cornwall. England 

Campbell Water Wheel Company 
420 South 42nd Street 
Philadelphia. Pennsylvania 
19104 

Maschinenfabrik Kossler GMBH 
A-3151  St. Polten 
St. Georgen. Austria 

Karlstads Mekaniska Weskstad 
Fack S-681 01 
Kristinehamn, Sweden 

Elektro GMBH 
St. Gallerstrasse 27 
Winterthur, Switzerland 8400 

Canyon Industries 
5346 MoSQuito Lake Road 
Deming. Washington 
98244 

Briau S.A. 
BP 43 
37009 Tours Cedex, France 

Northern Water Power Co. 
P.O. Box 49 
Harrisville. New Hampshire 
03450 

Land & Leisure Services 
Priority Land 
St. Thomas. Launceston 
Cornwall, England 

Alaska Wind and Power 
P.O. Box G 
Chigiak. Alaska 
99567 

Pumps, Pipes and Power 
Kingston Village 
Austin. Nevada 
8931 0  
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APPEN DICES 

Manufa cturers and Suppliers 
Bell Hydroelectric 
3 Leatherstocking Street 
Cooperstown. New York 
1 3326 

Balaju Yuantra Shala (P) ltd. 
Balaju. Katmandu. Nepal 

Maine Hydroelectric Development Groups 
Goose River. Maine 

Miscellaneous Equipment Suppliers 
Tom Adair 
Westburn Electric Supply 
R. R. # 1  

Kearney. Ontario 
POA 1 MO 
Zenith 48240 

Douglas Fleming 
Reliance Electric ltd. 
678 Eric Street 
Stratford. Ontario 
( 5 1 9) 2 7 1 -3630 

H. M. Barnett 
Canadian General Electric 
1900 Eglinton Avenue East 
Scarborough, Ontario 
M 1 l 2 M 1  
( 4 1 6) 751-3220 

Westinghouse Canada Inc. 
55 Goldthorne 
Toronto. Ontario 
(416)  445-0550 
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James Smith 
Canbar Products ltd. 
Waterloo. Ontario 
N2J 4A7 
( 5 1 9) 886-2880 

Windworks 
Box 329. Route 3 
Mukwonago, Wisconsin 
53149 

lima Electric Company Inc. 
200 East Chapman Road 
Box 918 
lima. Ohio 
45802 

Woodward Governor Company 
5001 N. 2nd Street 
Rockford. Illinois 
61 1 01 

Natural Power. Inc. 
New Boston. New Hampshire 
03070 
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APPEN DICES 

APPENDIX & Ministry of Natural Resources 

District Office Address Telephone District Office Address Telephone 

Algonquin Park Box 219 (705) 637-2780 Gogama Box 129 (705) 894-2000 
Whitney, Ontario Gogama, Ontario 
KOJ 2MO POM 1WO 

Atikokan 108 Saturn Avenue (807) 597-6971 Hearst Box 670 1 
Atikokan, Ontario 

(705) 362-4346 ' 
POT 1CO 

631 Front Street u 
Hearst, Ontario 

Aylmer 353 Talbot Street West (519) n3-9241 
POL 1 NO 

Aylmer, Ontario Huronia Midhurst, Ontario (705) 728-2900 
N5H 2S8 LOL 1XO 

Bancroft Box 500 (613) 332-3940 
Bancroft, Ontario 

Ignace Box 448 (807) 934-2233 � KOL 1CO 
Ignace, Ontario 
POT 1TO � 

Blind River Box 190 (705) 356-2234 Kapuskasing 
62 Queen Street 

6 Government Road (705) 335-6191 

� Blind River, Ontario 
Kapuskasing, Ontario 

POR 1 90 
P5N 2W4 

Bracebridge Box 1 1 38 (705) 645-5244 
Kirkland Lake Box 129 (705) 642-3222 

Bracebridge, Ontario 
Swastika, Ontario 
POK 1 TO 

POB 1CO 

Brockville 101 Water Street West (613) 342-8524 
Kenora Box 5080 (807) 468-984 1 

Brockville, Ontario 
808 Robertson Street 

K6V5Y8 
Kenora, Ontario 
P9N 3X9 

Cambridge Box 2186 (51 9) 658-9355 Lanark 
Cambridge, Ontario 

Box 239 (613) 259•2942 

N3C 2W1 
Lanark, Ontario 
KOG 1 KO 

Chatham Box 1 168 (519) 354-7340 
435 Grand Avenue West 

Lindsay 322 Kent Street West (705) 324-6121 

1 1  Chatham, Ontario 
Lindsay, Ontario 

N7M 5LB 
K9V 4T7 

Chapleau 34 Birch Street (705) 864-1 710 Maple Maple, Ontario (416) 832-2761 

I I  Chapleau, Ontario LOJ 1 EO 

POM 1 KO 
Minden Minden, Ontario (705) 286- 1521 

Cochrane Box 730 (705) 272-4365 KOM 2KO 

2 Third Avenue i I Cochrane, Ontario Moosonee Box 190 (705) 336-2987 

POL 1CO Moosonee, Ontario 
POL 1YO 

Cornwall Box 1 759 (613) 933-1 774 
1 1 3 Amelia Street Napanee 1 Richmond Blvd. (613) 354-21 73 

Cornwall, Ontario Napanee, Ontario 

K6H 5V7 K7R 3S3 

Dryden Ontario Government Bldg. (807) 223-3341 Niagara Box
.
1070 (416) 892-2656 

Box 3000 Hwy. 20 

Dryden, Ontario Fonthill, Ontario 

P8N 3B3 LOS 1 EO 

Espanola Box 1340 (705) 869-1330 Nipigon Box 970 (807) 887·2120 

1 48 Fleming Street Nipigon, Ontario 

Espanola, Ontario POT2JO 

POP 1CO 
North Bay Box 3070 (705) 474·5550 

Fort Francis 922 Scott Street (807) 274-5337 North Bay, Ontario 

Fort Frances, Ontario P1B 8K7 

P9A 1J4 Ottawa Ramsayville, Ontario (613) 822·2525 

Gerald ton Box 640 (807) 854-1030 
KOA 2YO 

Geraldton, Ontario 
POT 1 MO 
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I APPEN DICES 

I District Office Address Telephone District Office Address Telephone 

Owen Sound 6 1 1  Ninth Avenue East (519) 376-3860 Sudbury Box 3500, Sin. A. (705) 522-7823 

I 
Owen Sound, Ontario Sudbury, Ontario 
N4K 3E4 P3A 4S2 

Parry Sound 4 Miller Street (705) 746·2401 Temagami Box 38 (705) 569·3622 

I 
Parry Sound, Ontario Temagami, Ontario 
P2A 158 POH 2HO 

Pembroke Box 220 (613) 732·3661 Terrace Bay Box 280 (807) 825-3205 
Riverside Drive Terrace Bay, Ontario 

I Pembroke, Ontario POT 2WO 
K8A6X4 

Thunder Bay Box 5000 (807) 475-1501 
Red Lake Box 323 (807) 727-2531 Thunder Bay ' F', Ontario 

I Hwy. 105 P7C5G6 
Red Lake. Ontario 
POV2MO Timmins 896 Riverside Drive (705) 267-7951 

Timmins, Ontario 

I 
Sault Ste. Marie Box 130 (705) 949-1 231 P4N 3W2 

69 Church Street 
Sault Ste. Marie, Ontario Tweed Metcalfe Street (613) 478-2330 
P6A 5L5 Tweed, Ontario 

I 
KOK 3JO 

Simcoe 645 Norfolk Street North (519) 426-7650 
Simcoe, Ontario Wawa Box 1 160 (705) 856·2396 
N3Y 3R2 Wawa, Ontario 

POS 1 KO 

I Sioux lookout Box 309 (807) 737- 1 1 40 
Sioux Lookout, Ontario Wingham A.A. 115 (519) 357-3131 
POV 2TO Wingham, Ontario 

NOG 2WO 

I Regional Office Address Telephone Regional Office Address Telephone 

Algonquin Brendale Square (705) 789-961 1 Northeastern 1 74 Douglas Street West (705) 673-1 1 1 1  

I Regional Office P.O. Box 9000 Regional Office Sudbury, Ontario 
Huntsville, Ontario P3E 1G1 
POA 1 KO 

Southwestern 1 106 Dearness Drive (519) 681-5350 

I 
Central 10670 Yonge Street North (416) 884-9203 Regional Office London, Ontario 
Regional Office Richmond Hill, Ontario N6E 1 N9 

L4C 3C9 
Northwestern 808 Robertson Street (807) 468-31 1 1  

I 
Eastern Provincial Government (613) 258-341 3  Regional Office Box 5160 
Regional Office Building Kenora, Ontario 

Concession Road P9N 3X7 
Kemptville, Ontario 

I 
KOG 1JO Leslie M. Frost Dorset. Ontario (705) 766-2451 

Natural POA 1 EO 
Northern 140 Fourth Avenue (705) 272-4287 Resources 
Regional Office P.O. Box 3000 Centre 

I 
Cochrane, Ontario 
POL 1CO Aviation and P.O. Box 310 (705) 942-1800 

Fire 55 Church Street 
North Centr<\1 Ontario Government (807) 475-1261 Management Sault Ste. Marie, Ontario 
Regional Ofhce Building Centre P6A 5L8 

I 
435 James Street South 
P.O. Box 5000 
Thunder Bay 'F', Ontario 
P7C5G1 

I 

I Copies available . . .  (at $2.00. prepayment requested) . . .  from ttie 
Ontario Government Bookstore, 880 Bay St., Toronto for personal 
shoppin�. Out-of-town customers write to Publications Services 
Section, th Floor, 880 Bay St., Toronto, Ontario M7 A 1 N8. Telephone 

I 
965-6015. Toll free long distance 1-800-268-7540, in Northwestern 
Ontario 0-Zenith 67200. 
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