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PREFACE

This report was prepared by the U. S. Department of the Interior,
U. S. Fish and Wildlife Service, National Reservoir Research Program
(NRRP), East Central Reservoir Investigations (ECRI), Bowling Green, Ky.,
with the assistance of the Environmental Laboratory (EL), U. S. Army
Engineer Waterways Experiment Station (WES), under Interagency Agreement
WES 79-04 dated 1 April 1980. This study forms part of the Environmental
and Water Quality Operational Studies (EWQOS), Task IIB, Reservoir
Releases. The EWQOS Program is sponsored by the Office, Chief of
Engineers, and is assigned to WES under the management of EL.

This report was written by Messrs. Charles H. Walburg, Jerry F.
Novotny, Kenneth E. Jacobs, William D. Swink, and Terry M. Campbell of
ECRI and Drs. John M. Nestler and Gary E. Saul, EL, WES. Mr. Charles H.
Walburg is the Chief of ECRI, and Mr. Robert M. Jenkins is the director
of the NRRP.

Preparation of this report was under the direct supervision of
Drs. Nestler and Saul and the general supervision of Mr. Joseph L.
Norton, Acting Chief, Water Quality Modeling Group, EL; Mr. Donald L.
Robey, Chief, Ecosystem Research and Simulation Division, EL; Dr. Jerome
L. Mahloch,. Program Manager, EWQOS, EL; and Dr. John Harrison, Chief,

EL.

The Commander and Director of WES during this study was

COL Nelson P. Conover, CE. The Technical Director was Mr. Fred R. Brown.

This report should be cited as follows:

Walburg, C. H., Novotny, J. F., Jacobs, K. E., Swink,
W. D., Campbell, T. M., Nestler, J., and Saul, G. E.
1981. "Effects of Reservoir Releases on Tailwater
Ecology: A Literature Review," Technical Report
E-81-12, prepared by U. S. Department of the Interior,
Fish and Wildlife Service, National Reserié?r Research
Program, East Central Reservoir Investigations, and
Environmental Laboratory, U. S. Army Engineer Waterways
Experiment Station, for the U. S. Army Engineer Water-
ways Experiment Station, CE, Vicksburg, Miss.
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EFFECTS OF RESERVOIR RELEASES ON TATLWATER
ECOLOGY: A LITERATURE REVIEW

PART I: INTRODUCTION
Problem

1. The Corps of Engineers (CE) normally operates reservoir projects
to achieve downstream environmental quality objectives consistent with
project purposes. Presently, there are no quantitative approaches or re-
liable guidelines for determining water releases necessary to ensure the
maintenance of a desired downstream aquatic environment. Many environ-
mental quality requirements for downstream habitat and biota are not well
understood or substantiasted.

2. Reservoirs affect downstream aquatic habitats in a number of
ways, depending on project design and operation and specific environ-
mental requirements of downstream biota. Large variations in flow
associated with power-peaking operations may adversely affect down-
stream fisheries during spawning periods, disrupt benthic communities
that serve as food for fish, and limit stream recreation. Changes in
temperature, dissolved gases, and other water quality characteristics
associated with reservoir releases greatly influence the species
composition and abundance of the tailwater community.

3. The operation of reservoirs to achieve desired downstream
objectives is often complicated by conflicting requirements to improve
in-lake water quality or demands of other project purposes. Periodi-
cally, minimum releases éequired to maintain downstream aquatic habitat
and associated stream recreation are greater than the releases required
to meet other authorized project purposes. During these periods, pro-
blems associated with reservoir releases often become critical. Since
the benefits of maintaining or enhancing downstream aquatic habitat and
biota are difficult to quantify, justifying the allocation of reservoir
storage for downstream releases is complicated. Nevertheless, minimum

releases are required to maintain adeguate downstream habitat.



Study Approach

L. The first task of the U. S. Fish and Wildlife Service in pre-
paration of this report was to conduct an exhaustive literature search
ou the effects of reservoir water releases on tailwater biota. An
annotated bibliography was prepared from the literature that most dir-
ectly concerned tailwater problems (Walburg et al. 1980).

5. This report reviews available literature on the effects of
reservoir releases on tailwaters that support populations of warmwater
fish or trout. The extensive literature available on anadromous fish
is not included. This "state-of-the-art" report documents the relation
between changes in the quantity and quality of reservoir water releases
and the quality of the downstream aquatic enviromment. The review also
includes selected stream and river studies that have application to
tailwater problems. Tailwaters cited in this report are listed alpha-
betically in Appendix A together with name of river and location (s
state of the United States or country). The geographic locations of
the 105 tailwaters located in the United States are shown in Appendix
B (Figure Bl).

6. To better understand the physical and chemical conditions
found in tailwaters, this report begins with a brief description of
reservoir limnology, followed by a section on the design and operation
of reservoir outlet structures and how this can impact the tailwater
environment. This is followed by & review of the physical, chemical,
and trophic conditions found in tailwaters. A general review of in-
vertebrate ecology in both streams and tailwaters is then presented.
Life history requirements of fishes found in tailwaters are reviewed,
together with a description of their response to the tailwater environ-
ment. Tailwater environments created by various management schemes for
reservoirs and tailwaters are discussed generally. Major physical and
chemical alterations are indicated, together with descriptions_of how
they affect organisms of the higher trophic levels. Finally, the
nature and scope of studies necessary to complete the development of
conceptual models that can be used to predict the effect of changes

in reservoir management on the tailwater enviromment are indicated.
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PART II: BASIC RESERVOIR LIMNOLOGY

7. Knowledge of reservoir limnology is fundamental to under-
standing water quality characteristics in tailwaters. Water quality
in.reservoi; changes with season. The extent of change reflected in
the tailwater depends on the depth of water withdrawal, project de-
sign, morphometry of the tailwater channel, and local atmospheric
conditions. The following brief overview of reservoir limnology is
intended to providé sufficient background information for a biologist
or engineer to understand the relationship between reservoir biogeo-
chemical pfbcesses and tailwater ecology; it is not intended to be a’
detailed discussion of limnology. For a comprehensive description,
the reader should refer to the works of Hutchinson (196T), Wetzel
(1975), and Cole (1975).

Hydraulic Residence Time and Settling within Reservoirs

3.> In general, reservoirs with short hydraulic residence times
have a reduced impact on tailwaters because the water is discharged
before the effects of impoundment become established. This type of
reservoir is often termed a flow-through or run-of-the-river project.
The discherge is usually similar to the inflow in oxygen concentra-
tion, temperature, turbidity, and nutrient concentration. Reservoirs
with long hydraulic residence times undergo processes somewhat similar
to those observed in lakes, although there are significant differences
(Neel 1963; Baxter 1977).

9. Reservoirs with long hydraulic residence times act as set-
tling basins in which suspended particles settle from the water column.
They are effective in removing suspended material from inflowing
streams or sediments washed into the reservoir during summer rains.
Turbid water is usually discharged into the tailwaters only after
long winter rains that are accompanied by high runoff rates (Churchill
1967).
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Thermal Stratification

10. The process of thermal stratification is a major factor in
altering the water quality of reservoirs. An understanding of thermal
stratification and its influence on water as it flows through a reser-
voir is essential to discussion of water quality in tailwaters.

11. Reservoirs stratify thermally when sclar radiation and in-
flows from warmer tributaries during the spring heat surface waters
more rapidly than the heat can be distributed throughout the water
column. This produces temperature and density differences between the
surface water and the underlying water, increasing the resistance to
mixing. Shearing between the surface and deeper waters inhibits addi-
tional mixing and results in the formation of an upper layer of warm
water (epilimnion) and a deep layer of cold water (hypolimnion), with
a transitional layer between the two (metalimnion). Following strati-
fication, mixing effects caused by wind and air temperature changes
are largely limited to the epilimnion.

12. Reservoirs destratify thermally when the loss of heat to the
cooler atmosphere in late summer and early fall exceeds the heat input
from solar radiation. Complete thermal mixing begins when the surface
water cools and becomes as dense as the deeper water. Eventually the
entire water column loses its resistance to mixing and the reservoir
becomes thermally uniform (Wetzel 1975). Tributary inflows may
accelerate destratification by providing additional cool water.

13. The water column in warm temperate reservoirs is essentially
of constant density during the winter, and little thermal resistance
to mixing occurs. Convection currents and relatively little wind
action can thoroughly mix the entire water column (Churchill 1967). As
a result, the chemical and physical characteristics of the water remain
uniform throughout the reservoir until spring. These reservoirs are
termed monomictic, since they circulate freely only during the winter
months.

14. Reservoirs in cooler temperate regions may become stratified

during the winter. The coldest water (0-3°C) remains at the surface



and the warmer, most dense water (4°C) sinks to the bottom (Wetzel 1975).

These reservoirs are termed dimictic because they circulate freely twice
during the year following spring and fall destratification.

15. TNot all reservoirs thermally stratify during the summer.
Shallow reservoirs with relatively rapid rates of flow-through and
exposure to extensive winds usually remain vertically mixed. Temporary
temperature "differences" which form after extended periods of calm
wveather and reduced discharge may be destroyed by wind action. These
reservoirs may, however, undergo periods of winter stratification after

ice cover formation.

Dissolved Oxygen

16. Concentrations of dissolved oxygen in reservoirs are closely
associated with the stratification process. In stratified reservoirs,
the epilimnion is well aerated due to wind action, mixing resulting
from diurnal temperature fluctuation, and oxygen produced during photo-
synthesis. Dissolved oxygen in the hypolimnion, however, is limited to
that available at the time of stratification, and may be reduced or
eliminated by the oxidation of organic matter that settles into the
hypolimnion from the epilimnion. These conditions persist until the
reservoir mixes vertically. Low dissolved oxygen concentrations are
seldom & problem during the winter, when low water temperatures sup-
press metabolic activity, and oxidation rates of organic compounds
are reduced. However, low dissolved oxygen can occur in ice-covered
lakes during the winter with resultant fish kills.

17. In unstratified reservoirs, complete circulation and frequent
aeration by wind action ensures that adequate oxygen is available
throughout the water column. Low oxygen concentrations may occur in
localized protected embayments and other areas not subject to frequent

circulation. Also, nighttime algal respiration may lower oxygen levels.

Nutrient Concentration

18. The import of nutrients from upstream or watershed runoff is
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the main source of reservoir enrichment. Maximum inputs generally occur
after heavy rains. Excessive amounts of nutrients (e.g., from municipal
and agricultural sources) can cause deterioration in overall water qual-
ity. DNutrients can also be released from the sediments under anoxic
conditions. These nutrients can be carried to the surface during lake
turnover. In addition, wind-driven currents can incorporate sediments
and associated nutrients into the water column in shallow, unstratified
reservoirs.

19. Phytoplankton growth is stimulated by an influx of nutrients.
In stratified reservoirs, phytoplankters continuously settle out of the
epilimnion into the hypolimnion. The loss of nutrients from the
epilimnion resulting from settling may limit further phytoplankton pro-
duction, whereas, the hypolimnion becomes increasingly enriched as the
accumulation and decomposition of organic matter proceeds. When the
reservoir destratifies, the nutrients that were restricted to the
hypolimnion are redistributed in the water column. The release of
nutrients to surface waters, where light is sufficient to stimulate
photosynthesis, results in increased phytoplankton production. Inl.
unstratified reservoirs, there is continuous circulation of the vutér
column. Nutrients and organic matter are readily recyclable and remain

available in the productive areas for continuous assimilation.

Reduced Compounds

20. Anoxic conditions found in the hypolimnion of lakes and reser-
voirs result in the formation of reduced species of iron, manganese,
-..sulfur, and nitrogen. These substances may become a nuisance to rec-
reational and industrial water users, and may be detrimental to agquatic
life when they are released. These reduced compounds are ccaverted to
less noxious, more assimilable compounds in the oxidizing enrironment
of the epilimnion, and their effect does not generally persist for more
than 24 hours. Objectionable iron, manganese, nitrogen, and sulfur

compounds are seldom a problem in well-mixed, unstratified reservoirs;

11



PART ITI: RESERVOIR OUTLET STRUCTURES AND
THEIR IMPACT ON THE TAILWATER ENVIRONMENT

2l1. Water quality conditions in reservoir tailwaters are deter-
miﬁed by proceéses-occurring in the reservoir (discussed in the pre-
ceding section) and the design and operation of the project outlet
works. The following brief discussion is intended to provide general
information concerning the design and operation of reservoir outlet
structures. It should be emphasized that each project is unigque in
design and .operation; therefore, many project features will not be
specificaelly discussed in this section. .

Design Considerations

22. Most Corps of Engineers (CE) impoundments fulfill multiple
purposes including navigation, flood control, hydropower, recreation,
water supply, etc. Emphasis has been placed on effectively designing
and operating projects to meet all intended purposes. For approxi-
"matel& the past 15 yeérs, CE reservoir projects have been designed -
considering th> water quality of project releases.

23. Numerous design options are available to assure that project
releases are compatible with tailwater habitat objectives. Most notable
is the incorporation of a selective withdrawal structure which can
release water from various strata within the reservoir to meet down-
stream objectives. For selective withdrawal to be a viable alternative,
density stratification must occur within the reservoir. This strati-
fication may be due to vertical temperature differences within the
impoundment, snd/or the occurrence of stratification due to the con-
centration of dissolved constituents. Those reservoirs that are
vertically well mixed have little need for selective withdrawal. Typi-
cally, such reéervoirs are shallow, may have a short hydraulic residence
time, and are often dominated by surface wind mixing.

24, Stratified reservoirs provide an excellent opportunity for

effective operation of selective withdrawal structures. Releases can

12
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be made to meet downstream requirements of tailwater fisheries and also
reduce the impact of flood control operations on the tailwater..

25. Most older flood control projects were designed primarily to
release waters from the bottom of the reservoir. Often, these waters
are low in dissolved oxygen, but because of aeration that occurs in the
outlet works it is not uncommon for dissolved oxygen in release waters
to approach 95 percent saturation. Releases from hydropower projects
receive little aeration due to the requirements to keep turbulence at
& minimum.

26. Release of minimum flows to meet downstream habitat objec-
tives is an important consideration of project design and operation.
ProJects with large bottom sluice gates are generally unable to dis=-
charge low flows since the gates can not be operated with the neces-
sary precision or they vibrate violently when attempting to pass low
flows under high hydrostatic head. This problem can be overcome with
the addition of low flow bypass gates that can regulate releases to
less than 1 m3/sec. Also, sluice gates can be designed to incorporate
low flow piggyback gates to release minimum low flows. TR st ng

Operation Considerations

(]

2T7. TFlood control operation of a project is designed to attenuate ks
and delay peaks in the inflow hydrograph, thereby reducing potential
damage caused by increased downstream waier levels. The attenustion of
peak flood flows is obtained by storing water and releasing it through
time. Therefore, the reduction in peak flow results in longer periods
of high flow downstream. In many instances, reservoir discharges are
reduced as high flows enter upstream to permit the downstream tribu-
taries to discharge before reservoir flood waters are released.

28. TFlood releases from reservoirs are often hypolimnetic because
the bottom sluice gates generally have the largest capacity. Thus, if
epilimnetic withdrawals were occurring prior to the storm event, the
downstream area may experience cold hypolimnetic release waters during

the passage of the flood waters before returning to epilimnetic release

13




schedules. If the project has a selective withdrawal structure, a
portion of the releases can be made from near surface waters to reduce
changes in downstream temperatures.

29. Hydropower is generated by two types of projects. Run-of-the-
river projects generally provide baseload generation. The production
rate of power is determined primarily by the amount of water flowing
into the réservoir. Their relatively small capacity precludes their
use in hydropower peaking operations. The hydraulic residence time of
the water in run-of-the-river projects is usually quite short, and
therefore, the water quality of reservoir releases is often quite
similar to that of the reservoir inflow. Hydropower projects asso-
ciated with large reservoirs are ideal peaking power plants because of
their short response time. Thus, as demand peaks, the turbines can
generate electricity almost immediately. In general, hydropower pro-
Jject releases reflect the demand for electricity, discharging only
minimum low flows during the weekend and at night. These projects are

brought on line depending on the demand for power.

Summary

30. Efforts to manage a reservoir tailwater to reflect conditions
in an unregulated stream or river are impractical and often impossible
because of constraints imposed by the design and operation of the pro-
ject. Thus, the quantity, quality, and timing of releases creates an
environment which differs from a natural stream. Understanding the
impacts of project releases on the tailwater environment, as well as
efforts to minimize detrimental effects and possibly improve down-
stream conditions, are often determined by overall project design and

operation.
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PART IV: PHYSICAL AND CHEMICAL DESCRIPTION OF TAILWATERS

31. Impoundments cause three major physical modifications in
natural stream conditions: (a) seasonal temperature changes are de-
layed and the amplitude of diurnal and seasonal temperature fluctua-
tions may be reduced, (b) high natural streamflows are reduced or
eliminated and replaced by more moderate discharges over an extended
period of time; and (c) sediment transport is reduced (Neel 1963;
Maddock 1976). In addition, discharges may degrade the streambed and
banks, resulting in "armoring" of the streambed. Impoundments also
affect the chemical characteristics of the discharge including concen-
trations of dissolved oxygen, organic matter, nutrients, and reduced
compounds.

32. The magnitude of these physical and chemical modifications is
dependent on conditions within the reserveir (e.g., enrichment as
related to age, duration, and degree of thermal stratification; hydrau-
lic residence time; density currents) and the depth and volume of dis-
charge (Neel 1963). The water quality of reservoir releases can be
further modified by conditions in the tailwater such as groundwater

inflow, runoff, streamside vegetation, and atmospheric influences.

Physical Characteristics

Temperature
33. Water temperatures in the tailwater are determined primarily

by climat itions and the depth of release. Some tailwaters are

subject to sudden, drastic temperature changes, whereas in others the

changes are more subtle. Temperature alterations frequently result in
the elimination of organisms from habitats where they might otherwise
survive. Many aguatic organisms present in a stream have distinct
temperature requirements, and changes of 1°C can affect their existence
(Britt 1962),— = (€hes

34. Epilimnetic release dams on warmwater streams provide the

tailwater with well-oxygenated water near or at atmospheric
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temperatures. Warmwater fish species found in these tailwaters are
well adapted to release water temperatures. Pfitzer (1954) noted
little difference in the warmwater fisheries in tailwaters below
Tennessee Valley Authority dams built on warmwater streams when water
releases were from the epilimnion. However, epilimnetic releases from
reservoirs built on coldwater streams can increase summer water temper-
atures in the tailwater and stress coldwater species. The temperatures
of epilimnetic discharges from Ennis Reservoir, Montana, were L°C higher
than those in the coldwater stream above the reservoir. This tempera-
ture increase caused growth retardation in trout more than 270 mm long,
but did not affect smaller fish and invertebrates (?faley 1978).

35. Water temperatures are lowered below hypolimnetic release
reservoirs built on historically warmwater streams. Faunal changes are
generally more pronounced in rivers below these reservoirs than in
rivers below epilimnetic release or nonstratifying impoundments. Sev-
eral investigators have noted reductions in warmwater species caused
by coldwater discharges below hypolimnetic release reservoirs built on
warmwater streams (Dendy and Stroud 1949; Edwards 1978).

36. Coldwater discharges from deep-release dams on warmwater
streams may result in tailwater temperatures as much as 20°C lower than
the temperatures of unregulated streams of the region during the summer
(Ward and Stanford 1979). A 10°C reduction in water temperature below
Norris Reservoir, Tennessee, changed the tailwater from a warmwater to
a coldwater stream (Tarzwell 1938). Average water temperatures 11.3 km
below Tenkiller Dam, Oklahoma, during June and July were reduced by
4.3°C after impoundment (Finnell 1953). Reductions in water temperature
have permitted the establishment of put-and-take trout fisheries in some
tailwaters that were previously too warm to support trout.

37. During fall, hypolimnetic discharges from stratified reser-
voirs may provide warmer than normel water to the tailwater, effec-
tively delaying the autumn decline in temperatures. River ice forma-
tions may be delayed.during winter by lags in temperature change, and
some tailwaters mey be kept completely ice-free by the release of L4°C
bottom weter (Neel 1963). Delays of 20-50 days in the spring rise in
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water temperature have also resulted from release of hypolimnetic water
(Crisp 1977).

38. Seasonal temperature changes are also delayed in tailwaters
below nonstratified reservoirs. Normal temperature changes are re-
tarded because the time requiréd to cool or warm the reservoir is
significantly longer than the time required to cool or warm an unregu-
lated stream. Additionally, diurnal and seasonal temperature fluctua-
tions take place in unregulated streams, whereas temperatures in tail-
water areas are more nearly constant, especially near the reservoir
outflow. Marked reductions (up to 80 percent) in diurnal temperature
fluctuation have been recorded (Fraley 1978). Before closure of
Flaming Gorge Dam, seasonal temperatures on the Green River, Utah,
ranged from 2°C in March to 22°C in July. After impoundment, water
temperature fluctuations were reduced and ranged between 2 and 10°C
(Vanicek and Kramer 1969).

39. Severe water temperature fluctuations may occur below dams
during periods of low flow or no flow, because of atmospheric influenée.
Such periods are particularly characteristic of hydropower projects
where changes in water discharge depend on power demand. Temperature
fluctuations of 6-8°C may occur 2 to 3 times a day below these dams
(Pfitzer 1968). If 2 or 3 consecutive days of no flow occurs, water
temperatures can approach mean air temperatures. The sudden release of -
large volumes of cold hypolimnetic water during the summer may cause
thermal shock. Fish kills have occurred when cold, hypolimnetic waters,
with reduced levels of dissolved oxygen, were suddenly released into a
' tailwater after several days of little or no flow (Krenkel et al. 1979).

4LO. Thermal changes caused by hypolimnetic discharge can persist
in a tailwater for an extended distance downstream. The effects of an
altered temperature regime below a hypolimnetic release reservoir in
Canada were noted by the depletion of the benthic fauna 100 km down-
stream (Lehmkuhl 1979). Air temperature, discharge volume, groundwater
and tributary additions, shade, and substrate type all play a role in
modifying the tailwater temperature as the water moves downstream. At

some point downstream, where the influence of the reservoir lessens,
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the interaction of these factors results in the return of the stream to
preimpoundment conditions.
Flow

Lkl. Natural streams are subject to large fluctuations in flow as
a result of variations in precipitation. Seasonally, flows are highest
in the spring and lowest in the late summer or early autumn, although
intermittent floods may occur as a result of periodic storms.

42, Impoundments can drastically alter the flow characteristics
in stream systems. Tailwater flows may be relatively uniform or mey
fluctuate frequently, depending on the method of dam operation and
downstream water requirements.

L43. Flood control and irrigation dams generally reduce the mangi-
tude of flood flows, and release these flows at reduced volumes over
longer periods of time. The reduction or elimination of floods reduces
bank erosion and bed scour and decreases the amount of sediment washed
into the tailwater from the flooded bottom lands. The resultant bank
and bed stability enhances the growth of aquatic and terrestrial vege-
tation (Neel 1963). The encroachment of streamside vegetation, which
is important in temperature regulation, shading, and in providing.food
for invertebrates, can further increase bank and floodplain stability.
However, such increased vegetative encroachment may result in the
eventual loss of part of the water-carrying capacity of the stream
channel through a reduction in channel size (Bovee 1975; Maddock 1976).

Ly, Uniform flows below flood control and irrigation dams often
benefit the invertebrate community through the establishment of dense
mats of periphytic zlgae. These algal mats constitute both a habitat
and a food supply for benthic organisms incapable of living in a more
barren stream. However, these mats may eliminate species adapted to
clean rock surfaces (Ward 1976c).

45. TFlow fluctuations are more frequent and of greater magnitude
below hydropower dams than in natural streams. Large daily flow fluc-
tuations often preclude the establishment of permanent streumside
vegetation. The alternate inundation and exposure of the streambed,

coupled with extreme variations in flow, may remove much of the aquatic
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biota from the tailwater (Neel 1963). A sudden increase in flow may
remove algae, macrophytes, and sedimentary detritus, in addition to
benthic invertebrates. Sudden decreases in flow may strand attached or
immobile species and result in their desiccation (Lowe 1979). Overall,
the diversity and abundance of tailwater habitat and fish and inverte-
brate food supply may be significantly reduced by radically fluctuating
flows (Neel 1963). Recent studies (Matter et al. 1981) demonstrate
that the surge of water from a peeking hydropower plant, and resultant
bed scour may indirectly benefit tailwater fish by making benthic foods
more available.
Substrate

LE. Because reservoirs act as sediment traps, there is usually
little sediment in reservoir discharge. This loss of sediment in the
discharge, coupled with the removal of fine particles by the current
below the dam, results in a tailwater streambed composed primarily of
coarse cobble and bedrock. Ultimately an equilibrium is reached be-
tween the particle size of the remaining substrate and the stream's
capacity to transport material. Upon reaching this equilibrium,
further degradation of the tailwater streambed by scouring is halted
(Komura and Simmons 1967). Increased flow rates below some hydropower
facilities reduce bank and streambed stability, thereby causing in-
creased bank erosion, streambed scour, and eventually armoring.
Smaller sediment particles are swept downstream and deposited in pools
and slackwater areas.
Turbidity

47. Turbidity can reduce or eliminate aquatic life in a stream.
Decreased light penetration in turbid streams inhibits the establish-
ment and maintenance of autotrophic plants, which may in turn effec-
tively limit higher life forms (Ruttner 1963). Additionally, sedi-
mentation resulting from turbid conditions eliminates invertebrate
habitats by filling the interstices of gravel substrates. Sedimenta-
tion may also cover fish spawning sites and interfere with oxygen
transport to buried fish eggs (Fry 1960).
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k8. Tailwaters are usually clearer (less turbid) than the reser-
voir inflow, particularly below deep-release reservoirs. Turbidity
below reservoirs is significantly affected by sedimentation within the

reservoir, density currents, discharge depth from the dam, and the in- W
flow from surface runoff and tributary additions. Turbidity was re- _AWU
~duced up to sixtyfold in the tailwater below Yellowtail Dam, Montana, /t-g
by the settling of suspended matter within the reservoir.(Soltero et al.
1973). Density currents carrying fine suspended matter, however, may
sometimes flow beneath or through the main body of water in stratified
reservoirs and be discharged directly into the tailwaters with little
alteration within the reservoir (Churchill 1958). In these instances,
mineral concentrations and turbidity may increase significantly in the
tailwater. Turbid conditions may also result from the flushing of

loose materials into tailwaters from unstable riverbeds and streambanks

during periods of high discharge, and from tributary inflow.

Chemical Characteristics

49, Chemical properties that may affect the tailwater biota are
the concentration of dissolved gases (i.e., oxygen, nitrogen), pH,
particulate organic matter, available nutrients, and reduced compounds.
Because of the variability of factors involved in altering water
quality, few general statements can be made that are applicable to all
tailwaters. Chemical properties of the water immediately below a dam
depend on water quality within the reservoir at the level of release.
As the weter moves downstream, local conditions influence water quality
eand tend to characterize each individual tailwater (Pfitzer 1954).

Dissolved gases

50. Dissclved 6515en. The concentration of dissolved oxygen in
an aguatic system is dependent on water temperature, biological oxygen
demand, atmospheric exchange, and primary production. Water tempera-
ture determines the solubility of oiygen, and thus the amount of avail-
able oxygen in streams. This is an important factor in regulating the

metabolic rates of cold-blooded animals, since their rates of
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metabolism increase with temperature. The solubility of oxygen .de-
creases as water temperature increases. At 100 percent saturation,
14.16 mg/l of dissolved oxygen may be in solution at 0°C but only

7.53 mg/1 at 30°C (Boyd 1979). Decomposition rates of organic matter
increase with increasing temperature, resﬁlting in an additional deple-
tion of oxygen content. The rate of decompesition generally increases
between 5 and 38°C. Temperature increases of 10°C often double the
rates of decomposition and oxygen consumption (Boyd 1979).

51. Most streams are relatively well oxygenated due to turbulent
flows and continual atmospheric exchange. In quiet pool areas with
dense algal vegetation, diurnal variations in the concentration of
dissolved oxygen are directly linked to the amount of photosynthesis
and respiration taking place in the system (Hoskin 1959). Oxygen con-
centrations are highest during the day and lowest at night.

52. The concentration of oxygen in tailwaters depends on the

-type of reservoir, depth of water release, water mixing during release

from the dam, and downstream flow conditions. Low dissolved oxygen
concentrations normally do not occur below surface-release reservoirs.
Water from the epilimnion is usually well oxygenated as a result of
photosynthesis snd atmospheric gas exchange.

53. In deep-release reservoirs, biological decomposition of
organic matter in the hypolimnion during the summer may result in the
discharge of poorly oxygenated water into thé tailwater. The low
oxygen content of these waters may not satisfy the biological and
chemical demand, especially if there are additions of domestic and

_industrial pollution downstream from the dam (Fish 1959).

54, Tailwater oxygen levels may also be reduced by the oxidation
of iron and manganese present in hypoclimnetic releases. This reduction
may cause physiological stress to the aquatic community and further
reduce the assimilation of organic wastes by stream organisms. Low-
oxygen conditions may also intensify the potentially toxic effects of
other chemical constituents--including ammonia and hydrogen sulfide,
which are often present in the anoxic hypolimnetic water.
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55. Reaeration of deoxygenated water can be rapid, and serious
oxygen depletions can be avoided if tailwater conditions are such that
biologicel and chemical oxygen demands are not excessive. Wirth et al.
(1970) documented a2 consistent concentration of 7 mg/l dissolved oxygen
in discharges from a deep-reléase reservoir in which the hypolimnion
was devoid of oxygen. Reaeration during discharge is credited with
maintaining the high dissolved oxygen level.

56. The rate of reaeration below deep-release reservoirs depends
on the turbulence of the flow in the tailwater, atmospheric influence,
and extent of photosynthesis by aguatic vegetation below the dam. Low
oxygen levels may persist farther downstream during peak flow periods,
when riffle areas are inundated and more laminaf flow conditions exist.
Below an Oklahoma hydropower project, dissolved oxygen concentrations
were low (1.5 mg/1l) for 3.2 km downstream during periods of moderate
discharge, but extended 8 km downstream (2.0 mg/l) at peak flows
(Summers 195L).

_ 57. Oxygen concentrations greater than 5 mg/l are generally pre-
ferred by most stream fish (Fr-y 1i360). They appear to survive well in
streams where dissolved oxygen content occasionally falls below 5 mg/l
at night but rises above this level during the day. Certain current-
oriented aguatic invertebrates can withstand dissolved oxygen concen-
trations less than 1 mg/l if current velocities remain high (Bovee
1975).

58. When dissolved oxygen deficiencies occur in tailwaters, they
adversely affect the health of fish through suffocation, growth retar-
dation, and decreased disease resistance. Macroinvertebrates may also
be adversely affected, but tolerant organisms usually replace those
that have abandoned the areas because of low oxygen levels. Oxygen
reductions that are not great enough to retard fish growth generally
do not impair fish food resources (Doudoroff and Shumway 1967T).

59. Gas supersaturation. Gas supersaturation can occur in tail=-
waters when water is spilled over high dams, trapping air and plunging
it to the stream below where hydrostatic pressure is sufficient to
increase solubility of atmospheric gases (Weitkamp and Katz 1980). The
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high levels of dissolved gases produce embolisms in a variety of
fishes and invertebrates. The supersaturated gases come out of
solution within the fish's or invertebrate's body and form bubbles
under the skin; severe cases can cause death. The condition is most
common in tailwaters below hydropower reservoirs in the Pacific North-
west and has been attributed to both spillway and turbine releases
(Beiningen end Ebel 1970; Ruggles and Watt 1975). Crunkilton et al.
(1980) reported on the occurrence of gas supersaturation in a warm-
water tailwater in Missouri. Spillway deflectors are reported to
effectively reduce the level of gas supersaturaticn in water passing
over a spillway (Weitkamp and Katz 1980).
Hydrogen ion concentration and alkalinity

60. The distribution of organisms in an aquatic system is deter-
mined to a large extent by the hydrogen ion concentration (pH) of the
water. Changes in the pH of surface waters are often brought about by
addition or removal of 002 during photosynthetic activity, decomposi-
tion of organic matter, and gas exchange. Fluctuations in pH, unless.
extreme, are not harmful in themselves, but variations may intensify
or decrease the effect of toxic substances within the water column
(*ry 1960). Waters with a pH from 6.5 to 8.6 are most productive,
and fish populations are unaffected by slight deviations within this
range (Fry 1960). Additions of acid mine drainage or industrial
wastes may result in extreme deviations from these acceptable limits
and stress some aquatic organisms (Edwards 1978). Aquatic insects
have been shown to have little tolerance for pH below 4 (Canton and
Ward 1977). Effects on fish become lethal when the pH falls below 4
or rises above 11 (Swingle 1961).

61. Diurnal fluctuations in pH of unpolluted surface waters
are reduced through buffering by an alkalinity system of carbonates
and bicarbonates, and the degree of buffering effectiveness depends
on the concentration of these substances in the watershed. Total
alkalinity may range from less than 5 mg/% as CaCO3 (1ittle buffer-
ing capacity present) to several hundred milligrams per litre (Boyd
1979).
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Productivity in natural waters is related to their total alkalinity
(Turner 1960; Hayes and Anthony 1964). Waters within an alkalinity
range of 20 to 400 mg/l are generally considered biologically more
productive than those with higher or lower alkalinities (Moyle 1945).

62. There are no apparent trends in pH and alkalinity values in
tailwaters, other than seasonal changes brought about b thermal stra-
tification (Vanicek 1967; Pearson and Franklin 1968). Bacterial de-
composition of organic matter in the hypolimnion increases the concen-
tration of carbon dioxide, thereby reducing the pH in the tailwater.
Turbulence in tailwaters increases gas exchange, which reduces the con-
centration of carbon dioxide; consequently pH rises as the water flows
downstream. Alkalinity values in tailwaters below hypolimnetic release
reservoirs are reduced during spring runoff but increase during the
summer, when the reservoirs become thermally stratified (Vanicek 1967T;
Charles and McLemor: 1973; Hannan and Young 197k).
Particulate organic matter

63. Particulate organic matter (POM), the organic component of
the seston (Cole 1975), is the main food supply for detritivores in

natural stream ecosystems. Concentrations of POM present in a stream
are often positively correlated with flow rates, which are, in turn,
determined by the amount of rainfall in the watershed (Webster et al.
1979).. Concentrations of POM are highest during leaf fall in autumn
and this source is gradually depleted from the siream during the rest
of the year.

64. The POM may b2 separated into coarse and fine fractions. The
coarser materials tend to move only a short distance downstream before
they are trapped by obstructions and reduced in size by mechanical e&nd
biological processes. The finer particles are generally carried
farther downstream until a reduction in the flow velocity allows the
particles to settle out.

65. Deep-release reservoirs reduce the transport of most sus-
pended POM to the stream below. Settling and decomposition in the
reservoir may remove TO tc 90 percent of the particulate organic matter
introduced from the watershed (Lind 19T1; Armitage 1977). Most
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allochthonous organic matter is washed into the reservoir during high
winter or spring flows and is subsequently decomposed and transiormed
into dissolved nutrients during the period of summer stratification
(Webster et al. 1979). The loss or reduction of this food supply for
bacteria, fungi, and certain macroinvertebrates can reduce the abun-
dance of these organisms in the tailwaters. Density currents with high
levels of POM may flow through reservoirs--underneath, through, or above
the main body of water--and be discharged into the tailwater, and when
this occurs concentration of POM in the tailwater increases.

66. In contrast, surface-release reservoirs tend to increase the
concentration of POM in the tailwater through the discharge of large
populations of sestonic plankton produced in the epilimnion of the
reservoir. The amount of plankton received from the reservoir fluctua-
tes seasonally; it is greatest during peak production periods (turnover)
in spring and fall. Microseston in the effluent of Lake Laurel,
California, was 85 percent more abundant than that in the inflowing
stream (Maciolek and Tunzi 1968). Filter feeding invertebrates may
flourish below these epilimmetic release reservoirs due to the in-
creased availability of food particles.

67. Concentrations of POM in tailwaters below reservoirs with
short hydraulic residence times may not differ substantially from those
in reservoir inflows. Short hydraulic residence time does not allow
sufficient time for production of enough phytoplankton or settlement
and decomposition of enough suspended organic matter to significantly
alter the POM concentration received by the tailwater.

Nutrients

68. Minerals and nutrients characteristic of the surréunding
watershed are carried into streams by surface runoff and tributary
inflow. The amount of nutrients made available to a reservoir depends
on the nature of the soil, amount of rainfall, lccal agricultural
practices, and domestic and industrial sewage inputs. Significant
short-term increases in minerals and nutrients during periods of
intense runoff are characteristic of unaltered streams; whereas waters

released from reservoirs are more uniform in mineral and nutrient
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content (Wirth et al. 1970). Nutrient enrichment of a tailwater is a
function of the enrichment of the reservoir above, reservoir stratifi-
cation, depth of release, and hydraulic residence time.

69. Stratified reservoirs that have surface outflows trap nutri-
ents in the deep hypolimnetic waters (Wright 1968). Total dissolved
solids, nitrogen, and phosphorus concentrations decrease in the epilim-
nion during the summer through the assimilation of these nutrients by
seasonally increased phytoplankton populations. In addition, adsorp-
tion to clay particles and subsequent settling may reduce phosphorous
concentrations in the epilimnion. Moribund plankton from the epilim-
nion and organic material carried by the inflowing water continually
settle out, enriching the hypolimnion as decomposition and nutrient
transformation takes place.

TC. The retention of nutrient rich hypolimnetic water may in-
crease the potential productivity of the reservoir (Murphy 1962);
however, continual inflows of dissolved and suspended nutrients may
result in a noticeable deterioration in water quality (Johnson and
Berst 1965). The biological productivity of the tailwater below a
stratified surface-release reservoir is reduced during the summer
because of the decrease of dissolved nutrients in the discharge. 1In
the fell, however, after the reservoir becomes vertically mixed and
nutrients are uniformly distributed in the water column, the avail-
ability of nutrients in the tailwater is increased and productivity
improved.

Tl. Deep-release reservoirs discharge the nutrients which accumu-
late in the hypolimnion during stratification. The reduced oxygen
concentration, resulting from decomposition, enhances the accumulation
of dissclved nutrients (Hannan and Young 19T4). As a result, more
nutrients are discharged from the hypolimnion in the form of readily
usable ammonia and dissolved phosphate. The release of clear, nutrient-
rich water, more fertile than that released from the surface, often
results in increased productivity in the tailwater. Objectioneble
taste, odor, and excessive algal production are often associated with

these releases. Dense algal mats, sometimes established below these
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reservoirs as a result of the increased nutrients, are usually asso-
ciated with increased numbers of invertebrates, providing a food base
for tailwater fish. Increased algal growth and the subsequent increases
in macroinvertebrates can aid in the establishment of a trout fishery
(Pfitzer 1954).
Reduced compounds in tailwaters

T2. Hypolimnetic discharges may contain high concentrations of
reduced iron, manganese, sulfur, and ammonia produced by naturally

occurring anaerobic processes. High concentrations of these materials
may be toxic to tailwater biota, or affect certain life stages at
sublethal levels (Lehmkuhl 1979). Dissolution of these substances from
the soil and decomposed organic matter occurs in the reservoir when the
hypolimnion becomes anaerobic and the redox potential is lowered. A
combination of these elements may have a synergistic effect, so that no
one element or compound is solely responsible for toxicity to the biota
(7. M. Giizzle, Auburn University, unpublished manuscript). The re-
lease of anoxic hypolimnetic water may produce combinations of toxic
elements that normally would not be present in unaltered streams or in .
epilimnetic release tailwaters. |

T73. Iron and manganese. Soluble reduced forms of iron and man=-

ganese begin to oxidize upon release from the reservoir and precipitate
in the form of ferric and manganic hydroxides that may stain concrete
and rock surfaces in the tailwaters. These poorly soluble hydrous
metal oxides are a nuisance to downstream municipal water treatment
plants. Deposits of these hydroxides on the substrate below hypolim-
netic release reservoirs may also affect the numbers and types of
organisms present. However, the effects of these deposits have not
been sufficiently documented (Krenkel et al. 1979).

T4. Iron concentrations in neutral or alkaline waters usually
range from 0.05 to 0.20 mg/l (Stumm and Lee 1960). The highest accept-
able concentrations of iron are 0.30 mg/l in domestic water supplies and
1.00 mg/1l for freshwater zquatic life (U. S. Environmental Protection
Agency 1976).
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75. The chemical characteristics of manganese are similar to
those of iron; however, manganese has a slower oxidation rate and forms
more soluble salts than iron. Manganese concentrations are not as
effectively eliminated from the water column by precipitation (Wetzel
1975). Soluble forms of manganese are therefore more persistent in
tailwaters. Below stratified deep-release reservoirs, manganese con-

. centrations may exceed 1 mg/l, which is greater than concentrations
found in most freshwater enviromments (Churchill 1958; Martin and
Stroud 1973). Concentrations less than 50 ug/l bave been found to
inhibit green and blue-green algae in streams and to favor diatoms
(Wetzel 1975).

76. EHydrogen sulfide. Occurrence of hydrogen sulfide in hypolim-
netic discharges is the result of the anaerobic bacterial decomposition

of organic sulfur compounds and the reduction of sulfates to sulfides
within the reservoir. Hydrogen sulfide concentrations are highest and
most toxic under acidic conditions (low pH). In neutral or alkaline
waters, the sulfides combine with iron, forming insoluble ferrous
sulfide, which precipitates from the water. Thus, hydrogen sulfide
“appears only when pH is low and oxygen content is near zero, or when
ell available iron has been precipitated from neutral or alkaline water
(Symons et al. 196k).
T7. Discharges with hydrogen sulfide concentrations above 0.002

mg/1 have an objectionable odor and may result in fish kills and in a
reduction in diversity of benthos and algae. Smith et al. (1976)
reported a T2-hour LC50 of 0.019 mg/l for bluegill eggs at 21.9°C and
a 96-hour Lc50 0.045 mg/1 for adult bluegills at 19.6-20.3°C. Fish
die-offs and adverse benthic responses have been attributed to high
levels of hydrogen sulfide (Wright 1968).

78. Armonia. Ammonia nitrogen (NH_-N) is a by-product of organic

decomposition (Cole 1975). In some situgtions, depending on the pH of
the water, NH3 may be toxiec to living organisms. Concentration of NH3
increases as pH increases, and NH3 is most toxic when both dissolved
oxygen and carbon dioxide levels are low (Boyd 1979). Toxicity is also

affected by temperature and alkalinity (Lloyd and Herbert 1960).
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Concentrations between 0.6 and 2.0 mg/l are lethal to fish after short-
term exposure (European Inland Fishery Commission 1973, in Boyd 1979).
Pathological changes in fish organs and tissues have been noted after
continuous exposure to sublethal concentrations between 0.006 and 0.3k
mg/l (Smith and Piper 1975, in Boyd 1979).

79. In late summer or early fall, the concentration of NH3 in-
creases in the anoxic hypolimnion of stratified reservoirs as the
result of extensive anaerobic decomposition of organic matter. Addi-
tional NH3 may be released from the bottom sediments or may be carried
into the hypolimnion by density currents (Hannan 1979). Consequently,
ammonia concentrations in tailwaters below hypolimnetic release dams
tend to increase during late summer or early fall. Ammonia concentra-
tions also increase in tailwaters below epilimnetic release dems during

fall, after the fall overturn.
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PART V: METABOLISM AND TROPHIC STRUCTURE

80. The assemblage of organisms living in a particular reach of a
tailwater may be considered a biotic community. In this community, the
interactions between the various types of organisms (i.e., primary
producers;_primary, secon@ary, and tertiary consumers, etc.) are based
primarily on their nutritional requirements and feeding habits. The
complex nutritional and energy ecycle that results from this interaction
is often referred to as the trophic system, within which each type of
organism occupies a particular level.

81. Energy enters the tailwater trophic system in the form of
light energy and nutrients and detritus. These materials are used by
the primary producers and consumers that make up the lower trophic
levels of the system. Energy is progressively transferred upward
through the system when the organisms in these lower trophic levels are
eaten by the secondary and tertiary consumers that make up the highér
trophic lcvels.

82. As the energy is transferred from one level to another,

" losses result from the partial use of the available energy required for
maintenance and reproduction. Generally, each successive trophic level
contains only about 10 percent of the energy available to the preceding
one (Russell-Hunter 1970). The net result is that only a small per-
centagé.of the original energy is available at the highest trophic
level. Greater biomass production at the primary level, enabled by
increased input (e.g., primary production, detritus), usually results

in greater biomass production at the highest trophic level (Bovee 1975).
Streams

83. In streams, metabolic essentials are not recycled and must be
constantly supplied from upstream sources or streamside vegetation.
Metabolic activity and productivity are additionally governed by the
composition and sources of the nutrients entering the stream and how

efficiently they are utilized.
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84, Stream organisms take up, transform, use and release organic
materials, thus acting as processors of the organic material passing
through the system (Fisher 1977). Fish, the largest organisms in the
stream community, usually represent the top level of the food chain.
Their abundance reflects the quantity of primary and secondary produc-
tion that takes place in lower levels of the trophic system.

85. The organic content of a natural stream system comes from
allochthonous and autochthonous sources. The metabolism for both
sources is based on the supply of detritus which is used as food by
detritivores and omnivores and furnishes dissolved nutrients to the
primary producers. An allochthonous system (heterotroth)_is based
primarily on organic material that is carried into the system from the
watershed. Autochthonous systems (autotrophy) derive their energy from
photosynthesis that takes place in the streambed. These systems are
most representa;ive of slower flows, which enable a buildup of peri-
phytic vegetation and, occasionally, vascular plants.

86. In contrast to the source of organic materials in most

ecosystems, that in streams is derived primarily from allochthonous

‘sources (Hynes 1970; Cummins 19T4). A headwater stream, for example,

may derive 99 percent of its energy inflow from allochthonous origins
and the remeining 1 percent from photosynthesis (Fisher and Likens
1973; Cummins 19T74). Higher order streams may also depend on alloch-

thenous sources of energy.

87. As much as 60 percent of the total organic matter taken into
the stream from allochthonous sources may be in the form of leaf litter
(Cummins 1974). Additional allochthonous materials may be in the form .
of twigs and shoreline debris or dissolved nutrients from watershed ;
runoff. Leaf material may be found in suspension in the stream or
deposited on the streambed (Minshall 1967). The leaves are rapidly
colonized by fungi and bacteria, which aid in processing the material
iﬁto fine particles and dissolved organic matter. The dissolved
nutrients released during decomposition are then available for use by
primary producers. The colonizing fungi and bacteria are in turn used
as food by the shredding and scraping invertebrates that are involved
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in the mechanical aspects of leaf decomposition. The fungi and bacte-
ria may be the primary source of nourishment for these invertebrates,
since some leaves have been shown to be of little food value. These
invertebrates, in turn, make up the primary prey of predators in the
higher levels of the trophic system (Cummins 19Tk).

88. ?ﬁe gfructure and complexity of the benthic community may
change with the amount and variety of plant detritus present in the
system (Egglishaw 1969; Mackay and Kalff 1969). As the organic material
breaks down, the variety of food becomes more diversified, producing a
similar response in the invertebrate community. Seasonal shifts in the
diversity of the stream invertebrates are related to changes in food
supply and other natural changes during the life cycle of the organisms
(Mackay and Kalff 1969).

89. Since many aquatic invertebrates are able to process organic
matter at low temperatures, much of the organic material in streams is
used during fall and winter. However, not all of the organic matter
entering the system during fall is used. Some of the material is
stored in the slower depositional zones of the stream, where it remains
until used by the stream biota. These zones act as énergy reservoirs
and help maintain the biota annually. Material in depositional .zones-
may be redistributed during flooding. This redistribution may be
important in slow-water zones, in reducing the occurrence of oxygen
deficiencies that could develop during extended periods of reduced
flow.

90. Autotrophic production varies as a result of differing envi-
ronmental situations (e.g., changes in shading, turbidity, water
velocity, and water chemistry). Autotrophic production is greatest in
streams with little shading from streamside vegetation, and in small
streams in forested areas before and after formation of a leaf canopy
(spring and fall). Photosynthetic activity is greatly reduced in
heavily shaded streams, even when adequate amounts of nutrients are
available.

91. Autotrophy may be the major contributor to the energy budget
of large rivers or small uncenopied streams (Minshall 1978). Removal
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of a canopy results in a shift from a heterotrophic to an autotrophic
system, as stream temperature and photosynthetic production both
increase (Gelroth and Marzolf 1978). Photosynthetic activity by
periphytic algae takes place primarily in shallow, well-oxygenated, and
well-lit stream bottoms. The periphyton is usually the first auto-
trophic component to become established in a stream, and is most preva-
lent where flows are least variable. Phytoplankton become dominant in
rivers and large streams where depth and turbidity inhibit benthic
production by the attached algae (Fisher and Carpenter 1976).

92. Faster current velocity in riffle areas, as opposed to pools,
results in increased rates of net primary productivity (Kevern and Ball
1965). Steep diffusion gradients between plants and available nutrients
are formed in the fast-flowing water, allowing for more rapid assimila-
tion of vital substances by the attached algae or macrophytes. Because
of these steep diffusion gradients, many algal species grow best in
swift currents (>15 cm/sec) (Whiteford 1960). Phosphorus uptake may be
over 10 times greater and respiration over TO percent greater in swift
water (18 cm/sec) thah in still water (Whitford and Schumacher 1961).

93. Dense, feltlike, dark green or brownish communities, con-
sisting mostly of diatoms, may be established in streams with swift
currents (McIntire 1966). Diatoms such as Gomphonema, Diatoma, or
Navicula,’vhich require high light intensities and solid substrates,

are commonly found in swift streams in association with filamentous

algae such as Cladophora. The accumulation of attached algae on gravel

and rubble is more rapid in fast currents, but the growth stabilizes
after a time and the total biomass per unit area is similar to that in
slower currents. However, higher productivity is maintained in the
faster current, allowing a greater export of biomass (McIntire 1966).
9L, Slow currents (<15 ecm/sec) may allow associations of green

filamentous algae (including Stigeoclonium, Oedogonium, and Tribonema)

to develop (McIntire 1966). These associations appear as bright green
aggregations similar to those found in ponds. Concentrations of
organic matter are usually higher in streams dominated by green algae

than in those dominated by diatoms. Conversion from a diatom-moss
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association to a community of filamentous green algae (possibly
associated with rooted aquatic macrophytes or diatoms) may indicate a
shift to & more autotrophic stream system (Cummins 1974).

95. Macrophytic vegetation develops in streams where flows are
relatively stable. This vegetation is seldom consumed and therefore
does not directly contribute to higher trophic levels while alive
(Cummins et al. 1973: Tisher and Carpenter 1976), although they may
serve as a surface for periphyton. However, when the vegetation dies
and decomposes, it contributes organic matter to the system. Streams
subject to severe changes in flows physically limit the development of
significant plant growth. Additionally, these plants are not found
where insolation to the stream is low or where the water is relatively

deep and turbid.
Tailwaters

96. A variety of types of organic matter, leaves, POM, algae,
etc., must be present in the stream to maintain ecosystem diversity
(Cummins 1972). However, reservoirs act as particle traps, interfering
with the passage of detritus into the tailwater. As a result, detrital
material from the watershed, important in energy transformation in
natural streams, is largely unavailable to a tailwater system.

97. Nutrient materiel present in the clear discharges of hypolim-
netic release reservoirs is primarily in a dissolved state as a result
of decomposition by-products that accumulate in the hypolimnion (Odum
1971). Water discharged from the hypolimnion may be more fertile than
that from the epilimnion because of the concentration of these dis-
solved nutrients in the deep water.

98. Tailwaters immediately below hypolimnetic release dams are
autotrophic because concentrations of dissolved nutrients are increased
and turbidity is decreased. The clear, nutrient-rich discharges are
particularly important in tailwaters with stabilized flows because they
facilitate the production of dense algal growths (Stober 1963; Ward

1976b). However, as the water moves farther downstream, conditions
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(i.e., increased turbidity, reduced nutrient availability) become -less
conducive to algal production. The gradual increase in the detritus
load due to allochthonous input results in a reversion of the tailwater
to a heterotrophic condition in which the algal community plays only a
relatively limited role. It may, therefore, be possible for a section
of stream below a reservoir to shift from an autotrophic system in the
immediate tailwater area to a heterotrophic system downstream, with an
area of transition in between.

99. Two genera of filamentous green algae, Cladophora and
Ulothrix, are commonly found below deep-release reservoirs (Stober 1963;
Ward 1976b). Mats of Cladophora were located in riffles in the first
9.6 km below Tiber Reservoir, Montana (Stober 1963). The formation of
these algal mats may physically inhibit the production of the most
desirable fish food organisms but may attract other taxa (Welch 1961;
Ward 1976b). The algal mats may act as barriers to organisms that
require deeper substrates for completion of their life cycles (Armitage
1976).

100. Water discharged from surface-release reservoirs, whether = =

stratified or not, may contain significant amounts of plant debris and
detritus, but the primary source of organic matter in the tailwater is
plankton produced in the reservoir. Plankton can be used directly by
secondary consumers in the tailwater or, after death and decomposition,
may add to the particulate organic matter that is available to both
primary and secondary consumers. Thus, most surface discharges from
reservoirs supply particulate organic matter to tailwaters, and deep
discharges supply dissolved organic matter.

101. Phytoplankton may occur in zones of the tailwater where the
water velocity is reduced and the str=ambed widened, and adequate
nutrients are available. However, phytoplankton numbers decrease as
the water flows farther downstream because of depletiop of nutrients,
increased turbidity, and simple mechanical destruction (HéftﬁAn and
Himes 1961).

102. Storage of inflowing water for extended periods (e.g., as in

flood control reservoirs), accompanied by reduced downstream releases,
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may result in bank stabilization and “he eventual establisiment of
streamside vegetation in tailwater reaches. Streamside vegetation in
these areas increases both the amount of shade and the quantity of
allochthonous materials in the tailwater. The establishment of macro-
phytic vegetation and periphytic algal growths are also enhanced when
stabilized flows are accompanied by reduced turbidities (War,d 1976b).

103. Management schemes for some reservoirs require that dis-
charges be released at irregular intervals. For example, releases from
flood control reservuirs may be erratic, since they usually depend on
duration and amount of rainfall in the watershed. These flow irregu-
larities result in a brief buildup of detrital material in the
strcambed of the tailwater during minimum releases. The subsequent
release of runoff waters from the rese:voir may scour the tailwater,
resulting in a physical disruption and alteration of the stream similar
to thet in a natural stream after a heavy rainfall (Trotzky 1971). The
periodic releases may sweep the streambed free of accumulations of leaf
litter and detritus deposited by adjacent streamside vegetation (Ward
1976b). The tailwater is thus denied an important source of energy
' (Radford and Hartlani-Rowe 1971). :

104. 1In tailwaters subject to daily variations in water release
(e.g., peak power hydropower facilities), detritus and sediment are
constantly flushed away (Ward 1976a). Enrichment with particulate
organic matter is marginal at best, particularly near the dam, and
the lack of detritus places further stress on the trophic structure
of these waters. Fluctuations in water level increase streambed and
vank erosion thereby increasing turbidity and discouraging the estab-
lishment of streambank vegetation and streambed algal growth. These
cond.tions may critically limit the tailwater biota, which might other-
wise cthrive.

105. Tailwaters are highly modified environments that may be
subject to extreme conditions not normally found in natural streams.
Because of these modifications, the tailwater biota may be disrupted or
enhanced. Either development will result in the creation of a trophic

structure much different from that normally found in an unaltered stream.
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PART VI: AQUATIC INVERTEBRATES IN TAILWATERS

Invertebrate Ecology

Streams

106. Benthic stream communities are extremely dynamic and are com-
posed of a large number of species (Patrick 1970). Many have intricate
life cycles adapted for survival in the changing environmment found in
most streams (Brusven et al. 1976). Their life cycles are characterized
by short generation times, high reproductive potentials, and reduced
body sizes (Patrick 1970). The adults of most important stream insects
are terrestrial, short-lived, and concerned only with breeding and
dispersal (Hynes 1970).

107. The bottom fauna is not randomly scattered and its distribu-
tion results from interaction of the invertebrate's habitat requirements
with the varying environmental conditions that exist in different areas
of the stream (Allen 1959). The mosaic pattern of distribution ex-
hibited by benthic organisms is primarily determined by current veloc;'l
ity, substrate type, and food availability (Ward 1976a; Minshall and
Minshall 1977). In addition, temporal and spatial temperature differ-
ences affect the presence of both individual species and life stages.
Temporary colonization of microhabitats produced by changes in these
variables increases. the taxonomic diversity of the stream benthos and
ensures a year-rourd food supply for fish (Ward 1976b). Outside inter-
ferences (e.g., pollution, impoundment) in a stream system tend to
reduce the benthic diversity as a result of the reduced diversification
of available microhabitats (Ward 1976a).

108. Flow. Current velocity may have the most influence on the
regulation of invertebrate distribution and abundance, especially at
specific sites in the stream (Chutter 1969; Giger 1973). However, the
influence of current velocity on invertebrate densities in different
sections of the stream may be masked by the effects of other variables
(Chutter 1969). Some stream organisms have morphological respiratory

and feeding demands that require them to position themselves in flowing
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water (Ward 1976a). As long as the stream velocity remains relatively
high, and the supply of food and oxygen is adequate, these organisms can
survive (Bovee 1975). However, life stages adapted to fast water die
when subjected to slow current and reduced oxygen because they are phys-
ioclogically unable to adjust to the altered conditions. Relatively high
stream velocities are required to ventilate the delicate gills of these
organisms and they must be exposed to the current (Giger 1973; Armitage
1976). 1In addition, filter-feeding insects are deprived of food if the:
current fails to carry materials into their food-gathering nets.

109. Many stream organisms move about in a "boundary layer" or
dead-water zone (up to 1 mm in thickness) near the interface of the
substrate and water where current velocities are substantially reduced
(Ambhhl 1959; Ward 1976a). The boundary layers and dead-water zones
formed in and around substrate components provide many types of habitat
and locations for invertebrates. Rough substrates result in an increase
in thickness of these boundary layers and a tendency toward more rapid
reduction in the current velocity (Bovee 1975).

110. Strong stream currents discourage free-swimming invertebrates.
Insects living in the swift-water areas are morphologically modified to
withstand the mechanical forces of the current. Most adaptations enable
insects to avoid many of the adverse effects of strong currents by
keering their bodies away from the force of the flow (Hynes 1970).
Fusiform, flattened, and streamlined bodies aid survival in swift
currents by enabling insects to "crouch" in the boundary layer. Because
morphological modifications force them to face upstream, most voluntary
movement is upstream (Hynes 1970). Temporary attachment structures are
common adaptations that enable insects to release and reattach them-
selves after a period of uncontrolled movement in the current. Some
organisms construct cases of small stones, detritus, or silk that are
anchored firmly to the substrate. These organisms catch organic
particles from the water by either using morphological filtering
mechanisms or constructing nets.

111. Reduced current velocities limit the abundance and diversity

of swift-water invertebrate communities, either physically because of
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siltation or physioclogically because of inadequate oxygen and nutrient
exchange (Giger 1973). An extreme reduction in current eliminates
species that are dependent on flow for respiration and food procurement
(Sprules 1947).

112. Freshets, flow cessation, riffle sedimentation, water level
fluctuations, and unstable substrates result in changes in the species
composition and may catastrophically reduce the stream fauna (Sprules
194T; Peterson 1977). Severe floods and spates scour and flush insects
from the streambed, leaving only the species able to withstand the in-
creased flows (Hynes 1970). Scouring may reduce the numbers of insects
in a particular section of-a stream by 50 percent (Sprules 1947).

113. Spates that scour the stream substrate result in temporary
dislocation and dispersal of invertebrates, but the density and struc-
ture of the community may recover to preflood conditions within 30 days
if the insects are not dispersed over great distances. After seven
floods in Big Buffalo Creek, Missouri, the structure of the invertebrate
riffle community was very similar to that found in the same location
before the floods (Ryck 1976). Apparently, enough organisms are left
after spates or other disturbances to repopulate the stream section.
They escape the effects of the disturbances by maintaining themselves
in the protected areas of the stream where flow is reduced (Patrick
1970).

114. Most stream organisms are protected from the effects of
severe flooding and relatively short periods of dewatering because they

"~ are imbedded in the upper 15 to 22 cm of the gravel substrate (Hynes

oy 1974). The movement of trichopterans into deeper strata of the stream
.bottom may be indicative of their response to scouring or to increased
sediment loads that accompany flood waters (Poole and Stewart 1976).
In addition, extended hatching periods and firmly attached eggs also
ensure that certain species are not eliminated during stream distur- 5
bances (Hynes 1970). The repopulation of a riffle sections is probably
a result of a combination of several factors, including downstream drift,
upstream larval movement, and upstream egg-laying flights of adults

(Ryck 1976).
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115. Substrate type. In most streams, pools and riffles form the

most distinctive types of habitat. Formation of pools and riffles is a
combined process of dispersion and sorting of the bottom materials.
Pools are associated with stream bends, and riffles with crossings and
inflections in the streambed. Fine particles are washed awey from
riffles and deposited in pools, leaving only the larger gravels and
rubble in the riffle area (Yang 1971). Riffles provide optimal environ-
mental conditions for many species and are diverse, productive inverte-
brate habitats. Invertebrates produced in riffles may potentially be
swept into the pools, where they are likely to be eaten by fish
(Peterson 1977). More insects are usually produced in riffles than in
pools or on bedrock or submerged vegetation because current wvelocities
are higher in riffles and rubble substrates increase the availability
and number of microhabitats. Insects inhabiting the pool areas are
similar to those found in ponds and lakes and feed on the accumulation
of organic matter that forms sediment (Krumholz and Neff 1970; Curmins
1972).

116. Intermediate zones, which may occur between stream riffles
and poois, are called "runs" (Luedtke et al. 1976). These are areas of
moderate flow over relatively shallow stretches of the stream and may
be depositional or erosionel, depending on the current velocity. The
identity and abundance of benthic fauna present are determined by
whether the area is in a depositional or erosional zone.

.117. ‘The benthic fauna associated with specific substrate types
generally forms a well-defined community. Any change in the substrate
results in an accompanying change in invertebrate species (Sprules
1947; DeMarch 1976). Large rubble (45-70 mm in diameter) has a variety
of microhabitats, which may be inhabited by all sizes of insects. This
type of substrate is found in swiftly flowing areas of streams where
smaller sized substrate materials are washed away. The organisms
found here are adapted to living in habitats that offer reduced contact
with the current (Cummins 1966). Invertebrates able to survive in
small-particle (5-25 mm) substrates are, by necessity, small and

Lo



.y

resilient (Sprules 1947). Their microhabitats are commonly desiroyed
or altered during high, irregular flows.

118. Manipulations of streamflow may alter the detrital "trap"
capacity of the substrate and ultimately affect species composition and
stream productivity. Small detrital particles and silt tend to accumu-
late excessively in the interstices of small-particle substrates,
whereas in rubble habitats the interstices are swept clean by the
current. As a result, many aquatic insects prefer substrates composed
of moderately sized (25-45 mm) particles because they serve as a better
benthic food trap without reducing habitat diversity (Rabeni and
Minshall 1977).

119. Some species of insects are able to take advantage of in-
creased sedimentation, but usually suspended and settled sediments
adversely affect the invertebrate population. At low flows and reduced
current velocities, silt and sand seal the interstices in a rubble
substrate. This sealing restricts access to the undersurfaces of the
stones and generally reduces the number of usable habitats. The sedifldw
ment is easily displaced into suspension at higher flows and sétflesl A
out in depositional zones where flows are reduced. The préblems
caused by sediments are sometimes lessened by the development of car-
pets of algae over the streambed, which may replace microhabitats
filled in with sediment (Brusven and Prather 19TL).

120. Macroinvertebrates apparently migrate out of areas exposed
to heavy sediment loads. Their response to sedimentation is rapid, =nd
only a few days are required for numbers to decrease significantly.

Conversely, their response to a decrease in sedimentation results in a

.rapid recovery of the community. Sandy substrates are generally un-

suitable for insect production because of the instability of the sand
particles and the thinness of the protective "boundary layer." Up-
stream movement of riffle insects in sandy areas is generally precluded
by the effects of current on the fine, loosely compacted sediments. Low
current velocities and rubble substrate facilitate upstream movement of
invertebrates (Leudtke and Brusven 1976).
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-121. Food. A mature stream ecosystem is highly diverse, and
includes complex food webs (Krumholz and Neff 1970). The increased
complexity of links in the food web increases the chances of survival
of the stream community. A fluctuating autochthonous food supply
supplemented by allochthonous nutrients increases survival because
'species are not restricted to & single food item (Russell-Hunter 1970).

122. Although benthic crustaceans, mollusks, and other small
invertebrate life might be present, aquatic life stages of insects are
the most abundant forms of primary consumers in most streams. Their
diets vary greatly (e.g., the forms represented may include herbivores,
detritivores, carnivores, and omnivores) and some forms shift from one
source to another seasonally (Chapman and Demory 1963). A change from
herbivory in the early instars to carnivory in the later instars is
common (Anderson and Cummins 1979).

123. Food gathering and the associated morphological and be-
havioral adaptations are the most important functions of animal con-
sumers in a lotic system (Cummins 1972). Food habits are more ciosely
rglated to the size of the organism than to the species. Most early

“Jife stages and small-sized insects feed primarily on detrital com-

ponents (Cummins 1972). Aquatic insects are opportunistic and are able
to adjust to differing availabilities of food; very few are strictly
herbivores or strictly carnivores. Minshall (1967) noted the presence
in a small benthic community of 1L percent herbivores, 3 percent
carnivores, and 83 percent omnivores. Food availability is generally
not a limiting factor for mobile stream organisms because they are
able to actively seek food (Krumholz and Neff 1970).

" 124. Macrophytic communities often shelter larger and more varied
populations of invertebrates when they are composed of plants with
finely divided leaves, rather than plants with simple leaves. Herbi-
vores harvest periphyton from the surface of the leaves and use the
mezo of vegetation for shelter and protection (Harrod 196L4).

125, The riffles may provide a number of diverse foods for inver-
tebrates, ranging from plant detritus lodged under stones to clumps of
algae and moss associated with the stream bottom. The accompanying
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invertebrate communities may differ greatly among the various types of
food sources (Egglishaw 1969).

126. The food base of invertebrates living in slow-water areas or
pools primarily depends on the deposition of detrital material washed
in from upstream. Water in pools may be too turbid and the current too
slow to allow the establishment of sufficient benthic algal growths,
and too deep to allow the development of significant quantities of
macrophytes.

127. The aquatic insect component of the stream benthos has been
classified into four feeding types: shredders, scrapers, collectors,
and predators (Cummins 1973). The life cycles of shredder-type aguatic
““insects are closely associated with leaf fall in autumn. Most of their
growth and development occurs during late fall and winter. These '
organisms are able to adjust their growth rates to the relative avail-
ability and quality of food. Observations on shredders have indicated
a positive selection of leaf material that is heavily coclonized by
microorganisms, both on the surface and throughout the matrix of the
leaf particle {Anderson and Cummins 1979).

128. Scrapers are dependent on the production of an autochthonous
food source from which they literally "scrape away" required food
particles. The nutritional content of this potential food source
(mostly algae) is much higher than that of a detrital food source
(Coffman et al. 1971). These organisms are most often in the
mainstream channel, where the dominant foods are distoms and fila-
mentous green algae (Cummins 1972).

129. Collectors filter fine particulate organic material contain-
ing surface colonies of bacteria and fungi from the stream flow. The
assimilation of nutrients by filter feeders is inefficient and much of

the material is passed downstream, unmodified, where it may be rein-

gested by other organisms. This process results in a type of unidirec-

tional "spiralling" cycle in which many organisms, each feeding on
different components, are able to utilize filterable organic material.
Without this filter-feeding community, much of the suspended organic
material would pass through the system unused (Wallace et al. 1977).
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130. Predatory insects have high assimilation efficiences,
largely because the nutritional quality of their prey is very higk.
However, the quantity of prey may vary and is usually limiting
(Anderson and Cummins 1979).

131. TFeeding habits partly determine the location and limit the
presence of invertebrate types in a stream. Filter feeders live in
moving water with a seston load, scrapers in areas where algal growth
is most apt to become established, shredders in areas of leaf litter
and detrital accumulation, and predators in any or all of the available
feeding locations, depending on the abundance of the potential prey

.- population. .

132. Temperature. Diurnal temperature fluctuations are generally
required for normal growth and development of stream insects, whereas
static temperatures are usually disadvantageous (Ward 19T76ec). Life
histories of most stream organisms are geared to annual temperature
cycles which synchronize the particular life stages and stimulate
growth (Hynes 1970; Gore 1977). Triggering mechanisms for excystment,
encystment, and other vital developmental processes may not be stimu-
lated when temperatures remain unchanged; differences of a few degrees
affect developmental times and durations. Higher temperatures are
accompanied by reduced concentrations of dissolved oxygen and increased
metabolic demands, and cool temperatures produce a metabolic slowdown
(Bovee 1975). The absence of a certain species from a stream section
may result from cne of the specific temperature requirements not being
met. TFor example, Epeorus sp., & heptageniid ephemeropteran, has been
shown to require near-freezing temperatures for a certain length of
time for the development of diapausing eggs. Additionally, newly
hatched nymphs require an extended period (2.5-l4 months) of relatively
high temperatures (18-28°C) for normal development and maturity (Britt
1962).

133. HNumbers and biomass of invertebrates in the streambed may
fluctuate radically because of differing rates of development and
emergence (Fatrick 1962). Invertebrates emerge in the same sequence

each year, but the dates of first emergence and the duration of the
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hatch vary, depending on water temperatures (Sprules 1947). Insects
may emerge to mate and deposit eggs all year, but the greatest emergence
takes place during the evening hours in spring and early summer (Chapman
1966). During emergence, the population of a particular species in the
stream may be reduced to near zero (Hooper 1973; Brusven et al. 1976).
Alterations in stream temperature during this time may cause an extended
period of oviposition, resulting in several ages and sizes of nymphs
(Minshall 1968). Competition among the progeny of a species, as well

as between various insect species with similar life requirements, may

be partly averted by the staggered deposition of eggs and subsequent
differences in developmental rates (Minshall 1968). The early stages

of many aquatic invertebrates are small and essentially unavailable as
fish food (Chapman 1966).

134, Densities of insects may vary seasonally, depending on
species composition. In northern temperate streams, the benthos
generally reaches a numerical maximum in the fe2ll and early winter
after eggs hatch (Cummins 1973). Periods of maximun stream inverte-
brate biomass may not occur concurrently with the numerical maxima.

The greatest invertebrate biomass generally occurs in the spring and

“fall during peaks of growth. The abundance of organisms with short

life cycles varies considerably with environmental conditions (Patrick
1962). If they reach maturity by fall, additional eggs are deposited
which undergo development during the winter months (Cummins 1973).
Some species, however, require a full year of development to reach

‘ " maturity.

135. Envirommental stress. Benthic stream macroinvertebrates

-have traditionally been good indicators of past and present environ-

mental stress because of their long life cycles and relatively sedentary
behavior. Changes in community structure are sensitive indicators of
environmental alterations (Cairns and Dickson 1971). The most sensitive
species are eliminated from the stream, resulting in diminished compe=-
tition among the surviving organisms. Only those species able to
tolerate a wide range of envirommental conditions are able to survive
when life requirements become limiting (Bradt 1977).
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136. Short-term exposure of the stream community to intolerable
conditions may result in alteration of the diversity and density of the
fauna. More tolerant species increase in number, because of the lack
of competition, until they reach their limits of space and food (Cairnms
and Dickson 1971). Additional alteration of an already stressed environ-
ment will eliminate one or more of the remaining species, resulting in
a major reduction in the standing crop.

Tailwaters

137. Invertebrate living conditions in a tailwater are different
from those in a natural stream and are dependent primgrily on the
characteristics of the reservoir discharge. To survive, benthié
organisms must be able to adapt to the changes in primary production
and the altered physical-chemical characteristics of the tailwater
system (Krumholz and Neff 1970; Jonasson 1975).

138. The‘effects of reservoir releases on the downstream biota
depend on the type of dam and the subsequent flow patterns, release
depths, and resiliency of the natural stream.benthos. Macroinverte-
brate species composition and diversity may either be substantially
enhanced or reduced, depending on the characteristics of the flow in
the tailwater (Ward 1976a). The benthos below reservoirs generally
respond to the unnatural conditions with reduced taxa and increased
numbers- of certain species (Spence and Hynes 197la). Tailwater in-
sects gre smaller and are considered to be of marginal food value for
fish'(Poﬁell 1958; Bauer 1976). The number of species increases
progressively downstream in response to the greater availability and
variety of microhabitats and the presence of increased quantities of
detritus from streamside vegetation and runoff (Hooper 19T73; McGary
and Harp 1973). However, total numbers of individuals may be highest
near the dam, since systems with few species often are more productive
and support a greater biomass than those with many species.

139. Factors which inhibit benthic populations in tailwaters in-
clude alterations in natural yearly temperature changes, isothermal
temperatures, siltation (in some flood-control sites), daily water-level
fluctuations, streambed scouring, reduced concentration of particulate
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crganic matter, altered water quality, and seasonally altered flows
(Vanicek 1967; Hoffman and Kilambi 1970; Isom 1971; Ward 1976b). Con- e
versely, stabilized flows, decreased turbidities, the introduction of )
seston from the reservoir, increased nutrient availability, and the
growth of algae and moss increase benthic standing crops. The magnitude
of the inhibiting and beneficial effects depends on the schedule of
water release, the withdrawal depth, and the length of time water has
been retained in the reservoir.

1ko. Fluctuating flows. High releases following periods of little

or no flow result in scouring and turbidity, and fluctuating water
levels cause increased bed and bank instability (Ward 1976a). Reduced
flows result in decreases in wetted perimeter, depth, surface area,
and current velocity. Water temperatures during these periods become
increasingly subject to ambient atmospheric influences (Pfitzer 1962;
Ward 1976a). The extreme changes in flow often create conditions that
are unsuitable for most stream benthos. Because of this, invertebrates
are least abundant in immediate tailwater areas that are subject to
extreme periodic flow fluctuations. Insect densities in the tailwater
may be as much as 30 times less than those of streams flowing into the
reservoir (Powell 1958; Trotzky 1971). Howevef, downstream moderation
of the effects of flow fluctuation often results in the gradual in-
crease of invertebrate densities (Radford and Hartland-Rowe 1971;
Trotzky and Gregory 19T4; Ward 1976b).

141. Continually fluctuating flows interfere with the establish-
ment of a stable benthic community because of the preference of various
species for a narrower range of environmental conditions (Pearson et al.
1968). Daily water level fluctuations generally reduce the production
and standing crop of stream invertebrates by eliminating both the
benthic food base and the benthos (Bovee 1975; Ward 19T6a). This
situation is particularly obvious below hydropower projects where
maximum discharges occur during periods of peak power demand and
minimum discharges when power demands are lessened. In these instances,
two entirely different stream habitats are created. The tailwater may
change from a typical pool-riffle association during minimum releases



to a deep, swift stream during maximum releases. Most affected is the
"zone of fluctuation," which is composed of side channels, backwater
areas, and shallows. These areas alternately undergo the physical
disruption of microhabitats during high flows and dewatering and sub-
strate exposure during reduced flows. Insects in these areas become
disiodged and physically destroyed during high flows, and they are also
subject to stranding and desiccation during reduced flows (Powell 1958;
Trotzky 1971). In tailwaters with fluctuating flows, the lack of
permanent, clearly defined pools and riffles precludes the survival of
most stream insects.

142. Some benthic tailwater communities subject to regular, peri-
odic water-level fluctuations may eventually attain a resonable level
of production (Odum 1969). In these "mature" tailwaters, a few species
(probably two or three) that have adapted to the flow changes make up
the vast majority of the benthic community (Pfitzer 1962). Members of
these benthic communities apparently tolerate brief periods of sub-
strate exposure if it is not severe (Fisher and LaVoy 1972; Ward 1976a).
No significant difference was found between numbers of insects living
on nonexposed substrates and those living on occasionally exposed
substrates (13 percent exposure time) in a "zone of fluctuation" below
a hydropower dam on the Connecticut River, Massachusetts (Fisher and
LaVoy 1972).

143. Vegetative mats act as a refuge for insects in some tail-
waters during brief periods of exposure because of the retention of
moisture in the vegetation. Insects living near the "mat-rock" inter-
face are more likely to survive than those found on the surface of the
vegetation (Brusven et al. 197h).

144, ©Low air temperatures also increase the chances of survival
for organisms stranded in a tailwater and enatle them to tolerate
dewatering for longer periods than during high air temperatures.
Brusven et al. (197L) reported that larvae of chironomids, lepidop-
terans, and trichopterans could survive dewatering for 48 hours in
cool weather, but that high air temperatures and longer exposure
periods resulted in high mortalities.
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145. 1In spite of the ability of some insects to survive periodic
exposure, most insect species that inhabit tailwaters are found in
the permanently submerged habitats not subject to daily exposure
(Powell 1958; Brusven and Trihey 1978).

146. The lack of flow fluctuation in tailwaters below flood control

reservoirs can disrupt the benthic community. In fact, stable releases
for 3 to 4 weeks followed by moderate or extreme discharges may cause
more stress and mortality to an insect community than the frequent
pulsed releases found below hydropower dams (Brusven and Trihey 1978).
The stable periods encourage the colonization of the tailwater sub-
strate, but benthic organisms which are not able to adjust to subse-
quent severe flow increases are catastrophically swept downstream.

147. The high seasonal discharges below flood control reservoirs
may also destroy the pool-riffle areas nearest th> dam and replace
them with an extended "run" section. Farther downstream, however,
pools aqd deep channelslmay be present which act as buffers to fluc-
tuating water levels and as refuges for invertebrates during periods of
minimal releases (Powell 1958).

148. Chironomids are the most resilient group of insects found in
unstable areas and are the first to recolonize denuded zones of fluec-
tuation (MacPhee and Brusven 1976). They may be found in association
with oligochaetes, amphipods, and isopods in coldwater tailwaters
subject to rapid water-level fluctuations (Brown et al. 1968). These
invertebrate associations are able to adapt to temporary periods of
exposure by either migrating out of the exposed area or surviving in
the thin layer of water which remains after the stream recedes.

149. Insects most affected by fluctuations in flow are the groups
which are generally regarded as quality fish food, including mayflies,
stoneflies, and caddisflies (Powell 1958; MacPhee and Brusven 1976).
Nymphs and larvae of these species are most subject to desiccation,
since their eggs can usually survive extended periods of exposure. The
number of insects affected by desiccation, therefore, depends on when a
flow reduction occurs and the life stages of the insects present.

Desiccation of the streambed would affect the population drastically
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during & larval hatch, but unhatched eggs may remain relatively un-
affected (Hynes 1958).
150. Stabilized flows. Reservoirs with stable releases have

relatively stable tailwater substrates (Ward 1976a). The associated
invertebrate fauna stabilizes as flows and substrates become more con-
sistent, resulting in reduced niche overlap and a shift toward community
equilibrium (Blanz et al. 1970; Ward 1976c). Streamflow stability com-
bined with reduced turbidity may enhance algal and macrophytic growth
and provide additional food niches and microhabitat diversification for
chironomids, oligochaetes, and mollusks (Armitage 1976; Ward 1976a).

The stable environment and predictable resources tend to eliminate some
species, resulting in a less diverse faunal assemblage with higher
standing crops of the species present (Ward 1976b).

151. In tailwaters subjected to stable seasonal discharges, sedi-
mentation mey become limiting to the benthic communiiy. Extended
periods of minimal releases accompanied by moderate detrital and silt
input from ruroff and streamside vegetation effectively reduce the
available microhabitats. The lack of spates, necessary to flush the
detrital material from the substrate interstices, may eventually result
in the complete elimination of these productive invertebrate micro-
habitats (Giger 1973).

152. Deep-release reservoirs. Cold water temperatures and poor

water guality {low dissolved oxygen, reduced compounds) often occur in
tailwaters below deep-release dems. Stratified deep-release reservoirs
typically produce benthic tailwater communities which are low in
diversity, but which may have high standing crops. This situation is
typical of a stressed environment (Ward 197k, 1976c; Young et al. 1976;
Pearson et al. 1968).

153. Modification of the normal temperature regime can affect the
diversity and quantity of the benthic fauna several kilometres down-
stream from a coldwater release dam (Pearson et al. 1968; Lehmkuhl
1972, 1979; Ward 1976c). The overall change in temperatures, coupled
with the delay of seasonal fluctuations, often results in the elimina-
tion of many invertebrate species from the tailwaters. Minimum winter
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and maximum summer temperatures that would normally provide the thermal
stimulus essential for the initiation of various life history stages of
many stream invertebrates are never reached. Reduced growth efficien-
cies at the lowered temperatures may eliminate species which are unable
to adapt metabolically to abnormally cold summer temperatures (Hannan
and Young 1974). Alternatively, warm winter temperatures may accelerate
growth rates and result in premature emergence and exposure to air
temperatures that may be lethal or that may complicate the mating pro-
cess (Ward 1976c). These conditions, along with delays in spring

warming and autumn cooling, may prevent the natural hatching and growth

of insects that have stringent thermal requirements (Lehmkuhl 1972).
154. The lack of daily fluctuations in water temperature may
prevent the initiation of egg or larval development (Ward 1976c). Diel
temperature fluctuations in a 2L-hour period were as great as 10°C in"

an unregulated stream in England, but rarely exceeded 1°C in a regu-
lated section (Armitage 1977).

~ 155. Stresses imposed on aquatic invertebrates below deep-release
reservoirs may also be due to low dissolved oxygen, the presence 6f
high concentrations of Hes and other decomposition by-products, or the
interaction of these factors (Coutant 1962; Hicks 1964; Young et al.
1976). Reaeration of the water as it passes through a dam may increase
the concentration of dissolved oxygen to a level tolerable by the tail-
water biota, but the by-products (e.g., iron, manganese, hydrogen
sulfide) of hypolimnetic decomposition may be more persistent and have
a detrimental effect on tailwater organisms (Coutant 1962). If re-
leases from the reservoir are increased, the harmful effects of the
hypolimnetic discharges can be extended downstream.

156. Deep-release reservoirs do not necessarily release water of
poor quality (low or no dissolved oxygen, reduced compounds) but
assuredly produce a new environment which fayors coldwater rather than
warmwater organisms (Hoffman and Kilambi 1970). In stratified reser-
voirs where anoxic conditions and prnor water quality do not develop
in the hypolimnion, increas;d éoncentrations of dissolved nutrients,

'002, and lowered turbidities may favorably affect the living conditions
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of tailwater invertebrates (Penaz et al. 1968). In these circumstances,
the benthic community may have characteristics similar to those of
communities in streams with mild organic enrichment (Spence and Hynes
1971a).

157. Filterable food material (plankton, some benthic organisms,
and miscellaneous seston) produced in deep-release reservoirs may be
passed into the tailwaters during periods of complete vertical mixing.
However, this is not a reliable food source since the plankton and
seston are congregated in the upper strata of most reservoirs during
stratification and are therefore unavailable to the discharge. As a
result, filter-feeding invertebrates are often restricted to downstream

‘tailwater locations, where discharge effects have been modified and
sufficient amounts of filterable material have been introduced through
runoff and tributary inflow (Ward 1976b). Plankton and benthos may be
discharged from some deep-release reservoirs during stratification if
the hypolimnion remains oxygenated.

158. Surface-release reservoirs. The downstream effects of a

surface-release reservoir are usually similar to those produced by a
natural surface-release lake (Ward and Stanford 1979). Water quality
is generally not a problem and tailwater temperatures may only be
moderately influenced in comparision to deep-release sites.

159. Shallow, surface-release reservoirs can produce abundant
quantities of bottom fauna and plankton. Invertebrates in the tailwater
may subsequently receive much.of their food in the form of seston and
insects from the reservoir discharge (Walburg et al. 1971). Because of
the rich suspension of food in the reservoir release, filter-feeding
insects, particularly trichopterans, may be extremely abundant in the
tailwater. Generally, the increase in benthic density is accompanied
by a reduced diversity and the elimination of some species. In
formerly coldwater streams, the release of warm surface water from the
reservoir during summer may result in a reduction or elimination of

certain species from the tailwater (Fraley 1978; Ward and Short 1978).
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Benthic Invertebrate Drift

Streams

160. Interspecific competition for food and microhabitats may
result in an active downstream movement or "drift" by many benthic
organisms (Waters 1969; Hildebrand 19T4). The benthic invertebrate
fauna and the drifting fauna are not distinct communities. Drift is
merely a temporary event in the life cycle of most benthic organisms
(Waters 1972).

161. Benthic organisms enter the drift when they leave their pro-
tective retreats and are swept downstream by the current. This process
generally occurs at night during periods of feeding activity (Waters
1969). The feeding activity of each species is governed by a diel
pattern based on photoperiod and is generally initiated at the same
time each day (Elliott 1967; Waters 1972). The actual movement
downstream probably occurs as a series of short hops with the turbulent

flow assuring frequent contact with the substrate. The distance of

passage depends primarily on velocity of flow and the species of inver=:

tebrate involved (Gore 1977).

162. When flows are suddenly increased, the physical disturbance
‘of the streambed stimulates a catastrophic-like response from the
benthos and their prerence in the drift increases markedly (Elliott
1971; Brusven et al. 1976). The actual number of organisms in the
drift per unit volume remains relatively stable during these periods,
but the numbers passing a certain point in the stream over a period of
time may increase significantly (Waters 1969). Natural spﬁtes in
- streams may disperse organisms over an increased living area or may
displace them into stream environments such as pocls and runs, where
they find survivel difficult and where they are more likely to be con-
sumed (Waters 1969). Many benthic organisms die when they are swept
downstream into physically or chemically unacceptable zones
(Russell-Hunter 1970).

1f£3. The drift may also be used as a means of escape from
-aesiccation during low flows (Elliott 1971). Increases in the drift
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result from a decline in available living space associated with drastic
reductions in streamflow (Minshall and Winger 1968; Armitage 197T7; Gore
1977). Areas downstream, relatively unaffected by reduced flows, may
actually exhibit increased invertebrate populations as & result of the
accumulation or organisms from dewatered riffle areas (Giger 1973).

164. Recovery of the bottom fauna after streambed exposure or
other catastrophic events may be rapid (19-28 days) after natural con-
ditions return (Herricks and Cairns 19T4-76). Drifting organisms from
upstream areas quickly recolonize the affected streambed. Recoloniza-
tion of denuded areas may also be aided by a certain amount of upstream
"crawling" movement, which may replace about 6 percent (by number) of
the downstream loss due to drift (Bishop and Hynes 196G). The renewal
of drift out of a disrupted area may be delayed until the community
has recovered to a point where the benthic population exceeds the
carrying capacity of the habitat (Dimond 1967). The failure of a
formerly abundant species to repopulate an area after a stream distur-
bance may allow other species to become established, ultimately result-

ing in a shift in community composition and abundance (Waters 196k).
Tailwaters S

165. Drift in tailwaters is primarily composed of organisms from
the reservoir above, particularly below unstratified reservoirs and
reservoirs with surface-release systems. Microcrustaceans and certain
insect.larvae (e.g., Chaoborus) produced in the reservoir commonly
dominate the teilwater drift (Gibson and Galbraith 1975; Armitage 1977,
1978).

166. Drift of benthic organisms that live in the tailwater occurs
primarily as a result of extreme fluctuations in reservoir discharge.
Even species not normelly found in the drift (e.g., Chironomidae) may
enter the drift because of these fluctuations (Brooker and Hemsworth
1978). Increased drift may result in considerable reductions in the
abundance of the stream fauna without actual streambed desiccation
(Ward 1976a). Repopulation of denuded zones is obviously not possible
from sources upstream, because of the presence of the reservoir. Re-

colonizaticn is therefore dependent on several factors, including egg
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deposition by adult insects which fly upstream, random oviposition of
remaining individuals in the denuded zones, and upstream crawling or
swimming by nonaerial invertebrates. Eggs deposited by insect species
which are tolerant to the particular tailwater enviromment will develop.
Other species, which are not adapted to the specialized conditions, will
be eliminated.

167. Minimal daily fluctuations and seasonally stable flows may
result in increased benthic populations (Ward 19T6a). However, the
stable flows that enhance benthic invertebrate development may reduce
drift. Reduced drift in this instance may be detrimental to fish pro-
duction by limiting the availability of prey (Chapman 1966). %

168. Terrestrial insects may make a significant contribution to
available fish food in the tailwater drift, especially in areas where
streamside vegetation is abundant (Waters 1964). They may be attracted

to the cool, moist areas of exposed streambeds below reservoirs during

- periods of reduced flows, and when discharges are suddenly increased,

they are swept downstream with the drift (Pfitzer 1962). Since
terrestrial insects are most active during daylight, they are more
commonly found in the drift during the day than at night (McClain 1976).

Zooplankton

169. River and stream environments are poorly suited for the pro-
duction and maintenance of zooplankton, and they characteristically
harbor small zooplankton populations (Hynes 1970). Their abundance in
. flowing waters is inversely related to the rate of the current flow.
Thus, the zooplankton present must be supplied to the stream from
adjacent quiet-water areas or other suitable productive habitats in
the drainage (Hynes 1970).

170. Most zooplankton found in tailwaters are produced in the
upstream reservoir. Some zooplankton may be produced in backwaters and
other quiet-water zones adjacent to the tailwater, but the input from
these areas is not significant when compared with that of the reservoir.
Therefore, the species and abundance of zooplankton foﬁnd in the
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tailwater are dependent on the species and abundance in the reservoir
population (Brook and Woodward 1956).

171. The reservoir zooplankton community may vary as a result of
seasonal population cycles. The community is also influenced to a large
degree by the hydraulic residence time of the reservoir. Zooplankton
numbers are generally higher in reservoirs with longer hydraulic resi-
dence times. Both of these factors eventually affect tailwater zoo-
plankton abundance.

172. The amount of zooplankton passed into a tailwater depends on
the depth of reservoir release. The zooplankton migrates vertically
within the water column in response to changes in light intensity. This
verticel migration may keep the zooplankton away from the level of
discharge during certain periods of the day. Zooplankton abundance
will also be altered in tailwaters below selective withdrawal dams,
where changes in the level of withdrawal are made on a seasonal or
daily basis.

173. Zooplankton transported into a tailwater from the reservoir
provides a more readily available source of energy and protein than the
detritus normally found in unregulated streams (Armitage 1978). Most
of the zooplankton discharged from hypolimnetic-release reservoirs is
already dead and simply contributes to the stream's load of organic
debris. Moribund zooplankters settle out and decompose, providing a
nutrient-rich detritus in the tailwater area (Armitage and Capper 1976).
Seasonal inconsistencies in the reservoir discharge, however, preclude
zooplankton from being a reliable source of either nutrient inputs or
food for benthic comsumption in the tailwater (Ward 1975).

174. Larger bodied zooplankters (e.g., copepods and daphnid
cladocerans) may be common in tailwaters immediately below surface-
release reservoirs, but they rapidly disappear as the water flows
downstream. The progressive reduction in densities downstream is
characteristic and has been documented by severeal investigators
(Chandler 1937; Stober 1963; Ward 1975; Armitage and Capper 1976).

175. The zooplankton decrease which occurs between reservoir

outlets and areas downstream is due to a combination of factors,
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including the abundance of zooplankton discharged, the filtering
effects of periphytic vegetation in the tailwater, physical destruction,
precation, and adherence to or ingestion of silt and debris. Chandler
(1937) indicated that zooplankton discharged from a reservoir in July
was reduced 99 percent 8 km downstream; whereas, during February, when
population levels were higher, abundance was reduced only 40 percent.
Algae and mosses in the tailwater essentially act as filters, removing
the zooplankton as it flows through the vegetation (Chandler 1937).
Armitage and Capper (1976) noted that 99 percent of the zcoplankton
discharged had disappeared within the first few kilometres, the
greatest losses occurring in the first 400 m below the dam. Larger
organisms become entangled more easily and are eliminated from the
streamflow sooner than smaller organisms. For this reason, greatest
zooplankton reductions in tailwaters may occur when aquatic vegetation
is abundant and the tailwater levels are lowest. When water levels in
the tailwater are high and aquatic vegetation is absent, the vegetative
filtering phenomenon is eliminated, and zooplankton may be more per-
sistent downstream (Chendler 1937). Y

176. Zooplankton is also highly susceptible to physical abrasion
and fragmentation. Some zooplankters are utilized as prey when flushed
from the reservoir, benefiting populations of benthic macroinvertebrates
and fish in the tailwater (Ward 1975). Other zooplankters either ingesﬁq
or adhere to sand and silt in the turbulent tailwaters and become

heavier, tending to sink and die.

Tailwater Effects on Specific Invertebrate Taxa

177. The productivity and occurrence of stream organisms in
tailwaters are determined by physical-chemical stresses imposed upon
the community. These stresses are related to the quantity and quality
of the releases from the reservoir. Species normally present in a
stream may be enhanced or reduced in a tailwater, but the structure
of the tailwater community is generally much different from that of a

natural stream.
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178. Immature life stages of insects from four orders, including
Diptera, Trichoptera, Ephemeroptera, and Plecoptera, are prevalent in
natural streams. Other aquatic insects, mollusks, benthic crustaceans,
oligochaetes, and planktonic invertebrates may also be abundant.
Diptera

179. In tailwaters, dipterans appear to be the group best adapted
to the altered conditions of reservoir releases (Ward 1976c). Dense
communities of Simuliidae and Chironomidae often occur in the immediate
tailwater below deep-release reservoirs because major invertebrate pre-
dators are few and fish diversities are low (Ward 19T6c). They may be
the only invertebrates present because of their ability to adapt to
conditions in most cold tailwaters. Farther downstream in the
tailwater elevated water temperatures, predation, and microhabitat
competition may result in reduced densities of both families and the
possible disappearance of Simuliidae.

180. Simuliid larvae and pupae prefer cold water and are appar-
ently tolerant of the poor water quality which occasionally occurs in
tailwaters below deep-release dams (Hilsenhoff 1971; Goodno 1975).
They are not common below surface-release dams or in tailwaters where -
water temperatures may become too high for their survival. The more
diverse fauna which exists farther downstream from these dams addi-

~tionelly limits the establishment of simuliid populations because of
increased invertebrate competition and predation.

181.  The various species in the family Chironomidae are adapted
to a wide range of environmental conditions, making them ideal
teilwater inhabitants. Some prefer cold water, while others prefer
warm water. Other species have more generalized requirements and may
be found in a variety of conditions. The seasonally altered tempera-
tures found in tailwaters below deep-release dams (winter warm, summer
cool, and delayed maximum and minimum temperatures) may allow some
species of chironomid larvae to survive during periods of the year when-
they would not be found in natural streams. However, these same
alterations may modify emergence patterns, which are controlled by
weter temperature and light intensity (Oliver 1971). Adults in these
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instances may undergo premature emergence resulting in disorientation
and reduced survival.
Trichoptera

182. Most species of Trichoptera found in tailwaters are net
spinners or filter feeders. Their abundance is directly related to the
availability of seston discharged'from the reservoir which, in turn, is
dependent on the location of reservoir outflow (Rhame and Stewart 1976
Ward 1976a). Deep-release reservoirs provide an extremely unreliable
food source because of the lack of seston during periods of stratifica-
tion. Unstratified and surface-release reservoirs may, in contrast,
provide a rich food source, including plankton and other suspended
organic matter.

183. The success of a certain species may depend on the size of
' the food particles that are available. Individual species crop parti-
cles of specific sizes, depending on the mesh size of their gathering
apparatus and their location in the streambed (Wallace et al. 1977).

184. Variations in flow alsc affect trichopteran survival. Ade-
quate current velocities are necessary to supply food and oxygen to
stationary larvae and influence the design and construction of
food-gathering nets (Haddock 1977; Wallace et al. 1977). Sufficient
‘flow is required to keep food-gathering nets extended, but higher flows
will result in their destruction (Haddock 1977). Large flow variations
below some dams may inhibit the survival and feeding success of some
trichopterans, since food-gathering nets are swept away at high flows
and collapse at low flows. 5

185. Larvae of some species of Trichoptera are fouﬂé ié,
Aqniet-water areas of natural streams. They are unable to withstand
swift water and are not dependent on net-gathering mechanisms for
their food supply. Quiet-water areas are uncommon below most reser-
voirs and if present they are subject to destructive periodic flow
increases. As a result, most trichopterans found in tailwaters are
adapted to living in swift water.
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Ephemeroptera
186. Ephemeropters (mayflies)typically inhabit small streams with
lerge-rubble substrates. The number of species present depends pri-

marily on the habitat diversity, since each species exhibits a high

degree of habitat selectivity. Generally, the presence of more diverse
" habitats is reflected by an increase in the number of species (Macan

1957). :

187. Ephemeropterans do not usually occur in tailwaters because
the stable thermal regime found here does not provide the temperature
stimulus required for life-stage development. They are additionally
affected by the reduced habitat diversity and the absence of an ade-
quate food supply (detritus). Downstream, where the effects of reser-
voir releases subside, mayflies gradually become more prevalent as the
tailwater becomes more "stream-like" (Lehmkuhl 1972).

188. Ephemeropterans are rarely found in streams where velocities
are below 15 cm/sec or above 91 cm/sec (Delisle and Eliason 1961). Few
species are able to survive in areas subject to extreme flow reductions

. (MacPhee and Brusven 1973; Ward 1976a). Mayfly species equipped witn
hold-fast organs are able to exist in tailwaters with moderately high
current velocities (Ward 1976a).

189. Most ephemeropterans do not readily colonize areas in a
constant state of water-level fluctuation since they cannot tolerate
both low and high flow extremes. One genus (Paraleptophlebia), however,
has been found abundantly in tailwaters exhibiting these types of
fluctuations (Trotzky and Gregory 19Th).

Plecoptera

190. Plecopterans are usually not found in tailwaters because
the loss of habitat heterogeneity, changes in flow regime, and re-
latively stable temperatures make conditions unacceptable for their
growth and development. Downstream their abundance generally increases
as the influence of the reservoir discharge declines (Ward 1976a).
Several species of plecopterans (e.g., chloroperlids) are not affected
by rapidly fluctuating flows, and may become abundant in tailwaters
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where other environmental conditions are suitable (Ward and Stanford
1979).

191. Plecopterans are common predators on trichopteran eggs,
chironomid larvae, and simuliid larvae in natural streams (Vaught and
Stewart 19T4). The absence of these predatory species contributes to
the increased abundance of Simuliidae and Chironomidae in most cold
tailwaters.

Miscellaneous

192. Amphipods, oligochaetes, isopcds, mollusks, and turbellarians
are often abundant in tailwaters. One factor common to these groups
that may be significant to their abundance in tailwaters is the lack of
an aerial adult stage in their life cycles. Because they do not have
an aerial adult stage, they are not subject to the problem of premature
emergence that often occurs among aquati: insects in thermally sltered
tailwaters (Ward and Stanford 1979).

193. Ward and Stanford (1979) indi:ated that amphipods are often
abundant in tailwaters that have reduced summer temperatures anc stable
flow regimes. High nutrient inputs and reduced flood flows alsc favor
amphipods because streambed siltation anil increased macrophytic growth
which occurs in these situations are higaly beneficial to their develop-
ment (Hilsenhoff 1971).

194, Oligochaetes may be present below deep-release reservoirs in
pools away from the strongest currents. The cool, nutrient-rich water
and lack of destructive spates favor establishment of dense populations
in these areas (McGary and Harp 1973; Armitage 1976).

195. Isopods may be the dominant organism in the riffle arees of
cold tailwaters (McGary and Harp 1973). They are also less affected by
minor water-level fluctuations than other invertebrates because they
can migrate out of areas that are periodically exposed.

196. The distribution of mollusks in natural streams is deter-
mined primarily by substrate patterns and types. The chemical and
physical alterations that occur in tailwater enviromments have both

enhanced and disrupted mollusk populations.
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197. Enriched growths of attached algae and inereased organic
sediment were found to encourage the establishment of pulmonate snails
(Physa) during the absence of scouring releases or during extended
periods of reduced flows (Williams and Winget 1979). However, Harman
(1972) found that chemical and biological alterations of the tailwater
environment negatively affected the mollusk population and reduced
species diversity. The number of mussel species was also reduced in
the Tennessee River. Alterations to and loss of riverine habitat after
extensive reservoir construction reduced the number of species from 100
to approximately 50 (Isom 1971). Formerly abundant species were re-
duced or eliminated and natural replecement was limited. The change in
fish species that also occurred as a result of reservoir construction
further reduced mollusk populations through the obstruction of fish-host
associations that are a necessary part of the molluskan life cycle
(Isom 1971).

198. Turbellarians appear to be a minor member of the tailwater
invertebrate community and are not widely studied. Based on the few
studies that.have been conducted, turbellarians apparently increased

~in téilwaters with stable flow regimes and cool summer temperatures
and declined in tailwaters with fluctuating flows (Ward and Stanford
1979).

199. Crayfish are common in some tailwaters; however, no mention

of this group ﬁas made in the literature except as food for some fish

species.



PART VII: FISHES IN TAILWATERS

200. 1In this section, fishes that commonly occur in tailwaters
are discussed. The presentation is by family, followed by individual
species or groups. Fish species which occur in tailwaters but are of
only minor importance because few are generally captured or they are
little mentioned in tailwater literature are not discussed. These
include species from the following families: Petromyzontidae (lam-
preys); Acipenseridae (sturgeons); Lepisosteidae (gars); Anguillidae
(eels); Hiodontidae (mooneyes); Aphredoderidae (pirate perches);
Cyprinodontidae (killifishes); and Atherinidae (silversides).

201. A brief description of envirommental conditions necessary
for the successful completion of the various life history phases of
each species or group is presented under the following topics:
habitat, reproduction, food, and age and growth. This is followed by
a synthesis of tailwater literature pertaining to a particular species
~or group of fish. Emphasis is placed on how the species responds to
environmental conditions found in tailwaters. The depth of discussion
varies by species and is dependent on the amount of literature avail-
able. Source material for the description of fish life history require-
ments was obtained from Carlander (1969, 1977), Scott and Crossman
(1973), Pflieger (1975), and others.

202. The common and scientific names of fishes mentioned in this
report are listed in Appendix C. Fishes from North American tailwailers
are included in Part I and nomenclature follows that of Bailey et al.
(1970). Fishes from European tailwaters are included in Part II.

Life history information for the most common fish groups discussed in
this report is given in Appendix D.

Polyodontidae (Paddlefishes)

203. The paddlefish is one of the largest freshwater fish in
North America. It is found only in the Mississippi, Missouri, and
Ohio rivers and their larger tributaries. Numbers of paddlefish heve
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declined greatly since the advent of the twentieth century. Major
causes are believed to be dams, overfishing, and pollution. Fish con-
centrate below dams where they are especially vulnerable to fishing.
Dams built to create reservoirs or for other purposes have inundated
many former spawning grounds or have prevented fish from reaching
upstream spawning areas. The decline of paddlefish stocks in past
years followed the increased release of domestic and industrial pollu-
tion into the waterways. Paddlefish populations have increased in some
areas where pollution abatement has been effective (Eddy and Underhill
197Lk).

Paddlefish

204, Habitat. The paddlefish is primarily found in the open
water of sluggish pools and backwaters of large rivers where it swims
about continuously near the surface or in shallow water. For spawning,
it requires access to a large, free-flowing river with gravel bars
which are inundated during spring floods.

205. Originally the large free-flowing rivers of the Mississippi
Valléj provided ideal habitat for paddlefish. Now some of the largest
populations are found in man-made impoundments where tributary rivers
meet the fish's exacting spawning requirements. These conditions are
met in some reservoirs in the states of Alabama, Arkansas, Kentucky,
Missouri, Oklahoma, and Tennessee, and in several mainstream Missouri
River reservoirs in North and South Dakota and Montana.

206. Reproduction. The reproductive habits of paddlefish were
described by Purkett (1961), whose studies were conducted on the Osage
River in Missouri. Spawning takes place in midstream, over submerged

gravel-bars when the river is high and muddy in early spring at temper-
atures of about 15.5°C. Meyer and Stevenson (1962) reported that
female paddlefish in Arkansas do not mature until they are over 11.34
kg in weight and that they may not spawn every year. The adhesive

eggs stick to the first object they touch, normally stones on the
streambottom. Eggs hatch in 9 to 12 days when water temperatures are
about 16°C (Purkett 1963; Needham 1965). After hatching, the fry swim
upward vigorously, then settle toward the bottom. Frequent repetition
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of this activity by the fry is significant in that it permits the
strong currents to sweep the fry downstream out of the shallows and
into deep pools before the gravel bars are exposed by receding water
levels.

207. Food. Paddlefish feed primarily on zooplankton and insect
larvae filtered from the water. They swim slowly with their mouths
open through areas where food is concentrated. Water passed through is
filtered by the long, closely set gill rakers. The function of the
paddle-shaped snout in relation to feeding is not known for certain,
but its elaborate system or sense organs mzy enable it to function
primarily as a device for locating concentrations of food organisms.

208. Age and growth. Paddlefish grow rapidly. According to
Pflieger (1975), young nearly 150 mm long have been collected from
overflow pools of the Missouri River in early July. Two specimens
kept in a fertilized pond reached a length of about 0.9 m and a weight
of 2.7 kg when they were 17 months old. Paddlefish in Lake of the
Ozerks, Missouri, attain a length of 250 to 350 mm in their first year
and about 530 mm in their second year. Seventeen-year-old fish ;véragéxu
nearly 1.5 m in length and 16.8 kg in weight. The largest paddlefish
are usually females. The species is also long-lived; many individuals
live more than 20 years.

Paddlefish in tailwaters

209. Large concentrations of paddlefish are found in some
tailwaters especially during winter and spring. Most studies on
paddlefish in tailwaters are concerned with spawning and reproduction.
Paddlefish reproduction, prevented primarily by the blockage of
upstream migration by dams, has also been affected by the altered flow
regimes found in tailwaters. Main-stem hydropower facilities on the
Missouri River have not only reduced the amount of natural spawning
area available but have also rendered most of the remaining river areas
unusable. Large diel water fluctuations mask or delay the normal
spring rise in water flows and temperatures.

210. Young-of-the-year fish have been reported in only one
tailwater of the Missouri River reservoir system (Friberg 19TL).

65



Juveniles found in Lewis and Clark Lake were produced in the 65-km
section of the Missouri River above the reservoir, while those in the
tailwater either passed through Gavins Point Dam or were produced in
the 97-km section of natural river downstream from the dah (Valburg
1971; Friberg 1974). Recruitment from the reservoir sbove is believed
to be the primary source for paddlefish found below Lake of the Ozark's
hydropower dam on the Osage River in Missouri (Hanson 1977).

211. -The effects of navigation or flood control dams on paddlefish
reproduction are not as well defined. Successful spawning on eroded
wing dikes below Lock and Dam Number 12 on the Mississippi River in
Iowa has been regularly observed (Gengerke 1978). Eroded wing dikes
effectively simulate natural gravel bars. The control of spring
floodwaters below a Kentucky flood control reservoir appears to inhibit
downstream spawning activity (Branson 1977).

212. An alteration of the behavioral characteristics of paddlefish
caused by impoundments is evidenced by their concentration in the
svift-flowing waters immediately below many dams (Friberg 1972; Boehmer
1973; Gengerke 1978). Concentration of these fish into a relatively
““confined area increases their vulnerability to both commercial and
sport fishing. Friberg (1974) reported high catch rates of paddlefish
in tailwaters for three to four years following dam closure, followed
by declining catches due to reduced numbers. These concentrations dur-
ing the reproductive season may be explained by the blockage of upstream
migration. During other seasons these concentrations are most likely
due to the increased availability of food in the reservoir discharge.

213. In tailwaters, zooplankton is most abundant in the reservoir
discharge; its abundance decreases rapidly downstream. The large
quantity of food available would tend to attract feeding paddlefish from
slow-flowing areas into the faster iflowing discharge, where they would
normally not be found.

214. Except for the immediate discharge, there is generally less
zooplankton available in the tailwater than in the reservoir. This
relative scarcity of food is reflected in the reduced growth rates of
tailwater psddlefish. Growth studies by Friberg (197k) indicated that

66



paddlefish apparently raised in a reservoir suffered a marked reductiohn
in growth following passage through the dam into the tailwaters.

Clupeidae (Herrings)

215. The herring family is composed of species which are mainly
marine or anadromous. Several species live in fresh water and are
occasionally found in tailwaters. They are skipjack herring, gizzard
shad, and threadfin shad. None are used for human food, but the skip=-
Jack is sometimes sought by sport fishermen because it fights spectac-
ularly when hooked. Gizzard shad, particularly young of the year, are
important forage for other fishes. Threadfin shad are important forage
at all ages because their maximum length rarely exceeds 180 mm. The
skipjack is not discussed further here because it is little mentioned
,in tailwater literature, except for an occasional occurrence in fish
species lists.

Shad

216. Habitat. The gizzard shad in generally distributed over the
eastern half of the United States where it is most abundant in reser-
voirs and large rivers. It inhabits quiet-water habitats in lakes,
ponds, reservoirs, and backwaters of streams where fertility and pro-
ductivity are high. Shad usually avoid high-gradient streams and those
which lack large, permanent pools. Shad congregate into loose aggrega-
tions, and large numbers are often observed near the water surface.
During fall, winter, and spring, large numbers may be found in
tailwaters.

217. The threadfin shad, whose habitat is similar to that of the
gizzard shad, is generally confined to the southeastern states where it
has been stocked extensively in reservoirs for forage. It has also been
stocked in reservoirs of the Southwest. It is sensitive to low tempera-
tures, and extensive die-offs have been reported at temperatures below
T7.2°C (Pflieger 1975). Because of overwinter die-off, annual stockings
of adults are necessary to maintain populations in many reservoirs.
Large mumbers of this species may also occur in tailwaters during fall
and winter.
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218. Reproduction. Gizzard shad are very prolific and generally

spawn during April, May, and June at temperatures between 17 and 23°C
in shallow areas of protected bays and inlets. The scattered eggs sink
to the bottom where they adhere to the first object they contact. Eggs
hatch in gyout”h days and the young begin feeding when 5 days old.
Ydung atiain typical adult form when about 32 mm long.

219. Threadfin shad begin spawning in the spring when the water
temperature reaches 21.1°C and may continue throughout much of the
summer. Threadfin spawn in schools near shore. The adhesive eggs
stick to any submerged object and hatch in about 3 days. Young begin
feeding when 3 days old. Individuals hatched early in the year com-
monly mature and spawn late in their first summer of life.

220. Food. The gizzard shad is almost entirely herbivorous,
feeding heavily on microscopic plants, phytoplankton, and algae. The
species is essentially a filter feeder, remofing particulate matter
from the water by passing it through its closely set gill rakers.

221. Threadfin shad are also filter feeders. Their diet consists
of microscopic plants and animals found in the water column.

222. Age and growth. Gizzard shad average about 127 mm long at
the end of their first summer, 185 mm at age I, 257 mm at age II, and
302 mm' at age ITI (Carlander 1969). The average life span is L to 6
years but some live 10 or more years. Maturity is reached in the

second or third year. Adults are commonly 230 to 360 mm long and weigh
about 0.45 kg. Maximum length and weight is about 520 mm and 1.6 kg.
223. Adult threadfin shad are usually 102 to 127 mm long, and
few live more than 2 or 3 years. In Bull Shoals Reservoir, Arkansas,
threadfin shad average 53 mm in length at the end of the first growing
season and 124 (males) and 135 (females) mm at the end of three growing
seasons (Bryant and Houser 1969).
Shad in tailwaters
22Lk. Shad are important forage species in tailwaters. Both
gizzard shad and threadfin shad are eaten by striped bass, trout,
walleyes, saugers, and other species (Parsons 1957; Pfitzer 1962;
Walburg et al. 1971; Deppert 1978; Combs 1979). Threadfin shad have
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-‘been stocked in some reservoirs specifically to provide food in the
tailwaters for piscivofous fish (Parsons 1957).

225. The number of gizzard and threadfin shad is generally higher
in tailwaters than in natural streams due to their movement from reser-
voirs either over or through dams (Clark 1942; Parsons 1957; Louder
1958; Pfitzer 1962; J. P. Carter 1968a, 1968b, 1969; Walburg 1971).
Occurrence of shad in tailwaters appears to be more related to season
than magnitude of outflow from the reservoirs (Clark 1942; Parsons 1957T;
Louder 1958). The presence of impoundments has also increased shad
distribution. In Oklahoma, shad became established in a tailwater
where they did not appear in the natural stream prior to impoundment
(Cross 1950).

226. Dams also affect anadromous members of the clupeid family by
acting as barriers to upstream spawning migration (W. R. Carter 1968;
Foye et al. 1969). Large numbers of American shad concentrated below
a dam.in Maryland during spring. Fish kills sometimes occurred when
the turbines were shut down during normal peaking operations and dis-
solved oxygen in the tailwaters was reduced to lethal levels (W. R.
Carter 1968). Alteration of operating procedures to provide mainte=-
nance flows of 141.6 m3/sec through each of two turbines has been
required to avoid further low-oxygen fish kills. Maintenance of
minimum flows has been credited with allowing the survival cf American
shad in the Russian River in California (Anderson 1972).

Salmonidae (Trouts)

22T7. The trouts are coldwater fish which were originally found
in the Arctic and North Temperate regions. Over the years they have
been introduced into suitable waters throughout the world. Many
coldwater tailwaters in the United States have been stocked with
hatchery trout on a put-and-take basis. Stocking is done at regular
intervals throughout the fishing season to maintain a satisfactory
sport fishery. Catchable-size trout (150-200 mm long) are usually
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stocked because smaller fish often have poor survival to the creel
(Vestal 1954).

228. The rainbow trout is the most common salmonid stocked below
dams because it is less costly to raise and easier to catch. Other
salmonids planted in tailwaters are brown trout, brook trout, and cocho
salmon. Rainbow trout are usually stocked in the coldwater tailwaters
below reservoirs built on warmwater streams. Rainbow trout or other
trouts may be stocked or may occur naturally in coldwater tailwaters
below reservoirs built on coldwater streams. Discussion here is limited
to the rainbow trout because it is the most common trout in tailwaters.
ﬂgainbow trout . ; : _ ;

: 229. Habitat. The rainbow trout is native to the streams of the

Pacific coast where many varieties or subspecies have developed. The
seagoing form is known as the steelhead trout and is believed to be
identical to the strictly freshwater rainbow trout. Because of the
ease with which eggs of the rainbow trout can be transported, different
strains have been distributed throughout the world.

230. This species lives in a variety of habitats, including
streams, lakes, and reservoirs. The rainbow trout tolerates somewhat
higher temperatures than other trouts but does best in waters that
remain more or less continuously below 21.1°C. According tb McAfee
(1966), the upper temperature limit for the species varies from about
23.9 to 29.4°C, depending on the oxygen content of the water, size of
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