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To: Government agencies, private organizations and individuals interested in
Alaskan fish/habitat relationships

Descriptions of freshwater fish habitat relationships for the following
Alaskan species are enclosed:

. Chum salmon (Oncorhynchus keta)

Pink salmon (Uncorhynchus gorbuscha)

Broad whitefish (Coregonus nasus]

Round whitefish (Prosopium cylindraceum)

Arctic grayling (Thymallus arcticus)
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These descriptions were prepared by the Habitat Division of the Alaska
Department uf Fish and Game under contract to the Y.S. Fish and Wildlife
Service (FWS). Habitat descriptions for coho salmon and rainbow trout are
currently being developed by the FWS.

We hope these descriptions will be a useful reference in your Alaskan natural
resource work. If you know others who could use this information, please
contact:

Ann Rappoport
Regional HEP Coordinator
U.S. Fish and Wildlife Service
Western Alaska Ecological Services
605 W. 4th  Room G-81
Anchorage, Alaska 99501
{907) 271-4575

Sincerely,
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Regional HEP Coordinator

cc: See distributicn list
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I.

INTRODUCTION
A. Purpose

The purpose of this report is to present available information
about the freshwater habitat tolerances, preferences, and
requirements of the chum salmon, Oncorhynchus keta (Walbaum), and
to evaluate habitat which parameters are most important to the
species or are most often critical to survival or limiting to
production. This information is intended to provide a data base
for habitat evaluation activities. In particular, Section III,
which attempts to relate various levels of certain environmental
parameters to habitat suitability, is intended to be used with
the Habitat Evaluation Procedures and instream flow methods of
the U.S. Fish and Wildlife Service. These procedures and methaods
are tools for assessing the effect of land use development
projects on aqu:itic habitat.

Bakkala (1970) has presented a comprehensive summary of
biological data on the chum salmon. The present report is
restricted to habitat data and to the freshwater stage of the
life history and expands upon the relationship between the chum
salmon and habitat parameters. It also considers recent
information and emphasizes data from Alaska, particularly
unpublished data and personal communications from fishery
biologists who have worked with chums in the State. Habitat
parameters emphasized are those of a physical or chemical nature.
Certain biological factors affecting the well being of the
population such as feeding, predation, competition, parasites,
and disecase are not comprehensively treated.

Although information has been examined from throughout the range
of the species, emphasis is placed upon Alaska because it is
expected that this is where habitat evaluations using this report
will be made. Populations from different geographic areas
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undoubtedly have habitat needs which differ to some extent;
however, data to document such differences are available only in
rare instances. Caution must be used when extending information
from one stock to other stocks. Research in Siberia has shown
differences in habitat preferences between summer chum and fall
chum.

Habitat requirements described in this report are for chum
salmon; however, it occasionally was considered useful to include
data for other species of Pacific salmon where such information
was lacking for chums. In these cases, the other species are
dlways mentione .y name or referred to by the phrase "Pacific
salmon” if the information is of a general nature. Any reference
to salmon without naming a particular species or using the phrase
"Pacific salmon" always refers specifically to chum salmon.
Reviews of factcrs constituting the freshwater habitat of Pacific
salmon have been done by Macy (1954), Nicola et al. (1966), and
Reiser and Bjornn (1979).

Chum salmon, also commonly called dog salmon in Alaska, are
anadremous as are other North American species of Pacific salmon,
but the time spent in freshwater is primarily for reproduction.
Chums migrate to the ocean in their first spring or summer of
life and spend little time, if any, rearing in freshwater as do
king, sockeye, and coho salmon. Most of the chum salmon's life
is spent at sea.

Four perfods in the freshwater life history can be distinguished:
upstream migration of adults, spawning, intragravel period of
eggs and alevins, and downstream migration of fry. The period
from egg deposition to emergence frcm the gravel is usually the
stage of highest mortality and is probably the stage where
habitat requirements are most critical.

[Er——



This report presents a general summary of the life history and
then, in Section II, gives a detailed discussion of habitat needs
for each life stage in the freshwater environment. Section III
attempts to synthesize the relationship between various
environmental parameters and habitat quality.

Aquatic habitat and chum salmon relationships presented in this
paper are very general. They are not appropriate for
applications to specific watersheds.

Distribution

Chum salmon have the widest distribution of any of the Pacific
salmon, occurring in the northern North Pacific Ocean, the Bering
Sea, the Chukchi Sea, and along the Arctic Ocean coasts of
Siberia, Alaska and northwest Canada. Spawning has been
documented in streams and rivers in North America from the
Sacramento River in California to the Mackenzie and Anderson
Rivers on the Arctic coast of Canada (Hart, 1973) and, in Asia,
from the Nakdong River in Korea and the Tone River in Japan to
the Lena River in Siberia (Bakkala, 1970). More chum salmon are
apparently produced on the Asian side of the Pacific than on the
North American side (Merrell, 1970). Spawning has been recorded
in at least 1,270 streams in the United States (Atkinson et al.,
1967). Chums occur only in small numbers on the North American
coast south of central Oregon or north of Kotzebue Sound in
Alaska (Helle, 1979).

Chum salmon generally occur throughout Alaska except for

certain streams in the Copper River drainage and in the eastern
Brooks Range (Alaska Department of Fish and Game, 1978; Atkinson
et al., 1967; Merrell, 1970; Morrow, 1980). Chums are abundant
in Southeast Alaska, especially in the northern part of the area.
There are both summer runs, primarily in northern Southeast, and
fall runs mainly in southern Southeast. Chums are abundant in
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Prince William Sound, where there are early runs which enter the
Sound in late April to early July and spawn in non-lake-fed
streams of the mainland, middle runs which enter the Sound in mid
to late July and spawn in lake-fed streams of the mainland and in
streams of the outer islands, and late runs which enter the Sound
in late July, enter freshwater in August and early September and
spawn almost exclusively in spring-fed creeks of the mainland.
Cook Inlet chums enter freshwater between early July and
mid-September. Chums in the southern part of Cook Inlet spawn in
coastal streams, while those of the northern part utilize the
large river systems. They are uncommon on the east side. Chums
are abundant in streams of Kodiak Island. They are present in
bays and estuaries of the island from mid June to early September
and in freshwater T-om mid August to <arly Octobei. Chums are
also abundant in the south Alaska Peninsula area where they enter
streams from mid July to mid September. Little is known about
the distribution of spawning chums in the Aleutian Islands. The
Nushagak and Togiak areas are the main chum salmon producers in
the Bristol Bay drainage. Chums enter streams of Bristol Bay
from mid June to mid August and spawn mostly in the lower portion
of the larger clearwater tributaries of the main river systems.
Chum salmon are the most abundant salmon species in the Kuskokwim
Bay and River area. There are sixteen or more major spawning
streams in the Kuskokwim River system. Chums are also the most
abundant salmon in the Yukon River drainage. The Yukon River
drainage is the greatest single river system producer of chums in
the state. There are distinct runs of summer chums and fall
chums in the Yukon River. The summer chums enter the mouth of
the river from late May through mid July and spawn in tributaries
of the lower and middle portion of the river. The Anvik River is
one of the major producers of summer chums. Fall chums enter the
river from mid July through early September and spawn primarily
in the tributaries of the upper river. In the Norton Sound and
Kotzebue Sound areas, chums are again the most abundant salmon.
Norton Sound chums arrive in days and estuaries from June to late

[ e—



July. Kotzebue Sound has two major run components in July and
August. Most of the Kobuk River chums arrive in the Sound and
migrate up river before the Noatak River chums. The Noatak River
is the major chum producer in the area. Although chum salmon
occur in streams along the entire Alaskan coast to the Canadian
border and beyond, there are relatively few north of the Kotzebue
Sound drainage and numbers along the Arctic coast are very
limited. This area is the most northern part of the chum
salmon's distribution in North America (Alaska Department of Fish
and Game, 1978). Figure 1 shows the distribution of chum salmon
in Alaska and indicates some of the major study sites where data
mentioned in this report was collected.

Life History Summary

Most of this section has been summarized from Bakkala (1970).

In the summer and fall, adult chum salmon leave marine waters and
begin the upstream migration to spawning areas. Spawning
migrations vary in length from short distances in some coastal
streams, where spawning may take place in the intertidal zone, up
to as much as 3200 km in long rivers such as the Amur River in
Siberia or the Yukon River (Bakkala, 1970; Morrow, 1980).

Many streams have more than one run of chums, including distinct
runs of summer and fall chums.

Fall chums in the Yukon River average about 0.5 kg more than the
summer chums, spawn farther upriver, and are more likely to spawn
in springs or areas of ground water seepage. Similar differences
exist between summer and fall chums in the Amur River of Siberia;
the fall chums also have a greater fecundity (Sano, 1966). The

spawning grounds of fall chums are different from those of summer
chums in the Amur River in that the former tend to be shallower,
have a narrower range of temperature variation, have a weaker

-5-
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flow, have a lower dissolved oxygen content and a higher carbon
dioxide content, and have a lower pH (Smirnov, 1947).

Adults do not feed on the upstream migration. The rate of
migration in the Amur in Siberia has been found to be 56 to 115
km per day, and in shorter streams, 1.9 to 4.2 km per day
(Bakkala, 1970). Lebida (1964) found that chums in the Yukon
migrated from about 1 to 53 km per day with a mean rate around 20
to 30 km/day.

On the spawning grounds, the female excavates the redd in gravel
by turning to one side and rapidly flexing the body, creating
water currents with the caudal fin. After a depression is
completed, the female and the dominant of several males in
attendance enter and simultaneously extrude the eggs and milt.
The female excavates another depression slightly upstream which
serves to cover the fertilized eggs just deposited. The female
may dig several nests and spawn with more than one male. After
spawning, she may stay near the redd and protect the site from
other spawners. Males often spawn with more: than one female.
doth sexes die within one to six days after spawning.

The eggs are deposited at depths of 8 to 43 cm below the surface
of the gravel (Bakkala, 1970; Burner, 1951). Fecundity of chum
salmon ranges from about 1,000 to 8,000 eggs with 2,000 to 3,000
being most common. In Asia, summer chum salmon are at the low
end of this range and autumn chums are at the high end (Bakkala,
1970). The average fecundity of 36 females taken in the Noatak
River was 3,365 (Bird, 1980). Noatak River chum salmon are
considered to be an autumn race.

Chum salmon spawn from June to January, but the peak for northern
populations occurs from July to early September and the peak for
southern populations occurs in October of November,

JRe—
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The time spent in freshwater (time from entering the stream to
time of expiration) for adult salmon in a stream in southeastern
Alaska was 11 to 18 days (Mattson et al., 1964). The time spent
in freshwater for other stocks such as those spawning huncreds of
kilometers up the Yukon River could last up to two months. The
actual redd life, or time spent at the spawning sites, in
Traitors River was 5 to 9 days (Mattson and Rowland, 1963).

Chum salmon eggs incubate in the gravel 50 to 130 dhys. After
hatching, the larvae with yolk sacs still attached are known as
alevins. The alevins remain in the gravel until their yolk sacs
are nearly or completely absorbed which takes about 30 to 50 days
(Bakkala, 1970). The alevins are largely dependent on the yolk
sac for nourishment although Disler (1953) has reported that
preemergent alevins consume small amounts of benthic organisms
such as dfatoms and chironomid larvae. The alevins are about 22
mm long and weigh approximately 0.16 g at hatching; after
absorption of the yolk sac, they are 27 to 32 mm long and weigh
0.20 to 0.23 g (Bakkala, 1970).

The period spent in the gravel by the eggs and alevins is a time
of heavy mortality. The survival rate from eggs to fry in
natural streams typically averages less than 10%.

The alevins emerge from the gravel in the spring (March, April,
and May). Those that still have remmants of the yolk sac absorb
it shortly after emergence. The young chums are now commonly
called fry. Most chum salmon fry begin their downstream
migration to the ocean soon after emergence. Some may remain in
freshwater for several weeks, especially those that are hundreds
of kilometers from the ocean. The outmigration occurs mainly at
night in April and May and is a combination of displacement and
active swimming.

oo
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Most of the fry travel near the surface and in the center of the
stream where the water currents are strongest (Hunter, 1959).
Sano and Kobayashi (1953, cited by Bakkala, 1970) found that chum
fry in a Japanese stream migrated from three to five kilometers
per day. In large rivers, the fry travel by day as well as
night, particularly if the river is turbid.

The bulk of the diet of fry in freshwater consists of benthic

organisms, chiefly aquatic insects such as chironomid larvae,

mavfly nymphs, stonefly nymphs, caddisfly larvae, and blackfly
larvae (Bakkala, 1970). Occasionally, planktonic organisms are
taken.

Predation is a major source of mortality to chum fry during the
downstream migration period. Commor predators in North American

‘streams are cutthroat and rainbow trout, Dolly Varden, coho

salmon smolts, squawfish, sculpins, and predaceous birds such as
kingfishers, and mergansers.

Chum fry show an increasing preference for seawater with
increasing age. Those that have completely absorbed their yolk
vacs can tolerate direct entrance into full strength seawater.

When chum fry emerge from the gravel, they are about 30 to 32 mm
Tong. At the time of entry into marine waters they range from
about 30 to 60 mm in length and their weight ranges from 0.20 to
3.82 g. Chum fry entering an estuary in southeastern Alaska
averaged 35 mm in length (Bakkala, 1970).

The fry form schools when entering the estuary if they have not
done so before. Entry into salt water is usually complete by
June. The young chum remain near shore until mid or late summer,
feeding in estuarine areas and even moving back into freshwater
areas with the tides to feed (Mason, 1974). The frv switch from
benthic organisms, which were their main food source in

— O 32 03
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freshwater, to zooplankton including cladocerans, copepods, and
barnacle nauplii and cyprids. By the middle of August, almost
all juveniles have left the estuaries. By mid summer, the young
chums are 100 to 150 mm long and by September, about 150 to 225
mm long.

After leaving coastal waters, the immature chums become widely
distributed in the North Pacific Ocean and Bering Sea. By their
second summer at sea, they are distributed from the Asian to
American coasts with a southern limit of about 40° to 44° N and a
northern 1imit in the Arctic Ocean (Bakkala, 1970). Chum salmon
experience a high mortality, much of it due to predation, during
their early ocean life. The main types of food taken by chums
consist of polychaetes, pteropods, squid, crustacean larvae,
copepods, amphipods, euphausids, and fish (Bakkala, 1970). The
average mean size of immature chums in marine waters in early
summer ranges from a fork length of 34 c¢m and weight of 0.5 kg
for age one fish to 55 cm and 1.9 kg for age five fish (Bakkala,
1970). Younger chums have a greater growth rate than older fish.
The immature stage lasts from half a year up to five and a half
years.

Bakkala (1970) considered the adult phase of chum salmon to begin
on January 1 of the year in which the fish matures sexually and
spawns. Therefore, this phase lasts from abaut six months for

those adults spawning in June to about twelve months for those

spawning in December.

Mature chum salmon range from age one to age seven. Most chums
mature at age two or three in southern parts of the species range
and at age three or four in northern parts (an age three fish is
one that has spent three winters in the ocean, has three annuli,
and is in its fourth year of life). Age six and seven fish are
rare. Age three fish are usually the most common in southeast

-10-
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Alaska. Age four fish predominate from Prince William Sound
northward, with age three and age five being next in abundance.
Adults range from 45 to 96 cm in fork length and from 0.8 to

13.4 kg in weight; the average size for mature fish is about 60
to 75 cm and 4.0 to 7.0 kg (Bakkala, 1970; Merrell, 1970; Morrow,
1980). The record fish cited by Bakkala was 108.8 cm and 20.8
kg. Age three fish are slightly smaller in northern parts of
Alaska (55 to 62 cm) than in southern parts (67 to 71 cm)
(Bakkala, 1970).

Maturing adults begin the migration back to the natal streams in
the last few months of their lives. The majority of them have
spent two to four years at sea. They leave the high seas feeding
grounds during the period from May to November and enter coastal
waters. Little time is spent in coastal waters before the
upstream migration to the spawning grounds begins.

Economic Importance

The annual commercial harvest of chum salmon in Alaska in the
years 1971 to 1976 ranged from 4.3 to 7.7 million fish, weighed
from 32.1 to 64.8 million pounds, and had a monetary value to the
fishermen ranging from 7.5 to 18.6 million dollars. In 1976, the
first wholesale value of the statewide production of chum salmon
was 35.1 million dollars (Alaska Department of Fish and Game,
1979a).

In 1980, 9.9 million chums were harvested commercially in Alaska.
Most of these were taken in southeast Alaska, Kodiak Island, the
Alaska Peninsula, Bristol Bay, the Kuskokwim River, and the Yukon
River. The total statewide production was 65.3 million pounds
(Alaska Department of Fish and Game, 1980b).
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A further harvest of chum salmon produced in Alaskan streams
occurs in the high seas fishery of the Bering Sea. The Japanese
mothership fishery harvests two to four million fish annually.
Significant numbers of these are believed to originate in western
Alaska (Alaska Department of Fish and Game, 1979b).

The commercial salmon catch in Alaska north of Bristol Bay, which
is predominantly chum salmon, may produce a large percentage of
the total cash income for many villagers in western and
northwestern Alaska.

In addition to the commercial catch, large numbers of chum salmon
are taken for subsistence use. Chums are used for subsistence
throughout the state, but the bulk are taken in western and
northwestern areas including the Yukon River drainage in the
interior. The annual statewide subsistence harvest of chums
ranks in the hundreds of thousands. In former years, large
numbers of chums were taken for sled-dog food, but this use
declined with, among other things, the increasing use of
snowmachines starting in the mid 1960s. Renewed interest in sled
dogs in the last few years has apparently resulted in an
increased chum salmon harvest. In the Kuskokwim area, the annual
subsistence harvest of chums was larger than the commercial
harvest until 1977 (Alaska Department of Fish and Game, 1979c).
The same was true for the Yukon River until 1970.

Although not a prime target for sport fishermen in Alaska,
thousands of chum salmon are taken by anglers every year.

-12-



II. SPECIFIC HABITAT RELATIONSHIPS/REQUIREMENTS

A'

Upstream Spawning Migration

The habitat requirements of mature adult chum salmon migrating
upstream to the spawning grounds are relatively broad. The tirne
spent during this phase varies from less than a day for stock:;
which spawn in the tidal zone or within a few kilometers of tte
stream mouth, as is common in southeastern Alaska and Prince
William Sound, to several weeks for stocks which spawn in
tributaries of the larger rivers such as the Yukon.

1. Temperature

Manzer et al. (1965, cited by ~"akkala, 1970) estimate that

chum salmon at sea can probably tolerate temperatures of 1°

to 15°C, but they prefer a range from 2 or 3°C to 11°C.
Bell (1973) listed temperatures from 11.1 to 14.4°C as the
preferred range for adult chums (he was probably referring
to the freshwater phase only).

The temperature range during upstream migration of chums in
some tributaries of the Kuskokwim River is 5.0 - 12.8°C
(Alaska Department of Fish and Game, 1980a). The
temperature range during the peak of the upstream migration
in the Anvik River is 10.0 - 16.7°C (Trasky, 1974). The
temperature in Traitors River ranges from 4.4 - 19.4°C
during upstream migration; for the peak, the range is 8.9 -
14.4°C (Mattson and Hobart (1962).

Hunter (1959) stated that ajults entered Hooknose Creek in
British Columbia to begin the upstream migration when the
temperature ranged from 8°C to 14°C and that temperatures
within this range did not seem to have any influence on the
upstream migrati.n.
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For Japanese streams, Mihara et al.(1951, cited in Bakkala,
1970) reported that chum salmon start to enter the streams
in the fall when the water temperature had declined to 15°C;
most enter at temperatures of 10°C to 12°C. During the peak
of the upstream migration, temperatures ranged from 7°C to
11°C. In northern Japan, stream temperatures during
upstream migration can range from 0.1 to 20.0°C but, during
the peak of migration, are generally around 7 to 11°C (Sano,
1966). Stream temperatures in the Memu River are 11 to 12°C
(Sano and Nagasawa, 1958). '

Levanidov (1954) stated that, while fall chum in the Amur
River of Siberia rarely die before spawning, many summer
chums died in certain years because of high water
temperatures.

Bell (1973) suggests a water temperature criteria for
successful upstream migration of chum salmon ranging from

8.3 to 15.6°C, with an optimum temperature of 10.1°C.

Stream Flow, Current Velocity, and Water Depth

One of the important parameters affecting upstream migration
is stream flow. Of course, there are many reaches of
streams that have potentially useable spawning grounds which
are not available because of downstream barriers created by
current velocities beyond the swimming capability of the
adults, or other physical obstructions. However, in those
streams that normally have spawning runs, the relative flow,
whether the stream is in a high or low water stage, is an
important factor. MWater velocity, and possibly a heavy
suspended sediment load, can be limiting to upstream
migration during flooding, and water depth and elevated
water temperatures can be limiting during low water stages.
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There is little information available on the maximum
sustained swimming velocity of which adult chum salmon are
capable. Chum salmon have less ability to surmount rapids
and waterfalls than other species of Pacific salmon (Scott
and Crossman, 1973). Reiser and Bjornn (1979) state that
water velocities of 3-4 m/sec are near the upper limit of
the sustained swimming ability of Pacific salmon, although
darting speeds can range up to about 6.7 m/sec (Bell, 1973).
Thompson (1972, cited by Reiser and Bjornn, 1979) suggested
that the maximum velocity for successful upstream migration
of adult chum salmon was 2.44 m/sec and that the minimum
water depth was 18 cm.

Adult chums have been observed traveling upstream in shallow
riffles with the upper part of their bodies above water, but
the distance that could be covered in this fashion is
unknown. In southeastern Alaska, where the streams
generally have low reservoir capacity and the flow is
heavily dependent on rainfall, there have been several
instances during dry periods when migrating chums have been
unable or have had difficulty moving upstream. Similar
situations have occurred in British Columbia (Wickett,
1958).

The timing of upstream migrations are often correlated

with flow conditions. Lister and Walker (1966) have
observed chum salmon delaying at the mouth of the Big
Qualicum River in British Columbia during a period of
extremely low discharge and then beginning a strong run
upriver in a rapidly rising discharge. The amount of water
discharged from power plants can also be a major factor
controlling the timing of upstream migration (Mayama and
Takahashi, 1975).
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Kusnetzov (1928) noted that ithe run of fall chums in a
Siberian river corresponded with the water level,

In Prince William Sound, Helle (1960, cited by Bakkala,
1970), observea that although chum salmon were spawning in
certain streams, they were absent from a particular
glacially fed stream until after a heavy flow and silt load
had decreased. This is also the case in the Delta River
where spawning chum do not enter the stream until after
freeze up when glacial runoff has ended and the only source
of water is upwelling groundwater. These fish spend enough
time in snallow water in November to accumulate icicles on
their backs (M. Geiger, personal communication).

Dissolved Oxygen

Reduced swimming performance by salmonids can result from
levels of dissolved oxygen below air saturation (Reiser and
Bjorn, 1979). This probably is seldom a limiting factor to
the migration of chum salmon in Alaskan streams, but
information is not available. Some small streams in
Southeast Alaska may experience lowered oxygen levels caused
by the decay of spawned-out salmon (J. Bailey, personal
communication).

Winberg (1956, cited by Bakkala, 1970) found that the
metabolic rate of adult chums swimming upstream an average
of 115 km per day was seven to eight times greater than that
of resting adults. 1In the Amur River of Siberia, the
average daily use of energy was determined by Nikolskii
(1954, cited by Bakkala, 1970), to be equivalent to 25,810
calories (25.8 Kcal) per kg bodyweight for adult males and
28,390 calories per kg bodyweignt for females.
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Oxygen consumption for adult chum salmon migrating upstream
was 215 mi°0,/g body wt - hr for males and 236 m30,/g body
wt - hr for females (Winberg, 1956 cited by bakkala, 1970).
Mature adults holding position used 71 mm302/g body wt - hr
{Awakura, 1963, cited by Bakkala, 1970).

4. Other Parameters

Adult chum salmon can tolerate an abrupt change from
seawater to freshwater (Kashiwagi and Sato, 1970). In an
experimental situation, the water content and the osmotic
concentration of blood returned to normal about three days
after such a transfer.

High suspended sediment loads could be inhibiting to adults
attempting an upstream migration. Exposure can lead to tail
rot and reduction of gas exchange across gills by physical
damage, coating, or accumulation of mucous (Smith, 1978),
The 96 hour LC50 values for juvenile chums from Puget Sound
obtained by Smith are sediment concentrations of 15.8 to
54.9 g/1.

Spawning

Spawning grounds must consist of suitable substrate as well as
suitable stream conditions. Many stocks of chum salmon,
particularly fall chum, spawn in areas where there is a seepage
of groundwater or springwater (Kobayashi, 1968; Kogl, 1965;
Kusnetzov, 1928; Rukhlov, 1969b).

Chum redds have been measured ranging in area from 0.3 to 4.5 m.
The average chum redd area in the upper intertidal zone of Olsan
Creek in Prince William Sound ranged from 1.0 to 1.8 me
(Thorsteinson, 1965b). Burner (1951) found that chum redds in
tributaries of the Columbia River averaged 2.3 m2 in area.

-17-
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Surmer chum redds in an Asian stream averaged 1.3 m2 (vasilev,
1959, cited by Bakkala, 1970). Kusnetzov (1928) found that
autumn chum redds ranged from 125 to 320 c¢m in length and from
106 to 213 cm in width in the Kamchatka and Amur areas. (This
would equal a range in area from 1.3 to 6.8 m2 if the shortest
width was associated with the shortest length.) Chum redds on
Sakhalin Island averaged 1.6 mz in area with a range from 0.3 to
4.5 m? (Kukhlov, 1969a). Summer chum redds in the Beshenaya
River of Siberia were 1.0 - 2.3 m2 in area and fall chum redds

were 0.5 - 1.5 m? in area (Smirnov, 1947).

Measurements of the total area occupied by a spawning pair (total
area of spawning grounds divided by number of spawning pairs)
range from 0.3 to 10.1 mz. In Olsen Creek, this area ranged from
about 1.5 - 10.0 m? (Thornsteinson, 1965b).

Burner (1951) suggested that a spawning pair of chum salmon
requires an area of 9.2 m. Wickett (1958) states that the
optimum density of spawning chum varies with the permeability of
the substrate (that is, the number of embryos and alevins a given
area of gravel can support depends or the intragravel flow rate).
In Nile Creek, B.C., Wickett found that there were 4.8
mz/spawning pair. In McClinton Creek which has gravel of a
higher permeability, there were 1.2 mz/spawning pair. Somko
(1954, cited by Sano, 1966) reported that the spawning area per
female in a river on Kamchatka varied from 0.3 to 10.1 m2 and
Rukhlov (196%a) found 0.8 -10.0 m (average 1.7 mz) per spawning
pair on Sakhalin . Thorsteinson (1965b) reported that, on the
average, 1.1 females used a square meter of the Olsen Creek
spawning grounds and Bailey (1964), also at Olsen Creek, reported
a cumulative density for the spawning season of 2.0 females mz.
Schroder (1973) stated that the optimum density for maximum egg
deposition is 1.7 to 2.4 mzlfemale chum.

-18-

-

Lo L ]

O

{u,.‘..u. H e

)




L

1.

Temperature

Burner (1951) found chums spawning in tributaries of the
Columbia River at water temperatures from 5.1 to 6.7°C.
Chum salmon in British Columbia spawn at temperatures
ranging from 4°C to 16°C (Neave, 1966). In Hooknose Creek,
B.C., they spawn at a temperature of about 12°C (Hunter,
1959). McNeil (1969) reported a similar value for Sashin
Creek in southeast Alaska where most chums spawn after the
water temperature has dropped to 13°C or below. Chum salmon
on Kodiak Island spawned at water temperatures ranging from
6.5 to 9.0°C in the Kizhuyak River and at 9.0 to 12.5°C in
the Terror River (Wilson et al., 1981).

Stream temperatures of the Memu River in Japan during
spawning range from 6 to 9°C (Sano and Nagasawa, 1958).
Spawning of summer chum in the Amur River of Siberia occurs
during August and September at water temperatures of 9 to
11°C while spawning of fall chum occurs during the period
mid-September to the end of November at water temperatures
of about 6°C (Sano, 1966). Ivankov and Andreyev (1971)
report that most of the spawning of the South Kuril chum
populations takes place when the water temperature is 5 to
6°C. On Sakhalin Island, spawning occurs 2t water
temperatures of 1.8 to 8.2°C (Rukhlov, 1969a) and in the
iski River, it occurs at bottom water temperatures of 2 -
9°C (Smirnov, 1947). |

Schroder (1973) noted that there was some inhibition of
spawning by chum salmon in Washington at water temperatures
below 2.5°C. About 98% of the females present spawned when
the water temperature was around 7°C while only 82% spawned
at temperatures around 2.5°C. Nest construction, spawning
behavior, and egg deposition were all affected by the cold
water,
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Water temperatures recommended by Bell (1973) as criteria
for spawning chum salmon range from 7.2 to 12.8°C. This is
the same range which McNeil and Bailey (1975) state to be
the preferred spawning temperature for Pacific salmon.

Current Velocity

Kogl (1965) measured surface current velocities during

the spawning of chum salmon in the Chena River ranging from
0 to 60 cm/sec. He believed that surface current was of
less importance to spawning chums than the presence of
springs or groundwater, Sites where chum spawned in the
Terror and Kizhuyak Rivers of Kodiak Island had current
velocities ranging from 0 to 118.9 cm/sec (Wilson et al.,
1981).

At chum salmon redds in Oregon, Thompson (1972, cited by
Reiser and Bjornn, 1979) measured stream velocities of 46 to
97 cm/sec and Smith (1973), after swmpling 214 redds,
measured a mean velocity of 73 cm/sec. Collings (1974)
measured velocities of 21 to 101 cm/sec at 12 c¢m above chum
redds in Washington streams. In a spawning channel in
Washington, Schroder (1973) measured stream velocities from
22.5 cm/sec to, at high tide, 0 cm/sec. These differences
did not appear to disrupt normal spawning behavior.

Rukhlov (1969a) reported that chum spawning on Sakhalin most
often takes place at current velocities from 10 to 90
cm/sec. Rukhlov also found that the average number of eggs
deposited per redd decreased as the stream velocity over the
redd increased. In the My River, chums have spawned where
the stream velocity was 10 to 80 cm/sec (Soin, 1959) and 20
to 100 cm/sec (Strekalova, 1963). Spawning grounds in the
Bolshaya River basin have current velocities of 10 to 30
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cm/sec (Krokhin and Krugius, 1937, cited by Nicola et al.,
1966).

Chum salmon have been reported spawnifig in the Memu River of
Japan at stream velocities of 10 to 35 cm/sec (Sano and
Nagasawa, 1958). Redds were most abundant in areas where
the velocity was 15 to 20 cm/sec and least abundant where
the velocity was less than 10 cm/sec or greater than 30
cm/sec. Sano (1967) states that chums will spawn in surface
current velocities of less than 15 cm/sec if there is a good
intragravel flow of groundwater.

Some recommended criteria for stream velocities at spawning
areas are: 46 to 101 cm/sec for Oregon chums (Smith 1973)
and 31 to 70 cm/sec for chums, chinooks, and cohos in the
Wynoochee River of Washington (Deschamps et al., 1966, cited
by Smith, 1973). A spawning channel at Jones Creek in
British Columbia used by chum salmon was designed for a
water velocity of 31 to 76 cm/sec (MacKinnon et al., 1961).

Tautz and Groot (1975) suggest that, in the selection of a
spawning site, chum salmon prefer an area near a rock
protruding above the substrate where there is an upwelling,
accelerating current. A favorable current regime is also
found at the boundary between pools and riffles. These
irregularities are conducive to a good flow of intragravel
water (Reiser and Bjornn, 1979).

The flow of a stream during spawning relative to the flow
during the incubation period can be an important factor
affecting survival., Eggs deposited in shallow water during
high flow stages are subject to desiccation and/or freezing
during low flow stages.
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Water Depth

Hater depths where chum salmon spawn fall within a certain
range but pressure itself is probably not a factor limiting
spawning. However, favorable combinations of current
velocities, bottom configur-tions, and substrates (which are
important factors) tend to occur together within a certain
range of water depths.

Kogl (1965) found that chum salmon dug redds in the Chena
River at water depths from 5 to 120 cm. Chums spawned at
greater depths in areas of the Chena River where there were
no springs or ground seepage. In certain areas of the main
channel where the upwelling of groundwater was absent, the
chums deposited their eggs at water depths greater than 100
cm. Eggs deposited in less than 100 cm of water were
subject to winter freezing. Chums have been observed
spawning in the Delta River at water depths up to 61 to 92
cm (Francisco, 1976). Water depths measured at sites where
chum salmon spawned in the Terror and Kizhuyak rivers ranged
from 7.6 to 106.7 cm (Wilson et al., 1981).

Burner (1951) measured water depths at chum salmon redds in
tributaries of the Columbia River of 5.1 to 76.2 cm with a

mean of 25 cm. Smith (1973) reported that the average water
depth over chum redds in five Oregon streams was 30 cm. In
Washington streams, Collings (1974) measured water depths of
15 to 53 cm.

In Hokkaido, water depths of 20 to 110 cm at chum spawning
sites were measured by Sano (1959, cited by Bakkala, 1970).
For the Memu River in Tokachi, Sano and Nagasawa (1958)
reported that chum redds were most abundant where water
depths were 20 to 30 c¢cm and least abundant at water depths
greater than 100 cm.
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Soin (1954) in the My River of Siberia, measured water
depths over redds of 30 to 100 cm. Kusnetzof (1928)
reported that chums favor water depths of 60 to 100 cm for
spawning.,

Water depths recommended as criteria for chums by Deschamps
et al. (1966, cited by Smith, 1973) for a Washington stream
range from 23 to 46 cm. Smith (1973) suggested that the
water depth for chums in Oregon be no less than 18 cm.
Thompson (1972) uses the same figure. An artificial chum
spawning channel at Jones Creek, B.C., was designed for a
water depth of 31 to 61 cm (MacKinnon et al., 1961).

Substrate Composition

The suitability of stream substrates from the standpoint of
successful reproduction is more related to its quality for
incubation of eggs and alevins than to the ease of
excavating redds by spawning females. Chums may deposit
eggs in bottom materials where redds are fairly easily
constructed but which are less than ideal for incubation,
perhaps because of a high silt content or low porosity.
Certain substrates in which it would be difficult or
impossible to excavate a redd can be fairly good incubation
substrates, An example is loose cobble and boulders over
bedrock where the chums deposit their eggs and milt into
existing crevices.

e

Rukhlov (1969b) reported that smaller chums on Sakhalin
Island tend to have a higher percentage of sand in the redd.
Rukhlov assumed that the weaker (smaller) females build
their nests in less resistant gravel.



Different investigators have used different methods and
definitions to present substrate composition information
which makes comparisons difficult. In general, chum salmon
excavate redds in gravel beds with a particle size of 2 to 3
cm diameter, but they will also construct redds in
substrates with particles of a greater size and will even
use bedrock covered with smail boulders (Morrow, 1980; Scott
and Crossman, 1973). Generally, suhstrates with a
percentage of fines (particles less than 0.833 mm in
diameter) greater than 13% are of poor quality because of
reduced permeability (Thorsteinson, 1965). However, chum
salmon often spawn in areas of upwelling ground water and
may therefore be able to tolerate higher percentage of fines
than would seem desirable if some of the fines are kept n
suspension by the upwelling water (J. Helle, personal
comment). Sano and Nagasawa (1958) reported that upwelling
water washed away mud and fine sand from chum redds in a
stream in Japan.

The spawning grounds of the Delta River are composed mostly
of particles 1.3 to 12.7 cm in diameter with variable
amounts of fines (Francisco, 1976). Sano (1959, cited by
Bakkala, 1970) reported that chum salmon in Hakkaido spawn
in a substrate of which 25% is 0.6 to 3.0 cm, and 30% is

‘greater than 3.1 cm. Particles less than 0.5 cm comprise

less than 20% of the composition and particles greater than
3.0 cm comprise 25 to 53% of chum spawning gravels in the
Memu River (Sano and Nagasawa, 1958). The spawning beds of
My River are composed of gravel mixed with sand and small
quantities of silt (Soin, 1954), Substrate samples taken
from chum redds on Sakhalin Island are mostly composed of
particles 0.2 to 1.0 cm in diameter (Rukhlov, 1969a).
Rukhlov (1969b) reported that a particle size analysis of
143 samples from chum redds on Sakhalin showed the average
sand content to be about 12%; gravel content to be around
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35%; shingle content to be around 45%; and fractions greater
than 10 cm to be about 5%. Chum redds in tributaries of the
Columbia River were found by Burner (1951) to have the
following composition: mud, silt, and sand - 6.0%, medium
and small particles greater than sand size but less than
15.2 cm 81.0%, and large gravel over 15.2 cm - 13.0%.
Hunter (1959) reported that the spawning grounds of Hooknose
Creek in British Columbia consisted of particles from 1.3 to
13.0 cm., "liberal" quantities of coarse sand, and "a
certain amount” of fine sand and silt.

McNeil and Bailey (1975) suggested a substrate size range of
1.3 to 15.2 cm in diameter for the aquaculture of Pacific
salmon. MacKinnon et al., (1961) used gravel ranging in
size from 0.6 to 3.8 ¢cm for a spawning channel for chum
salmon in British Columbia. Bell (1973) recommended a size
range of 1.3 to 10.2 cm for artificial spawning channels to
ve used for salmon, including chums.

Duker (1977), in an experimental situation in Washington,
presented female chums with a choice between four sizes of
spawning gravels. The females preferred the two substrates
which consisted mainly of particles 0.7 to 7.6 cm in
diameter, rather than a substrate with mostly smaller
particles or substrate with mostly larger particles.

Salinity

Saline water can interfere with fertilization of the eggs of
chum salmon spawning in or near the intertidal zone.
Rockwell (1956) found that salinities of 18 parts per
thousand (ppt) or greater inhibit fertilization of chum
eggs, although a limited amount of fertilization could occur
at salinities up to 30 ppt.
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Intragravel Development of Embryos and Alevins

The intragravel period in the development of the chum salmon
consists of two life history stages with differing habitat
requirements, that of the fertilized eggs or embryos and that of
the alevins. Further, the habitat requirements of each stage
change with the state of development or age. However, most
investigators have treated the intragravel period as a single
stage from the standpoint of measurements of environmental
parameters; that is how it is treated here. Wherever data are
available, distinctions between the stages will be made.
Mortality is generally higher for the embryo stage than for the
alevin stage (Levanidov, 1954). Information on the density of
chum eggs and alevins per square meter in Alaska has been given
by several investigators (Bailey, 1964; Dangel and Jewell, 1975;
Mattson and Rowland, 1963; Mattson et al., 1964; Roys, 1968;
Thorsteinson, 1965b).

1. Temperature

Water temperature is an important variable to chum salmon
during the gravel incubation period. The time to hatching
and time to emergence are directly related to water
temperature. Cold air temperatures, combined with a low
stream flow or an insufficient ground water fiow, can reduce
intragravel water temperature to the point where embryos and
alevins are killed by freezing. Temperature also influences
other parameters such as the solubility of oxygen in water.
The temperature of intragravel water is controlled by the
temperature of the stream water and ground water and by the
rate of exchange among these three reservoirs.

Stream water temperatures from slightly below 0° to about
15°C have been observed during the incubation period of chum
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salmon (Koski, 1975; McNeil, 1966). A site in the Chena
River had intragravel temperatures of 0.5 to 4.5°C (Kogl,
1965). Intragravel water temperatures at several chum
spawning sites in the Noatak River ranged from about 6.1 to
10.0°C in early October to a lTow of 0.2 to 3.3°C in March
(Merritt and Raymond, in prep.). Francisco (1977) measured
intragravel temperatures of 0.6 to 6.7°C in the chum
spawning areas of the Delta River during the incubation
period. Intragravel temperatures in the Kizhuyak River
during the month of April were about 3 - 5°C (Wilson et al.,
1981). Bailey (1964) reported intragravel temperatures
(probe 20.3 cm deep) in Ols2n Creek of 4°C in October, near
0°C in December and January, and 1°C in mid-March just prior
to fry emergence,

Sano and Nagasawa (1959) reported that the intragravel
temperatures in the Memu River of Japan during incubation
ranged from 7.0 to 11.0°C. Sano (1966) found that autumn
chum in northern Japan chose to spawn in spring areas where
the water temperature in the spawning bed did not become
lower than 4°C. Semko (1954, cited by Sano, 1966) reported
intragravel water temperatures in a river on the Kamchatka
Peninsula of 3.9 to 4.9°C during chum egg incubation and 2.4
to 3.0°C during the alevin phase. Levanidov (1954) found
water temperatures in chum redds in the River Khor of 3.3
and 6.0°C and, in the Bira River, intragravel temperatures
during incubation ranged from 3.5 to 5.0°C (Disler, 1951).

The lcwer end of these temperature ranges may not be ideal
for chum salmon in some areas. Koski (1975) found this to
be the case for chum eggs in a Washington spawning bed and
Schroder (1973), working in the same area, stated that
temperatures below 4.4°C adversely affected chum eggs.
Schroder et al. (1974, cited by Koski, 1975) reported that
chums in Washington exposed to water temperatures below
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1.5°C during the early stages of embryonic development
experienced lower percent survival to emergence. At the
chum salmon hatchery at Clear Air Force Station in interior
Alaska, Raymond (1981) reported that the percent mortality
(fertilization to emergence) for one year when incubation
temperatures ranged from 2.0 to 4.2°C was 38%. The fol-
Towing year, incubation temperatures were raised about 1°C
to 3.6 to 4.5°C and the percent mortality declined to 18%.
It appeared that the increase in temperature was largely
responsible for the decline in mortality. The lower water
temperatures of the hatchery also caused a delay in
emergence of about seven weeks beyond that of wild fry of
the same stock in the Delta River which had incubated at
about 3.9°C. Kirkwood (1962) stated that chum salmon eggs
in Prince William Sound which had not hatched before the
colder months of January and February did not survive. He
found that chum eggs in the upper intertidal zone of a
streambed had a higher survival rate than eggs above the
influence of the tides and attributed this to the slightly
warmer temperatures of the former areas.

For the water temperature range (:tream water temperature
not intragravel temperature) observed at Hooknose Creek,
B.C. (0 to 14°C) Hunter (1959) could not demonstrate an

effect of temperature on the percent survival (eggs in

female to fry emergence) of chum salmon.

Stream temperatures very close to freezing may not pose any
problem as long as there is a sufficient flow of slightly
warmer springwater or groundwater through the incubation

area.

Chum salmon, particularly fall chums, actively choose such

areas (Kogl, 1965; Levanidov, 1954; Morrow, 1980; Sano,
1966). Springs in certain rivers of Kamchatka maintain
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water temperatures in chum salmon spawning gravels of 1°C i
even though tl.e air temperature may be as low as -50°C (Sano

1966). The same is true in the Chena River (Kogl, 1965) and i
the Delta River (Francisco, 1977).

McNeil and Bailey (1975) suggest that water temperature
during aquaculture of Pacific salmon be kept above 4.4°C for
at least 10 days after fertilization, and preferably for 20
to 30 days. After this period, the eggs can tolerate
temperatures as low as 0°C as long as the water does not
freeze. Exposure of salmonid embryos to water temperatures
below 4.4°C prior to gastrulation and before closure of the
blastopore can lead to high mortalities (Koski, 1975). Bell
(1973) recommended an incubation temperature for chum salmon
of 4.4 to 13.3°C. ‘

The time to hatching of chum salmon eggs ranges from about
50 days at 7.0 to 15.0°C to about 130 days at 0.0 to 5.0°C
(Bakkala, 1970).

Koski (1975) found that annual water temperature variations
in a Washington stream significantly alters the timing to
chum fry emergence from the substrate. During a three year
period, the time to 50% emergence varied up to 30 days.

Stream Flow, Current Velocity, and Water Depth

The flow of water in the stream channel is important to
incubating embryos in promoting an adequate intragravel flow
and in protecting the substrate from freezing temperatures.
Heavy mortality of embryos can occur during periods when
there is a reiatively high or a relatively small dischargé.
Flooding can cause high mortality by eroding eggs from the
redds or by depositing fine sediment on the surface of the
redds which can reduce permeability or entrap emerging fry
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(Bailey, 1964; Dill and Northcote, 1970; McNeil, 1966;
Rukhlov, 1969b; Strekolova, 1963; Thornsteinson, 1965b;
Wickett, 1958).

Low discharge periods can lead to desiccation of eggs, low
oxygen levels, high temperatures, or, during cold weather,
freezing (Neave, 1953; Levanidov, 1954; McNeil, 1966; Sano,
1966; Wickett, 1958).

McNeil and Bailey (1975) recommend a stream gradient at
the incubation area of 0.2 to 0.5%, a water depth greater
than 15.2 cm, a current velocity in the surface water of
30.5 to 91.4 cm/sec and a flow of 0.16 m3/sec per linear
meter of width for the aquaculture of Pacific salmon.

The water depths and current velocities given in the section
for spawning adults apply in general to the intragravel life
history stages as well, although both decline in many
streams during the freezing months. Water depths over chum
redds in some tributaries of the Columbia River ranged from
7.6 - 43.2 cm and had an average of 21.6 cm (Burner, 1951).
Water depths over summer chum redds in the Beshenya River in
Siberia ranged from 16 - 104 cm and over fall chum redds
ranged from 3 - 34 cm (Smirnov, 1947).

Lister and Walker (1966) found an inverse relationship
between chum saimon egg to fry percent survivai and the peak
daiiy discharge of the Big Qualicum River, British Columbia,
during the incubation period. No relation between percent
survival and the minimum discharge was apparent from their
data. Wickett (1958) showed a direct relationship between an
index of production (stock + 4 years divided by spawners
times 100) and the discharge of Hooknose Creek, B.C., in
November. Hunter (1959) could not demonstrate an effect of
stream discharge of Hooknose Creek, B.C., on chum salmon
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percent survival (eggs in female to fry emergence). On the
Noatok River, low returns of adult chums appear to be
correlated with high water levels (rainfall) during the
brood year (Frank Bird, personal communication). Gallagher
(1979) found a negative correlation between stream flows
during the incubation period and brood year returns in the
Puget Sound area over a fourteen-year period; low flows were
correlated with good returns. Based on these seemingly
contradictory results, it would appear that the effect of a
varying discharge strongly depends upon the particular
stream being examined.

Substrate Composition

Information on substrate size composition of chum spawning
grounds was presented previously. The size and shape of
substrate particles and the particle size distribution
influence many parameters which are of importance to the
successful incubation of embryos and alevins. Some of these
parameters, several of them interrelated, are:
permeability, porosity, flow of intragravel water, dissolved
oxygen concentration, concentration of waste metabolites
such as carbon dioxide and ammonia, the armoredness or
resistance to abrasion of the substrate surface and the
degree of imbeddedness of larger sized particles in the
substrate surface.

Di11 and Northcote (1970), using experimental containers,
found a survival to emergence for chum salmon of
approximately 100% in large gravel (5.1 to 10.2 cm) and 31%
in small gravel (1.0 to 3.8 cm). They judged that the lower
survival rate in the smaller particle did not result from a
low dissolved oxygen content, but was probably a result of
silt action or entrapment of fry. They found no significant
effect of gravel size or egg burial depth (20.3 and 30.5 cm)
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on the timing of emergence or on the condition of fry at
emergence.

Koski (1975) showed that there was a highly significant
inverse relationship between the percent sand content (fines
less than 3.327 mm but greater than 0.105 mm) of substrate
and the percent survival to emergence of chum salmon. An
increasing sand content also resulted in an earlier
emergence, increased the percentage of premature fry
emerging from the substrate, lowered the percent yolk
conversion efficiency, and tended to produce fry of a
shorter length. Koski could not demonstrate a relationship
between the percentage of silt (fines less than 0.105 nm) in
the substrate and percent survival to emergence, primarily
because the effect of silt, which ranged up to about 50%,
was masked by a changing percentagé of sand. However, silt
contents of 45% or greater did have an adverse effect on
percent survival,

Rukhlov (1969b), working on Sakhalin Island, also noted an
increasing egg mortality rate with increasing sand content
above 14%Z. He found that redds with a sand content of 22%
or greater had a survival rate of 50% or lower. Rukhlov
reported that average survival in the Tym' River was 85%
where the sand content was 10% and 65% where the sand
content was 18%. Kol'gaev (1962, cited by Kogl, 1965) noted
a positive correlation between the duration of incubation
and the particle size of the substrate when chum eggs were
incubated in an experimental container with coarse sand.
Thorsteinson (1965) stated that spawning grounds with
percent fines (particles less than 0.833mm) greater than
12.7% are of poor quality for chums because of reduced water
permeability.
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In hatchery situations, the absence of a gravel substrate
apparently leads to a less desirable habitat for Pacific
salmon alevins (Bams, 1969; Emadi, 1973; McNeil and Bailey,
1975). Emadi (1973), in an experimental situation,
discovered that chum alevins kept on smooth substrate had a
higher percentage of malformed yolks (30%) than those kept
on gravel of 2 to 3 cm diameter (0%) at a water velocity of
100 cm/hr and a temperature of 12°C.

Sedimentation during the incubation period can be a major
source of egg mortality (Levanidov, 1954, Neave, 1953;
McNeil, 1966; Rukholov, 1969b; Wickett, 1954). Siltation
one year in the River Khor of Siberia killed 100% of the
embryos in 42 chum redds (Levanidov, 1954).

Intragravel Flow and Permeability

The rate of flow of intragravel water is an important
variable affecting the survival and fitness of embryos and
alevins. Water flowing through the gravel supplies oxygen,
removes waste metabolites such as carbon dioxide and
ammonia, and is important in regulating temperature. The
rate of intragravel flow is affected mainly by the rate of
stream flow, stream gradient, bottom configuration,
substrate surface irregularities, degree of substrate
surface armoredness, and permeability of the substrate which
depends strongly on the substrate particle size distribution
(Sheridan, 1962; Vaux, 1962). Johnson (1980) showed
experimentally that the permeability of spawning gravels
decreases with an increasing percent of fines (particles
less than 0.5 mm). Different methods of measurement of
intragravel flow by different investigators has resulted in
order of magnitude differences in results.

-33-

]



Reiser and Bjornn (1979) reported that the percent survival
of chum to the migrant fry stage increased from about 2% to
15% as the permeability of the streambed gravel increased

from about 30 to 155 cm/hr.

Wickett (1958) surveyed the gravel permeability of two
streambeds in British Columbia over several years and found
that chum salmon percent survival (egg in female to fry) in
the streambed with an average permeanility of 1914 cm/hr was
1.2%, while in the streambed with an average permeability of
4035 cm/hr, it was 7.6%.

Kol'gaev (1962, cited by Kogl, 1965) found that the survival
of chum eggs in coarse sand in an experimental apparatus was
directly related to the volume of flow through the sand.

Wickett (1957) stated that the minimum intragravel apparent
velocity for the survival of pre-eyed eggs is 10 cm/hr; 50
cm/hr is desirable.

McNeil and Bailey (1975) recommended an intragravel apparent
velocity of at least 200 cm/hr for the aquaculture of
Pacific salmon.

Dissolved Oxygen

The supply of dissolved oxygen is of critical importance to
eggs and alevins; a low supply of dissolved oxygen leads to
an increased mortality or a decreased fitness (Alderdice et
al., 1958; Koski, 1975; Wickett, 1954, 1957 and 1958).
Apparently, a rate of supply of oxygen less than optimum for
survival and fitness occurs frequently in nature. It is the
rate of supply of dissolved oxygen which is important to the
egg or alevin, not the actual concentration of dissolved

-34-




a1 O3 r

ey,

oxygen in tka water (Daykin, 1965). The rate of supply to
the embryos and alevins is influenced primarily by the
dissolved oxygen {DO) concentration of the source water and
the rate of water flow through the gravel. Because of a
certain upper limit on possible velocities of intragravel
flow, there is a certain minimum DO concentration below
which it would be difficult to maintain an adequate rate of
oxygen supply. There are also other biological and chemical
oxygen demands within the gravel which compete for the
available supply. The relationship of particle size and DO
concentration was noted by Koski (1975) who found a
significant inverse relationship between minimum observed D0
concentration and maximum observed percent sand and silt in
spawning gravels in Washington,

Water saturated with dissolved oxygen may be regarded as the
optimum condition for eggs and alevins (Alderdice et al.,
1958). The concentration of oxygen in oxygen-saturated
fresh water depends mainly on the temperature.

Oxygen requirements vary considerably for different stages
of development of eggs and alevins. Temperature also has a
strong effect on the rate of oxygen consumption.

Often, the oxygen requirements can be met by a fairly low
concentration of dissolved oxygen, about 2 mg/1, as long as
the rate of flow of intragravel water is sufficient (Kogl,
1965; Levanidov, 1954). Wickett (1954) measured the
apparent velocity uf water 12 inches down in the gravel with
a standpipe. He determined that a dissolved oxygen
concentration of 4 p.p.m. at 8°C (50% saturation) would just
maintain full metabolism of a pre-eyed chum egg providing
intragravel water flow to the egg is sufficient.
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Insufficient oxygen supply results in an increase in the
mortality rate or decreased fitness in the surviving embryos
or larvae which may be manifested as premature or delayed
hatching or emergence, production of monstrosities,
decreased length, or 1less efficient yolk conversion
(Alderdice et al., 1958; Koski, 1975). As with many
environmental parameters, the duration of the period of
stressful levels of oxygen and the interaction of other
stresses is important.

a. Oxygen consumption rate

Wickett (1954) measured the oxygen consumption of chum
salmon eggs and found a rate of 0.0001 to 0.0002
mg/egg-hour for pre-eyed eggs 0 to 12 days old,
(temperature 0.1 - 8.2°C), 0.0002 to 0.008 mg/egg-hour
for faintly eyed eggs 67 to 85 days old (temperature
0.1 - 4,9°C), and 0.0002 mg/egg-hour for eyed eggs 103
days old (temperature 5.9 - 6.1°C).

Alderdice et al. (1958), using chum salmon eggs at four
developmental stages at 10°C, reported oxygen
consumption rates from 0.00093 mg/egg-hour for middle
stages to 0.00521 mg/egg-hour for later stages. They
also showed that, while the oxygen consumption per
embryo increases with age because of increasing embryo
mass, the actual rate of oxygen consumption per gram of
embryo initially decreases and then more or less levels
off with increasing age. An early developmental stage
had a rate of about 0.006 mm3/g-min. mid-stages were
about 0.040 mm3/g-min, and late stages were about 2.100
mm3/g-min.
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Lukina (1973 measured oxygen consumption rates of
0.00015 to 0.00951 mg 02/egg-hour at 3.5 to 4.5°C for
chum embryos and 0.0132 mg Ozllarvae-hour at 5 to 6°C
for chum larvae.

b. Effect on survival

Critical oxygen levels (the lowest concentration
at which respiration is just satisfied) for chum
salmon eggs have been found in laboratory
experirnents to range from 0.72 mg/1 for early
developmental stages to 7.19 mg/1 for later
developmental states at 8 to 10°C (Alderdice et
al., 1958; Wickett, 1954). Whether or not these
concentrations are sufficient to satisfy the
oxygen demand of the eggs depends on the flow rate
of the intragravel water. Alderdice et 21. (1958)
reported that the incipient mediian lethal level
for dissolved oxygen ranged from about 0.4 mg/1
for early developmental stages to 1.0 to 1.4 mg/1
previous to hatching.

Levanidov (1954) stated that the fall chum of the
River Khor in Siberja have an ability to adapt and
to develop under a continuous oxygen deficiency.
Oxygen concentration in one spawning gravel
dropped to 4 mg/1 (30% saturation) in March and
the oxygen content of another area which had a
strong outflow of ground water dropped to 2.5 to
3.0 mg/1 (20 to 25% saturation) at the end of
February. The rate of egg survival and fry
development was high at both of these sites. A
third site, where the survival rate of eggs was
also good, had an oxygen concentration in
mid-December of 2.0 mg/1. Experiments conducted
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by Levanidov (1954) showed that fall chum eggs 10
to 15 days after fertilization can survive two
hours exposure to water of zero oxygen content.
Eggs which are a few days from hatching can
survive (two hours?) exposure to water with an
oxygen concentration of 0.45 to 0.50 mg/1. Larvae
24 hours after hatching can survive an oxygen
concentration of 0.28 mg/1.

Disler (1951) stated that the D0 concentration of
some chum redds in the Bira River of Siberia doe:
not exceed 3-4 mg/1. In Hokkaido streams,
Kobayashi (1968) found oxygen saturation values ¢f
31.3 to 73.9% in the intragravel waters.
Intragravel DO concentration in the Chena River
during incubation of chum eggs ranged from 0.6 to
6.5 mg/1 (Kogl, 1965). There were low survival
rates at the lower concentrations and high
survival rates at the higher concentrations.
Koski (1975) found that the rate of chum salmon
survival to emergence at a site in Washington wa:
significantly correlated with DO concentration and
that survival decreased rapidly at DO
concentrations below 3.0 mg/1. DO levels in the
intragravel water of Indian Creek (Kasaan Bay)
have an annual range from 0.0 to 12.7 mg/)
(McNeil, 1962). Long dry periods in southeastern
Alaska can lead to low intragravel DO levels as a
result of reduced stream and intragravel flow.
Such ccaditions in Traitors River one year led to
an intragravel D0 level of 1.77 mg/1 which
resulted in a high mortality rate of embryos
(Mattson et al., 1964). In another situation, a
low water permeability at one tide level in the
intertidal spawning area of Olsen Creek led to a
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low intragravel DO value (3.6 mg/1) and a low
percent survival to emergence (Bailey, 1964).

Wickett (1954 and 1957) stated that chum salmon
eggs, in the absence of other stresses, have a
lethal limit of about 2 mg/1 at 5°C. On the other
hand, both Levanidov (1954) for the Amur River of
Siberia and Kogl (1965) for the Chena River of
Alaska reported good survival rates in gravel with
DO concentrations of 2 mg/1 as long as there was a
strong flow of groundwater or springwater. Kogl
(1965) was not able to demonstrate a relationship
between egg survival and DO concentration at
concentrations greater than 2 mg/1.

Cheyne (1941, cited by Nicola et al., 1966)
reported that chum salmon eggs developed at about
the same rate in waters with DO levels from 3.6 to
7.6 mg/1. Wickett (1957) stated that a DO level
of 5 mg/1 is low for chum eggs and that a Tevel of
8 mg/1 is desirable. Based on experimental
studies, Lukina (1973) indicated that a DO
concentration of 6 to 8 mg/1 was the most
favorable for the development period of chum
embryos and larvae at a temperature of 4-8°C.

McNeil and Bailey (1975) suggest, for aquaculture
of Pacific salmon, that alevins be provided water
with DO concentration of at least 6 mg/1 02. Chum
salmon embryos and alevins in redds in the
intertidal zone of streambeds may be exposed to a
lowering of DO levels during high tide. At the
2.1 m tide level in Olsen Creek, the DO level in a
redd dropped from about 7 mg/1 at low tide to 4.5
mg/1 at high tide (Thorsteinson 1965a).
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Effect on fitness

Kogl (1965) reported that low DO concentration in
the intragravel water of the Chena River affected
the size of chum alevins. The dry weight of
alevins decreased from about 2.3 mg at a site
where the DO concentration had averaged 4.1 mg/1
to about 0.1 mg at a site where the DO
concentration had averaged 2.1 mg/1. Cheyne
(1941, cited by Nicola et al., 1971) stated that
chum eggs held at a DO level of 7.6 m/1 resulted
in iarger fry than those held at 3.6 mg/l.
Conversely, Koski (1975) was able to show little,
if any effect of DO concentrations less than 6.0
mg/1 on mean fry lengths and weights at emergence.
Alderdice et al. (1958) found that early
developmental stages of chum salmon eggs (12 days
after fertilization) could survive seven days
exposure to a DO concentration of 0.3 mg/1 but,
upon hatching, had a high percentage of
monstrosities (deformed alevins). The abngrmality
took the form of a shortening of the vertebral
column posteriorly. Eggs at a later developmental
stage (22 days after fertilization) did not -
tolerate seven days exposure to the same DO
concentration (0.3 Mg/1) and exhibited 100%
mortality.

Alderdice et al. (1958) further showed that seven
days exposure to oxygen levels below saturation
produced delays in the mean hatching rate of chum
salmon eggs at 10°C. Early and middle
developmental stages were most affected. Eggs of
the most advanced developmental stage showed the
opposite effect, premature hatching. Koski (1975)
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found that the low dissolved oxygen (3.0 mg/1 or
less) during the incubation period appeared to
delay the timing of chum fry emergence from the
gravel of spawning beds in Washington. A delay in
emergence could place the fry in an unfavorable
situation with regard to feeding, predators, or
temperature. Beall (197"), using the spawning
channel at Big Beef Creek, Washington, incubated a
group of chum eggs in a trough with gravel and
another group in an open trough, with the result
that the fry produced in the open trough were, on
the average, shorter by 1 to 2 mm and lighter by
0.04 g. Beall found that the predation rate by
coho salmon (Oncorhyncus kisutch) was
significantly higher on the smaller group of fry.

Salinity

Seawater incursion on chum salmon embryos and alevins
in gravel in or near the intertidal zone can have an
adverse effect. Presumably, 100% freshwater is ideal
for chum salmon embryos and alevins, but Rockwell
(1956) suggested that, based on laboratory experiments,
hatching of eggs may be slightly improved by a small
percentage of seawater mixing with freshwater. He
found that chum eggs and larvae survived for several
days in seawater of up to 30 parts per thousand (ppt)
salinity, that they could survive the higher salinities
at lower temperatures, and that larvae withstood higher
salinities than eggs. Important variables affecting
survival at various salinity concentrations were time
of exposure and temperature. For eggs in early
developmental stages, exposure to 6 ppt salinity had no
effect; however, exposure to 11.6 ppt significantly
retarded development and led to a 67% mortality. Fully
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developed eggs had a 50% shrvival rate at salinities of
6.0 to 8.5 ppt through hatching.

Data obtained by Kashiwagi and Sato (1969) indicated
that percent survival of eggs to hatching was inversely
related to percent seawater concentration. Eyed eggs
had a 1002 hatching rate in water of about 9 ppt
salinity; this decreased to 75% for 18 ppt, 50% for 27
ppt, and 25% for 35 ppt. The time of incubation was
increased from about 10 days in water of 0 to 18 ppt to
about 14 days in water 27 to 35 ppt. However, almost
all of the alevins which did hatch from eggs exposed to
water of 9 to 35 ppt died within a few days. Alevins
which were hatched in freshwater and then exposed to
seawater mixtures could survive a salinity of 9 ppt,
but died at higher salinities.

Shepard (1948) demonstrated that chum alevins, given a
choice between two flows, showed a preference for
stronger current velocities. Given a choice between a
seawater flow and a freshwater flow, they chose the
latter. Salinity was more important than current
velocity in influencing the alevins.

In the intertidal area of streambeds of Olsen Creek
(3.7 m tide) there is constant residual intragravel
salinity of 3 ppt from the 2.1 m level on down
(Thorsteinson, 1965a). Salinities up to 25 ppt have
been observed at all levels. The salinity of the
intragravel water fluctuates with the tide. At the 2.1
m level, there was a 7 ppt increase at high tide. The
egg to fry survival of chum salmon was 40 - 50% in the
upper section of the intertidal zone and 10 - 15% in
the middle section. Chums do not use the lower
section. The mortality rate is influenced by oxygen
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and temperature differences as well as by salinity
differences.

McNeil and Bailey (1975) suggest that Pacific salmon
eggs can tolerate salinities of 0 to 9 or 11 ppt and
that chum eggs can survive perfodic inundations by
water of 15 to 30 ppt as long as there is freshwater
flushing in between the seawater inundations.

Chemical Parameters

There is a limited amount of data avajlable on the
desirable levels of soluble substances present in
intragravel water, or on their effects on chum salmon
embryos and alevins.

The pH of Chena River intragravel wezter at chum redds
was 6.5 (Kogl, 1965); this is similar to the Amur River
in Siberia (Levanidov, 1954) and a Hokkaido stream,
which was pH 6.3 to 6.5 (Kobayashi, 1968). McNeil and
Bailey (1975) suggest that pH 6.0 to 8.0 is a desirable
range for Pacific salmon.

McNeil (1962) measured intragravel C0, levels in some
streams of southeastern Alaska of 2 to 24 mg/l.
Levanidov (1954) reported that the CO2 content of
groundwater in the Amur River was about 25 to 30 mg/1.
He found that concentrations greater than 20 to 25 mg/]
inhibited the development rate of chum salmon eggs.
Alderdice and Wickett (1958) observed that co,
concentrations greater than about 10 mg/1 decrease the
percent survival to hatching. The uptake of oxygen is
inhibited at C02 concentrations greater than 125 mg/1.
Koski (1975) measured €O, concentrations of up to 48
mg/1 in intragravel water in a Washington incubation
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area, but the effect of this concentration on survival
was not studied. Disler (1951) found C0, levels in the
intragravel water of the Bira River of 16 to 20 mg/)
and Kobayashi (1968) found levels of 17.8 to 25.2 mg/1
in a Hokkaido stream. McNeil and Bailey (1975)
recommended that the CO2 concentration in Pacific
salmon hatcheries be kept below 5 mg/1.

The alkalinity of intragravel water in chum salmon
redds in the Chena River was 86 to 103 mg/1; iron
content was 0.1 to 0.3 mg/1 (Kogl, 1965). Good
survival rates were noted at these sites.

Ammonia is a waste product of metabolism which could be
highly toxic to embryos and alevins if not removed by
intragravel flow. McNeil and Bailey (1975) recommend
that Pacific salmon hatcheries keep ammonia levels
below 0.002 mg/1.

Hydrogen sulfide (HZS) is produced by sulfur-reducing
bacteria in waters of low oxygen content and is highly
toxic to embryos and alevins. Koski (1975) found H,S
levels in intragravel water of a spawning channel in
Washington of 0.4 to 0.5 mg/1 but did not measure the
effect on chum embryos or alevins. McNeil and Bailey
(1975) suggest that HyS Tevels in Pacific salmon
hatcheries be kept below 0.5 mg/1 in acidic waters.

Springs often have higher levels of CO2 and H?S and
lower levels of DO thar. stream water. In some areas,
these substances may be at such levels that they are
detrimental to the incubation of chum eggs and alevins.
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8. Light

Disler (1953) stated that direct sunlight is fatal to
chum salmon embryos. Indirect sunlight can retard the
rate of development, affecting earlier stages more than
later stages of development (Soin, 1954).

Emergence and Downstream Migration of Fry

This section will consider the period between the time of fry
emergence from the gravel and the time the fry enter estuarine
waters. Most chum fry begin the seaward migration shortly after
emerging from the gravel in the spring and essentially all have
left freshwater by mid-summer. Habitat requirements during this
period center on favorable temperatures, cover from predators,
availability of food, and eventually, availability of seawater.

Downstream migration occurs as a result of the response of the
fry to physical and chemical parameters including light and
photoperiod, current, temperature, salinity, and objects in the
environment (Hoar, 1956 and 1957). The outmigration from streams
in British Columbia results from a combination of active swimming
and displacement at night when visual orientation is diminished.
Streams in northern Alaska or Siberia have very little darkness
during the time of outmigration. Response to the various

- environmental stimuli (phototaxis, reheotaxis) can change. An

increase in temperature can change a positive rheotaxis to a
negative rheotaxis. Mihara (1958, cited by Bakkala, 1970) found
that chum fry in Hokkaido streams displayed a negative rheotaxis
and moved downstream quickly when the temperature reached 15°C.
This was interpreted as an adaptive response to avoid the high
summer stream temperatures.
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Temperature

Bams (1969) demonstrated a very close correspondence between
water temperature and the numbers of chum fry emerging from
the gravel in a laburatory in British Columbia. There were
about eight fry emerging per hour at 5.3°C and about 48 per
hour at 7.2°C.

Emergence and outmigration of chum fry from the Delta River
has been observed at temperatures of 3.0 to 5.5°C, (Raymond,
1981). The temperature range observed during the peak of
chum fry outmigration from the Salcha River was 5 - 7°C
(Trasky, 1974).

Downstream migration of chum fry in Hokkaido begins in early
April at water temperatures of 2.0 to 3.0°C but does not
reach a peak until early to mid-May when water temperatures
are 6.0 to 10.0°C (Sano, 1966). There are other factors as
well, such as the rise in water level from melting snow in
May. Semko (1954, cited by Sano, 1966) measured water
temperatures of 4.6 to 5.5°C during the downstream migration
of chum fry in April, May and June in the Bolshaia River.

Levanidov (1954) reported that chum salmon fry in the Amur
River of Siberia can survive water temperatures up to about
15°C but that they prefer temperatures of 8° to 10°C.

Brett (1952) noted that young chum salmon (three to six
months after hatching) in experimental tanks generally
avoided temperatures above 15°C and preferred temperatures
of 12 to 14°C. He found a lower lethal temperature for
young chums of 0°C and an upper lethal temperature of
23.8°C. The young chums could acclimate to 23°C, but not to
24°C. In further experiments, Brett and Alderdice (1958)
showed that the ultimate Tower lethal temperature is 0.1°C.
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Bell (1973) gives the migration temperature range of
juvenile chum salmon as 6.7 to 13.3°C.

McNeil and Bailey (1975) state that Pacific saimon fry will
grow in the temperature range 4.4 to 15.7°C, but that the
ideal range is 10.1 to 12.9°C. Below 10.1°C, growth is slow
and at 15.7°C and above, there are problems with diseases
and other stresses. Fry can tolerate temperatures of 20° to
22°C for limited periods but prolonged periods at 18.5°C and
above cause severe stress and prolonged periods at 21.3°C
and above can cause mortality.

In experiments examining the culture of juvenile chums from
Oregon in heated seawater, Kepshire (1976) found that growth
was similar at 12.9, 15.7, and 18.5°C, but gross food
conversion efficiency decreased with an increase in
temperature. There was good survival at these temperatures,
but not at 21.3°C.

Levanidov (1956, cited by Bakkala, 1970) found in the
laboratory that the growth rate of Amur River chum fry was
three percent of body weight per day at 8°C and five to six
percent at 14 to 20°C. Temperature can also modify
behavioral patterns. Keenleyside and Hoar (1955) found that
most chum fry in an experimental situation exhibited a
positive rheotaxis (swimming into the current) at 6 to 9°C
and a negative rheotaxis (swimming with the current) at 10
to 13°C. A higher percentage exhibited negative rheotaxis
at 17 to 19°C and an even higher percentage did so at 18 to
21°C.

Cover

Chum fry in short streams migrate mainly at night and seek
cover in the substrate during the daytime if the journey is
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not completed in one night (Neave, 1955). Observations by

Hoar (1956) indicate that chum fry, after schooling, use the
protection of the schools and no longer seek protection in

the substrate. Saltwater increases the schooling tendency

of the fry (Shelbourn, 1966).

Predation can be a major source of mortality (Hunter, 1959;
Kirkwood, 1962). Hunter (1959) estimated that predation
ranged from 23 to 85 percent in Hooknose Creek, B.C.
Predators in Hooknose Creek include: coho salmon smolts,
Aleutian sculpin, prickly sculpin, Dolly Varden char,
cutthroat trout and steelhead trout. Kingfishers,
mergansers, and certain mammals have also been mentioned as
predators (Scott and Crossman, 1973).

Substrate

In addition to providing cover from predators, gravel
substrate is apparently necessary to maintain orientation
for those fry that still have a yolk sac upon emerging. In
an experimental situation, Emadi (1973) found that chum
alevins kept on a smooth substrate had a higher percentage
of malformed yolks (30%) than another group kept on a gravel
substrate of particles 2 to 3 cm in diameter (no malformed
yolks), both in a current velocity of 100 cm/hr. McNeil and
Bailey (1975) have also pointed out that when Pacific salmon
are being artificially raised in hatcheries, the alevins and
fry must be provided with a gravel substrate after
emergence.

Food
In short streams where the outmigration is completed in a

day or two, chum fry may feed very little, if at all, In
Tonger streams and river systems they do feed and gain
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weight during the course of their seaward migration. Fall
chum fry of the Amur River may spend up to a month feeding
in the spawning grounds (Levanidov, 1954). Chum fry from
the Noatak River apparently feed in the lower 10 km or so
until at least early August (Frank Bird, pers. comm.). This
is also the case at the mouth of the Yukon River (W. Arvey,
pers. comm.). Benthic organisms, mainly aquatic insects,
are the dominant food species in freshwater. Prey species
include chironomid larvae, nymphs of stoneflys and mayflies,
caddisfly larvae, blackfly larvae, blackflies, mosquitoes,
mites, and thrips, and other terrestrial insects.

Levanidov (1954) calculated that there was enough food in
the River Khor to support 40 chum fry per square meter. He
found that the food requirements of fall chum fry amounted
to 8 to 10% of their body weight per day at 6 to 8°C and 17
to 20% of their body weight at 17 to 18.0°C. Levanidov also
states that certain chum fry in freshwater with high food
requirements would be unlikely to survive more than two or
three weeks without food. Levanidov and Levanidova (1951)
calculated that chum fry in Lake Teploe consumed about 27%
of their body weight daily.

Volovik (1968) estimated that chum fry in the rivers of
Sakhalin require 18.0 to 123.0 mg food per day, which was
5.2 to 9.0% of body weight.

Light

Chum fry exhibit responses to 1ight (phototaxis) which aid
them from streams in reaching the ocean during their
outmigration. Loss of visual orientation at night leads to
downstream displacement. An increasing daylength in the
spring affects the thyroid system which increases salinity
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tolerance and preference and the development of a capability
for osmoregulation (Baggerman, 1960, Shelbourn, 1956). Hoar
(1957) demonstrated that schools of fry show a preference
fo~ light, but exhibited no marked response to changing
light intensity. Strong light is avoided (Neave, 1955).

Salinity

The preference of chum fry for higher salinities and their
ability to osmoregulate in seawater increases with
increasing age (Baggerman, 1960; Houston, 1961). At the
onset of downstream migration, chum fry in an experimental
situation preferred saltwater to freshwater (Baggerman,
1960).

Chum salmon fry that have absorbed their yolk sac can
tolerate full strength seawater (Kashiwagi and Sano, 1969;
McNeil and Bailey, 1975; Weisbart, 1968). Salinity
tolerance increases with age after hatching and is related
to an increasing capability for osmoregulation (Kashiwagi
and Sano, 1969). Kashiwagi and Sano (1969) found that chum
salmon 60 days after hatching and older can survive an
abrupt trzasfer to 100% seawater (35 ppt). Conversely,
Levanidov (1952) found that fry captured during their
seaward migration in the Khor River could survive transfer
to water with salinities of 7.0 ppt and 17.1 ppt, but 8 out
of 10 died in a salinity of 35.0 ppt. The period of
acclimitization was characterized by an increase in the rate
of respiration. Houston (1959) noted that an abrupt
transfer of chum fry to seawater of 22 to 24 ppt. reduced
their cruising speed to about 68% of the normal rate. After
about 36 hours, the cruising speed was nearly back to
normal, which ranged from about 19 cm/sec for 3.9 cm long
fry to about 36 cm/sec for fry 4.9 c¢m long. Houston
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suggested that this depression in cruising speed might be ‘
related to osmoregulatory adaptation.

Shepard (1948) conducted experimental studies on the
interaction of current velocity and temperature in relation
to salinity preferences of chum fry. The fry were initially
presented with a choice between two flows. When one flow
was freshwater and the other was seawater, they chose the
seawater flow, regardless of relative strengths of the flows
(flow difference of about 1.3 cm/sec). When both flows were
freshwater and one was 10°C and the other 12.5°C, they chose
the 10°C flow (they had been acclimated to 10°C). If the
12.5°C flow was seawater, they still initially preferred the
10°C freshwater flow, but gradually changed to the 12.5°C
saline flow. These experiments demonstrated that no one
parameter has a definitive effect and that the interaction
of the three parameters plays an important role in governing
the seaward migration of fry.

Chum salmon fry apoear to have a physiological requirement
for seawater withi+ three or four months after emergence for
normal developmernt This is not related to their need for
access to the occ  for normal feeding. They have been

raised experiment . to the adult stage in freshwater but
this required es .y careful handling (Hoar, 1976).
Chum fry in natw . tems whose access to the ocean was

restricted would prcoanly not survive.

Dissolved Oxygen

Levanidov (1954) stated that the threshold for the asphyxia
of chum fry at 10°C occurs at a dissolved oxygen
concentration of 1.5 mg/1. He found no change in the
feeding intensity, assimilation, or growth rate of fry over
the range 5 to 11 mg/1. Lukina (1973) reported that 8-9
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mg/1 was the most favorable concentration for chum
fingerlings (temperature 8-10°C).

McNeil and Bailey (1975) suggest that the dissolved oxygen
level for Pacific salmon fry in hatcheries be kept no lower
than 6 mg/1.

The oxygen requlrements of fry vary with the temperature.
Chum fry used 188 mm 02/g body weight-hour at 8.6 to 9.0°C,
228 mm at 10.0°, and 445 mm3 at 20°C and fingerlings used
144 mm /g body weight-hour at 9.0 to 9.4°C (Awakura, 1963
and Levanidov, 1955; both cited by Bakkala, 1970). Volovik
(1968) found that chum fry about 4 cm long used about 0.26
mg 02/9 live weight-hour (8.0°C) and fry about 5 cm long
consumed around 0.61 mg 0,/g live weight-hour (7.3°C).
Oxygen consumption varied during different hours of the day.

Stream Flow and Current Velocity

In experimentai chambers in which chum salmon fry were
presented with a choice between two channels with different
"laminar" flows, MacKinnon and Hoar (1953) found that the
fry preferred 350, 500, 600 and 700 ml/min flows to a flow
of 200 mi/min; the greatest response was toward the 500
mi/min flow. In another experiment with "turbulent" water
flow, the fry seemed to prefer flows of about 5,000 to
12,000 ml/min over either lesser or greater flows. They
always exhibited a positive rheotaxis.

Levanidov (1954) stated that optimum stream velocities to
support the feeding of fry in the Amur River are less than
20 cm/sec.
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ITI. CONCEPTUAL MODEL OF HABITAT SUITABILITY

Suitability index curves in a conceptual form are presented for water
temperature, stream depth, current velocity, dissolved oxygen
concentration and salinity in Figures 2 through 5. The suitability
index for each environmental parameter ranges from zero to one. An
index of one indicates an optimum or preferred level of that
particular parameter and an index ¢f zero indicates a completely
unsuitable level. These curves should not be construed as a graphical
presentation of actual data. Rather, they are intended to be
hypothetical models of the relationship between chum salmon and
certain environmental parameters. As with any untested hypothesis,
they must be tested and verified before being applied to any
particular situation. The curves are based on published and
unpublished data and on conversations with fishery biologists who have
worked with chum salmon. Both experimental laboratory data and field
measurements and observations were used. The published data base is
summarized in Tables I through IV.

A problem encountered in constructing the curves is that much of the
data in the literature concerning environmental parameters of chum
salmon habitat does not relate various levels of the parameters to
some measure of habitat suitabjlity. Often, ranges of the parameter
are given based on measurements taken throughout the area occupied by
chums but there is no indication that one point on the range is any
better or worse than any other point in terms of habitat suitability.
A good example is stream velocity measurements in spawning areas. A
measurement of spawner density is needed from throughout the range of
stream velocities where spawners are found. This kind of information
is rare in the literature. More useful data has been collected in the
case of measuraments of dissolved oxygen concentration of intragravel
water, which are frequently linked with percent survival to emergence.

The curves are drawn usirg data from throughout the natural range of
the chum salmon. Although there are differences in habitat
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preferences and tolerances for different stocks in different
geographical areas or even in different streams of the same
geographical area, there is not enough data to support drawing
separate curves at this time. However, one must be aware that any
point on the curve, especially toward either extreme, may be more
suitable or less suitable for a particular stock. It may even be that
the extremes are completely unsuitable. How far the stock d.siates
from the curve must be determined by field measurements and
experimentation with that particular stock.

A second precaution regarding use of the curves concerns the
interaction of various parameters. A given level of one parameter can
have a different effect on the fish as the level of another parameter
varies. For example, a dissolved oxygen concentration of 5 mg/1 may
be suitable at a water temperature of 5°C, but unsuitable at a
temperature of 20°C. Ideally, given enough data, a separate dissolved
oxygen curve should be drawn for each of several different
temperatures. The overall suitability of any particular habitat is a
summaiion of interacting effects of many parameters.

A third precaution to consider is that the effect on the fish of less
than optimum levels of any parameter depends strongly on the duration
of exposure. Exposure to seawater may have little effect on chum
embryos in the upper sections of the intertidal zone of a stream where
they are exposed for short periods at high tide, whereas longer
exposure to seawater in the lower sections of the intertidal zone may
have a severe effect on the embryos.

Also, because different life stages have dirferent requirements,

information on embryos and alevins (Figure 4) should not be drawn as
one curve., Because of insufficient data, it was drawn this way and,
if nothing else, points out the need for more field measurements

during these life stages. In fact, there should be different curves
for different ages of embryos and for alevins of different ages after
hatching. It has been shown that at least the oxygen requirements of
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chum salmon embryos and alevins vary considerably for different ages
(Alderdice et al., 1958).

Despite the fact that there is not enough known about the habitat
needs of the chum salmon to construct accurate suitability index
curves, the ones that are presented in this section do serve a useful
purpose. Overall, they provide an indication of what would make a
desirable chum habitat and what would make a less desirable habitat.
Also, although they aie general, they are probably specific enough to
show that there are differences in habitat needs among chum salmon and
the other species of Pacific salmon. Further, the process of
constructing these curves is beneficial in defining those areas where
more data is needed. Lastly, these curves can aid in the design of
experiments and sampling programs. As more data becomes available,
these hypothetical curves can be further refined. At the present,
they are only conceptual models which synthesize available data in the
form of graphs.

The overall suitability of a particular reach of a stream as habitat
for chum salmon is a summation of all the suitability index curves for
particular parameters and would include other parameters fcr which
there was not enough information to construct curves. For example, the
habitat suitability of a particular spawning substrate would be an
aggregation of suitability index (SI) curves for all parameters during
spawning and during incubation of embryos and alevins. The most
1ikely aggregation function which would define a habitat suitability
index (HSI) for chum salmon would be that of limiting factors. This
aggregation function takes the form:

HSI = minimum (SI1 +SL,+. .. 4 SIn).
In other words, the habitat suitability index could not be any higher
than the lowest suitability index value of the spawning substrate for

any one parameter. If the dissolved oxygen regime of the intragravel
water has a suitability index value of 0.5, then the HSI, or the
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ability of the spawning subst-~ate to support the successful production
of chum salmon relative to other areas, could be no higher than 0.5
even if all other parameters (substrate size, water depth,
temperature, and so on) had optimum values (SI = 1.0).

Different environmental parameters have different degrees of impor-
tance in contributiny to the quality of chum salmon habitat.
Parameters which were not drawn in the form of curves for the upstream
migration phase of the 1ife history because of insufficient
information were: current velocity, water depth, physical
obstructions, and turbidity. These four are all important factors and
perhaps, in Alaska, are more important than water temperature (which
is shown graphically), and should be included in any habitat
suitability index which might be constructed.

During ‘the spawning phase of the life history, one of the most
important factors that determines the habitat quality of a particular
reach of stream is the composition of the streambed. It was not
possible to satisfactorily show the relationship between the particle
size distribution of the streambed and habitat quality in a two-
dimensional plot. Water depth, current velocity, and temperature are
also important factors during spawning.

The development of embryos and alevins in the substrate is perhaps the
most critical stage in the freshwater life history of the chum salmon.
One of the most important factors during this stage is the
permeability of the substrate or the amount of water flow through the
substrate. This parameter has a strong influence on many other
parameters such as intragravel temperature, oxygen supply, and
concentration of waste metabolites. Unfortunately, there are few
measurements of permeability or intragravel flow in chum spawning
gravels and it was not possible to construct a curve. The particle
size distribution of the substrate is the most important factor
determining the permeability. Curves were not constructed for surface
current velocity or stream depth. These two are of much less
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importance than intragravel flow. Salinity, which was placed in the
form of a curve, can be a major limiting factor in intertidal
streambeds. Chemical parameters such as carbon dioxide concentration
and pH, which were not graphed, can be limiting factors in some areas
where upwelling ground water have values outside the limits preferred
by chums.

Curves were constructed for temperature and salinity, which were
graphed for the emergence and outmigration of fry stages. The amount
and duration of daylight is important but is & given factor for this
time of year. Stream flow is also important, but the appropriate
discharge rate is unique to each stream.

In summary, more information is needed on several environmental
factors before it will be possible to assign a habitat suitability
index to any particular area. More detailed information on the
deficiencies of the data base is provided in Section IV.
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Table I. CHUM SALMON
Adults - Upstream Migration
Parameter Observed Values Remarks Location Reference
Tempegature 4.4 - 19.4 total range Traitors River Mattson and
c Hobart (1962)
8.9 - 14.4 range during peak migration
5.0 - 12.8 range during upstream migratiap {?32?' of Kuskokwim ADF&G (1980a)
10.0 - 16.7 during peak of upstream migration Anvik River Trasky (1974)
8 -14 Hooknose Ck., B.C. Hunter (1959)
8.3 - 21.1 range for the species Bell {1973)
10.1 optimum value
0, 25.6 lower and upper lethal limit
0.1 - 20.0 total range Northern Japan Sano (1966)
7-1 range during peak of migration
11 -12 Memu River, Japan Sano and

Nagasawa (1958)
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Table II. CHUM SALMON
Adults - Spawning
Parameter Observed Values Remarks Location Reference
Temperature 6.5 - 12.5 Terror and Wilson et al.
°C Kizhuyak R. (1981)
<13 most spawning Sashin Creek McNeil (1964)
ca. 12 Hooknose Creek, Hunter (1959)
4 - 16 British Columbia Neave (1966)
2.5 inhibited spawning behavior Big Beef Creek, Schroder (1973)
Washington
<15 Big Beef Creek, Koski (1975)
Washington
é} 4.4 - 6.7 range during part of spawning tribs of lower Burner (1951)
! season Columbia
7.2 - 12.9 suggested criteria for species Bell (1973)
1.8 - 8.2 Sakhalin, USSR Rukhiov (1969a)
5-6 most spawning South Kuril Isl. Ivankov and
USSR Andreyev {1971)
9.5 - 12.8 mean temperatures, summer chum Amur River, USSR Sofn (1954)
9 - 10 summer chum Amur River, USSR Sano (1966)
ca. 6 autumn chum
2-9 bottom water Iski River, USSR Smirnov (1947)
6 -9 Memu River, Japan Sano and Nagasawa
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Table Il Cont'd. CHUM SALMON
Adults - Spawning

Parmeter Observed Value Remarks Location Reference
Water depth, 61.0 - 91.5 partial range Delta River Francisco (1976)
cm
5 - 120 Chena River Kogl (1965)
7.6 - 106.7 Terror and Kizhuyak R. Wilson et al.
(1981)
5.1 - 72.2 range Tribs of lower Burner (1951)
25.4 mean Columbia River
>18 Oregon streams Thompson (1972,

cited by Reiser
and Bjornn(1979)

?: 18 minimum depth Oregon streams Smith (1973)
15 - 63 preferred depth Western Washington Collings (1974)
23 - 46 recommended depth Wynochee River, Wash, Deschamps et al.
(1966, cited by
Smith, 1973)
60 - 100 preferred depth Amur River, Kusnetzov (1928)
Kamchatka, USSR
30 - 100 summer chum My River, USSR Soin {1954)
20 - 110 Northern Japan Sano (1959,cited
by Bakkala,1970)
<20 - 100+ ' range Memu River, Japan Sano and
20 - 30 redds most abundant Nagasawa (1958)
<100 redds least abundant
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Table Il - Cont'd.

CHUM SALMON
Adults - Spawning

Parameter Observed Values Remarks Location Reference
Stream 0 - 60 Chena River Kogl (1965)
Velocity,
cm/sec 0.0 - 118.9 Terror and Kizhuyak Wilson, et al.
Rivers (1981)
46 - 97 Oregon streams Thompson (1972,

46 - 101
73
21 - 101
31 -7
10 - 80
20 - 100
10 - 90
10 - 30
<l0 - 35
15 - 20
<10 & 30-35

range, V 12.2 cm above bed
mean
V 12.2 c¢m above bed

recommended range

most spawning

characteristic

range
redds most abundant
fewer redds

Oregon streams

Western Washington

Wynoochee R., Wash.
My River, USSR
My River, USSR
Sakhalin, USSR

Bolshava R, Basin
USSR

Memu R., Japan

cited by Rieser
& Bjornn (1979)

Smith (1973)

Collings (1974)

Deschamps et al.
(1966, cited by
Smith, 1973)

Suin-(1954)

Strekalova
(1963)

Rukhlov (1969a)

Krokhin and
Krogius (1937,
cited by Nicola
et al,, 1966)

Sano and
Nagasawa (1958)



Table Il - cont'd.

CHUM SALMON

Adults - Spawning

Parameter Observed Values Remarks Location Reference
Substrate gravel 2 - 3 cm in diam.,

Particle also use coarser stones and Alaska Morrow (1980)
Size even bedrock covered with

-99-

small boulders

gravel mostly 1.27-127.0 cm

with variable amount of fines

stones 1.3-13.0 cm, coarse
sand, fine sand and silt

gravel I > 2.69 cm (98%)

spawning grounds

gravel sizes Il and III
selected by 75% of spawning

females; gravel I selected by
20%, gravel IV selected by 5%

substrate size criteria
for species

gravel IT 1.35 - 7.61 cm
(97%)

gravel III 0.67 - 2.69 cm
(96%)

grave! IV 0.02 - 0.67 cm
(96%)

1.3 - 10.2 cm

L1 0 LR R T

Delta River

Hooknose Creek,
B.C.

Big B. ~ Creek

Francisco (1976)
Hunter (1959)

Duker (1977)

Bell (1973)
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Table I1 - Cont'd CHUM SALMON
Adults - Spawning

Parameter Observed Values Remarks

Location

Reference

Substrate gravel mixed with sand,

Particle small amount of silt

Size
"sand" (0.8 - 52.8%, spawning grounds
av. 12.0 - 12.7 %)

“gravel” (10.0 - 50.1%,
avg. 33.0 - 45.9%)

"shingle" (6.0 - 84.1%,
avg. 41.4 - 44.4%)

»10 c¢m (0.0 - 73.9%,
avg. 0.0 - 10.0%)

"sand" (14 - 22%) decreased survival to
emergence

0.5 cm (25%), 0.6 - 3.0 cm
(45%), 3.1 cm (30%)

particles 0.5 cm spawning grounds
(always 20%)

particles 3.0 cm
(25 - 53%)

Amur River,
USSR

Sakhalin

Sakhalin

Northern Japan

Memu River,
Japan

Soin (1954)

Rukhlov (1969b)

Rukhlov (1969b)

Sano (1959, cited
.y Bakkala, 1970)

Sano and Nagasawa
(1958)
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CHUM SALMON

Embryos and Alevins - Intragravel Development

Parameter Observed Values Remarks Location Reference
Tempergture, 0.5 - 4.5 Chena River Kogl (1965)

2.0 - 4.2, 3.6 - 4.5

2.0 - 4.5
0-2 - ]0.0
0-4
0.4 - 6.7

<1.5
4.4
4.4 - 13.3
4.4
3.5 - 5.0

higher mortality at
lower range

emergence delayed beyond
that of wild fry incubated at
3.9°C

probe 20.3 cm deep

during early development
stages, leads to higher
mortality

lowest limit for good
survival

suggested criteria for
species

lowest temp. prior to closure
of blastopore (Pacific
salmon), then can go as low as
0°C and still have good
survival

range, fertilization to
emergence

Clear hatchery

Noatak River

Olsen Creek
Jelta River

Big Beef Creek,
Washington

Big Beef Creek,
Washington

Bira River, USSR

Raymund (1981)

Merritt and Raymond
(in prep.)

Bailey (1964)
Francisco (1977)
Schroder et al.,
(1974, cited by
Koski, 1975)

Schroder (1973)
Bell (1973)
McNeil and Bailey

(1975)

Disler (1951)
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Table II1 Cont'd. CHUM SALMON
Embryos and Alevins - Intragravel Development

Parameter Observed Values Remarks Location Reference
Temp. 3.9 - 4.9 egg stage Bolshaia River, Semko (1954, cited
Cont'd 2.4 - 3.0 alevin stage USSR by Sano, 1966)

7.0 - 11.0 Memu River, Japan Sano and Nagasawa

(1958)
4.0 lowest temp. in redd Northern Japan Sano (1966)
during winter

Substrate fines <0.0833 cm (>12.7%) poor quality substrate Prince William Thorsteinson (1965)
Particle Sound
Size

silt and sand (6%),
<15cm (81%),>15 cm (13%)

5.1 - 10.2 cm

1.0 - 3.8 cm

sand, 0,0105-0,3327 cm
(ca. 5 - 50%)

mostly 0.2 - 1.0 cm,
some particles>2.0 cm

"sand" (1.8 - 30.0%, avg.
10,0 - 13.5%)
"gravel" (13.4 - 60.0%, avg.

33.5 - 40.3%)

redds

greater survival to emergence

in larger gravel

lower survival to emergence

and smaller fry at higher
percentages

redds - also, redds had less

of the 0.025 - 0.1 cm
fractions, but more sand

and mud than spawning gravel

redds

tributaries of Burner (1951)

lower Columbia River

Di11 and Northcote
(1970)

Koski (1975)

Robertson Creek,
British Columbia

Big Beef Creek,

Washington
Sakhalin Rukhlov {1969a)
Sakhalin Rukhlov (1969b)

—



Table III - Cont'd. : CHUM SALMON

Embryos and Alevins - Intragravel Development

Parameter Observed Values Remarks Location Reference
Substrate "shingle" (13.7 - 75.9%,
Cont'd avg. 39.2 - 53.0%)
> 10 cm (0.0 - 50.0%, avg.
0.7 - 9.5%)
Dissolved >2 good survival of eggs and Chena River Kogl (1965)
Oxygen, alevins (strong flow of
mg/] groundwater)
0.6 - 3.0 low survival
2.8 - 6.5 high survival
2.1 - 4.1 smaller alevins produced at
lower end of range
'5‘ 0.0 - 12.7 annual range Twelvemile Creekv McNeil (1962
' 5.4 - 8.9 September and November Indian Creek
1.77 - 6.80 July - September, lowest Traitors River Mattson et al.
caused by long dry period ' (1964)
3.6 - 8.3 upper intertidal area July - O1sen Creek Bailey (1964)
Septenher, lTow percent
survival at low end of range
<3.0 survival to emergence de- Big Beef Creek, Koski (1975)
: creases, emergence is Washington
delayed
3.6 -7.6 same rate of egg development, Washington Cheyne (1941, cited
but eggs held at the highest by Nicola et al.,
value produced the largest fry 1966)
0.72 - 3.70 critical values for embryos British Columbia Wickett (1954)
0-85 days old
2 lethal limit for hatching

eggs and alevins at 5°C
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Table III - Cont'd. CHUM SALMON
Embryos and Alevins - Intragravel Development
Parameter Observed Values Remarks Location Reference
Dissolved 0.72 - 7.19 critical values for eggs British Columbia Alderdice et al.
Oxygen, with temp. units (°F) (1958)
mg/1 from 4.0 - 452.4
2 lethal limit for eggs British Columbia Wickett (1957)
5 Tow
8 desirable
>2 good survival of eggs and Amur River, USSR Levanidov (1954)
alevins as long as there is
a strong ground water outflow
6 -8 most favorable level for N. Okhotsk, USSR  Lukina (1973)
entire development period
of embryos and larvae at
4-8°C
3-4 lowest value in redds Bira River, USSR Disler (1951)
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Table II! - Cont'd.

CHUM SALMON

Embryos and Alevins - Intragravel Development

Parameter Observed Values Remarks Location Reference
Water 7.6 - 43,2 depth of redds, range tributaries of Burner (1951)
depth, cm 21.6 average depth of redds lower Columbia
River

16 - 104 summer chum Beshenaya River Smirnov (1947)

3-34 fall chum
Stream 0-17 Chena River Kogl (1965)
Velocity,
cm/ sec
Intragravel 10 minimum for survival British Columbia  Wickett (1957)
apparent
velocity, 50 desirable level
cm/hr

200 minimum recommended for McNeil and Bailey
Pacific salmon hatcheries (1975)
ca. 25 - 150 percent survival to emergence Reiser and Bjornn

increases as velocity increases

(1979)

Jd
o
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IIT - Cont'd.

=y

CHUM SALMON

Embryos and Alevins - Intragravel Development

Parameter

Observed values

Remarks

Location

Reference

Salinity
(ppt)

0-25

<6

>11.6
9 - 35

0 - 35

<9

eggs and alevins exposed to
lower levels had higher
survival (temp. and oxygen
level also factors)

eggs can tolerate continuous
exposure

eggs can tolerate
intermittent exposure

no effect on early egg
stages

50% of fully developed
can survive through
hatching

retarded egg development
rate of hatching for eyed

period eggs declined from
100% at 9 ppt to 25% at 35

ppt; alevins hatched at higher

salinities did not survive
delay in hatching and
decreasing survival as
salinity increased

good survival of alevins

Prince William
Sound

Washington
(1aboratory)

Washington
(1aboratory)

Japan
(1aboratory)

Thorsteinson (1965)

McNeil and Bailey
(1975)

Rockwell (1956)

Kashiwagi and
Sato (1969)
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Table 11T Cont'd

CHUM SALMON

Embryos and Alevins - Intragravel Development

Parameter Observed Values Remarks Location Reference
ph 6.5 intragravel Chena River Kogl (1965)
"slightly acidic” intragravel Amur River, USSR Levanidov (1954)
6.3 - 6.5 intragravel Hokkaido, Japan Kobayashi (1968)
C02, mg/ 1 >10 percent survival to British Columbia Alderdice and
hatching decreases (laboratory) Wickett (1958)
48 high value in some sections Big Beef Creek, Koski (1975)
of intragravel water Washington
25 - 30 range for ground water Amur River, USSR Levanidov (1954)
> 20 inhibitory to development
rate of eggs
16 - 20 intragravel water Bira River, USSR  Disler (1951)
17.8 - 25.2 intragravel water Hokkaido, Japan Kobayashi (1968)

o 3
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Table IV.

CHUM SALMON

[

Fry - Emergence and Downstream Migration

Parameter

Observed Values

Remarks

Location

Reference

Temperature, 3.0 - 5.5

°C
5~ 7
5.3 - 7.2
12 - 14
>15
-0.1, 23.8
12.9 - 18,5
21.3
6.7 - 13.3
8-10
<15
4.5 - 5.5

emergence and outmigration

range during peak of fry
outmigration

greater rate of emergence
at higher end of range

preferred range,
three months after hatching

generally avoid

ultimate lower and upper
lethal temperature

good survival; growth rate
similar over this range but
gross food conversion
efficiency decreases as
temperature increases
survival is not good
preferred range for species

preferred temp {over the
range 5.2 - 19.0°C)

survive

outmigration

Delta River
Salcha River
Port John,
British Columbia

British Columbia
(1aboratory)

British Columbia
(1aboratory)

Oregon
(1aboratory)

Amur River, USSR

Bolshaia River,
USSR

Raymond (1981)
Trasky (1974)

Bams (1969)

Brett (1952)

Brett & Alderdice
(1958)

Kepshire (1976)

Bell (1973)
Levanidov (1954)

Semko (1954, cited
by Sano, 1966)
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Table IV - Cont'd.

CHUM SALMON

Fry - Emergence and Downstream Migration

Parameter Observed Values Remarks Locations Reference
Temp. 2.0 - 3.0 fry become active when temp. Hokkaido, Japan Sano (1966)
Cont'd reaches this level
6.0-10.0 peak of downstream migration
Salinity, 35 tolerated by fry that have McNeil and
ppt absorbed yolk sac Bailey (1975)
7.0, 17.1 tolerated by fry at least USSR Levanidov (1952)
up to 30 hours (1aboratory)
35.0 8 out of 10 fry died
35 tolerated by fry 90 days Japan Kashiwagi and
from hatching and older (1aboratory) Sato (1960)
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DEFICIENCIES IN DATA BASE AND RECOMMENDATIONS ‘

Chum salmon are the least studied of the five species of Pacific
salmon found in North America (Merrell, 1970). There are only a few
studies conducted in the laboratory on physiological tolerances of
chum salmon to various physical and chemical parameters. Because of
the interaction of the effects of several parameters in natural
environments, it is important to isolate each parameter in the labora-
tory and expose the fish to a wide range of values for that parameter.
This will provide an understanding of the true response of the fish
and of the lethal limits. It is also important to examine the
interaction of the effects of two or more parameters in a controlled
situation. Much of the data in this report comes from field
observations. It would be incorrect to refer to these as absolute
requirements of the species because the extremes of the particular
parameters may not have occurred at the time the field measurements
were made.

Much of the actual data in this report comes from Japan or the Soviet
Union. Another large block of data originated in Washington and
British Columbia. Of all the published references taken as a source
of data for generation of the curves in Section III, only four or five
reported on work in Alaskan streams. This is the greatest deficiency
in this document which is intended to focus on habitat conditions for
chum salmon in Alaska. As a consequence, it is not possible to
document differences in habitat preferences among different stocks or
ditferent geogravhical areas within the State, although many fishery
biologists suspect that such differences exist. In fact, it was not
possible to conclusively demonstrate differences in habitat preference
between Alaskan chums and those from Washington or Hokkaido or
Kamchatka.

Information on the timing and abundance of chum salmon during the
upstream migration and, to a lesser extent, during the outmigration of
fry is available in varying degrees of completeness from throughout

LT
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volume) is graphed versus particle size. Several different spawning
gravels plotted in this fashion result in an envelope which describes
the range. One further step is needed to make this method well suited
to habitat evaluation and that is to outline those areas of the
envelope that are optimum habitat and those areas that are less than
optimum. This could be done quantitatively by using some measure of
habitat quality such as the density of spawners or the number of eggs
deposited per square meter or the percent survival to emergence per
square meter. Presumably, the areas outside the envelope describe
those substrates that are unsuitable for chum salmon.

The intragravel development of embrvos and alevins is probably the
period of the life history which has the greatest influence on
production. Variation in one of several different parameters during
this critical stage can dramatically influence the survival rate and
can lead to strong or weak brood years. Yet, this stage of life
history, occurring in winter, is the least studied in Alaska.
Information is needed on virtually all the important environmental
parameters during intragravel development. Intragravel temperature,
dissolved oxygen concentration, flow, and substrate composition data
are most needed. More information is needed on the differences in
habitat tolerances and preferences that exist among different stages
of development of embryos and alevins.

There is little information available on use of cover by fry during
outmigration. Although chum fry do not overwinter in freshwater as do
kings, cohos, and sockeyes, they do experience a high -ate of
mortality during their seaward migration.

In summary, much information is needed on habitat requirements,
tolerances, -~nd preferences of chum salmon during their entire
freshwater 1ife history in Alaska. A research program directed toward
the intragravel period would greatly assist our understanding of the
needs of chum salmon and also our understanding of the annual
variation in their abundance.

-76-

T




K

the State. This information needs to be related to physical,
chemical, and biological parameters of the environment in order to be
useful for habitat evaluation.

No data were found on the swimming ability of adult chums during the
upstream migration other than distance coverad per day. Information
on the maximum velocity possible over time and on their ability to
overcome obstacles would be useful in determining whether certain
streams are accessible to spawning chums.

Measurements of the current velocities and water depths in Alaskan
streams during the upstream migration would be useful in establishing
the range for those parameters. Daily stream temperature and dis-
charge data from the time of breakup until after the upstream runs are
completed, correlated with the number of spawners moving upstream, are
needed to estabiish the optimum levels of those conditions when the
peak run occurs.

Information is needed from Alaska on all parameters associated with
spawning: water temperature, current velocity, water depth, and
substrate composition.

Probably the greatest deficiency in the data base for the species
throughout its range is information on the substrate used for spawning
and for development of embryos and alevins. Much can be determined
about the habitat quality of a particular reach of stream by the
particle size distribution of the substrate. Much of the literature
reviewed for this report described subs*rate in semi-quantitative
terms such as “"large" or "coarse" gravel. Methods used for describing
substrates should be standardized in order to make comparisons with
other areas more feasible. Some investigators use dry sieves, others
use wet sieves. Some report on the percent passing each sieve size by
volume, others use the percent passing by weight. A good method to
use to describe spawning gravels would be that used by MacKinnon et
al. (1961) where the cumulative percent sediment passing by weight (or
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This report and the conceptual suitability index curves which were
presented are based in part on a review of published and unpublished
data which was collected by the original authors for purposes other
than constructing such curves. The curves presented here need to be
field tested. A research program is needed to check the accuracy of
these curves, to further refine and narrow their ranges, and to

determine differences in habitat relationships among different stocks.
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I.

INTRODUCTION

A.

Purpose

The purpose of this project is to describe how selected physical
and chemical features of lotic habitats within Alaska influence
the survival and behavior of the freshwater 1ife stages of pink
salmon, Oncorhynchus gorbuscha (Walbaum).

Objectives of this project are:

1) To gather data from published and unpublished sources within
Alaska, Canada, U.S.S.R., the Pacific Northwest, and Japan (with
emphasis on Alaska), and from fishery biologists from Alaska and
nearby areas concerning aquatic habitat - pink saimon
relationships;

2) To develop an Alaskan data base composed of narrative and
habitat suitability index (HSI) models following U.S. Fish and
Wildlife Service techniques to better understand lotic
habitat-pink salmon relationships; and, ‘

3) To identify data gaps and recommend appropriate research to
i1l these gaps.

This report discusses the habitat relationships (with emphasis on
the physical and chemical habitat components) of the fresh water
1ife history stages of the pink salmon which include:

upstream spawning migration;
spawning;

egg, alevin development; and,
downstream fry migration.
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B.

Distribution

Pink salmon are the most abundant of the five species of Pacific
salmon. They spawn in North American and Asian streams bordering

the Pacific and Arctic Oceans and are more abundant in Asia than

in North America (Scott and Crossman, 1973). In North America
this fish ranges from northern California to northern Alaska and
eastward to the Mackenzie River, Northwest Territories. Within
Asia, the pink salmon is found from Kerea and Hokkaido, Japan

northward and westward to the Lena River, Siberia. Pink salmon
have been introduced to and are maintaining populations in Lake
Superior, Newfoundland, and northern Europe.

Pink salmon are widely distributed along coastal Alaska; major
production areas include streams within the southern Alaska
Peninsula area eastward to southeastern Alaska including the
Chignik area, Kodiak Island, Cook Inlet, and Prince William Sound
(Alaska Department of Fish and Game, 1978). More localized pink
salmon production occurs in the lower Kuskokwim and Yukon River
drainages and certain Norton and Kotzebue Sound streams. Pink
salmon are found in the Yukon River drainage up to the Anvik
River. Pink salmon abundance in streams above the Arctic Circle
is relatively low, but they have been documented in limited
numbers as far east as the mouth of the Mackenzie River.

Life History Summary

Pink salmon have the shortest life cycle of any Pacific salmon.
They spend about 15 months in the sea and grow to about 1 to 3 kg
(2.2 to 6.6 1bs), then migrate to coastal areas and usually
ascend their natal streams to spawn and die. Explanations of

_timing and orientation of ocean migration by pink salmon are not

thoroughly understood. Ol1factory cues probably aid pink salmon
in detecting their natal streams after the fish reach coastal



waters. However, pink salmon tend to stray more than the other
species of Pacific salmon (Hasler, 1971; Morrow, 1980).

Pink salmon may enter Alaskan streams from June through October,
but arrival and subsequent spawning times in a given stream are

similar from year to year (Sheridan, 1962 b). Early, middle and '

late runs of pink salmon occur in southeast Alaska and Prince
William Sound (Alaska Department of Fish and Game, 1978). The
two year life cycle prevents consecutive, ‘even' and 'odd' year
stocks from dinterbreeding and produces genetically distinct
‘even’ and 'odd' year runs. The abundance of these runs often
varies considerably.

Distance of from the estuary to spawning areas may influence the
timing of upstream migration of pink salmon in large river
systems. Pink salmon spawning in the upstream reaches of the
Skeena River, northern British Columbia, traditionally arrive
about two weeks earlier than fish that spawn in thc lower reaches
of the Skeena River (Neave, 1966).

The extent of upstream migration of pink salmon within streams is
variable. They generally spawn within 40 miles of the ocean, but
may ascend streams for considerable distances. Pink salmon have
ascended the Yukon River as far as 160 km (100 mi), the Fraser
and Skeena rivers up to 500 km (311 mi) and the Amur River, China
up to 700 km (435 mi) (Scott and Crossman, 1973).

The relative abundance of fish can influence pink saimon
distribution and the extent of upstream migration. During years
of high abundance of pink salmon in various streams (‘'on' years),
reaches of a stream or adjacent streams which normally support
few, if any of these fish, may support substantial numbers of
pink salmon (Neave, 1966).
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The spawning behavior of pink salmon is similar to other
salmonids. The female is solely responsible for construction of
the redd and the male defends the immediate redd area from other
male pink salmon, The female excavates the redd by turning on
her side and repeatedly flipping her caudal fin against the
substrate, displacing silt, sand and gravels which are carried
downstream. Some of the displaced substrate material forms a
characteristic 1ip on the downstream end of the redd. Dimensions
of the finished redd vary with the size of the female, current
velocity, and substrate composition and imbeddedness. Redds can
be as long as 91.5 cm (36 in) and up to 45.7 cm (18 in) deep.
The spawning pair then descend into the center of the redd, with
mouths agape and fins erect and release eggs and sperm. The
fertilized eggs, 0.6 cm (0.24 in) in diameter, settle into
interstices within the redd. Egg numbers may range from 800 to
more than 2,000. The fecundity of pink salmon is variable and
influenced by the size of the fish, the geographic area and the
year (Scott and Crossman, 1973). After the pair completes
spawning in the first redd, the female may begin construction of
a new redd immediately upstream of the previous one. This
activity displaces gravels into the first redd, covering the
fertilized eggs. McNeil (1962) determined that pink salmon eggs
within selected redds of several southeast Alaska streams were
overlain by 0.08 to 0.41 m (0.25 to 1.33 ft) oF gravel. This
gravel layer protects the fertilized eggs from sunlight and
predation, reduces mechanical disturbance by anchor ice and other
objects; allows water to transport éxvgen to and metabolic wastes
from the developing eggs. The female guards the redd from
disturbance by other females. A female may spawn with different
males and both sexes die soon after spawning.

Streams used by pink salmon may range from extremely small, short
coastal streams to large river systems like the Yukon River..
Tidally and non-tidally influenced stream reaches are used for
spawning. Intertidal spawning is especially characteristic of
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pink salmon populations within Prince William Sound and southeast
Alaska. (Helle, Williamson and Bailey, 1964).

Hatching of fertilized pink salmon eggs occurs in the spring.
Hatching is followed by a period of alevin growth as the attached
yolk sac gradually shrinks. Eggs and alevins remain in the redd
gravels from 6 to 8 months.

Substantial mortality of pink salmon eggs and alevins (sometimes
exceeding 75%, occasionally 90%) has been documented in selected
reaches of various streams in Alaska and British Columbia
(Wickett, 1952: Hunter, 1959; McNeil, 1962; Helle, Williamson and
Bailey, 1964). McNeil (1962) determined greater mortality
generally occurred during the egg than the alevin stage of
development. Egg and alevin mortality appears to be the major
limitation to production (McNeil, 1962; Bailey, 1969).

The fry emerge from the gravels in the spring (March to June)
when development is complete. The newly emerged fry range from 3
to 4.5 cm (1.2 to 1.8 in) in length (Scott and Crossman, 1973).
They immediately begin migrating downstream to the sea (Neave,
1966). Emergence and subsequent downstream movement of fry
generally occurs shortly after dusk and ceases before dawn (Hoar,
1956; Godin, 1980). Pink salmon migrating down short coastal
streams may reach the estuary within the first night of travel.
Pink saimon fry migrating long distances downstream may cease
migration during the day and conceal themselves in the substrate.
They resume downstream movement at dusk. Limiting migration to
dusk or dark probably minimizes predation (Neave, 1966). Pink
salmon fry may migrate downstream during the day at flood flows,
periods of high turbidity, or during the latter portion of fry
emergence (Neave, 1966; MacDonald, 1960; Godin, 1980).




Ecological and Economic Importance -

Pink salmon are extremely important to the commercial fishery,
and to a lesser extent, to the recreational and subsistence
fisheries. Although their relative value (price/pound) to
commercial fishermen is lower than for most other Pacific salmon,
their abundance makes them economically important. From 1962
through 1976, pink salmon contributed 30% of the income brought
to commercial fishermen from all Pacific salmon caught in Alaskan
waters. Their mean annual value to commercial fishermen during
this period was nearly 16 million dollars. They are the ‘bread
and butter' commercial fish species within the southern Alaska
Peninsula, Chignik area, Kodiak Island, Cook Inlet, Prince
William Sound, and southeast Alaska, especially during years of
abundance (Morrow, 1980; Alaska Department of Fish and Game,
1979). Pink salmon are harvested commercially by beach and purse
seines, and drift and set gill nets. Pink salmon are also
harvested by trolling, primarily in southeast Alaska (Alaska
Department of Fish and Game, 1979). Pink salmon are usually
canned, the roe is processed for exportation, and the remaining
material used for fertilizer and pet food.
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[I. SPECIFIC HABITAT RELATIONSHIPS/REQUIREMENTS

A. Upstream Spawning Migration of Adults

Water temperature

Sheridan (1962b) observed pink salmon returning to and
spawning in various streams at different times of the year.
He determined that pink salmon spawned in colder streams
earlier in the season than in warmer streams. Sheridan
attributed variations in spawning times to adaptations of
pink salmon to the water temperatures.

Upstream migration of pink salmon has been documented in
streams with water temperatures ranging from 7.2 to 15.5°C
(45 to 60°F) (Bell, 1973). Various researchers have not
found significant positive correlations between upstream
migration of pink salmon and water temperature (Neave,
1966). Upstream spawning migration may also be delayed by
water temperatures exceeding 21°C (70°F) (Bell, 1973).

Stream discharge, current velocity and water depth

Stream discharge, current velocity, and water depth can
influence the upstream spawning migration of pink salmon in
a variety of ways.

High stream discharges with associated high current
velocities can surpass the swimming capabilities of pink
salmon and prevent upstream movement. If current velocities
near constrictions or falls exceed the swimming capabilities
of adult fish, the upstream migration will cease. Pink
salmon can negotiate maximum current velocities of about 2.1
m/sec (6.6 ft/sec). Waterfalls that may block fish passage



at some flow conditions may not limit fish at other flows
(Thompson, 1972).

Conversely, low flows with characteristic shallow water
depths can also prohibit fish movement upstream, depending
on the severity of dewatering (Neave, 1966; Reiser and
Bjornn, 1979). Minimum water depths needed for upstream
passage of adult pink salmon are about 0.18 m (0.6 ft)
(Thompson, 1972). These values will vary with the size and
condition of adult pink salmon and the length of stream
reach with shallow water. Pink salmon have been observed
passing over shallow riffles less that 0.09 m (0.3 ft) deep
along the Kizhuyak and Terror Rivers (Wilson, Trihey,
Baldridge, Evans, Thiele and Trudgen, 1981).

Davidson and Vaughan (1943) examined the relationship
between adult pink salmon numbers and discharge rates in two
streams in southeast Alaska and one in British Columbia.
They found a positive correlation between discharge and
numbers of ascending adult pink salmon in Sashin Creek,
British Columbia. In this creek the fish reside in the bay
near the stream when maturing, then enter the stream,
usually during freshets. No posiiive correlation was found
between numbers of ascending pink salmon and discharge rates
in the other two streams. Differences in these findings may
be attributed to the relatively shallow water of Sashin
Creek and the relatively deep pools of the other two streams
(Banks, 1968).

Hunter (1959) showed that flow conditions in Hooknose Creek,
British Columbia, accounted for about 34% of the variation
in upstream Tish movement. However, only data from 1952
wer._ presented.
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Pritchard (1948) also found a significant positive
correlation between numbers of adult pink salmon migrating
in this stream and rainfall and discharge in McClinton
Creek, British Columbia.

B. Spawning

1.

Water temperature

Sheridan (1962b) observed pink salmon spawning in southeast
Alaska streams at water temperatures from 7.2 to 18.40°C (45
to 65°F). Bailey (1971) reported that pink salmon spawning
activity commenced in Grace Creek, near Ketchikan, Alaska in
mid-August at maximum water temperatures of about 10°C
(50°F). McNeil (1964) stated that pink salmon spawning in
Sashin Creek generally occurs after water temperatures
decline to 13°C (55.4°F) or below.

Pink salmon are reported to spawn in Hooknose Creek, British
Columbia, in water temperatures cooler than 12°C (58°F)
(Hunter, 1959). Webb (1978 a, b and 1980) reported pink
salmon spawning in Buckland, Shaktoolik and Inglutalik
Rivers in water temperatures of 16°C (61°F), 9°C (48°F) and
10°C (50°F), respectively. Bailey and McNeil (1975) stated
“mature salmon generally ripen and spawn as water
temperature declines from its summer maximum; the preferred
range for spawning is 7.2°C to 12.8°C (45 to 55°F)!" Bell
(1973) also stated that the preferred spawning temperatures
of pink salmon range from 7.2 to 12.8°C (45 to 55°F).

Relatively high stream water temperatures and low dissolved
oxygen levels associated with drought conditions have
apparently killed many ripe pink salmon in several southeast
Alaska streams. MWater temperatures exceeding 17°C and
dissolved oxygen levels of 4 ppm or less were responsible
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for the mortality of several thousand aduit pink salmon in
Staney Creek, Alaska during mid-August, 1979 (personal
communication, John Edgington, 1981).

Current velocity

Asian pink salmon spawn in a variety of current velocities,
ranging from about 0.3 to 0.8 m/sec (1.0 to 2.6 ft/sec).
They have also been observed spawning in areas of upwelling
water with no current during years of abundance (Semko,
1939; Krohkin and Krugius, 1937; Dvinin, 1952).

Current velocities utilized by pink salmon in selected State
of Washington streams are reported to be 0.21 to 0.99 m/sec
(0.7 to 3.30 ft/sec) (Coliings, 1974). These velocity

measurements were taken 0.12 m (0.4 ft) above the substrate.

Hourston and MacKinnon (1957) described current velocity and
water depth preferences of spawning pink salmon in the Jones
Creek spawning channel on Vancouver Island, British
Columbia. The 615 m (2,000 ft) long spawning channel was
divided into 15 sections of equal length and three "complete
depth-velocity cross sections were made in each section of
the channel™ at a discharge of about 7 m>/sec (246 cfs)
prior to the arrival of the fish.

Current velocities witnin the channel apparently exceeded

preferred velocities of spawning pink saimon. The first

fish to enter the experimental channels usually chose the
slowest velocities available in the channel. Only 4006 pink
salmon entered the channel in 1955; density conditions were
extremely Tow with only one spawning female per 10.5 m2 of
channel.
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Pink salmon spawning in Terror River, Alaska selected
current velocities ranging from 0.19 to 0.66 m/sec (0.6 *o
2.0 ft/sec) and within this range, they preferred velocities
from 0.35 to 0.47 m/sec (1.1 to 1.5 ft/sec) (Wilson, Trihey,
Baldridge, Evans, Thiele and Trudgen, 1981). All values are
expressed as mean column velocities.

Pink salmon in the upper Skagit River, Washington spawned in
areas with current velocities ranging from 0.10 to 1.32
m/sec (0.3 to 4.3 ft/sec) (6raybill, Burgner, Gislason,
Huffman, Wyman, Gibbons, Kurlso, Stober, lagnan, Stayman and
Eggers, 1979). Eighty percent of the fish were observed in
current velocities ranging from 0.37 to 1.0 m/sec (1.2 to
3.2 ft/sec). All measurements were taken 0.16 m (0.5 ft)
above the substrate.

Nater depth

Selection of water depths by spawning pink salmon is
associated with current velocity, substrate type and spawner
densities. Kuznetsov (1928) stated that pink salmon in the
Amur River and streams of West Kamchatka spawn in depths
ranging from 0.2 m (0.7 ft) in relatively fast current
velocities to 0.3 m (1 ft) in slower currents. Dvinin
(1952) observed pink salmon in streams of southern Sakhalin.
He found that in uncrowded conditions the fish spawned in
water depths of 0.5 m (1.7 ft) and in crowded conditions
they utilized water depths from about 0.1 to 1.2 m (0.3 to
3.9 ft).

Water depth preferences of pink salmon in selected
Washington State streams are about 0.15 to 0.53 m (0.5 to
1.75 ft) (Collings, 1974). Hourston et al. determined water
depth preferences of spawning pink salmon in the Jones Creek
spawning channel, using the transect method.
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They observed that the first fish to enter the spawning
areas chose mean water depths of 0.42 m (1.38 ft), and the
subsequent 100 spawning fish occupied slightly shallower
mean water depths of 0.39 m (1.28 ft) (Table 1). The mean
water depth of the entire spawning channel was 0.37 m (1.20
ft). No fish utilized the relatively shallow depths (0.30
to 0.34 m, 1.0 to 1.1 ft) which also had rather high current
velocities (0.73 to 0.98 m/sec, 2.4 to 3.2 ft/sec). Female
pink salmon density within the channel was extremely Tow

with one female per 10.5 mz.

Spawning pink salmon in the Terror River, Alaska used water
depths ranging from 0.09 to 1.2 m (0.3 to 3.8 ft) and
demonstrated a preference for depths from 0.37 to 0.63 m
(1.2 to 2.0 ft) (Wilson et al., 1981).

Spawning pink salmon in the Skagit River, Washington were

observed at water depths ranging from 0.09 to 1.32 m (0.3 to
4.2 ft) and 80% of those fish were in water ranging in depth
from 0.28 to 0.78 m (0.9 to 2.5 ft) (Graybill et al., 1979).

Substrate composition

Pink salmon spawn over a variety of substrate materials.
The size, shape, density and imbeddedness of this material,
current velocity, water depth and fish densities can
influence substrate selection. Adult pink salmon usually
spawn in small gravels, sometimes reaching 10 cm (4 in) in
diameter. Pink salmon have also been observed spawning over
much larger substrate in selected Prince William Sound
streams during ‘on' years (R. Nickerson, personal
communication, 1980).

Hourston and Mac Kinnon (1957) examined substrate samples
taken from ‘good' pink salmon spawning areas along the Adams
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and Okanagan Rivers and Jones Creek. They found that gravel
from 0.6 to. 3.8 cm diameter provided the best substrate for
in artificial spawning channels. Lucas (1959) used
substrate sizes from 2 to 10 cm diameter in spawning
channels.

Spawner Densities

Redd superimposition influences egg survival when high
densities of pink salmon spawn»in streams with limited
spawning habitat. Pink salmon redds may be partially or
totally torn apart and reexcavated by newly arriving
females. McNeil (1962) formulated a hypothetical model
predicting the effects of pink salmon spawner density on egg
survival in a selected reach of the Harris River. At a
spawner density of 4.5 fish/9.3 m2 (100 ftz) redd
superimposition accounts for about 25% of total egg
mortality. At a density of 10.6 fish/9.3 m® (100 £t%), egg
mortality was predicted to be about 50%. Helle (1966) also
recognized that redd superimposition increased pink salmon
egg mortality in Olsen Creek, Prince William Sound.

C. Intragravel Development of Eggs and Alevins

1.

Water temperature

Rates of egg development and hatching times are strongly
controlled by temperature regimes and by the number of
degree-days accumulated since egg deposition. A degree-day
is the number of degrees above a base temperature (usually
the freezing point) in the average temperature of one day.
It has been estimated that at least 500 degree days (°C) are
required for the hatching of pink salmon eggs (Scott and
Crossman, 1973). This is equivalent to 50 days at 10°C or
71 days at 7°C. Abnormally warm or cold temperatures can
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accelerate or depress development rates and cause premature
or delayed salmon fry emergence.

There are upper and lower temperature limits for successful
incubation of salmonid eggs. Pink salmon eggs are more
sensitive to cold water (0°C, 32°F) at initial developmental
stages than later stages. Combs and Burrows (1957) and
Combs (1965) reported that hatchery pink salmon eggs could
tolerate water temperatures as low as 0.5°C (33°F) provided
temperatures exceeded 5.5°C (42°F) during the initial month
of development. Bailey and Evans (1971) concluded from
laboratory tests with pink salmon eggs from Grace Creek near
Ketchikan, Alaska that water temperatures above 4.5°C (40°F)
are necessary through the gastrula stage to ensure
development.

Bailey and Evans (1971) found that egg mortality and the
occurrence of spinal deformities in alevins were inversely
related to increases in water temperatures between 2.0°C
(36°F) and 8.5°C (47°F). Water temperatures of 4.5°C (40°F)
and 3.0°C (37°F) caused substantial egg mortalities and
spinal deformities among alevins. Complete mortality of
eggs occurred at 2.0°C (35°F). No egg mortalities or alevin
spinal deformities were found at 8.5°C (47°F). After pink
salmon eggs reach the gastrula stage they can tolerate water
temperatures close to freezing.

The upper and lower estimated threshold temperatures for
pink salmon eggs are 13.3°C and 4.4°C (Bell, 1973).
Mortality is expected to increase if these thresholds are
exceeded. Eggs will survive and develop normally at lower
temperatures than indicated, provided initial development of
the embryo has progressed to a stage that is tolerant of
coider water.
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Timing of the downstream migration of pink salmon fry is
probably correlated with habitat conditions in the estuary
in late spring or early summer (Sheridan, 1962). Fry
emerging earlier or later than normal could encounter
suboptimal physical conditions and lower food availability
in the estuary.

Stream discharge, current velocity and water depth

Discharge alterations can adversely affect developing pink
salmon eggs and alevins. Spates can mechanically remove
substrate material and developing fish (McNeil, 1966).
McNeil (1966) observed damaged pink salmon redds and
displaced pink salmon eggs and alevins in several
southeastern Alaska streams after intense rains between
October and December. He estimated that these floods
destroyed about 50 to 90% of the developing pink salmon eggs
and alevins within these streams. Pink salmon spawning
areas within the mainstem Terror River have been scoured
during storm flow conditions (Wilson, 198l). This
phenomenon is probably more common in moderately high
gradient streams used by spawning pink salmon.

Summer and winter low flows can adversely affect developing
pink salmon eggs and alevins, depending on the severity of
flow reduction, temperatures, and other factors. McNeil
(1966) believed that significant mortality of chum and pink
saimon eggs and alevins occurred in one of two study streams
in southeastern Alaska during extremely cold weather and low
flows. He noted that discharge in Indian Creek was
considerably Tess than in Twelvemile Creek. Indian Creek is
characterized by an extreme range of discharges (500 fold);
in contrast, Twelvemile Creek exhibited only an 80 fold
difference.
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Pink salmon eggs deposited along the stream margins may be
subjected to high mortality with winter low flows. This
could cause redds to become exposed, desiccated, or frozea.

Summer drought conditions, and the attendant low flows and
high temperatures, can cause reduced intra-gravel dissolved
exygen levels. McNeil (1966) attributed the high mortality
of pink and chum salmon in several southeastern Alaski
streams in 1957 to low flow, unseasonally warm Summer
temperatures and low dissolved oxygen levels.

Substrate composition

Substrate composition, particularly the percentage of small
particles (called 'fines') can influence the intragravel
environment and condition of developing eggs and alevias.
Fines have been defined as materials less than 6.4 mm (.26
in), 3.0 mm (0.12 in) and 0.833 mm (0.03 in) minimum
diameter by McCuddin (1977), Phillips (1975) and McNeil and
Ahnell (1964), respectively. Increased amounts of finas
within the substrate interstices where eggs and alevins are
developing, can reduce water permeability and intragravel
flow rates (apparent velocity) (Wickett, 1962). This
influences the rate at which oxygen is transported to and
metabolic products from the developing eggs and alevins.
McNeil and Ahnell (1964) classified the pink salmon
production capability of six streams in southeastern Alaska
by the permeability of their spawning areas. They conciuded
that the substrate of ‘productive' streams generally
contained less than 5% by volume of fines (0.833 mm) and had
associated 7ermeability rates of 24,000 cm/h (787 ft/h).
Less productive pink salmon streams were characterized by
15% or more fines with associated permeability rates of less
than 1,300 cm/h (43 ft/h). Wickett (1958) and Reiser and
Bjornn (1979) reported 12% survival of pink and chum salmen
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to emergence at permeability rates of 96,000 cm/h (3,150
ft/h) and 2% survival at rates of 1,800 cm/h (59 ft/h).

Pink salmon egg and alevin survival in relation to tidal
influence (with associated sediment, salinity, dissolved
oxygen and temperature conditions) has been examined by
several researchers. Scud and Hanavan (1954) determined
that pink salmon egg and alevin survival in tidally
influenced reaches of Lover's Cove Creek were as high or
higher than in upstream non-tidal influenced reaches.
Kirkwood (1962) determined that egg and alevin survival
decreased from higher to lower tidal levels in several
Prince William Sound streams. Helle, Williamson and Bailey
(1974) examined Olsen Creek in Prince William Sound. They
reported decreased survival at lower intertidal reaches
associated with increased proportions of fine sediments.
Helle (1970) corroborated previous findings in Olsen Creek.
He attributed greater egg and alevin mortality rates from
higher to lower intertidal areas to increased fine sediments
and salinity. Dissolved oxygen and temperature were
additional factors influencing mortality.

Fines can influence emergence of alevins from the redd.
Survival and emergence of chinook salmon and ste=lhead trout
fry were adversely affected when fines (6.4 mm) exceeded 20%
of the volume of the substrate in -laboratory troughs
(Bjornn, 1969; McCuddin, 1977). Koski (1966) documented
that coho salmon fry were unable to emerge from natural
redds with substantial accumulations of fines.

Dissolved Oxygen
Dissolved oxygen is supplied to developing eggs and alevins

within the redd by intragravel flow. Dissolved oxygen
levels within the redd are influenced by the dissolved
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oxygen levels within the stream, rate of intragravel flow,
biological oxygen demand of material within the redd such as
detritus and dead eggs, water temperature, metabolic rates
of the developing eggs and alevins, density of eggs and
alevins, and other factors.

Oxygen consumption generally increases as embryo development
progress (Bailey, Rice, Pella and Taylor, 1980). Bailey et
al. (1980) planted various densities of fertilized, eyed
pink salmon eggs (0; 1,600; 6,400; 12,800 and 25,600
ngs/0.0lS m3) in experimental egg incubators. Dissolved
oxygen content of inflow water was maintained at relatively
constant levels during the test: 9.16 mg/1 in December and
8.08 mg/1 in April. Oxygen consumption rates measured at
pre-hatching, post-hatching and pre-emergence progressively
increased with time and developmental stage. For example,
within the incubator containing 6,400 eggs, oxygen
consumption rates increased from 0.003 to 0.010 mg/h per egg
prior to and following hatching and reached a maximum of
0.027 mg/h per alevin immediately prior to fry emergence.
Resultant dissolved oxygen levels within the various
incubators reflected egg densities and oxygen consumption
rates.

Dissolved oxygen levels generally decreased with time and
were progressively lower within incubators containing more
eggs or alevins (Bailey et al., 1980). For example,
dissolved oxygen levels immediately prior to emergence of
fry within incubators containing 1,600, 6,400 and 12,800
alevins were 7.0, 5.5 and 4.3 mg/1 respectively. An
exception occurred in the incubator containing 25,600 eggs
where alevins emerged prematurely. Premature emergence was
probably due to the combined effect of low dissolved oxygen
and high ammonia levels. The dissolved oxygen concentration
at emergence was only 6.2 mg/1.
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Dissolved oxygen levels exceeding 6.0 mg/1 are recommended
for the successful development of pink salmon eggs and
alevins (Bailey et al., 1980). Dissolved oxygen levels
below 6.0 mg/1 apparently caused premature emergence,
decreased size and low survival of fry, especially at higher
densities. Fifty percent of the fry in incubators
containing 12,800 and 25,600 eggs emerged 7 and B2 days
earlier, respectively, than fry in the incubator with 1,600
eggs. Emergent fry at the two highest densities also were
shorter than fry from the other incubators. Survival was
only 50% in the highest density incubator.

Coble (1961) and Phillips and Campbell (1961) determined
that intragravel dissolved oxygen concentrations at or above
B mg/1 are necessary for high survival of steelhead trout
and coho salmon eggs. McNeil (1962) attributed low survival
of pink salmon eggs in 1957 in several southeast Alaska
streams to low flows and associated low dissolved oxygen
levels and, possibly, other factors. Reiser and Bjornn
(1979) recommended dissolved oxygen levels near saturation
with momentary reductions no 1lower than 5 mg/l
(approximately 40-45% saturation) for eggs and alevins.

Salinity

Pink salmon commonly spawn in the intertidal regions of
streams. Noerenberg (1963) estimated that over 50% of the
pink salmon spawning activity in Prince William Sound occurs
in tidally influenced areas. Fluctuations in salinity,
dissolved oxygen, water temperature and fine sediment may
influence pink salmon egg and alevin survival. Various
researchers have recognized that pink salmon fry production
within intertidal stream reaches is generally highest in the
upper reaches, moderate in the intermediate reaches and low
or non-existent in tha lower reaches. Little research has
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focused on the effect of just salinity on pink salmon egg
and alevin survival (Hanovan and Skud, 1954; Kirkwood, 1962;
Hell, Williamson and Baily, 1964; Helle, 1970).

Bailey (1966) conducted laboratory experiments to simulate
salinity conditions of developing eggs and alevins at the
2.4 m (8 ft), 1.8 m (6 ft) and 1.2 m (4 ft) tide levels in
Olsen Creek, Alaska. Test salinity conditions ranged from
12-30%00. He concluded that developing pink saimon eggs
fertilized in fresh water showed no adverse affects to
salinity conditions at the 2.4 m (8 ft) tide level. Pink
salmon fry production was severely limited at the 1.8 m (6
ft) tide level and was extremely limited or nonexistent at
the 1.2 m (4 ft) tide level.

D. Downstream Fry Migration

1.

Cover

Pink salmon fry may reach the estuary along short coastal

streams within the first night of travel, but fry migrating
down relatively long streams need adequate cover during the
day. Cover could be from gravel interstices, overhanging

riparian vegetation or other instream cover.

Discharge
A wide range of discharges are suitable for successful
downstream fry migration. Discharges must be high enough to

maintain adequate water depths in the channel and to enhance
the swimming of the fry.
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Water temperature

Water temperatures encountered during downstream migration
and in the estuaries can influence dissolved oxygen levels,
swimming performances and growth rates of the fry, and the
ability to capture and digest food (Reiser and Bjornn,
1979). Brett (1952) determined that the upper lethal
temperatures for pink salmon fry (40 to 50 mm total length)
were about 21, 22.5, 23 and 24°C at acclimation temperatures
of 5, 10, 15 and 20°C, respectively. Preferred water
temperatures were about 11, 13 and 17°C at acclimation
temperatures of 10, 15 and 20°C, respectively. Low
temperature tolerance limits of pink salmon fry were not
determined.
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ITI. CONCEPTUAL SUITABILITY INDEX CURVES

The habitat suitability curves presented in this section are derijved

primarily from threshold values reported in the literature. Avoidance
behavior, abnormal development and increased mortality are expected to
occur if the threshold points are exceeded. A major limitation of the
suitability index curves is that they do not represent the increments
of habitat quality between the two threshold points. Because of the

paucity of data, particularly between the threshold points, the curves
are simplistic and have limited application.

The conceptual habivtat suitability curves depict the influence of
certain physical and chemical lotic habitat components on the survival
and behavior of different pink salmon life stages. Most lotic habitat
components collectively influence all 1ife stages. For example, water
permeability within the redd influences the intra-gravel environment
and the well-being of developing pink salmon eggs and alevins.
Dissolved oxygen and water temperatures also affect intra-gravel water
quality. Other lotic habitat components, such as current velocity,
water depth and substrates collectively influence spawning site
selection by feriale pink salmon.

The habitat suitability curves presented in this document do not
account for interactive effects of chemical and physical parameters.
For example, a dissolved oxygen concentration of 5 mg/1 may be
suitable at a water temperature of 5°C, but unsuitable at a
temperature of 20°C. Ideally, a separate dissolved oxygen curve
should be drawn for each of several different temperatures or
dissolved oxygen levels represented as percent saturation.

Additionally, the effect on the fish of less than optimum conditions

depends on the duration of exposure and on the particular life stage
of the fish.
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The'conceptual habitat suitability curves are not constructed for
application to specific watershéds. Field data collection techniques
(when described) often varied. For example, three techniques for
measuring current velocity preferences of spawning pink salmon were
found in the literature: the mean column velocity, the current
velocity 0.12 m above the redd and the current velocity 0.16 m above
the redd. These values may vary significantly among techniques. In
addition, field data were presented as means, ranges, frequencies of
occurrence or the range of values utilized by a given percentage of
the sample population. Certain suitability index curves were based
upon laboratory tests, such as the water temperature--pre-gastrula
curve.

The value of each habitat component which was regarded as ‘ideal’' was
given a 1.0 rating on the Y-axis of the suitability index. The
threshold points were connected by a solid 1ine and dashed lines were
used to delimit the known upper and lower threshold points.
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Table 1 ~ AQUATIC HABITAT CRITERIA USED FOR CONCEPTUAL SUITABILITY INDEX CURVES
REGARDING UPSTREAM PASSAGE OF PINK SALMON

Parameter Observed Values Remarks Location Reference
Water 7.2-15,6% Preferred water Be?l (1973)
temperature temperatures for pink
salmon
21.1% May cause migration Bell {1973)

delay for pink salmon

Water depth 0.18 m Minimum passage re- Oregon Thompson (1972)
quirement for pink
salmon. This value
will change with actual
size and condition of

fish.

0.09 m Pink salmon passage Alaska Personal com-
noted along riffles ' munication,
of several streams on Jean Baldridge
Kodiak Island less (1981)

than 0,09 m (0.3 ft)
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Table 2 - AQUATIC HABITAT CRITERIA USED FOR CONCEPTUAL SUITABILITY INDEX CURVES
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REGARDING UPSTREAM PASSAGE OF PINK SALMON

0.35-0.47 m/sec

0.10 m/sec to
1.32 m/sec

by spawning pink
salmon. Mean column
velocity

Current velocities
preferred by spawn-
ing pink salmon,
Mean column velocity

Range of current
velocities chosen by

spawning pink salmon.
0.16 m above substrate

Tarror River
Alaska

Skagit River
Washington

Parameter Observed Values Remarks Location Reference
Water 7.2 - 18°% Southeast Alaskan Southeast Sheridan
temperature stream temperatures Alaska (1962b)
at time of pink
salmon spawning
4.5° Minimum value for Grace Crk. Balley & Evans
sucessful pink eggs subjec- (1971{
salmon egqg develop~ ted to con-
ment trolled envi-
ronmental
conditions
Current 0.19~0.66 m/sec Range of current Terrov River, Wilson, Trihey,
velocity velocities chosen Alaska Baldridge,Evans

Thiele

Trudgen
(1981)

Wilson, Trihey,
Baldridge,Evans
Thiele &Trudgen
(1981)

Graybi11,Burgner
Gislason,Huffman
Wyman, Gibbons,
Kurko, Stober,
Fagnan, Stayman,

and Eggers
(1979?
0.37 m/sec to Current velocities Skagit River  Graybill,Burgner
1.0 m/sec chosen by 80% of Washington Gislason,Huffman

detected spawning
pink salmon.

Wyman, Gibbons,
Kurko, Stober,
Fagnan, Stayman
and Eggers
(1979
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