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LIFE HISTORY OF CHINOOK SALMON
(Oncorhynchus tshawytscha)
M.C. Healey*

INTRODUCTION

HE GENUS Oncorhynchus dates at | east
from the Pliocene (Smith 1975) and prob-
ably originated from a stream- or lake-
dwelling Salmo-like fish (Neave 1958).
When the modern species evolved is un-
certain, but the chinook salmon (O. tshawytscha),
and the other Pacific sdlmon species, may have
evolved as recently as 500,000 to 1,000,000 years ago
(Neave 1958). A time span of one million years is
extremely short for the differentiation of seven spe-
cies. Nevertheless, Neave (1958) argued that there
were good geologica reasons for believing that
such evolution had occurred. Most important, the
restriction of Oncorhynchus speciesto the North Pa-
cific suggested that their evolution postdated the
faunistic connection between Atlantic and Pacific
that existed during the late Pliocene. Thus, it seems
possible that the species had undergone their com-
plete elaboration during the Pleistocene. Recent
investigation of mitochondrial DNA, however, sug-
gests that the species may be two to three million
years old (Thomas et al. 1986), which would be
more in keeping with their elaboration during the
Miocene. ,
Morphologicaly, the chinook is distinguished
from other Oncorhynchus species by its large size
(adults may reach aweight of 45 kg), and by having
small black spots on both lobes of the caudal fin,
black pigment along the base of the teeth (Plate 14),

*Department of Fisheries and Oceans, Biologica Sciences
Branch, Pacific Biological Station, Nanaimo, British Columbia
VOR 5K6. Present address: Westwater Research Centre, Univer-
sity of British Columbia, Vancouver, BCV6T 1Z2

and a large number of pyloric caeca (>100)
(McPhail and Lindsey 1970; Hart 1973). Chinook
also differ from the other species by their variable
flesh colour, from white through various shades of
pink to red.

Chinook fry and parr are distinguished by hav-
ing large parr marks extending well below the lat-
erd line (Plate 14). The adipose fin is normally
unpigmented in the centre, but edged with black.
The anal finis usualy only dlightly falcate, and the
leading rays do not reach past the posterior inser-
tion of the fin when folded against the body. The
anal fin has a white leading edge, but thisis not set
off by a dark pigment line as it is in coho saimon.
Juvenile characteristics are highly variable, how-
ever, so that proper identification often requires
meristic and pyloric caeca counts.

Within the species group, the chinook is most
closgly related to the coho (O. kisutch), with which
it forms one subgrouping. Sockeye (O. nerka), chum
(O. keta), and pink (O. gorbuscha) form a second sub-
grouping, and masu (O. masou) and amago (O. rho-
durus), supposedly the most primitive, form a third
subgrouping. According to Tsuyuki et al. (1965) and
Tsuyuki and Roberts (1966), the probable evolu-
tionary order of the speciesis: masou, kisutch, tsha-
wytscha, keta, nerka, gorbuscha, athough there is
some question about the ordering of keta and nerka.
Tsuyuki et a. (1965) and Tsuyuki and Roberts
(1966) did not recognize rhodurus as a separate spe-
cies but seeK ato, thisvolume. Oncor hynchusrhodu-
rus is more primitive than O. masou.

The chinook, like al Oncorhynchus species, is
anadromous and semelparous (i.e, dies after
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spawning once). Within this general life history
strategy, however, chinook display abroad array of
tacticsthat includes variation in age at seaward mi-
gration, variation in length of freshwater, estuarine,
and oceanic residence, variation in ocean distribu-
tion and ocean migratory patterns, and variation in
age and season of spawning migration.

An important objective of this chapter is to de-
velop a conceptual modd of the life history of chi-
nook that can encompass this degree of variation. |
shall argue that there must be two fundamental
components of this model. The first component is
racial (Hedey 1983). (Here, "race' is used in the
sense that Merrell (1981) used it, that is, to identify
subdivisions of a population that are geographi-
cally separated to some degree and between which
gene flow isreduced.) A large part of the variation
in chinook life history apparently derives from the
fact that the species occurs in two behavioural
forms. One form, which has been designated
"stream-type" (Gilbert 1913), is typical of Asian
populations and of northern populations and head-
water tributaries of southern populations in North
America. Stream-type chinook spend one or more
years as fry or parr in fresh water before migrating
to seq, perform extensive offshore oceanic migra-
tions, and return to their natal river in the spring or
summer, severa months prior to spawning (Figure
1). Occasionally, males of this form mature preco-
ciously without ever going to sea. The second form,
which has been designated "ocean-type" ("sea
type" in Gilbert 1913), is typical of populations on
the North American coast south of 56°N. Ocean-
type chinook migrate to sea during their first year
of life, normally within three months after emer-
gence from the spawning gravel, spend most of
their ocean life in coastal waters, and return to their
natal river in the fall, a few days or weeks before
spawning (Figure 1). _

The second component of the life history model

is tactical and encompasses variation within each
race (Figure 1). Thisvariation represents adaptation
to uncertainties in juvenile survival and productiv-
ity within particular freshwater and estuarine
nursery habitats. Briefly, chinook appear to have
evolved a variety of juvenile and adult behaviour
patterns in order to spread the risk of mortality
across years and across habitats (e.g., Stearns 1976;
Real 1980). By so doing, they avoid the potential
disaster associated with high mortality in a particu-
lar year or habitat.

Species
Oncorhynchus tshawytscha
(anadromous; semelparous)

Race: Ocean-type

(short freshwater residence
as juvenile; adult runs in
summer and autumn; adults
spawn soon after entering
fresh water)

Race: Stream-type

(long freshwater residence
as juvenile; adult runs in
spring and summer; adults
enter fresh water months
before spawning

Y

Variation in age of seaward
migration (years) \

Variation in time of seaward
migration (weeks)

) Male . *

— Y precocity Variation in length of estuarine |
Variation in age of / residence (weeks) |
maturity (males and v
females) Ey— -

Variation in age of maturity
* (males and females)
Variation in time of return ¥
to natal stream (Februa T
through July) ( Y W/anatlon in time of return
to natal stream (July

+ through December)

Tariation in fecundity
(high fecundity) . Wariation in fecundity
(I

low fecundity)

FIGURE 1
Lifehistory structure of chinook salmon showing the
division of the speciesinto two races (ocean- and
stream-type) and therange of tactical variation within
each race

RELATIVE

The chinook is a valuable commercial species.
Fisheries for chinook are conducted by Japan on
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the high seas west of 175°E in the North Pécific
Ocean (west of 175°Wduring 1955-77) and west of
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175°Win the Bering Sea by means of gillnets. The
Bering Sea fishery is to be phased out by 1994.
Nationals of Canada, the United States, and the
USSR fish for chinook in their coastal waters and
rivers. In the eastern USSR, fishing is by trap net
and gillnet. In the coastal waters of the United
States and Canada, fishing is by gillnet, purse
sine, and troll (hook and line). Annual recorded
commercia landings averaged about 23800 t be-
tween 1970 and 1979 (inerc 1972-82). The largest
catches are along the British Columbia coast, a-

though substantial catches are adso made in south-
eastern Alaska, in the Japanese mothership fishery,
and aong the coasts of Washington, Oregon, and
Cdifornia (Figure 2). In North America the chinook
is also prized as a sport fish, and approximately
one million are taken each year in sport fisheries
(INPFC 1972-82; Department of Fisheries and
Oceans, Vancouver, British Columbia, unpub-
lished data). Chinook are, however, the third least
abundant of the Pacific sdmon, with only O. rhodu-
rus and O. masou being less abundant.
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FIGURE 2
Map of the North Pacific Ocean with histograms showing the catch (hundreds of thousands of fish) of chinook in
major coastal fisheries from 1962-70. (Adapted from Major et a. 1978)

SPAWNING POPULATIONS

Distribution and Abundance of Spawning Stocks

Spawning stocks of chinook are known to be dis-
tributed from northern Hokkaido to the Anadyr
River on the Asian coast and from central Califor-

nia to Kotzebue Sound, Alaska, on the North
American coast (Figure 3) (McPhail and Lindsey
1970; Mgjor et a. 1978). Unconfirmed reports, how-
ever, suggest that chinook salmon may be distrib-
uted even further north and east on the Alaskan
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coast, and Hart (1973) cited an unpublished report
of thirteen specimensfrom the CoppermineRiver
(67°50'N, 115°00'W) in the Canadian Arctic.
McLeod and O'Neil (1983) reported recovering a
single specimenfromtheLiard River inthe upper
MackenzieRiver drainage.

There are probably well in excess of athousand
spawning populations of chinook salmon on the
North American coast (Atkinson et al. 1967; Aro
and Shepard 1967) and an uncertain, but probably
much lower, number on the Asian coast. Spawning

occurs from near tidewater to over 3,200 km up-
stream in the headwaters of the Y ukon River (Ma-
jor et al. 1978). Individual spawning populations of
chinook arerelatively small, not exceeding afew
tens of thousands. In British Columbia, whererec-
ords have been kept on over three hundred chi-
nook spawning populations for many decades, 80%
of the populations have averaged fewer than one
thousand spawners (Healey 19828). Presumably,
individual spawning populations are similarly
small throughout the Chinook'srange.

> ¥y
, ] ? H ! - o
70 Q Katzebue ? N 7O°N
Sound~\(7° _ ALASKA | 3 Coppermine
dyr R : i ’
._ i
60° /" BERING 60°N
SEA
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\ oy o la Islands S
50 Vancouver “Qk . 50°
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OCEAN 3 40°N
‘San Joaquin R
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FIGURE 3

Map of the North Pacific Ocean and Bering Sea, showing the distribution of chinook spawning populations
(stippled) and some of the landmarks referred to in the text. The distribution of chinook spawning popul ations
north and east of Kotzebue Sound on the North American coast is unconfirmed (shown as question marks),
except for a positive identification in the Mackenzie drainage.

The largest rivers tend to support the largest
aggregate runs of chinook and also tend to have
thelargest individual spawning populations (Fig-
ure4). Thisisnot surprising, becauselarger rivers
are likely to have more suitable spawning and
rearing habitatsthan smaller rivers. What issome-
what surprising, however, isthat major rivers at

316

the northern and southern limits of the Chinook's
range support populations as large or larger than
thosein major riversnear the middle of the range.
The Sacramento-San Joaquin River system, at the
southern limit of the range of chinook, for example,
had chinook runs of amillion fish or more until the
early part of thiscentury (Clark 1929). Theserivers
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FIGURE 4
Relationship between average spawning population
Sze (1952-76) and average river discharge for British
Columbia populations of chinook salmon (both axes are
on alogarithmic scale). These data are for individual
spawning populations within each river system.

still have runs of severa hundred thousand, even
though habitat loss and water extraction have
been so severe that the San Joaquin River was
virtually unable to support chinook spawning,
with escapement averaging less than 4,000 in the
mid-1970s (Kjelson et al. 1982). Since 1980, how-

ever, escapementsto the San Joaquin have recov- -

ered somewhat and escapement was 70,000 in 1985
(M. Kjelson, u.s. Fishand Wildlife Service, Stock-
ton, California, pers. comm.). Run estimatesfor the
Yukon and Nushagak rivers, near the northern
limit of the range of chinook, are very uncertain,
but catches of chinook in western Alaska and es-
capement estimates for these rivers indicate that
runs to both rivers are probably on the order of
400,000 to 600,000 fish (Knudsen et al. 1983). By
comparison, the ColumbiaRiver historically pro-
duced only about twice as many fish asthe Sacra-
mento-San Joaquin River system, and the Fraser
River produced only about 200,000 chinook (Rich
1942; M.C. Healey unpublished data). Both the
Columbia and Fraser rivers are near the centre of
the Chinook'srange on the North American coast.
Chinook have been transplanted to avariety of

locations outside their normal range. Transplants
to the east coast of North America have been con-
ducted for ailmost acentury, initially with the hope
of supplementing declining Atlantic salmon (Salmo
salar) runs, but also as a means to "control" land-
locked smelt (Osmeridae) and alewife (Alosa pseudo-
harengus) populations (Hoover 1936; Ricker and
Loftus 1968). Mogt transplanted populations were
maintained only by artificial propagation/if they
were maintained at al. Recently, however, natu-
rally spawning populations have become estab-
lished in the Laurentian Great Lakes (Carl 1982).
Both artificially and naturally produced chinook
are now a valuable component of the sport fisher-
iesin Lake Michigan and its tributary streams.

Chinook from California were successfully
transplanted to New Zealand around the turn of
the century. Thefirst transplants to New Zealand
were in the late 1800s, and intensive stocking be-
gan in 1901. By 1907, adults were returning to New
Zealand hatcheries, and by 1910 it was possible for
these hatcheries to export spawn to other parts of
New Zealand and Tasmania. Chinook are now
widespread in rivers along the east coast of the
south island and occur in some rivers on the west
and north coasts. Whether this has occurred as a
result of deliberate planting or natural strayingis
not clear (Waugh 1980).

Although the original intent of the introduction
of chinook to New Zealand was to create commer-
cialy exploitable runs of fish, established runs
have provided only a low sustainable yield, and
little commercial harvesting of salmon has oc-
curred. Chinook are, however, an important sport
fish. Limited suitable spawning and rearing areas
in New Zealand streams, together with impound-
ments, water extraction for irrigation, and pollu-
tion, have served to limit smolt production (Waugh
1980). Poor smolt production is presumably an
important reason for therelatively low productiv-
ity of chinook in New Zealand.

Chinook have also been transplanted to south-
ern Chile. Apparently, landlocked populations
have been established there, and the hope is that
marine anadromous popul ations will aso be suc-
cessful in Chile. Somereturns of anadromous chi-
nook have been reported in sea ranching
operations (Lindbergh 1982).

In this chapter, | shall concentrate on chinook
withintheir natural range. Thisis not to discount
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the possibleimpact of successful transplants. The
introduction of chinook and other Pacific salmon to
the Great Lakes, for example, aimost certainly
means that they will ultimately invade Atlantic
Ocean drainages, with unknown consegquencesfor
local fish fauna. It is the intent here, however, to
emphasize what is known about the biology of the
animal in its natural habitat.

Within the natural range of chinook salmon,
stream- and ocean-type spawning populations are
geographically separated to a considerable degree
(Healey 1983). All Asian stocks are apparently
stream-type (e.g., Knudsen et al. 1983). On the
North American coast, chinook spawning popul a-
tions are wholly or predominantly stream-type
throughout Alaska. AttheAlaska-British Columbia
border, however, there is a rather abrupt shift in
composition. From the Nass and Skeena rivers
(56°N) (Figure 3) southward, ocean-type chinook
dominate all runs except, perhaps, the Y akoun
River on the Queen Charlotte Islands (Table 1).
Stream-type chinook make an important contribu-
tion to runs to larger rivers south of 56°N
(14%-48%) but are relatively scarcein smaller riv-
ers (0%-12% of runs). Wherever they are sympatric
with ocean-type fish, stream-type fish tend to be
found in headwater spawning areas and ocean-
type fish in downstream spawning areas (Rich
1925; Hallock et al. 1957; Healey and Jordan 1982).
The geographic separation is not complete, how-
ever, as the behavioural types are sympatric on
many spawningriffles.

Timing of Spawning Runs

Chinook salmon may return to their natal river
mouth during almost any month of the year
(Snyder 193L; Rich 1942; Hallock et a. 1957). There
are, however, typically oneto three peaks of migra-
tory activity. Thetiming and the number of migra-
tory peaksvariesamongriver systems (Figure5).
For northern river systems (Kamchatka River:
Vronskiy 1972; Y ukon River: Brady 1983, Cook Inlet
tributaries: Yancey and Thorsteinson 1963; Nass
and Skeena rivers. Department of Fisheries and
Oceans, Vancouver, British Columbia, unpubl.
data), a single peak of migratory activity during
June appearstypical, although therun may extend
fromApril toAugust (Figure5). Particular spawn-
ing populations may return later in the season,
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TABLE 1
Occurrence of stream- and ocean-type chinook in
spawning runs to rivers along the west coast of
North America

% of spawning

Approximate N. runs

River system latitude Stream Ocean
Alaska

Y ukon 62°3(0Y 100 0
Cook Inlet rivers 61°30° 97-99 1-3
Taku 58°30" 100 0
Stikine 56°40" 100 0
British Columbia

Nass 55°20" 42 58
Skeena 54°20" 48 52
Kitimat 54°00" 12
Y akoun 53°30" 57 43
BellaCoola 52°25" 14 86
Docee (Rivers Inlet) 51°40 3 97
Quinsam

(Campbell) 50°00" 1 9
BigQualicum 49°25° 0 100
Fraser 49°20" A 66
Nanaimo 49°10’ 5 )
Nitinat 48°50' 1 9
Chemainus 48°5(0/ 0 100
Cowichan 48°50/ 10 Q0
Washington/Oregon

Columbia 46°10/ 22 78
Sixes 42°5(/ 12
California

Klamath 41°30’ 14 86
Sacramento 38°007 1018 82-90

Source: From Healey (1983) with additional data from Clark

(1929)
Note: Therivers are ordered in descending | atitude.

however, and this may result in two peaks of mi-
gratory activity (e.g., Kenai Peninsula: Y ancey and
Thorsteinson 1963).

Further south, runs tend to occur progressively
later. In the Bella CoolaRiver, an early runin late
May and June is followed by a second, but rela-
tively smaler, run in August (Figure 5). In the
Fraser River there are two runs of almost the same
size: an early run peaking in July, and alate run
peaking in September/October. The Fraser River
has a third, smaller, run in August that corre-
sponds in timing to the late run into the Bella
Coola River (Figure 5) (Ball and Godfrey 19684,
19680; Fraser et al. 1982). A late August run domi-
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FIGURE 5

The timing of spawning runs to rivers throughout the
North American range of chinook. The estimated abun-
dance of fish during each quarter month is shown rela-
tive to the quarter monthly period with the greatest
abundance of fish. Data sources are: Brady (1983) for
the Yukon; Yancey and Thorsteinson (1963) for Cook In-
let tributaries; Canada Dept. of Fisheries and Oceans
(unpublished data) for the Nass and Bela Coola rivers,
Fraser et a. (1982) for the Fraser; Rich (1942) for the
Columbia; and Snyder (1931) for the Klamath

nates chinook returns to both the Columbia and
Klamath rivers. The Columbia River aso has
spring and summer runs, but these are numeri-
caly small relativeto the late August run (Figure
5) (Rich 1942; Silliman 1950). The Klamath River
has a spring run, but it, too, is relatively small
(Figure5) (Snyder 1931). Historically, the Klamath
River springrunand the ColumbiaRiver summer
run gre believed to have been much larger, but
thféy have since been decimated by habitat loss
ana o : .

verfishing.

" Theearly runin the Fraser River may be anala-

gousto the summer runinthe ColumbiaRiver and
tothe spring runsin more northernrivers. The late
Fraser River run appears unique in its timing,

unlessit is an analogue of the winter run into the
Sacramento River whichreachesReddingfromlate
November through February, 350 km upstream
(Slater 1963; Hallock and Fry 1967). The Sacra
mento River also has spring and fall runs of chi-
nook, and a unique winter run. The winter and
spring runstend to overlap considerably in timing
so that their separation is not precise during the
run, but the two groups do separate on the basis of
spawning area and time of spawning. Winter-run
fish spawn mainly in May and June in the upper
main stem of the Sacramento River. Spring-run
fish, however, delay spawning until late August or
September, and their spawning areas are in the
upper reaches of the main stem of the Sacramento
River and of the principal tributaries. The majority
of chinook inthe Sacramento River arefall-run fish
that enter the river in September and October.
These fish spawn shortly after entering theriver in
the middle and lower reaches (Hallock et al. 1957;
Slater 1963, Hallock and Fry 1967; Kjelson et al.
1981). Thus, Chinook in the Sacramento River ap-
pear to exhibit typical stream-type (spring-run)
and ocean-type (fall-run) behaviour. The winter-
run fish are somewhat anomalous in that they have
characteristics of both stream- and ocean-type
races. They enter the river green and migrate far
upstream. Spawning is delayed for some time after
river entry. Y oung winter-run chinook, however,
migrate to seain November and December, after
only four to seven months of river life. Without
further information or details of the life history of
these rare and interesting fish it is difficult to
decide whether or not they fit the classification of
stream- and ocean-type races.

Despitethewide variation in run timing within
most rivers, spawning times tend to be similar
amongruns. Early-runfish normally delay spawn-
ing and spawn in the fall, about the same time as
late-run fish. The winter run in the Sacramento
River isan exception to thisrule.

- Detailed information on the racial composition
of spawning runs is available for the Fraser and
Columbia rivers (Rich 1925, Ball and Godfrey
19683, 1968h). These data clearly demonstrate the
alternation in timing of stream- and ocean-type
races entering the two rivers (Figure 6). Stream-
type chinook enter principally during the spring
and early summer, and ocean-type chinook enter
during the summer and fall. Given the fact that
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FIGURE 6
Seasonal changes in the percentage contribution of
stream- and ocean-type chinook to the total run in the
Columbia and Fraser rivers. (Data from Bal and
Godfrey 19683 1968b, 1969, 1970; Rich 1942)

stream-type fish migrate to headwater tributaries
of these two systems, their early entry to fresh
water permits them to take advantage of peak
summer flows to reach their spawning areas.
Ocean-type fish, with shorter upriver migrations
on average, can delay entry until after peak flows
and thustake advantage of a slightly longer ocean
feeding period. Stream-typefish, therefore, appear
to suffer adouble disadvantage. Not only do they
lose feeding time in the sea, but they must also
maintain their ion balance, without feeding, in the
osmotically rigorous freshwater environment for
several months before spawning. The adaptations
required to achieve this suggest that there must be
more than casual genetic separation between
“stream- and ocean-type chinook.

Timing of Spawning

Thetimeat which chinook actually spawnisquite
variable, ranging from May/June for some more
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northern populations and for the winter-run fish
in the Sacramento River (Department of Fisheries
and Oceans, Vancouver, British Columbia, unpub-
lished data; Hallock et a. 1957; Slater 1963) to
December/January for fall-run chinook inthe Sixes
and Elk rivers, Oregon (Reimers 1971, Burck and
Reimers 1978), and in the Sacramento River (Hal-
lock and Fry 1967). The trend throughout the range
of chinook is to earlier spawning as one moves
north (Figure 7), with northern populations tend-
ing to spawn from July to September and southern
populations from November to January. Within
river systems, however, individual populations
may spawn at widely different times. In the Sacra-
mento River, for example, spring-run fish spawnin
August to September, fall-run fish in October to
December, and winter-run fish not until May and
June. Thus, there are (or were before the winter
and spring runs were decimated) chinook spawn-
ing virtually every month of the year in the Sacra-
mento River. In the Fraser River (Department of
Fisheries and Oceans, Vancouver, British Colum-
bia, unpublished data), median spawning dates for
individual populations range from June to No-
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and the latitude of the spawning population for
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vember, a span of six months. Spawning appears
to be less protracted in northern rivers. In the
Skeena River the range of median spawning dates
among populations was 15 August to 25 Sep-

tember, and in the Kamchatka River the range 4

among populationswas 15July to 15 August (De-
partment of Fisheries and Oceans, Vancouver, Brit-
ish Columbia, unpublished data; Vronskiy 1972).

There is some suggestion that stream-type fish
spawn earlier than ocean-type fish, at least in the
central and southern parts of the chinook’s range
where the two types are sympatric. Burner (1951)
noted that spring-run (stream-type) Columbia
River chinook spawned in late August whereas
summer- and fall-run fish (mainly ocean-type)
spawned in late September. Hallock et al. (1957)
aso noted earlier spawning of spring-run fish,
which presumably were mainly stream-type, rela-
tive to fall-run fish in the Sacramento River.
Known populations of stream-type chinook in the
Fraser River, however, do not obviously spawn
earlier than ocean-type chinook(Department of
Fisheries and Oceans, Vancouver, British Colum-
bia, unpublished data). Northern populations,
which are dl stream-type, do spawn early, but this
is not clearly related to race. If earlier spawning
was mainly a function of race, then one would
expect a discontinuity in the median date of
spawning at about 56°N latitude, the latitude at
which the composition of spawning populations
shiftsfrom predominantly ocean-typeto predomi-
nantly stream-type. Thetrend to earlier spawning
- as one moves north is, however, continuous
throughout the range of chinook, with no apparent
discontinuity where population structure shiftsto
stream-type (Figure 7).

Redd Characteristics

The spawning beds chosen by chinook vary con-
siderably in physical characteristics. Chinook will
spawn in water depths from a few centimetres
(Burner 1951; Vronskiy 1972) to several metres
(Chapman 1943; Chapman et al. 1986). They will
spawn in small tributaries two to three metres
wide (Vronskiy 1972) and in the main stem of large
rivers like the Columbia and Sacramento (Chap-
man 1943, Hallock et al. 1957).

Several authors have reported in some detail on
the characteristics of chinook redds and spawning

beds (Chapman 1943, Burner 1951; Briggs 1953,
Vronskiy 1972; Neilson and Banford 1983). In addi-
tion, the expanding literature on instream flow
requirements provides depth and velocity criteria
for chinook spawning (Collings et al. 1972; Smith
1973, Bovee 1978). Comparison among observa-
tions by different authors is complicated by the
fact that methods of measurement were different,
and in some reports the methods were not given in
sufficient detail to permit an assessment of com-
parability. The overriding impression is that, al-
though there is good agreement among mean
values for water depth and velocity in spawning
beds, the range in depths and velocities that chi-
nook find acceptableisvery broad (Table 2). There
is little agreement among observers about either
the maximum or the minimum values for depth
and velocity. For example, Burner (1951) observed
chinook spawning in as little as 5 cm of water,
whereas Collings et al. (1972) suggested that the
minimum water depth for spawning is 30 cm. Max-
imum depths of spawning range over an order of
magnitude, from 41 to >700 cm. Velocity minima
rangefrom 10to 52 cm/s and maximafrom 64.4 to
150.0 cm/s. Thereis apparently no agreement as to
whether depth and velocity characteristics used in
nest site selection differ between stream- and
ocean-type chinook. Some authors assign greater
depth and velocity preferences to stream-type and
others to ocean-type chinook (Table 2).

In preparation for spawning, the female chinook
digs a shallow depression in the gravel of the
stream bottom by performing vigorous swimming
movements on her side near the bottom. Gravel
and sand thrown out of the depression accumu-
late in a mound, or talspill, at the downstream
margin of the depression. During the act of spawn-
ing the femal e deposits a group or "pocket” of eggs
in the depression and then covers them with
gravel. Over the course of one to several days, the
female deposits four or five such egg pocketsin a
line running upstream, enlarging the spawning
excavation in an upstream direction as she does so.
Thetotal areaof excavation, including the tailspill,
is here termed a "redd.”

Four papers reported the size of the area of the
redd excavation (Table2). Burner (1951) observed a
relatively narrow range of redd sizesin tributaries
of the ColumbiaRiver, with stream-type chinook
having the smaller redds. The redds of the stream-

321

N et e b s



Pacific Sdmon Life Histories

TABLE 2
Summary of published information on water depth and velocity in chinook spawning beds,
and area of the redd excavation

Water depth (cm) Water velocity (cm/s) Redd area (m2)

Source Type* Range Mean Range Mean Range Mean
Chapman (1943) 30-460 2440
Burner (1951) S 5122 3 3965
Briggs(1953) 0 2841 32 30-76
Vronskiy (1972) S 13720 56t 30150 61 4.0-15.0¢
Collingset al. (1972) S 4552 52-68 54+

0 30-45 3068
Smith (1973) S 3 217644 43

0 389 186-805 49.7
Bovee (1978)§ S 10-70 0 10-100 40

o 0 10120 0 25115 50

Nelson & Banford (1983) S 15100 56 05275 95
Chapman et al. (1986) 0 to 700 37189 >100 21-448 170

Notes: *Separate values are reported for stream- and ocean-type chinook when available. S - stream-type (spring-run chinook,

0- ocean-type (fall-run) chinook

tGeometric mean of the ranges given by Vronskiy (1972) for different tributaries
{Maximum redd areas. These were calculated as the product of maximum and minimum length and breadth measurements givenin

Vronskiy (1972).

8Values taken from probability-of-use curves in Bovee's (1978) report

type fish also appeared to be in areas of coarser
gravel and were often characterized by having a
few large cobblesin the bottom of the excavation.
Vronskiy (1972) gave only length and width mea-
surements for stream-type chinook spawning
mounds in the Kamchatka River. Maximum redd
areas, inferred from the product of minimum and
maximum measurements given by him, ranged
from 4 to 15 m2. Vronskiy (1972) also commented
on the appearance of large cobblesin the bottom of
chinook redds in the Kamchatka River but noted
that in some tributaries chinook spawned in very
finegravel. Neilson and Banford (1983) reported a
great range of sizes and large average sizefor redds
of stream-type chinook inthe Nechako River (Brit-
ish Columbia). Chapman et al. (1986) reported
redd areasfor the Hanford reach of the Columbia
River that ranged from 2.1 to 44.8 m? and averaged
17.0 m2. Neilson and Banford (1983) apparently
estimated redd area as the product of maximum
length and width of theredd, as| did from Vrons-
kiy'sdata, whereas Burner (1951) and Chapman et
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al. (1986) took account of the ova shape of the
redd. Thus, the measurements are not comparable,
and Neilson and Banford's (1983) estimates of redd
area, as well as those that | made from Vronskiy's
data, will be up to twice as large as those made by
Burner (1951) or Chapman et al. (1986).

Both Vronskiy (1972) and Neilson and Banford

1(1983) observed that the depth of the redd excava-

tion was negatively correlated with water velocity
in the spawning area. According to Vronskiy
(1972), the higher mound in the tailspill of redds
dug by chinook in low velocity water serves to
improve subgravel irrigation of the eggs. Low ve-
locity areaswere also likely to be characterized by
fine gravel that, presumably, could be dug into
more easily by thefish, so that nests were deeper.
Briggs (1953) reported that chinook buried their -

eggs 20-36 cm deep (average 28 cm) in the gravel of.
two small streamsin California. Vronskiy (1972)
observed eggs buried from 10 to 80 cm deep inthe

gravel intheKamchatkaRiver, although hefound

few eggs below 50 cm. According to Vronskiy
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(1972), the depth to which the eggs were buried
was at |east partly dependent on water flow, with
the eggs being buried more deeply where flow was
low. Chapman et a. (1986) found that the depth of
gravel over eggs and embryosranged from 10 to 33
cm and averaged 188 cm.

The range of depths and velocities within which
chinook have been observed to spawn suggests
that establishing meaningful minimum and maxi-
mum criteriafor these factorsis problematic. Al-
though conventional wisdom states that chinook
prefer deeper, faster rivers for spawning than the
other Oncorhynchus species, measures of spawning
area characteristics for other species do not con-
firm this wisdom (e.g., Burner 1951). Available
measurements do not suggest that chinook avoid
shallow water and low flows. Chinook may, how-
ever, spawn in water that is deeper and faster
flowing than that used by other species because
they are large enough to hold position in the faster
current and to build aredd in the coarser gravel
found there.

Minimum spawning depth is presumably gov-
erned by water depth needed for successful dig-
ging and spawning; however, Burner's (1951)
observations suggest that this can be accom-
plished in as little as 5 cm of water. It is not clear
why increasing depth should ever be a constraint,
unlessit is correlated with some other significant
factor, such asvelocity. Chapman (1943) observed
ColumbiaRiver fall (ocean-type) chinook spawn-
ing below Kettle Fallsinwater 15ft (4.6 m) deep. In
one spot, as many as thirty fish appeared to be
spawning together in one large redd, although he
also observed numerous individual redds and
some with afew fish digging together. According
to Indians whom he interviewed, this sort of main
stem spawning was commonplacein the Columbia
River when chinook were abundant and such
spawning places had been important fishing
placesfor them. Chapman (1943) considered such
spawning to be unusual, however, and stated that,
in his experience, chinook normally spawned at
thehead of arifflein 0.3-1.2 m of water. Chapman
(1943) speculated that the spawning below Kettle
Falls may have been stimulated by high subgravel
flowratesbelowthefalls.

Other authors have emphasized the importance
of subgravel flow in the choice of redd sites by
chinook.Vronskiy's(1972) commentabouttheim-

portance of the tailspill gravel mound in stimul at-
ing subgravel flow when redds are placed in low
velocity water has already been mentioned. In
addition, Vronskiy (1972), like Chapman (1943),
observed that most redds (95%) were located at the
head of ariffle, just before the crest of the rapid.
Vronskiy (1972) attributed the attractiveness of
this location to the high subsurface flows that
occurred there. Other spawning occurred in pools
below log jams where the log jam increased the
rate of subgravel flow. In the Nechako River most
chinook spawn on the upstream sides of large
gravel dunes oriented across the river channel,
presumably to take advantage of the subgravel
flow stimulated by the dune (Russell et al. 1933).

Provided the condition of good subgravel flow is
met, chinook apparently will spawn in water that
is shallow or deep, slow or fast, and where the
gravel is coarse or fine. The requirement for good
subsurface flow is consistent with the probable
incubation requirements of chinook relative to the
other species. Chinook have the largest eggs
(Rounsefell 1957) and, thus, their eggs have a small
surface-to-volume ratio compared with the other
species of Pacific salmon. Their eggs should, there-
fore, be more sensitive to reduced oxygen levels
and require amore certain rate of irrigation. Silver
et al. (1963) observed that the size of chinook at
hatching was dependent on water velocity in the
incubation apparatus even at velocities ashigh as
1,350 cm/h, and on oxygen concentration even
near saturation levels, at least when the incubation
temperature was about 11°C.

The apparent preference of chinook for spawning
areas with high subgravel flow may explain their
tendency to aggregate in particular locations for
spawning and to ignore other, superficially similar,
areas (Vronskiy 1972). Within areas of aggregation
the distribution of spawning nests is not random
but, rather, tends to an even distribution (Neilson
and Banford 1983). Burner (1951) suggested that
each spawning pair defends an area equal to about
four timesthe area of itsredd, and he recommended
that the avail able spawning area be divided by four
times the average redd areato arrive at an estimate
of the maximum spawning population that the area
could support. According to Burner’s (1951) esti-
mates of redd size, stream-type chinook require
about 16 m2 and ocean-type chinook require about
24 m? of gravel per spawning pair.

323




Pacific Salmon Life Histories

The Chinook's apparent need for strong subsur-
faceflow may mean that suitable chinook spawn-
ing habitat is more limited in most rivers than
superficial observation might suggest, so that at
high population density many chinook spawn in
areas of low suitability, and their eggs conse-
quently suffer high mortality. If thisisthe case, the
continued high production of chinook in spite of
greatly reduced spawning populations (Healey
19824) becomes more understandable, since the
apparent reduction in spawning popul ations will
not have been accompanied by a corresponding
reduction in fry production.

Length of Residence on the Redd
Chinook femalesintheMorice RiVer, atributary of

the upper Skeena River drainage, spent between 4
and 18 days defending their redd after they began

spawning (Neilson and Geen 1981). Chinook fe-
males in the Nechako River, a tributary of the
upper Fraser drainage, spent between 6 and 25
days defending their redds (Neilson and Banford
1983). The average length of residence on the redds
declined throughout the spawning period from
about 14 days (early in the season) to about 5 days
(late in the season) on the Morice River, and from
about 15 days (early in the season) to about 4 days
(late in the season) on the Nechako River. Both the
Morice and Nechako river populations are mainly
stream-type, although scale analysis indicates the
presence of ocean-type chinook aswell. Asfar as|
am aware, these are the only measurements of
residence on a redd for chinook. Apparently, no
measurements exist for males, and, as Neilson and
Geen (1981) pointed out, obtaining such measure-
ments would be complicated by the fact that males
are not faithful to asingle redd.

FECUNDITY

The earliest measurements of fecundity in chinook
salmon are those that McGregor (1922, 1923) re-
ported for the Klamath and Sacramento riversin
California. McGregor'sdataindicated considerable
variationin fecundity within each population but
an even larger difference between populations.
McGregor (1923) went so far as to propose that
differencesinfecundity would permit separation
of Sacramento River and Klamath River chinook
caught at sea. Healey and Heard (1984) summa-
rized more recent dataon the fecundity of 16 addi-
tional populations and confirmed the high intra-
and interpopulation variation in chinook fecundity
that McGregor (1923) had described. Fecundity of
chinook females ranged from fewer than 2,000 eggs
to more than 17,000 eggs. Fecundity was signifi-
cantly correlated with female sizein all but one of
the popul ations examined to date. Size, however,
explained only 50% or less of the variation in fe-
cundity between individual s within apopulation
(Figure 8). The slope of the fecundity on length
relationship for chinook was aso low (generally
less than two in chinook compared with other
fishes inwhich it is generally greater than three)
(Healey and Heard 1984).

324

In several instances, fecundity had been mea
sured for the same population over a number of
years. Significant variation in average fecundity
between years was evident in these populations,
although the absolute interannual variation was
less than that observed between years in other
species (Healey and Heard 1984). The only other
factor that appeared to contribute to within-popu-
lation variationinfecundity wasasmall difference
between fish of red and white flesh coloursin the
Fraser River population (Godfrey 19684). Ageap-
parently contributed nothing to variationinfecun- -
dity beyond that predicted by the differencein -::
Sizes between ages (Healey and Heard 1984).

Between-year and flesh colour variation in fe-
cundity explained only asmall additional amount - .
of thewithin-populationvariationin fecundity, so - -
that agreat deal of individual variation remainsto: . -
be explained. Healey and Heard (1984) speculated. . .-
that this high variation may reflect an uncertain
trade-off between egg size and egg number in the . -
overall fitness of chinook populations. Unfortu-
nately, there are no data on egg size in chinook -
sufficient to demonstrate that the more highly - -

fecund fish within a size class dso have smaller - -
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wo examples of the relationship between length and
wundity for chinook salmon. Nushagak River chinook
re a stream-type race having high average fecundity,
and Quinsam River chinook are an ocean-type race
wing low average fecundity. Although the fecundity
§§s length regressions are significant in both instances,
* the amount of variation in fecundity attributable to
~ variation in length isrelatively small.

Egg size has been shown to increase with
ale size in Oregon chinook stocks (Nicholas
1 Hankin 1988).

ecundity, therefore, appears to be less deter-

1ed by body size in chinook than in other fishes.

Y, thismay be dueto the unresolved trade-of f

.., tween egg size and egg number in chinook men-
oned above, so that egg size varies more between
L hil\ook individualsthan isusual for fishes. Also, it
Ppears that in the trade-off between body size

1 fecundity among ol der chinook, body sizewas
dore critical, so that more energy is devoted to
somatic growth and lessto egg production thanin

other fishes (Healey and Heard 1984). More energy
is devoted to individual eggs among these large
fish aswell (Nicholas and Hankin 1988).

Although, within populations, interannual vari-
ation infecundity was significant, between-popu-
lation variation was numerically greater (Healey
and Heard 1984; Nicholas and Hankin 1988). Aver-
age fecundity at size varied approximately two-
fold between populations (4,347-9,427 at 740 mm
post-orbit/hypural length). In general, fecundity
increased from south to north in the chinook's
range, contrary to Rounsefell's (1957) conclusion
based on afew samples (Figure 9). The Sacramento
River population, at the southern limit of the Chi-
nook's range, however, has an unusually high fe-

101
o)
94
_ o
o)
181 L4 o
8
g i
z 7
'g o}
O ® e
1’61 o) .
o® 0
51 Sobe .AA
...o '
44—
37 40 45 50 55 60 63

Degrees N. latitude
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Therel ationshi pbetweenaveragef ecundity of chinook
at 740mmpostorbit-hypural lengthandthelatitudeat
which the population spawns (from data in Healey and
Heard 1984; Nicholas and Hankin 1988). Symbols are:
« = ocean-typepopul ationshaving acommon s ope of
fecundity on length regression; A = ocean-type popul a-
tions having dopes of fecundity on length regression
different from the above; o = stream-type populations
having a common dope of fecundity on length regres-
sion. The overal correlation between fecundity and lati-
tudeissignificant (r = 0663, p <.05). If the popul ations
with symbol A are left out of the regression, the rela
tionship for ocean-type populationsis aso significant
(r = .642, p<.05). Within the stream-type race, however,
there is no relationship between latitude and fecundity.
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cundity. This population, as well as three others
(Quinsam River, PuntledgeRiver, Riversinlet, all
in British Columbia), differed fromall other popu-
lations in the slope of the regression of fecundity
on length (Healey and Heard 1984). Thus, it is
difficult to comparethe Sacramento River fish di-
rectly with most other populations. The high-fe-
cundity populations near the northern limit of the
chinook's range are al stream-type fish which
spend a year in fresh water before going to ses,
whereas the low-fecundity populations in the
south are mainly ocean-type fish which go to sea
during their first year of life. Thus, latitudinal dif-
ferences in fecundity may partly reflect aracial
difference between stream- and ocean-type chi-
nook rather than a latitudinal cline. In the Colum-

bia River, however, data are avail able on the fecun-
dity of both stream- and ocean-type chinook. Al-
though stream-type fish had a higher fecundity
than ocean-type, the difference between the races
was not statistically significant (Galbreath and
Ridenhour 1966; Healey and Heard 1984). If the
data are segregated into stream- and ocean-type
life histories, there is still a latitudinal cline in
fecundity within the ocean-typelife history, pro-
vided the Sacramento, Puntledge, and Quinsam
rivers and Rivers Inlet populations are excluded
(r = 642, p < .05). The fecundity of stream-type
populations alone is not significantly correlated
with latitude, but, for all populations combined,
the correlation is significant (r = .663, p < .05).

SPAWNING, INCUBATION, AND SURVIVAL

Egg Deposition

The fecundity of females represents only the po-
tential for production of the next generation. This
potential is subject to successive losses that, in a
stable population, ultimately result in an average
production of one adult female spawner for each
femal e spawner in the parent generation. Many of
these successive losses have not been documented
for chinook, except in an anecdotal way. They will
be listed herein order of their occurrence, together
with whatever estimates of loss are available in the
literature. As before, the emphasis will be on evi-
dence of variation among populations as adapta—
tions to local environments.

Females that die unspawned on the spawning
grounds, or that do not spawn all their eggs, repre-
sent an important potential lossin egg production.
Such losses are generally lumped together in esti-
mates of unspawned egg retention, and these esti-
mates are seldom large (Chapman et al. 1986).
Vronskiy (1972) reported that egg retention was
generally about 0.6% of absol utefecundity for chi-
nook; Major and Mighell (1969) reported it to be
about 0.5% for Yakima River chinook; and Shep-
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herd (1975) reported it to be 1.3% for Morice River
chinook. Paine et al.(1975), however, reported an
average of 11.9% egg retention for Big Qualicum
River chinook, and Shepherd (1975) reported 25%
egg retention for Bear River chinook with 9 of 47
females unspawned and 20% egg retention for Ba-
bine River chinook with 30 of 230 females un-
spawned. Fish in these latter two rivers, however,
had been subject to harassment. In 1965 about 25%
of adult chinook died without spawning in a
spawning channel at Priest Rapids, Washington.
This mortality was apparently caused by aninfec-
tion of the gills with a protozoan of the genus
Dermocystidium (Pauley 1967).

Ovarian disease may be a cause of reduced fe-
cundity or egg deposition. A condition termed
"bad eggs’ has been known for Columbia River fall
(ocean-type) chinook since the early 1940s. The
condition is characterized by a number of signs,
including a pus-like discharge from the vent and
dead white eggs, either individually or in clusters,
on the surface of the ovary or near the point of
attachment. The condition may be present in one
or both ovariesand occurredin 2%-20% of femal es
returning to Columbia River hatcheries (Conrad
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1965). Apparently, conditions of thistype arenot a
problem in British Columbiahatcheries or known
to be a problem in wild stocks (G. Hoskins, De-
partment of Fisheriesand Oceans, Pacific Biologi-
cal Station, Nanaimo, British Columbia, pers.
comm.).

Losses to eggs actually shed by females may oc-
cur in avariety of ways. Some eggs will be swept
out of theredd during spawning and will be subject
to heavy predation. Some eggswill not befertilized.
Some will not be buried deeply enough and will be

accessible to vertebrate and invertebrate predators.

Floods, siltation, freezing, desiccation, and disease
can all take a toll. Poor gravel percolation or poor
water quality can cause mortality of eggs. Finally,
the quality of eggslaid and the embryos produced,
which themselves depend on the genetic and phe-
notypic quality of the parents, may influence the
survival of eggs. Few of these sources of egg and
embryo loss have been quantified.

Opinions differ as to the quantity of eggs lost
during spawning by being swept out of the redd.
Vronskiy (1972) believed that therewas avery high
loss of eggs during spawning. He based this con-
clusion on the number of eggs recovered during
complete excavation of redds. No more than 30% of
the average fecundity of chinook femaleswas ever
recovered from aredd, and the average number of
eggs recovered was about 12% of. average fecun-
dity. Briggs (1953), however, believed that very few
eggswerelost during spawning. Thedifferencein
opinion between these authors may be due to the
fact that Vronskiy (1972) made hisobservations at
a spawning area where velocity was very high,
whereas Briggs (1953) conducted hisinvestigations
on small streamswith lower velocity. Unpublished
observations of my own, on a high-velocity riffle in
the Nanaimo River, British Columbia, indicated
that few eggs were lost during spawning even in
fast flowing water. Both Vronskiy (1972) and
Briggs (1953) commented that trout, charr, and
other small fish may dart into aredd and steal a
few eggswhilethefemal eis spawning, but theloss
due to this kind of predation was not quantified.

Most eggs deposited in redds appear to befertil-

ized. Briggs (1953) reported various studies that

demonstrated that between 92% and 98% of eggs
were successfully fertilized. Vronskiy (1972) re-
portedfertilizationinexcessof 99%for Kamchatka
River chinook.

Survival during Incubation

Information on mortality of fertilized eggs and
agents of mortality comesfrom observations made
of both artificially planted eggs and natural redds.
Shelton (1955) investigated the survival to hatch-
ing and emergence of eggs planted at different
depths in two sizes of gravel in artificial stream
channels and subjected to several rates of water
percolation through the gravel. He concluded that
survival to hatching was greater than 97%, regard-
less of planting depth in the gravel or gravel size,
provided the percolation rate was at least 0.001 ft/s
(0.03 cm/s). Emergence was 13% or less, however,
from small gravel and when percolation was less
than 0.002ft/s(0.06 cm/s). Eighty-seven per cent of
fry emerged successfully from large gravel with
adequatesubgravel flows.

Alderdiceand Velsen (1978) reviewed theavail-
able information on rate of egg development and
temperature for chinook. Upper and lower temper-
aturesfor 50% pre-hatch mortality were 16°Cand
2.5°-3°C, respectively, when theincubation tem-
perature was constant. When incubation tempera-
ture varied with the ambient temperature,
development rate and survival were better at low
temperatures than when incubation temperature
was constantly low. Presumably, thisbetter perfor-
mance reflected the development of greater low-
temperature tolerance after initial cell division.
Time to 50% hatch ranged from about 159 days at
3°Cto32daysat 16°C.

Alderdiceand Ve sen (1978) concluded that alog
inverse form of Belehradek's equation (develop-
ment rate = (temperature - C) exp b/K;where C, b,
and K are constants) gave the best fit to the avail-
able data on egg development in relation to tem-
perature. Even this model, however, underesti-
mated development rate at low temperatures. For
most practical purposes a simple thermal sum
model (development time=468.7/T; where T isthe
averagetemperatureduringincubation) wasade-
quate for predicting time to hatching.

Gangmark and Bakkala (1960) recorded percol a-
tion rate, temperature, and oxygen concentration
near eggsplantedinMill Creek, California. Normal
temperature fluctuations were not related to egg
survival/but both percolation and oxygen concen-
trationwere. Mortality of eggsincreased with de-
creasing percolation rate, being 2.9% at 4.0 ft/h
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(0.034 cm/s) and nearly 40% at 0.5 ft/h (0.0042 cm/
S). Mortality also increased rapidly at dissolved
oxygen concentrations below 13 ppm, averaging
3.9% at 13 ppm and 37.9% at lessthan 5 ppm.

The survival of eggs in undisturbed natural
redds appears to be quite good. Vronskiy (1972)
reported survival of 97% to hatching, and Briggs
(1953) reported 90% survival to the eyed stage and
82% to hatching. Vronskiy's estimate is based on
the number of live and dead eggs and alevins
recovered during excavation of total redds,
whereas Briggs’ estimates are based on samples
from redds. Both authors attempted to correct for
the disintegration of dead eggs, Briggs by planting
dead eggs and observing the losses over time, and
Vronskiy by counting egg shells as disintegrated
eggs. Despite these corrections, the estimates of
survival to hatching must be taken as maximum
estimates for successful redds. Neither author
dealt with losses due to scouring or siltation.
Briggs (1953) did, however, observe someinterest-
ing instances of high mortality in redds due to
attacks by an undescribed species of oligochaete
worm. Thisisthe only description of invertebrate
predation on chinook eggs buried in a redd of
which | am aware, although, under the right cir-
cumstances, eggs must be availableto avariety of
invertebrate predators.

Stream conditions during incubation can have a
dramatic effect onthe survival of eggsto hatching
and emergence. In a series of experiments at Mill
Creek, California, Gangmark and Broad (1955) and
Gangmark and Bakkala (1960) demonstrated that
flooding in Mill Creek was an important cause of
high mortality of chinook eggs. Apart fromloss of
eggs washed out of the gravel by floods, mortality
was associated with low oxygen concentrationsin
spawning gravel (<5 ppm) and poor percolation of
water through spawning gravel, with increasing
mortality below percolationratesof 4.0ft/h (0.034
cm/s).

Temperature has seldom been implicated in any
significant loss of eggs during incubation. Coombs
and Burrows (1957) speculated that salmon spawn-
ing in cold headwater streams with temperatures
below 40°F (4.4°C) would suffer high mortality,
and, at the other extreme, Slater (1963) concluded
that winter-run chinook spawn would suffer high
mortality in some tributaries of the Sacramento
River because of high water temperature during
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incubation.

Chinook normally begin spawning in late
summer and may begin spawning when tempera-
tures are near 16°C, the upper temperature limit
for 50% egg mortality (Alderdiceand Velsen 1978).
Astemperaturesarefalling rapidly at thistime of
year, however, the eggs are probably not exposed
to near lethal temperatures for long. Similarly,
temperatures may drop below 3°C part way
through the incubation period in ice-covered riv-
ers. The impact of seasonal exposure to extreme
temperatures on survival and viability of eggs and
alevins has not been studied systematically, but
presumably the embryos are able to survive condi-
tions such as these, which are typical in spawning
rivers.

Adequate water percolation through the spawn-
ing gravelsisessential for egg and alevin survival.
There is no doubt that percolation is affected by
siltation and that siltation in spawning beds can
cause high mortality (Shaw and Maga 1943; Wick-
ett 1954; Shelton and Pollock 1966). There appears
to have been no systematic study of theinterrela-
tion between river discharge (velocity), sediment
load, and survival of chinook spawn. Of particular
significance to any assessment of the probable
effectsof siltation on survival is Shaw and Maga's
(1943) observation that siltation resulted in great-
est mortality when administered early in incuba-
tion. Thus, siltation during winter freshets in
coastal rivers or during summer peak dischargein
snow-fed rivers may have a greater effect on the
amount of suitable spawning gravel than on the
survival of previously deposited spawn.

Becker et al. (1982, 1983) investigated the effects
of dewatering artificial chinook redds on survival
and development rate of embryos at various stages
of development. Becker et a. (1982) defined stage
of development in terms of accumulated thermal
units during incubation and studied four stages:
cleavage eggs, incubated for 56-168 Celsius de-
gree-days (DD), embryos (249-467 DD), eleuthe- |
roembryos(553-575DD), andpre-emergent levins
(780-814DD). Dewatering of reddsislikely to occur
in regulated rivers where discharge is varied to
satisfy some domestic or industrial need but could
aso occur in natural rivers. Alevins were most
sensitive to both periodic short-term dewatering
and a prolonged single dewatering, surviving at
lessthan 4% in periodic dewaterings of one hour or




Life History of Chinook Salmon

a single dewatering of six hours. Eleutheroembryos
were less sensitive, and cleavage eggs and embryos
least sengitive. In fact, embryos apparently suffered
no ill effects from daily dewaterings of up to 22
hours over a 20-day period. The development rate
was also reduced in those instances in which sur-
vival was affected but not in instances when sur-
vival was good. These results seem at variance with
the observation of Silver et a. (1963) that chinook
embryo development is highly sensitive to any
reduction in oxygen concentration or percolation
rate. Since the dewatered eggs and embryos re-
mained damp, however, they probably suffered no
shortage of oxygen. Elimination of metabolic waste
products may have been a problem.

Emergence

Estimating survival to emergence poses significant
problems with chinook, as some fish migrate
downstream as fry whereas othersrear for avari-
able length of time in the river before migrating
downstream. Counts of downstream migrants,
therefore, provide only aminimum estimate of the
number of fry that emerged. In Mill Creek,
85%-100% of fertilized eggs deposited in plastic
mesh bags in the gravel were lost prior to emer-
gence. These losses were associated with floods in
the creek. In a channel with controlled flow, the
mortality of planted eyed eggs to emergence was
only 40% (Gangmark and Bakkala 1960). In Fall
Creek, California, Waes and Coots (1954) and
Coots(1957) found a68%-93% mortality from egg
deposition to the emergent fry stage. The 93%
mortality was associated with floods. From redd
= excavation, Gebhards (1961) estimated that only
=~ 42% of alevins would have emerged from asingle
redd. Although not well documented, it appears
that emergence may beadifficult timefor fry.

+  Apparently gravel conditions can influence the
- success of emergence. Shelton (1955) found that
only 13% of hatched alevinsemerged from experi-
mental troughsin which eggswere planted in fine
gravel compared with 80%-90% emergence in
troughs with coarse gravel. Emergence from fine
gravel was further influenced by the depth of
planting and water velocity through the gravel.
Greater emergence occurred when the eggs were
planted near the surface and when water vel ocity
was low.

Major and Mighell (1969) estimated that
5.4%-16.4% of spring chinook survived to migrate
as yearling smolts from the potential egg deposi-
tionintheY akimaRiver, Washington. Inthe Cowi-
chan River, British Columbia, 9.2% and 16.5% of
potential egg deposition survived to migrate asfry
and fingerlings (Lister et a. 1971), whereasin the
Big Qualicum River survival from potential egg
deposition to fry and fingerling migrants was
0.2%-7.0% prior to flow control and 12.0%-19.8%
after flow control (Lister and Walker 1966; Paine et
a. 1975). M.D. Bailey (Department of Fisheriesand

"~ Oceans, Vancouver, British Columbia, pers.

comm.) estimated that 4%-50% of potential egg
deposition migrated as fry into the lower Fraser
River, British Columbia, but cautioned that these
estimates were based on poor data. Healey (1980b)
estimated that about 12%-20% of potential eggs
deposited migrated downstream asfry in the Na-
naimo River, British Columbia. All thesevalues are
difficult tointerpret because of uncertainty in esti-
mates of both the potential eggs deposited and the
numbers of fry produced. The values do suggest,
however, that, barring serious floods, egg-to-fry
survival in chinook isrelatively good.

Summary of Egg-To-Fry Survival

Published estimates of the mortality rate between
egg laying and fry emergence are so few and so
variablethat itisdifficult to draw any firm general -
izations (Table 3). In particular, there s little evi-
dence that can corroborate or refute my assertions
about variability among chinook populations. Un-
der natural conditions, 30% or less of the potential
eggs deposited resulted in emergent fry or fry and
fingerling migrantsin the systems studied (Table
3). When and how eggs die or are lost to the popu-
lation is uncertain. Two features do bear some
comment, however. Eggs properly buriedin aredd
that remains undisturbed, or which are artificially
planted where subgravel percolation is good, ap-
parently survive well. -Floods, which scour the
bottom or result in heavy siltation, are generally
associated with high egg mortality, asis dewater-
ing of redds (but see Becker et al. 1982, 1983). Flow
control appears toresult in asignificant increasein
averagesurvival. These observations suggest that
egg-to-fry and fingerling mortality probably oc-
curs either at the time of spawning or as aresult of
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TABLE 3
Published estimates of mortality (%) of chinook to various development stages in fresh water
(mean of ranges in parentheses)

Eggs Losses Spawning Spawning Spawning Spawning
River not at to to to to
system spawned Spawning eyed stage alevin emergence fry/smolt Remarks
Mill Cr.(CA) 85-100 (96) Planted eggs,

s flooding channel
. 40 Planted eggs,
o ' controlled flow
o Fall Cr.(CA) 68-93(85) Natural spawning
. Prairie Cr. (CA) 10 0-255 (10) 14-25(18) Natural spawning,
i : redd sampling
L Y akima (WA) 10 84-95(89) Stream-type, weir
i counts of smolts
i Lemhi (D) 27 58 Emergence trap
o over one redd
Cowichan (BC) 8491 (87) Ratio of fry/smolt
R migrants to eggs
e Nanaimo (BC) 80-83 (84) Ratio of fry/smolt
iy migrants to eggs
o Big Qualicum (BC) 2 93-100 Before flow control
e 80-88 After flow control

. Skeena System

s Bear R. (BC) 25

{ Morice R. (BC) 1

Babine R. (BC) 20
Kamchatka (USSR) 1 16 (3 Redd sampling

Source: See text for sources

redd disturbance due to floods. Losses at the time
of spawning in particular bear further investiga-
tion, in view of Vronskiy's (1972) comment that
high egg losses at spawning have been observed
by Russian biologistsfor several speciesof Pacific
salmon, and the International Pacific Salmon Fish-
eries Commission's observation that losses of eggs
at spawning in Adams River sockeye were heavy
when the spawning stock was large (T. Gjernes,
Department of Fisheries and Oceans, Pacific Bio-
logical Station, Nanaimo, British Columbia, pers.
comm.).

Major and Mighell's (1969) observations on
spring chinook deserve comment, as their esti-
mates of survival from egg deposition to smolt
migrants are comparable to estimates of survival
from egg deposition to fry and underyearling smolt
migrants for fall chinook in other systems. It is
tempting to assert that this is an example of the
dichotomy between stream- and ocean-type chi-
nook. There are, however, a number of possible
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sources of error in the data on which these esti-
mates were based. Major and Mighell (1969) esti-
mated potential egg deposition by counting redds
and multiplying by the average fecundity of fe-

males in the Columbia River. In my view, this -

procedure is liable to give a biased estimate of
potential eggs deposited because fal se redds may
be counted as true redds, because redds may be
missed, or because the fecundity of local stocks
differs from that of the general population. The-
apparent high survival of spring chinook from egg
to smolt may, therefore, befortuitous. Egg-to-mi-
grant survival was negatively correlated with redd
count and potential egg deposition in the Yakima:
River, even excepting an unusual mortality of egg
in the upper Y akimaRiver due to low flowsin 1957
(Figure 10). Such arelationshipis consistent with
the notion that redd counts may have been inaccu-
rate, so that variations in survival were more a
reflection of error in redd counts than real varia-
tioninsurvival. Itisalso consistent, however, with
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FIGURE 10
The relationship between the number of spring chinook
redds counted and estimated egg-to-smolt survival (),
and between potential egg deposition and egg-to-smolt
survival (0) for the Y akima River, Washington. Brood
years are in brackets. (Data from Mgor and Mighell
1969)

the possibility suggested earlier that good redd
sites are few in most rivers, and that fry and smolt
production may be more related to the amount of
good spawning area than to the number of
spawners. A third possibility is that yearling smolt
production is independent of spawner density over
a wide range of spawner densities. Lister and
Walker (1966) noted arather small variancein un-
deryearling smolt production compared with fry
production in the Big Qualicum River and specu-
lated that rearing habitat was a limiting factor in
smolt production.

FRESHWATER RESIDENCE AND DOWNSTREAM MIGRATION

Fry Migrations

Factors controlling the emergence of chinook fry
- from the spawning beds are not well studied. Ac-
cording to Reimers (1971), most emergence is at
night, although up to 20% of fry emerged during
the day in his experimental troughs. Emergence
wasreduced during afull moon. In Reimers’ (1971)
experiments, emergence peaked just after alevins
reached maximum weight.

- Upon emergence, fry swim, or are dlsplaced

‘downstream. Thomas et a. (1969) found that fall
‘chinook fry go through a period of reduced swim-
ming ability just before the time of complete yolk

absorption, and that this coincided with the time
of peak downstream migration. They hypothe-
sized that reduced swimming ability was the cause
of downstream migration.

Downstream movement of fry occurs mainly at
night, although small numbers may move during
the day. Peak nightly catches of downstream mi-
grantsmay occur before (Reimers 1971), at (Lister
et a. 1971), or after midnight (Mains and Smith
1964). Differencesin time of peak catch most likely
reflect the distance of trapping sites below the
main spawning arearather than differencesin time
of emergence from the gravel. Reimers (1971) also
observed that downstream movement was inhi-
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bited by bright moonlight, so that, on moonlit
nights, peak trap catch was shifted from beforeto
after midnight.

Once started downstream, chinook fry may con-
tinue migrating downstream to theriver estuary,
or may stop migrating and take up resdencein the
stream for a period of time ranging from a few
weeks to ayear or more. What determines whether
fry will hold and rear in theriver, or migrate down-
stream to the estuary, is unknown. Kjelson et al.
(1981) observed that peak catches of chinook fry in
the Sacramento-San Joaquin delta often followed
flow increasesassociated with stormrunoff. They
speculated that flow surges influence the numbers
of fry that migrate from upper river spawning
groundsto the delta. Healey (1980b) also observed
that downstream movement of fry was correlated
with river flow in the Nanaimo River. Reimers
(1968) and Lister and Walker (1966), however, spec-
ulated that socia interaction or density-dependent
mechanisms may cause fry to be displaced down-
stream. Reimers (1968) observed lateral displays,
chasing, nipping, fighting, fleeing, submission,
and redirected aggression among juvenilefall chi-
nook in stream tanks, where the agonistic behav-
iour of one or a few dominant fish apparently
stimulated the downstream movement of subordi-
nate fish. These same behaviours, with the excep-
tion of nipping and redirected aggression, also
occurred in natural stream populations of chinook.
Lister and Walker (1966) observed that, in the Big
Qualicum River, fry migrants varied almost 100-
fold in abundance between years, whereas finge-
rling migrants varied only about ten-fold in abun-
dance. They concluded that available freshwater
rearing area limited the number of fry that could
residein theriver, and that the rest were displaced
downstream. A similar conclusion could be drawn
from Major and Mighell's (1969) observations on
production of stream-type Smolts in the Y akima
River.

River discharge and intraspecific interaction
may both play arole in stimulating downstream
movement of chinook fry. Other factors, however,
may also beimportant. Stein et al. (1972) observed
that juvenile coho apparently were dominant to
chinook and grew faster in sympatric groupingsin
stream troughs. Chinook were able to grow as
rapidly as coho, however, when aone in the
troughs. Steinet al. (1972) specul ated that i nterac-
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tion with coho may influence the downstream .

movement of chinook. Recently, Taylor and Larkin
(1986) demonstrated that stream-type chinook fry
showed stronger positive rheotaxis and were more
aggressive towards conspecifics and coho fry than
were ocean-type chinook fry. Taylor (1988) con-
firmed for other stocks that stream-type chinook
were more aggressive but not that they had
stronger rheotaxis than ocean-type chinook. These
behaviour patterns are consistent with the ex-
pected length of river residence of the two races
and suggest that river residency and its associated
behaviour patterns may be inherited.

Lister and Genoe (1970) reported habitat segre-
gation among juvenile chinook and coho inthe Big
Qualicum River, as did Chapman and Bjornn
(1969) and Everest and Chapman (1972) for chi-
nook and steel head (Oncor hynchus mykiss) in head-
water tributaries of the Snake River, and Murphy
et al. (1989) for chinook and cohointhe Taku River.
Everest and Chapman (1972) found that under-
yearling chinook in summer occurred over all sub-
strate types, at all depths, and in water of all
velocities (up to 1.2 m/s) studied, but that abun-
dance generally declined with increasing substrate
particle size, increasing depth, and increasing wa-
ter velocity. In these studies, chinook were larger
and emerged earlier than the associated coho and
steelhead of the same brood year. Since the larger,
older fish chose higher velocity habitats, there may
have been little competition for space between the
species. Habitat segregation in these studies
seemed to be a mechanism for reducing competi-

- tion rather than aresult of competition.

A large downstream movement of chinook fry
immediately after emergence is typical of most
populations (e.g., Lister and Walker 1966; Bjornn
1971; Reimers 1971; Healey 1980b; Kjelson et al.
1982). The downstream migration of stream- and
ocean-type chinook fry, when spawning grounds .
arewell upstream, is probably adispersal mecha-
nism that helps distribute fry among the suitable
rearing habitats. I n the case of ocean-type popula-
tions that spawn close to tidewater, downstream
migrant fry may be swept to theriver estuary ina
few hours. It has been hypothesized that migrant
fry swept to the estuary represent those that are
surplusto the carrying capacity of rearing habitat
inthe river (Lister and Genoe 1970). Often these
fry represent the majority of the emergent popula-
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tion, however, and it seems doubtful that such a
waste of reproductive potential would be adaptive
(Figure 11). Furthermore, it is now known that
estuaries provide important nursery habitat for
recently emerged chinook fry (Northcote 1976;
Healey 1980b, 1982b; Levy and Northcote 1982).
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FIGURE 11

The temporal pattern in abundance of fry and under-
yearling smolts migrating seaward in three Vancouver
Island rivers. A- Cowichan River, 1967; B - Big Quali-
cum River, 1967, C= Nanaimo River, 1980. Average fork
length of migrants in the Cowichan and Nanaimo rivers
is shown and demonstrates the rapid switch from fry
(3540 mm) to smolt (60-70 mm) migrantsin late May.

Downstream migration of fry in the lower Na-
naimo River, British Columbia, for example, ap-
pears not to be a consequence of limited rearing
nabitat in the river. In some years, few chinook
’emained to rear in the lower river after the fry
migration, yet large numbers of fry consistently
"eared in the river estuary (Healey 1980b; Healey
ind Jordan 1982). It seems probable that the Na-
1aimo River estuary isthe preferred rearing habi-
-at for at |east part of the Nanaimo River chinook

populationrather than afinal refugefor displaced
fry. Chinook intheNitinat River, British Columbia,
aso migrateto the estuary in large numbers as fry,
and most of the underyearling smolts from both
the Nitinat and Nanaimo rivers are produced in
the estuary rather than in theriver (Healey 1982a).
Similarly, large numbers of ocean-typefry migrate
seaward in the Sacramento River, the Cowichan
River (Figure 11), and the Fraser River (M.D. Baliley,
Department of Fisheries and Oceans, Vancouver,
British Columbia, pers. comm.) and rear in the
river estuaries (Kjelson et al. 1981, 1982; Healey
19825 Levy and Northcote 1982). It should be
noted that the principal rearing areasin the Sacra-
mento-San Joaquin and Fraser River estuaries are

‘essentially fresh water whereas rearing areas in

Vancouver Island estuaries range up to 20 ppm
salinity.

In the Nanaimo River there are three geographi-
caly separated spawning areas, and fry from the
two most downstream areas drift down to the
estuary. Many fry from the middle spawning area,
however, rear in the river and migrate to sea after
sx to eight weeks, and fry from the upper spawn-
ing areamay spend up to ayear in theriver before
migrating to sea (Healey and Jordan 1982). Analy-
gs of polymorphic enzyme systems and body mor-
phology suggested that the fry from the three
spawning areas were genetically distinct and may
be programmed to migrate seaward at different
ages (Carl and Healey 1984). Clarke et a. (1989)
found that stream-type chinook required a period
of short day length before they would adapt to and
grow well in sea water, whereas ocean-type chi-
nook did not. From these and the observations of
Taylor and Larkin (1986) and Taylor (1988), it ap-
pears that the downstream movement of fry after
emergence may not betotally involuntary and that
length of river residency may be dependent upon
the fish's genotype. It is reasonable that stream-
and ocean-type chinook would differ in thisregard
since length of freshwater residence is an impor-
tant distinguishing characteristic for these races.

Downstream movement of fry isnormally most
intense between February and May (Figures 11
and 12), being earlier in more southern popula-
tions. Rich (1920), for example, observed afew fry
as early as December in the lower Columbia River
and in October and November in the Sacramento
River. The timing of peak downstream migration
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FIGURE 12

Examplesof variationindownstreamruntimingof
ocean-type chinook in the Big Qualicum River (A) and
the Fraser River (B). Only fry migrants are shown for
theFraser, but bothfry and smolt migrantsare shown
for the Big Qualicum. Note that large variation in fry
migration timing is not paralleled by variation in smolt
migration timing in the Big Qualicum.

can vary substantially from year to year in the
same system. Time of peak downstream movement

. varied fromthefourth week of March to thefourth

week of April inthe Big Qualicum River (Lister and
Walker 1966), and from mid-March to early May
near the mouth of the Fraser River between 1964
and 1977 (M.D. Bailey, Department of Fisheries
and Oceans, Vancouver, British Columbia, pers.
comm.) (Figure 12). The beginning and end of the
run appear to vary less from year to year, so that,
when the run peaks early, the temporal pattern
has a negative skew, and when the run peaks late,
the temporal pattern has a positive skew.

In addition to annual variation in the peak of the
run, there is tremendous day-to-day variation in
the abundance of downstream migrants (e.g., M.D.
Bailey, Department of Fisheries and Oceans, Van-
couver, British Columbia, pers. comm.; Healey and
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Jordan 1982). The causes of both annual and daily
variation in run are not well understood. As noted
earlier, Kjelson et al. (1981) speculated that down-
stream migration in the Sacramento River was
stimulated by high discharge. Mains and Smith
(1964) also suggested that peaks in downstream
movement of chinook at Central Ferry on the
Snake River were triggered by freshets. The great-
est movement of chinook at this trapping location
was at river temperatures between 4.5° and 13°C,
but there appeared to be no relationship between
migration and temperature. At Byer's Landing on
the ColumbiaRiver, Mainsand Smith (1964) found

no relationship between the migration of chinook

and either discharge or temperature. At Byer's
Landing, temperatures ranged from 4.5° to 15.5°C.
during therun. In the Nanaimo River, daily varia-

tion in the downstream run of chinook fry was
positively correlated with discharge while the run

was increasing in 1975 and 1976, but not while the
run was decreasing; yet variation in discharge was
comparable over both the increasing and decreas-

ing portions of the run. Greatest fry migration

occurred at river temperatures of 6.0°-9.0°C in

1975 and 8.0°-11.0°C in 1976, but variation in the

downstream run was not correlated with tempera-

ture in either year (Healey 1980b). Irving (1986)

found that simulated freshets in experimental

stream channels increased the numbers of fry

moving downstream, provided water velocity at

peak flows exceeded 25 cm/s.

In larger rivers, chinook fry migrate more at the
edges of the river than in the high velocity water
near the centre of the channel (Figure 13) and, when
the river is deegper than about 3 m, they prefer the
surface(Mainsand Smith 1964; M.D. Bailey, Depart-
ment of Fisheries and Oceans, Vancouver, British
Columbia, pers. comm.; Healey and Jordan 1982).
These observations provide further support for my
earlier suggestion that downstream movement of
fry isnot simply a passive displacement controlled
by water velocity, but that some active behaviour of
the fry helps direct the migration.

Habitat Utilization in Fresh Water

The process by which chinook take up residencein
a stream is not well studied. Reimers (1971) ob-
served that, on the first night after emergence,
virtually al fry drifted downstream in a stream
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FIGURE 13
Lateral distribution of downstream migrating chinook
fry in the Nanaimo and Snake rivers showing the ten-
dency of the fry to concentrate near the river banks.
Numbers of fry-per-unit-volume of water at each
station across theriver is shown as a percentage of the
station with the greatest fry-per-unit-volume. For both
rivers, stations were distributed with equal spacing
from bank to bank.

trough. On each succeeding night, however, fry
that were moved back upstream in the trough
showed a stronger and stronger tendency to hold
position in thetrough. These observations suggest
that stream residence develops over a number of
days and that fry could be displaced quite far
downstream before taking up residence. The ten-
dency for al fry to drift downstream on the first
night after emergence may partially explain why
few fry werefound rearing in the lower reaches of
the Nanaimo River, where spawning occursonly a
few kilometresfromtheestuary. Thisexplanation
is unsatisfactory, however, as fry were aso ob-
served drifting into the lower river from more
upstream spawning areas, and presumably these
could have occupied habitat in the lower river if
they had been soinclined. Resident fry wererela-
tively abundant in suitable habitat near the up-
stream spawning areas. Carl and Healey (1984)
demonstrated that fry that migrated to the Na-
naimo River estuary were genetically and morpho-
logically different from those that reared in the
river. Furthermore, Taylor and Larkin (1986) and
Taylor (1988) showedthat stream-typechinookfry

displayed greater inter- and intraspecific aggres-
sion than ocean-type fry and that some stream-
type stocks also displayed stronger positive rheo-
taxis. The behavioural mechanisms for holding
position in the river after emergence thus appear
to be better developed in some types of chinook
fry than in others. ~

Lister and Genoe (1970) studied habitat segrega
tion amongjuvenilefall (ocean-type) chinook and
coho in the Big Qualicum River during the spring
of 1967, when flow in the river was held constant at
about 5.8 m3/s. They examined three sites along
theriver, and each site was subdivided into two or
three habitat types which differed in velocity,
depth, and distance from shore. Chinook emerged
during March and April, whereas coho emerged
during May. Thus, chinook arrived in the study
areas at least 9x weeks earlier than coho. Chinook
were larger than coho at the time of emergence
and, because they emerged earlier, grew even
larger before the coho fry appeared in the study
gtes. Smaller fry of both species inhabited mar-
ginal areas of the river, particularly back eddies,
behind fallen trees, undercut tree roots, or other
areas of bank cover. As they grew larger, both
species moved away from shore into midstream
and higher velocity areas. Although the correlation
between size of fish captured and velocity of sam-
pling site within species was weak, chinook were
adways larger and more abundant than coho in
high velocity subareas. Thus, there wasimportant
habitat segregation between chinook and coho in
the Big Qualicum River, and this was mainly a
conseguence of the larger size and earlier emer-
gence of the chinook salmon.

Chapman and- Bjornn (1969) and Everest and
Chapman (1972) reported qualitatively very sim-
ilar observations on habitat segregation between
stream-type chinook and steelhead in the Snake
River. Juvenile chinook were most abundant where
substrate particle sizewas small, velocity waslow, .
and depth was shallow, but were found in small
numbers in virtually every habitat investigated.
Fish size was positively correlated with water ve-
locity and depth for both species, but the species
differedin sizeowingto differencesin emergence
timing and fry size between the species.

Murphy et al. (1989) sampled various habitat
types in the lower Taku River for chinook, coho,
and riverine sockeye. They found that chinook
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were mainly in riverine habitat and seldom in
beaver ponds or of f-channel sloughs. Velocity and
turbidity were the principal factors associated
with chinook distributions. Chinook wererarein
still water or where velocity was greater than 30
cm/s. There was little overlap in chinook habitat
with that of coho or sockeye. Thus, habitat segre-
gation appears to provide a mechanism for reduc-
ing competition between cohabiting chinook and
other stream salmonids, and the pattern of segre-
gation is similar for stream- and ocean-type races.

The movement of fish offshore and into faster
water represents a shift from predominantly sandy
substrate to predominantly boulder and rubble
substrate. Chapman and Bjornn (1969) suggested
that chinook prefer finer substrates than steelhead
of comparable size, but both species showed a
strong preference for the rubble type of habitat.
Any interpretation of substrate preferencesis con-
founded by velocity preference, however, and
needs further investigation.

Edmundson et al. (1968) reported limited day-
to-day movement of young chinook in a stream
aquarium, suggesting strong fidelity to aparticular
gte. Reimers (1968) reported that juvenile chinook
in the Sixes River were primarily solitary animals
and displayed aggressive behaviour towards other
chinook, suggesting the existence of defended
areasin the stream, at least during the day. Chap-
man and his co-workers (Don Chapman Consul-
tants 1989) observed temporary defence of feeding
territories by chinook in the evening. Aswith habi-
tat preferences, these observations need to be sub-
stantiated in other rivers and other situations.

Day and night distributions of chinook in
streams may be quitedifferent. Edmundsonet al.
(1968) and Don Chapman Consultants (1989)
found that at night chinook moved inshore to quiet
water over sandy substrates or into pools and that
most settled to the bottom. With returning day-
light, thesefish returned to occupy the sameriffle
and glide areas that they had occupied on the
previous day.

Fingerling Migrants
Fish that elect to hold in the river after emergence
may migrate seaward almost any time of year. In

the southern half of the Chinook's range, many
stream dwellers migrate seaward as fingerlings
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between April and June of their first year of life
(Healey 1980b, 1982b; Kjelson et al. 1981/1982)

(Figure 11). Although following close on theheels
of thefry migration, fingerling migrants are readily

distinguished by their larger size. In all therivers
studied, a sharp change in size of fish accompanies
the change from fry to fingerling migrants (Figure
11). Fry migrants normally range from 30 to 45 mm

in fork length, although they have been recorded

as small as 20 mm and as large as 55 mm (Mains
and Smith 1964; Lister et a. 1971; Hedley et 4.

1977). Many fry migrants still have visble yolk and

few have begun feeding, although those above 44

mm fork length may have some food in their stom-

achs. Fingerling migrants, on the other hand, nor-

mally rangefrom 50to 120 mminfork length, and

al have been actively feeding for sometime (Mains

and Smith 1964; Lister et al. 1971; M.C. Healey

unpublished data).

The factors stimulating downstream movement
of underyearling chinook are not known. Although
itiswell documented that Juneis a month of very
active downstream migration for fingerlings, they
are known to migrate downstream at other times
of the year as well. The main fingerling migration
tends to be earlier in the southernmost parts of the
Chinook's range (Kjelson et al. 1981) and is influ-
enced by the presence of populations with unique
spawning times (e.g., Slater 1963). In some Colum-
biaRiver tributaries, juvenile chinook were found
to be resident as late as October but were gone in
November (Reimers and Loeffel 1967). Bjornn
(1971) observed downstream movement of stream-
type chinook fingerlings in the Lemhi River .
(Idaho) during the fall months. He proposed that

this migration represented a redistribution of fish -4

to more suitable wintering habitat. Fingerling mi-
gration is known to occur through August in the
Fraser River (Northcote 1976, M.D. Bailey, Depart-
ment of Fisheries and Oceans, Vancouver, British
Columbia, pers. comm.) but is generally observed
to be complete by the end of June in most other
riverssampled (Lister and Walker 1966; Lister et al.
1971; Healey and Jordan 1982). Reimers and Loeffel
(1967) were able to relate extended residence in
Columbia River tributaries to dow growth, and
suggested that size was an important variablei
determining when fish will move downstream.”
Nevertheless, downstream migrant fingerlings
vary substantially in size, both within and be-
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tween rivers (Table 4), so that some factor other
than size must also play arole. Furthermore, it is
known that chinook may move out of tributaries
and into a river main stem, or simply relocate
downstream with the approach of winter (Bell
1958, Chapman and Bjornn 1969; Park 1969). Pre-
sumably, as Bjornn (1971) suggested, suitable
summer habitat may not be suitable winter habi-
tat. The disappearance of chinook from some Co-
lumbia River tributaries in October or November
(Reimers and Loeffel 1967), therefore, probably
indicates relocation to an instream wintering area
rather than seaward migration.

Fingerlings migrate downstream throughout the
day, but the majority migrate at night (Mains and

The rate of downstream migration of chinook
fingerlings appears to be both time-and size-de-
pendent and may also berelated to river discharge
and thelocation of the chinooks in theriver. Cra-
mer and Lichatowich (1978) observed that migrat-
ing spring chinook fingerlingsin the Rogue River,

‘Oregon, travelled downstream only about 0.3-5.0

km/d in the upper reaches of theriver but travelled
6.1-24.0 km/d in the lower reaches during June-
September. Rates of downstream migration in the
Rogue River were aso related to fish size and time
of year. Larger chinook travelled downstream fas-
ter, and the rate of migration increased with the
season. In 1975, ayear of low and stableriver flow,
the rate of downstream migration was negatively

Smith 1964; Lister et al. 1971). In the Columbia and correlated with discharge, whereas in 1976, when i
Snakerivers, fingerlings apparently preferred the flows were higher and more variable, the rate of i
shoreline during migration (Mans and Smith migration was positively correlated with dis- :
1964). In the lower Fraser River and in the Nanaimo charge. Cramer and Lichatowich (1978) interpreted
River, however, most fingerlings migrated in the the negative correlation in 1975 to reflect areduc-
fastest water near the centre of the river (M.D. ‘tion in rearing habitat as discharge dropped and
Bailey, Department of Fisheries and Oceans, Van- interpreted the positive correlation in 1976 to re-
couver, British Columbia, pers. comm.; Hedley and flect a direct effect of discharge on the migration : i‘
Jordan 1982). rate at higher discharge. il
TABLE 4 "
Fork length (mm) of age 0.0 and 10 riverine smoltsin variousrivers and years
Fork length : g :
River Year Mean Range Source Q
Age 0.0 il
Sixes (OR) 1969 62.0 4091 Reimers (1971) £y
Nitinat (BC) 1930 52.7 44-67.5 Healey (unpubl. data)
Cowichan (BC) 1966 773 6398 Lister et al. (1971)
197 721 60-91 "
. . 1978 63.8 57-75 Healey (unpubl. data)
‘Nanaimo (BC) 1979 688 52-84 Hedley & Jordan (1982)
. 1980 635 4976 ' !
""Big Qualicum (BC) 1972 665 Paine et al. (1975) i
Agel0
= Yakima (WA) 1959 1255 105-170 Major & Mighell (1969)
o 1960 1246 105-170 "
191 1270 105-170 ”
1962 1340 90-170 v ”
1963 1326 90-160 ”
1954 1010 55-147 Mains & Smiths (1964)
1956 1010 55-147 ” 3
: 19657 684 45105 Bell (1985) s
1953 67.9 50-95 "
“Upper Columbia (OR) 1955 84.2 55-140 Mains & Smith (1964) s
- Taku (8C, ax) 191 733 45110 Meehan & Siniff (1962) el
Srooked Cr. (AK) 1961 %35 90-140 Waite (1979) s
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Growth of Fingerlings

Direct estimates of the growth of juvenile chinook |

in fresh water exist only for the Sacramento River
(Kjelson et a. 1982). Inferences about growth in
other river systems can be made from seasonal
changes in the size of resident chinook or from the
size of downstream migrants. These estimates
must be viewed with caution, however, as the
length of freshwater residence is not known pre-
cisely for either the downstream migrant fish or for
those captured during river residence.

Tagged chinook fry in the upper Sacramento
River grew an average of 0.33 mm/d over a period
of 72 days. Fry that had migrated to the freshwater
Sacramento-San Joaquin delta, however, grew sig-
nificantly more quickly, averaging 0.53-0.86 mm/d
in two years of observation (Kjelson et al. 1982).
Chinook that migrated seaward as fingerling
smolts in June of their first year of life averaged
52.7-77.3 mm fork length in four Vancouver Island
rivers and one Oregon river (Table 4). Assuming
that the length of river residence is indicated by
the difference in run timing between the fry and
fingerling smolt migrants, these fish spent an aver-
age of about 60 daysin theriver before migrating
to sea. Growth ratesthusranged from alow of 0.21
mm/d in the Nitinat River in 1980to ahigh of 0.62
mm/d in the Cowichan River in 1966. These rates
are comparable with those based on tagged fish in
the Sacramento River and delta.

Yearling Smolts

Stream-type chinook do not migrate to sea during
their first year of life but delay migration until the
spring following their emergence from the gravel
and, in northern rivers, sometimes for an addi-
tional year aswell (Healey 1983). As noted earlier,
stream-type chinook characteristically return to
their natal river in spring. Apparent exceptions to
this pattern occur in some Oregon rivers, such as
the Rogue, where spring-run adults produce un-
deryearling smolts (Cramer and Lichatowich 1978,
Nicholas and Hankin 1988). Chinook that overwin-
ter in thelarger rivers often move out of thetribu-
tary streams and into the river main stem, where
they occupy deep pools or crevices between
boulders and rubble during the winter. In the
Nanaimo River, two lakes along the river main
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stem are aso used as overwintering areas. A fall
redistribution of fish, presumably from preferred
summer habitat to preferred winter habitat, has
been observed in some systems (Reimers and L oef-
fel 1967; Chapman and Bjornn 1969; Bjornn 1971,
Carl and Healey 1984; Don Chapman Consultants
1989). Bjornn (1971) found that the number of
downstream migrants in an experimental stream
trough in the fall was related to the presence of
suitable substratafor overwintering in the experi-
mental stream trough.

Y earling smolts normally migrate seaward in the
early spring, sometimes preceding the main migra-
tions of fry and fingerlings and sometimes inter-
mixed with them. In the Brownlee-Oxbow section
of the Snake River, yearling smolts migrated down-
stream from April to June with peak numbers in
May (Bell 1958). Bell also captured a few down-
stream migrant fry, mainly in May. Inthe Y akima
River, Washington, yearling smolts migrated
mainly in April and May, with the time of peak
movement ranging from the third week of April to
the second week of May (Major and Mighell 1969).
Underyearling smolts were not abundant in the
Y akimaRiver until June. Inthe Taku River, yearling
smolts migrated seaward from April to June, with
peak movement in early May (Meehan and Siniff
1962). There were no underyearling migrantsin the
Taku River. The main period of yearling smolt
outmigration from the Kasilof River on the Kenai
Peninsula, however, was July (Waite 1979).

Bell (1958) related the peak in migration of year-
ling smolts to spring floods and increasing temper-
atures. As with the underyearling migration,
however, there has been no systematic study of the
factorstriggering migration. Y earling migrantsdo

* appear to be less nocturnal than underyearlings. .

Meehan and Siniff (1962) could find no significant
differenceinthe abundance of migrants between
day and night in the Taku River, although, on
average, more smolts moved at night. Major and -
Mighell (1969) al so observed greater movement of
yearling smolts during the night, but Bell (1958)
found that the greatest movement was during the .
daylight hours. .
Raymond (1968) found that the rate of down-
stream migration of yearling smoltsin the Colum- =
biaand Snakeriverswaspositively correlated with
discharge, but that rates of travel through free-
flowing and impounded sections of these rivers

[
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were similar. At low discharge, therate of migra-
tionwas 21 km/d, whereas at moderate discharge
it was 37 km/d. These rates of migration are con-
siderably faster than those of underyearling smolts
observed by Cramer and Lichatowich (1978). The
rapid migration of smolts through impoundments
on the Columbia River indicates that yearling
smolts undertake adirected migration that isinde-
pendent of river flows.

Growth of Yearling Smolts

Y earling smoltsvary greatly insize. IntheY akima
River, they ranged from 100 to 160 mm in fork
length, and the average increased from 124.6 mm
to 1340 mm between 1959 and 1962 (Table 4).
These sizes suggest an average growth rate of 0.25
mm/d, but the increasein size over timeis perpl ex-
ing. Mg or and Mighell (1969) could not explain the
apparent increase in smolt size, but suggested that
it could be due to differential growth of separate
tributary spawning populations coupled with the
differential contribution of these populations to
the smolt run. This explanation is highly specula-
tive.

Rich (1920) presented datafor the ColumbiaRiver
that suggest a growth rate of about 0.20 mm/d for
spring chinook during the period March - Sep-
tember. During this period, the fish increased in
length from 40.0 to 74.5 mm. Mains and Smith (1964)
observed that yearling smoltsin the Columbia River
averaged about 84.2 mm fork lengthin 1955, for an
annual growthrateof about 0.12 mm/d. Inthe Snake
River, by comparison, Mainsand Smith (1964) found
yearling smolts to be about 101 mm in 1954 and

1955. Thus, growth in the Snake River wascloseto ™~

017 mm/d. Bell (1958), on the other hand, found
yearling smoltsin the Snake River to be only about
68 mm fork length (growth = 0.077 mm/d) in May
1957 and 1958. In April 1958, however, Bell (1958)
observed a second, larger size mode at 100-104 mm
among the smolts captured in the Snake River. Fish
in the larger mode were equivalent in size to those
-captured by Mains and Smith (1964). During May
and June, 1958, Bell observed only one size mode,
-but the position of the mode changed from 70-74
‘mminMay to 85-89 mminJune. Themodesin May
“tod June appear to be acontinuation of the smaller
:April mode, with appropriate growth during each
‘month of about 0.33 mm/d.

In the Taku River the size range for yearling
smolts was 50-105 mm with a mean of 73.3 mm
(Meehan and Siniff 1962). Thus, in the Taku River
the average growth rate was only about 0.09 mm/d.
L oftusand Lenon (1977) recorded mid-eye to fork
lengths of chinook smolts in the Salcha River (a
tributary in the upper Yukon River drainage,
Alaska) to be 55-86 mm with a mean of 73 mm.
These smolts were dightly larger than those in the
Taku River when the difference in length measure-
ments was taken into account. In Crooked Creek,
on the Kenai Peninsula, Alaska, yearling smolts
averaged 935 mm fork length (Waite 1979). As
these smolts did not emigrate until late July, how-
ever, they had the benefit of spring growth in the
year of migration. Assuming their river residence
time was about 430 days, the growth of Crooked
Creek smolts averaged 0.124 mm/d.

In the Snake River, therefore, the average annual
growth for smolts in the smaller mode was compa-
rable to the growth in the Taku and Salcharivers,
whereas thefishin the larger mode had grown at a
rate more comparableto that inthe Y akimaRiver.
Smolts captured in the Columbia River and
Crooked Creek were intermediate in size and
growth rate.

The existence of two distinct size groups of fish
in the same run (e.g., the Snake River) suggests
that there may beimportant differencesin micro-
habitat affecting chinook growth in rivers. If the
increase in size of fish in the smaller mode in the
Snake River represents growth, then the rate of
growth during the spring months was 0.33 mm/d.
Rich (1920) observed growth of 0.20 mm/d in the
ColumbiaRiver. All theserates are slower than the
growth rate observed for underyearling smolts.

Major and Mighell (1969) observed that, within
the same year, the average size of yearling smolts
migrating downstream in the Yakima River de-
creased with time, and suggested that the larger
fish migrated first. Bell (1958), on the other hand,
observed that the larger fish of one group of year-
ling smolts were caught later in the season in the
Snake River, and Mainsand Smith (1964) observed
no systematic change in smolt size with time.
These apparently conflicting results may simply
reflecttheunresolvabl einteractionsof differences
in stock growth and microhabitat aswell as oppor-
tunities for spring growth during and prior to
migration.
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Summary of Freshwater Residence
and Downstream Migration

Although there is some variation in timing, all
populations of chinook appear to display similar
migratory behaviour. At the time of emergence,
thereisan extensive downstream dispersal of fry,
although some fry apparently are able to take up
residence in the natal river at the spawning site.
For populations that spawn close to tidewater, this

downstream dispersal carriesthefry to estuarine

nursery areas, whereas in others it serves princi-
pally to distribute the fry among suitable fresh-
water nursery areas. Later in the spring, there
appears to be a second dispersal that carries some
populations to the sea or simply redistributes the
population within the river system, presumably to
more suitable summer rearing areas. For those
populations that remain a year in fresh water there
is a third late fall redistribution to suitable over-

wintering habitat, usually from thetributariesto
theriver main stem. Findly, in the spring thereisa
migration of yearling smolts to sea.

During the late spring and fall redistributionsin
fresh water, the population tends to shift into
deeper water and to move seaward. These changes
in habitat are consistent with the shorter term
habitat changes observed by Lister and Walker
(1966) and Chapman and Bjornn (1969), in which
chinook moved into deeper, faster water as they
grew in size. The redistributions may punctuate
developmental stagesaswell asachieve more effi-
cient utilization of freshwater nursery habitat. The
tendency for redistribution to carry the fish down-
stream may be coincidental. Such a movement
pattern may also be adaptive, however, by short-
ening the length of spring migration for yearling
smolts, particularly for headwater spawning popu-
lationsin larger rivers.

MORTALITY AND ITS CAUSES DURING FRESHWATER RESIDENCE

Rates of survival from fry to fingerling migrant
stage and from fry to yearling migrant are un-
known, with the exception of some recent data
from the Sacramento River. Based on the ocean
returns of chinook from the same brood year -
marked and released as both fry and smoltsinthe
Sacramento River at Red Bluff and in the Sacra-
mento-SanJoaquinRiver delta- survival fromfry
to smolt ranged from 3% to 34% for the 1980-82
year classes (M. Kjelson, u.s. Fish and Wildlife
Service, Stockton, California, pers. comm.). Evi-
dence from these and other rel eases of tagged fish
in the Sacramento River system suggest that fry
that rear in the upper river experience a higher
survival to smolting than fry that rear in the delta
(Kjelsonet a. 1982; Brown 1986). Survival of smolts
passing through the Sacramento-San Joaquin
River deltawas highly correlated with discharge of
the Sacramento River. ,

Major and Mighell (1969) estimated that
5.4%-16.4% of potential egg deposition survived to
migrate as yearling smolts in the Y akima River.
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~ chinook inother riverssuffer similar losses. Healey

Assuming even ahigh average egg-to-fry survival
rate (30%), fry-to-smolt survival would have to
have been about 30% to account for these rates.
This seemstoo high arate of survival to be gener-
ally truein other populations.

Even though estimates of fry and fingerling mor-
tality rates are nonexistent, except for the Sacra-
mento system, mortality ispresumed to be heavy
inall rivers. Mortality rates of 70%-90% amongfry

and fingerlings are recorded for other species of - -

Pacific salmon (Foerster and Ricker 1941; Hunter ..
1959; Parker 1965), and, as these are similar tothe ;.
losses of chinook observed in the Sacramento -

River system, it seems reasonabl e to suppose that

(1980b, 1982b, and unpublished data) could ac-
count for only about 30% or less of downstream
migrant chinook fry in the estuaries of the Na-
naimo and Nitinat rivers, suggesting that mortality
was high during this stage of the Chinook's life.
Predatorsare commonly implicated asthe prin-
cipal agent of mortality amongfry andfingerlings .
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of chinook and other species, and heavy losses due
to predators have been documented in some in-
" stances (Foerster and Ricker 1941; Hunter 1959).
Patten (1971), however, was only ableto infer scul-
pin predation of 1%-4% among chinook fingerlings
released from a hatchery in the Elokomin River,
Washington, during 1962 and 1963. Most impor-
tant predators were the prickly sculpin (Cottus
asper) and the torrent sculpin (C rhotheus). Less
important were the reticulate sculpin (C. bairdi)
and the coast range scul pin (C. aleuticus). However,
therelease of fingerlings occurred during a single
night in 1962 (1.5 million) and during three nights
in 1963 (2.5 million), so that the young chinook
were available to the predators for only a brief
period. Had the releases extended over two to
three weeks, as in a natural fingerling migration,
losses to predators might have approached 0.5
million (Patten 1971). Also, the large size of the
fingerlings relative to the sculpins probably re-
duced the efficiency of sculpin predation. Al-
though other quantitative estimates of the rate of
predation on chinook are lacking, various authors
havereported juvenile chinook in the stomachs of
predatory fishes (Clemens and Munro 1934;
Thompson 19593 1959h).

Other fish are generally considered to be the
most important predators of juvenile salmon, but
invertebrate predators have occasionally been ob-
served to kill or injurejuvenile salmon. Eisler and
Simon (1961), for example, observed that Hydra
oligactus caused high mortality among recently
hatched chinook alevins in hatchery troughs. Ex-

posure of alevins to 400 hydrain 500 ml of water
for only five minutes was sufficient to cause mor-
tality ashigh as 80%. Dead alevins showed symp-
toms comparable to white spot disease. Coho
alevins exposed to asfew as 20 hydrain 500 ml for
several days suffered high mortality. Mortality of
this magnitude due to hydra may be confined to
hatcheries. Novotny and Mahnken (1971) ob-
servedamarineisopod, Rocinellabellicepspugetten-
sis, attacking fry and fingerlings of chum, coho,
and pink salmon in aquaria and in the field at night
in Puget Sound. The isopod normally attached to
the young fish on the side behind the dorsal fin.
Y oung salmon so attacked would swim in a dart-
ing, erratic, and twisting manner, presumably at-
tempting to disodge the isopod. Even if the isopod
attacks were not fatal, the erratic swimming of the
fry could attract other predators.

Since the behaviour during comparablelife his-
tory stages of populations which reside for differ-
ent lengths of time in fresh water is essentially the
same, it seems likely that they are exposed to
similar patterns of instream mortality during these
stages. The existence of different lengths of stream
residence, however, suggests that, at least in the
past, there must have been a survival advantage to
protracted stream residence in some situations and
not in others. The nature of that advantage is not
immediately apparent, particularly in situations
such as those encountered in the Nanaimo River,
where different behaviour patterns coexist in a
relatively small river system.

FOOD HABITSIN FRESHWATER

he principal foods of chinook while rearing in
resh water appear to belarval and adult insects.
jelsonet d. (1982) found Cladocera, Diptera, Co-
epoda, and Homoptera to be the dominant foods
fchinook fry in freshwater regions of the Sacra-
mento-San Joaguin River delta. Chapman and
uistdorff(1938) found dipteran larvae, beetlelar-
ae, stonefly nymphs, and leaf hoppers to be the
oost abundant diet items of young chinook

(43-152 mm standard length) in tributaries of the
ColumbiaRiver. Clemens (1934) found that young
chinook in Shuswap Lakefed primarily onterres-
trial insects, small crustaceans (mainly Cladocera),
and chironomid larvae, pupae, and adults. Herr-
mann (1970) found young chinook in the lower
Chehalis River feeding principally on crustaceans
such as Corophium, and on immature and mature
insects. The presence of Corophium in the diet of
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these fish suggests that they had been feeding in
estuarine waters. Rutter (1902) found young chi-
nook in the Sacramento River feeding mainly on
larval and pupal insects. Loftus and Lenon (1977)
found Diptera, Plecoptera, and Ephemeropterato
be the most important components of the diet of
chinook smolts in the Salcha River, Alaska. In a
more detailed study of the diet of chinook in fresh
water, Becker (1973) found that insects constituted
over 95% of their diet in all seasons. Adult Chirono-
midae were by far the most important dietary
group, comprising 58%-63% of the diet. Following
these, in order of importance, were: larval chiro-
nomids (17%-18%), Trichoptera adults (3%-5%),
Notonectidae (3%-5%), and Collembola (1%-5%).
Some seasonal variation was apparent, with Dip-
teradeclining inimportance from 99% to 70% be-
tween March and May, then increasing again to

85% by July. Notonectids were most important in
May, Trichopterain June and July, and Collembola
in April and May. In contrast to these results,
Craddock et a. (1976) found crustacean zooplank-
ton, especially Cladocera, to be important in the
diet of chinook during July-August in the lower
Columbia River. Insects predominated at other
times of the year. ‘

The importance of insects in the diet of chinook
in fresh water indicates that chinook feed in the
water column or at the surface on drifting food.
Their basic diet is similar to that of coho, steelhead,
and other stream-dwelling salmonids (Mundie
1969; Chapman and Bjornn 1969). Whether thereis
competition for food resources among the cohabit-
ing species is not known; however, any such com-
petition is presumably reduced by the habitat
segregation among species described earlier.

UTILIZATION OF ESTUARINE HABITATS

Fry Migrants

Many of the fry of ocean-type chinook that mi-
grate downstream immediately after emerging
from the spawning beds take up residence in the
river estuary and rear there to smolt size. Recently
emerged chinook fry are known to rear in the
Sacramento and Columbia River estuaries (Rich
1920; Kjelson et al. 1981, 1982),in the Skagit River
estuary (Congleton et al. 1981), in the Fraser River
estuary (Dunford 1975, Goodman 1975; Levy and
Northcote 1931; 1982; Levings 1982, Gordon and
Levings 1984), the Nanaimo River estuary, the
Campbell River estuary and other estuaries on the
east coast of Vancouver Island (Healey 1980b,
1982b; Levings et al. 1986), and the Nitinat and
Somass River estuaries on the west coast of Van-
couver Idand (Birtwell 1978;Hedey 1982b).

In some instances, the salinity of the estuarine
rearing habitat islow (e.g., Sacramento River: Kjel-
son et a. 1982 Fraser River: Levy and Northcote
1981, 1982) or is unknown, but observations on the
Cowichan, Nanaimo, Courtenay, Campbell, and
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Nitinat River estuaries demonstrated that chinook
fry will rear where salinity is commonly 15-20 ppm
or more (Healey 1980b, 1982b; Levings et a. 1986).
Thus, estuary rearing may be considered qualita-
tively different from rearing in the river channel
further upstream. Although many chinook fry ap-
pear unable to survive immediate transfer to 30
ppm salinity, they are clearly able to survive
transfer to 20 ppm or less, and osmoregulatory
capability develops quickly in fry exposed to inter-
mediate salinities (Weisbart 1968, Wagner et al.

1969; Clarke and Shelbourn 1985). | have trans-

ferred chinook fry directly from downstream mi-

grant traps on the Nanaimo River into seawater of -

32 ppm in the laboratory with no apparent short-
termill effectsor retardation of growth compared
with controls maintained in fresh water and brack-

ish water of 15 ppm (M.C. Healey, unpublished - . * -
data). Some chinook fry, therefore, appear to be -
ableto tolerateimmediate transfer to high sainity. -
Rich (1920) reported observing chinook fry in -
the ColumbiaRiver estuary as early as December,” .

and earlier ill, in October and November, in the

7
4
£
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Sacramento River estuary. During March and
April, fry were abundant in the Columbia River

estuary. Rich did not measure salinity at the cap-

ture sites but did observe that the smallest fry
appeared to avoid brackish water and were consis-
tently associated with freshwater inflows to the
estuary. Without associated data on downstream
migration of fry or estimates of relative abundance,
little can be concluded from Rich's (1920) observa-
tions other than that healthy fry were present in
the estuary. It is worth noting, however, that on
the basis of a few samples collected irregularly
from the Columbia, Sacramento, and other rivers,
Rich (1920) hypothesized much of what we now
know to be true about the early life history of
chinook salmon.

More recently, Kjelson et al. (1981, 1982) have
provided much more detailed observations on the

Sacramento-SanJoaquin River estuary. Fry arrive

at the river delta mainly from January to March
and reside there for about two months before mi-
grating seaward. Most rearing occursin freshwater
habitatsin the upper delta area, and the fry do not
move into brackish water until they smoltify. Levy
and Northcote (1981, 1982) described similar be-
haviour of chinook fry in freshwater marsh areas of
the Fraser River delta. Fry migration to the delta
was later in the Fraser River, however, it occurred
predominantly in April and May.

Observations on a number of Vancouver Island
estuaries and on the Fraser River estuary (Healey
1980b, 1982b; Levy and Northcote 1981, 1982; Lev-
ings 1982) showed that these estuaries were not
only important nursery areas for chinook, but also
that the distribution of chinook changed season-
aly and tidally. At high tide, the young chinook
‘were scattered along the edges of the marshes at
the highest points reached by thetide. Asthe tide
‘receded, the young chinook retreated into tidal
annels and creeks that dissect the marsh areas
and retain water at low tide. With the incoming
tide, the chinook again dispersed along the edges
of the marshes. On the Fraser River, Levy and
“Northcote (1982) found that chinook wereamong

‘the last fish to vacate tidal channels in the marsh
n the channels dried up at low tide.
: * Thetwice-daily pattern of migration fromlow-
refugesto the marsh areas and back again was
ontinued throughout the period of residence of
fry in the estuaries. As the season progressed,

however, the major concentration of young fish
moved seaward through the delta area in Van-
couver Island estuaries. This is partly due to the
fact that larger fish appear to prefer deeper water,
and that larger fish are able to osmoregulate in
higher salinities. The redistribution of fish may,
however, also be associated with increasing tem-
peratures in shallow tidal channels, particularly at
low tide. Healey (1980b) found that fry moved
away from sampling stations where temperatures
exceeded 20°-21°C. This seasonal, seaward move-
ment was not apparent in the Fraser River estuary
(Levy and Northcote 1981). Kjelson et a. (1982)
reported that, in freshwater rearing areas of the
Sacramento-San Joaquin River delta, fry distribu-
tion changed from day to night and with fish size.
Fry were concentrated near shore in shallow water
during the day but tended to move offshore at
night. Larger fish also tended to befurther offshore
than smaller fry. During the day fry were concen-
trated in the upper 3 m of the water column but
became more randomly distributed in the water
column at night.

Fry remain in the estuarine nursery areas until
they are about 70 mm fork length, after which they
disperse to nearby marine areas. In the Fraser
River estuary, peak abundance of fry in channels
through the marsh was April and May. Juveniles
were still abundant in major arms of the river in
June (Dunford 1975, Goodman 1975; Levy et al.
1979). Most were gone from theriver arms by July
but remained abundant over the sand flats at the
deltafront (Roberts and Sturgeon banks) through-
out August (Goodman 1975, Gordon and Levings
1984). In the Nanaimo River estuary and other
Vancouver Island estuaries, fry were most abun-
dant in April-June, but the time of peak abun-
dance varied from year to year in accordance with
changes in the timing of the downstream run of
chinook fry (Healey 1980b, 1982b). Sasaki (1966)
observed that young chinook salmon were most
abundant in the Sacramento-San Joaquin River
delta during April-June, similar to the timing ob-
served in more northern deltas. However, Kjelson
et al. (1981, 1982) observed that fry were most
abundant in February and March in the Sacra-
mento-San Joaquin River system, and that these
were replaced by smolts from upriver in April to
June.

The proportion of downstream migrant fry that
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find a place to rear in the estuary is not well
known. For both the Nanaimo and Nitinat River
systems on Vancouver Island, only 30% or less of
the estimated downstream migrants could be ac-
counted for inthe estuary. Thefate of theremain-
ing 70% isunknown, but it was unlikely that they
reared elsewhere, despite their apparent ability to
survive and grow in habitats with high salinity.
Thorough sampling of other potential nursery
areasinthe vicinity of the Nanaimo River in 1976
and 1977failed torevea any significant numbers of
chinook fry outside the estuary in April and early
May (Healey 1980b, 1982b). Levy and Northcote
(1981) estimated that the popul ation of young chi-
nook in the Ladner marsh complex of the Fraser
River was approximately 305,000 during mid-May,
1979. Taking account of the fact that the Ladner
marsh represented less than one-half the marsh
area of the Fraser River delta, that some other
important habitats had not been taken into consid-
eration, and that the delta population would prob-
ably turn over several times owing tothe arrival of
new downstream migrants and the emigration sea-
ward of fish which had completed their rearing in
the delta, Levy and Northcote (1981) speculated
that several millions of chinook probably reared in
the delta. The population accounted for in the
Fraser River deltais, nevertheless, small relative to
the estimated 64 million chinook fry that migrated
through the lower Fraser River during March-June
1979. Thefate of the many millions of Fraser River
chinook fry that do not rear in the delta is un-
known. Thus, it appears that there may be high
mortality of downstream migrant fry shortly after
they complete their downstream migration. The
agents of this mortality are unknown. .

The residence time of cohorts of fry in estuarine
habitats has been approximated by mark and re-
capture studies in the Nanaimo, Nitinat, Fraser,
Skagit, and Sacramento-San Joaquin River estuar-
ies (Healey 1980b; 1982b; Congleton et al. 1981;
Levy and Northcote 1982, Kjelson et al. 1982). On
theNanaimo River estuary, recovery of markedfry
suggested a maximum residence time of about 60
days. The average length of residence of fry, based

.onrecaptures of marked fry and on rate of growth

and maximum sizes of chinook in the inner estu-
ary, was about 20-25 days (Healey 1980b). Resi-
dencetimesin Nitinat Lake were similar to those
intheNanaimo River estuary, theaveragein 1979
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being about 21 days and in 1980 about 17 days.
Levy and Northcote (1982) and Congleton et al.
(1981) investigated residence in tidal channels
through marshes and found much shorter resi-
dence times, about 8 days in the Fraser River
marshes and about 3 daysin a single channel of the
Skagit River marsh. Therelatively short residence
times observed by Levy and Northcote (1982) and
by Congleton et al. (1981) may reflect the limited
area sampled relative to the range of habitat avail-
ableto fry. In both instances, movement between
tidal channelsin the marsh (observed by Levy and
Northcote 1982) and movement of cohorts of fry
seaward with time (and thus out of the marsh but
not out of the estuary) (Healey 1980b) may have
contributed to shorter residence time estimatesin
these studies. The maximum residence time of
chinook fry in the Sacramento-San Joaquin River
delta was 64 days in 1980 and 52 days in 1981
(Kjelson et a. 1982). All the residence times so far
calculated include the combined effects of migra-
tion and mortality.

Levy and Northcote (1981) investigated the rela
tionship between occurrence and abundance of
chinook fry in various marsh habitats according to
the physical characteristics of the habitat. Chinook
abundance was significantly correlated with
twelve of twenty-two habitat characteristics. Ina
multiple regression analysis, however, only two

- characteristics (areaof low tiderefugiaand eleva-

tion of tidal channel banks) explained significant
amounts of variation in chinook catch. A large
number of correlations among the habitat charac-
teristics may have confounded the analysis, but the
results suggest that young chinook prefer tidal
channels with low banks and many subtidal refu-
gia. Chinook, and associated fish species, aso ten-
ded to be associated with larger tidal channels.

Fingerling and Yearling Migrants

The apparent movement of fry migrantsaway from
the Nanaimo and Nitinat River estuaries in late
May and June coincided with the downstream mi-
gration of fingerling smolts, so that thefingerling
smoltstook over the habitat vacated by thefry. In
estuaries on the Oregon coast there appear to be
few fry migrants, and the first chinook to enter
these estuaries are fingerling smolts. (Reimers .
1971; Reimers et al. 1979; Myers 1980; Myersand .
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Horton 1982). In the Sacramento-San Joaquin River
estuary, as in the Vancouver Iand estuaries, fin-
gerling smolts replaced the fry in estuarine
nursery areas (Kjelson et al. 1982). Thefingerling
smolts tend to occupy deeper water in the estuary
and to remain there for varying periods. In the
Nanaimo and Nitinat River estuaries, fingerling
smolts were abundant during June and July but
began to decline in abundance about mid-July and
were rare after August, although a few occurred

100'?

year-round in the outer estuary of the Nanaimo
and other rivers (Healey 1982b) (Figure 14). In
Oregon coastal estuaries, fingerling smolts appear
to reside much longer-well into October (Reimers
1971; Myers 1980; Myers and Horton 1982; Nicho-
las and Hankin 1988) (Figure 14). The period of
greatest abundance of fingerling smolts tends,
however, to be June to August in Oregon estuaries.
Inthe Sacramento-SanJoaquin River estuary, fin-
gerling smolts were most abundant from April to
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FIGURE 14
Abundance of juvenile chinook at various locations in the Nanaimo and
Y aquina estuaries during March to January. Symbols are: « - inner estu-
ary beaches; o = outer estuary beaches; A = outer estuary deep water.
Note the different scales on the ordinates. (Adapted from Healey 1982b
and Myers 1980)
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mid-June but were scarce during summer months,
apparently because of high water temperaturein
the deltaand bays (Kjelson et al. 1982). Therewasa
small secondary peak in smolt abundance in the
fall, representing fish that had remained in cooler
water upstream over the summer (Kjelson et al.
1982). It is possible that estuaries along the open
coast from Washington to California provide im-
portant sheltered habitat for young fall chinook
during the summer and autumn, provided temper-
atures in these esturies do not get too high. Shel-
tered habitat is much more common along the
British Columbiacoast, and there may be less stim-
ulusfor young chinook to remain in British Colum-
bia river estuaries.

Chinook that migrate to sea as yearling smolts
often do so together with the emergent fry and
they, too, spend some time in the estuary of their
natal stream. While thefry are concentrated in the
delta area, yearling smolts occupy the deltafront,
so that thereisno spatial conflict between the two
life history types in the estuary. Not al down-
stream migrant yearlings remain in the estuary
and some disperse to other nearshore areas adja-
cent to the river mouth. Also, it appears that the

length of residence of yearling smoltsin the estu- -

ary isrelatively brief, asistheir residence in shel-
tered coastal waters in general (Healey 1980b,
1982b, 1983; Levy and Northcote 1931).

Food Habits in Estuaries

The food habits of chinook in estuaries are docu-
mented for anumber of British Columbiaestuaries
(Dunford 1975, Goodman 1975; Birtwell 1978; Si-
bert and Kask 1978; Fedorenko et al. 1979; Levy et
a. 1979, Northcote et al. 1979; Healey 1980b, 1982b;
Levy and Northcote 1981; L evings 1982), anumber
of Oregon estuaries (Reimers et al. 1978, Myers
1980; Bottom 1984), and the Sacramento-San Joa-
quin River estuary (Sasaki 1966; Kjelson et al.
1982). Diets vary considerably from estuary to
estuary and from place to place within an estuary.
Dunford (1975), Northcoteet al. (1979), Levy et al.
(1979), and Levy and Northcote (1981) reported
that chironomid larvae and pupae were the most
important diet items of ocean-type chinook in tidal
channelsthroughout the Fraser River marshes. Of
secondaryimportancewereDaphnia, Eogammarus,
Corophium, and Neomysis. Diets of chinook from the
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north arm of the Fraser River tended to be more
restricted, with greater emphasis on Neomysis. Chi-
nook captured in the main river channels or over
Roberts and Sturgeon banks at the delta front were
larger than those found in tidal channels; and juve-
nile herring, sticklebacks, and other small fish, as
well as cumaceans, insects, and Neomysis were im-
portant in their diet (Dunford 1975, Goodman
1975, Northcote et a. 1979; Levy and Northcote
1981; Levings 1982). Y earling smolts (stream-type)
were larger still and fed heavily on chum fry, as
well as on Eogammarus, Neomysis, Corophium, and
chironomids. Northcote et al. (1979) noted that
chinook fry less than 50 mm long in the Fraser
River marshes demonstrated an intermediate to
long path food web dominated by benthic detriti-
vores, but with significant input from other path-
ways such as herbiverous zooplankton and
terrestrial insects. Larger chinook characteristi-
cally had long path food webs with multiple die-
tary compartments, including benthic detritivores,
zooplankton, and fish.

Chinook fry (ocean-type) in the Nitinat River
estuary fed mainly on adult insects, gammarids,
crab larvae, and Cladocera, whereas those in the
intertidal zone of the Nanaimo River estuary fed
mainly on crab larvae, mysids, adult insects, and
harpacticoid copepods. As was observed in the
Fraser River estuary, chinook that had moved into
deeper water in the Nanaimo River estuary began
to feed heavily onfish (Healey 1980b). I nsects and
amphipods were the preferred diet items of ocean-
type chinook in the Somass River estuary, except
in some heavily industrialized areas where a pau-
city of other faunaresulted in chinook feeding on
oligochaetes(Birtwell 1978).

Research on a number of Oregon estuarieshas. .
shown that benthic amphipods, particularly Coro- - -
phium spp., and aquatic insects are the dominant
food of juvenile fall chinook (Reimers et a. 1978; -.
Bottom 1984). By contrast, Myers(1980) foundthat - -
fishes, especially Engraulidae, Osmeridae, and
Clupeidae, dominated the diet of juvenile wild
chinook in the Y aquina estuary, Oregon.

Insects and Crustacea dominated the diet of
young chinook in the Sacramento-San Joaquin
River delta(Sasaki 1966; Kjelson et al. 1982). Sasaki
(1966) found that chironomid larvae were impor-
tant in the upstream areas of the delta, whereas
Neomysis and Corophium were important in the
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lower delta. By contrast, Kjelson et al. (1982) found
Cladocera, Copepoda, and Diptera were the most
important foods in the upper and lower estuary
and that amphipods and mysids constituted only a
small percentage of the diet.

Seasonal changes in diet are typical, and pre-
sumably reflect seasonal changes in the abundance
of prey organisms. In the Nitinat River estuary,
chinook diet was dominated by insects and Eogant
marus during April. Towardsthe end of April, how-
ever, larval herring became important and re-
mained so until the end of June. About mid-May
crab larvae began to comprise an important part of
the diet and continued to be important until the
end of June. Cladocera were not important until
late May and were asignificant diet item until late

June (Figure 15).
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Seasonal changes in the diet of juvenile chinook in Nit-
inat Lake. At top of figure, O refersto other diet items.
(From Healey 1982b)

Most studies of chinook diet are based on sam-
ples taken during daylight hours. Studies of the
SixesRiver estuary, however, indicatethat juvenile
chinook feed actively at night (Bottom 1984). Their
principal foods in this estuary were the amphip-
ods Corophium and Eogammarus, which are inactive
“during the day but migrateinto the water column
. at night. ‘
-~ Sibert and Kask (1978) compared the diets of

hinook among the Fraser, Cowichan, Nanaimo,
“and Campbell River estuaries, and found little cor-
elation among the diets of fish from comparable
sphysiographic regions of different estuaries or
“among the diets of fish fromdifferent physiogra-

phic regions of the same estuary. The same, or
closely related organisms did tend to show up
consistently in the diets, however, although their
numerical contribution to diet varied widely be-
tween estuaries.

Chinook generally cohabit with other salmonids
in estuaries, in particular with chum salmon. Al-
though they often eat the same organisms, the
correlation between their diets was weak in the
Fraser and Nanaimo River estuaries (Dunford 1975;
Sibert and Kask 1978). The diet of chinook also
correlated poorly with the diet of cohabiting coho
in the Nanaimo River estuary (Sibert and Kask
1978). The diet of chinook was, in fact, more similar
to the diet of some non-salmonids in these estuar-
ies (e.g., herring, Clupea pallasi; stickleback, Gaster-
osteus aculeatus; shiner perch, Cymatogasteraggregata;
and sand lance, Ammodytes hexapterus) (Sibert and
Kask 1978). Myers (1980), on the other hand, found
that there was often considerable overlap in the
diets of wild chinook and hatchery coho in Ya-
quina Bay, Oregon.

In general, chinook appear to be opportunistic
feedersin estuaries. Comparison of their diet with
that of other similar-sized salmonids in the same
area suggests that chinook prefer slightly larger
organisms and that larval and adult insects, as well
as amphipods of various sorts, aretheir preferred
prey in the intertidal regions of most estuaries.
Dunford (1975) found that chinook were more effi-
cient predators of chironomid larvae than chum
and were able to capture and eat Neomysis that
chum could not capture. |n amixed assemblage of
Cladocera, chironomid larvae, and Neomysis, chi-
nook fed preferentially on chironomids and Clad-
ocera. As the chinook become larger and begin to
inhabit deeper water, their dietary preference ap-
pearsto shift tolarval andjuvenile fishes.

Growth in Estuaries

Inthe ColumbiaRiver estuary, youngfall chinook
(ocean-type) increased in length from 38 mm in
April to 113 mm in October, an average daily in-
crease of 0.44 mm, assuming that these fish were
from the same cohort (Rich 1920). Chinook in the
Sacramento River estuary increased in length by
0.48 mm/d between March and July, again assum-
ing the same cohort was being sampled (Rich
1920). The probability that these samples were
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from the same cohort is rather small, however, as
young chinook probably do not spend such along
timein the estuary, and their departure from estu-
aries appearsto be size-related. Also, the "aterna-
tion" of different juvenilelifehistory typesin the
estuary makes it unlikely that these growth esti-
matesrelateto asingle behavioural type. Thefish
captured later are likely to havereared in theriver
for some weeks or months. These estimates of
growth ratein estuaries must, therefore, be consid-
ered minimum estimates. Kjelson et a. (1982) esti-
mated growth rates of fry tagged with coded-wire
tags in the Sacramento-San Joaquin River estuary
to be 0.86 mm/d in 1980 and 0.53 mm/d in 1981
These rates of growth are faster than those based
onunmarked fry.

During 1978 and 1979, young-of-the-year chi-
nook in the Fraser River estuary increased from 40
to 60-68 mm fork Iength between March and July
(Levy and Northcote 1981). Their increase in
length was dow until mid-May, rapid from mid-
May until the end of June, and then dow again
during July. From mid-May until the end of June
they increased an average of 0.56 mm/d in 1978 and
0.39 mm/d in 1979.

The dow increase in length of chinook fry in the
Fraser River estuary from March to mid-May was
almost certainly due to the continued addition of
recently emerged fry to the estuary population,
since the main period of downstream migration of
fry wasfrommid-Marchto mid-May inboth years
(Levy and Northcote 1981). The apparent dow
growth of chinook in July may have been due to
movement of larger chinook away from the
beaches and into deeper water. Levy and North-
cote (1982) observed that young chinook captured
by purse seine in deep water in an old river chan-
nel on the Fraser River foreshore were significantly
larger than those captured by beach seine along
the margins of the channel. As noted earlier, Kjel-
son et al. (1982) observed asimilar distribution of
chinook in relation to size in the Sacramento-San
Joaguin River estuary.

Reimers (1971) observed the growth rate of
young fall chinook inthe Sixes River estuary both
by sampling the general population and by ob-
serving changes in the length of marked cohorts.
Both sources of data gave similar results. Growth
in the estuary from late April to early June was
rapid. During this period, chinook increased in
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average length from 48 to 79 mm, an average of 0.9
mm/d. From June to August, growth in the estuary
was poor, and thefish increased only 6 mm or 0.07
mm/d during this period. From September to No-
vember, growth was again rapid, averaging about
0.5 mm/d. Reimers(1971) hypothesized that poor
growth during the June-to-August period was due
to the large population of chinook in the estuary at
this time, and that the increased rate of growth in
September to November resulted from both are-
duction in population size and better utilization of
thewhole estuary. By means of otolith microstruc-
ture, Nellson et al. (1985) confirmed that individual
fish show a rapid growth until June in the Sixes
River estuary, after which their growth slowed
down. Neilson et a. (1985) suggested that the
decline in growth rate after June resulted from a
combination of high temperatures in the estuary
that reduced growth efficiency and competition for
food. Nellson and Geen (1986) aso noted that
chinook that entered the estuary at a large size
remained large relative to members of the same
cohort throughout their first year of ocean life.
Therate of growth of marked fry in the Nanaimo
River estuary averaged 132 mm/d (4%-5% body
weight/d) (Figure 16). From average length datafor
the general population, however, the rate of in-
crease in length during April to June was only
about 0.5 mm/d (Healey 1980b), or less than half
the rate indicated by marked fish. Other estuaries
on the east coast of Vancouver Island showed rates
of growth based on average length data from
0.22mm/d in the Cowichan River estuary to 0.61
mm/d inthe Courtenay River estuary (M.C. Hea
ley, unpublished data) and 0.46-0.55 mm/dinthe - -
Campbell River estuary (Levings et al. 1986). Pre- .-

sumably, these are underestimates of the true -
growth rate in these estuaries. Average lengthin .-

the general population of chinook in the Nitinat .
River estuary increased about 0.33 mm/d during -

. theyears 1975-77 (Fedorenko et a. 1979). In 1979, -

however, fish from a marked cohort increased -
about 0.62 mm/d (3% body weight/d) (Figure 16). -

Measurements based on increases in average- '

length of the general population in estuaries, -
therefore, appear to underestimate the true growth
rate by afactor of about two. The exception to this
iISReimers’ (1971) datafor the SixesRiver. Variation
in growth rate among estuaries is also on the order
of two times, as is evident from data of the Na
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FIGURE 16
Growth of marked cohorts of chinook fry in the Na-
naimo and Nitinat River estuaries. Closed and open cir-
clesrefer to different tagged groups of fry. Regressions
arethe regression of log weight (W) on days (t) follow-
ingmarking.

naimo and Nitinat River estuaries. The available
evidence suggests that variation in growth rates
between estuaries and between years within an
estuary is correlated with food supply (Healey
1982b; Neilson et al. 1985).
Consideringthelimitedinformationavailableon
.. rates of growth of young chinook, particularly
. their growthin fresh water, no substantial compar-
isons between freshwater and estuarine growth
can bemade. Kjelson et al. (1982), however, dem-
onstrated by means of fry tagged both in theriver
and the estuary that fry grew more rapidly in the
estuary. In many other instances, growth of chi-
nook that rear in theriver during their first spring
appears slower than growth of those that migrate
totheestuary. Reimers (1971) and Rich (1920) in-
ferred thisfrom the closer spacing of circuli onthe
-scales of fish that had reared in the river, and
'suggested that circulus spacing could be used to
distinguish between fish that reared to smolt size
‘'m theriver and those that reared in the estuary.

Reimers (1971) proposed that up to five, and
Schluchter and Lichatowich (1977) proposed that
up to seven, different juvenile life history patterns

involving different periods of river and estuarine .

residence could be distinguished from patterns of
scale growth in the Sixes River and the Rogue
River, Oregon. These patterns of scae growth
were presumed to reflect differences in growth
rate between fry residing in the river and in the
estuary. In other instances, there appears to be no
substantial differencein growth between fish that
rear to fingerling smolt size in the river and fish
that rear in the estuary (Vancouver Island estuar-
ies, M.C. Healey 1980b, 1982b; M.C. Healey, un-
published data). Fish from these systems that
reared in the estuary and fish that reared in the
river did not differ in the spacing of circuli on their
scales.

Apparently egg size may influence rate of
growth, at least in hatchery fry with abundant
food. Fowler (1972) found that fry from large eggs
were larger at hatching and maintained that ad-
vantage over 10-12 weeks after hatching. Rom-
bough (1985) found that larger eggs produced
alevins with greater maximum weight, but also
that it took the alevins from larger eggs longer to
reach their maximum weight after fertilization,
compared with alevins from smaller eggs. Such
variations in growth rate could have important
implicationsfor mortality if thelarger fry outgrow
potential predators more quickly. In Fowler's
(1972) experiments, however, the more rapidly
growing fry from larger eggs also had a higher
mortality rate from unspecified causes. Thus, the
advantage of faster growth may be offset by other
unknown disadvantages associated with larger
€ggs.

Healey (1982b) estimated the production and
food requirements of chinook and other salmon
speciesin the Nanaimo and Nitinat River estuaries.
Chinook were second to chum in production in the
inner Nanaimo River estuary, producing about 200
kg during the spring and early summer, compared
with 1,750 kg for chum. In the Nitinat River estu-
ary, however, chinook dominated juvenile salmon
production, contributing 774 kg of an estimated
total production of 1,137 kg. These levels of pro-
duction are small relative to the area of the two
estuaries, being about 0.031 g/m? in the Nanaimo
River estuary and 0.025 g/m? in the Nitinat River
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estuary. Food resources required to support this
production were 0.093 g/m2in the Nanaimo River
estuary, consisting of mainly benthic foods but
including about 30% insects; and 0.078 g/m? in the
Nitinat River estuary, of which about 40% were
benthic organisms, 40% insects, and 20% plankton
(Healey 1982b). The standing crops of food organ-
isms in these estuaries appeared sufficient to sup-
port considerably greater production. Growth of
chinook in the Nitinat River estuary was, however,
considerably less than growth in the Nanaimo
River estuary, and this was correlated with lower
standing crops of food organisms in the Nitinat
River estuary. Also, there was a positive correlation
between abundance and growth rate in the Na-
naimo River estuary and the fullness of chinook
stomachs, suggesting that growth and production
were positively related to food supply in this estu-
ary (Healey 1982h).

Differencesamong stream- and ocean-typeraces
are evident in their utilization of estuarine habi-
tats. Ocean-type fish make extensive use of estua-
rine habitat, whereas stream-type fish spend little
time in the estuary of their natal stream. Among
the ocean-type races there is a further dichotomy

between those that migrate to the estuary asfry in
March or April and remain there until about June
and those that migrate as fingerlings in May or
June and remain until August or later. This dichot-
omy becomes blurred in Oregon, where a variety
of juvenile behaviour patterns has been identified
(Reimers 1971; Schluchter and Lichatowich 1977,
Nicholas and Hankin 1988) but is apparent again
further south in the Sacramento-San Joaquin River
estuary (Kjelson et al. 1981, 1982). The period of
estuarine occupancy by ocean-type chinook varies
regionally, being greatest in the open coast estuar-
ies of Washington to California, and least in the
sheltered coastal estuaries of British Columbia.
Estuaries apparently provide arich feeding habitat
for the smaller fry and fingerling migrants, and
growth in estuarine habitats, although variable, is
relatively rapid. Why stream-type chinook do not
spend more time in estuarine habitats is not imme-
diately apparent. The tendency for chinook to be-
come piscivorous, however, as soon as their size
permits, and the particular oceanic migratory pat-
tern of stream-type chinook (Healey 1983), may
preclude a longer estuarine residence.

OCEAN

The distribution, seasonal abundance, and migra-
tory behaviour of first ocean-year chinook salmon
are described by Healey (1976, 1980a, 1980b) for

the Strait of Georgia (British Columbia), by Miller-

et a. (1983) and Fisher et al. (1983, 1984) for the
waters off the coasts of Washington and Oregon,
and by Hartt (1980), Healey (1983), and Hartt and
Dell (1986) for coastal and offshorewatersfromthe
Columbia River to the Bering Sea. The sampling
devicein al these studies was a small-mesh purse
seine, so that the results pertain only to the surface
waters (about 20 m deep).

Information on the distribution and migratory
habits of older chinook derivefrom awide variety
of sources. Sampling of commercial troll catches
from southeastern Alaska to California has pro-
vided information on the general coastal distribu-
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tion of chinook and their distribution by age and
race (Fry and Hughes 1951, Parker and Kirkness
1956; Milne 1964; Ball and Godfrey 1968a, 1968b,
1969, 1970; Wright et al. 1972; Argue and Marshall -
1976, Nicholas and Hankin 1988). Sampling the
catch of the Japanese mothership and land based
gillnet fisheries has provided information on the
distribution of chinook in the western North Pa
cific Ocean. (Geographicdistribution of these fish-
eriesis shown in Figures 19 and 20.)

Research cruises by Canadian, u.s,, and Japanese
vessels have provided more extensive information
on chinook salmon distribution throughout the
North Pacific Ocean. Gear employed in research
cruises included floating longlines and gillnets
(Major et a. 1978). Aswith the seine sampling for
first ocean-year chinook, samples taken on the
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high seas by gillnet and longline relate mainly to
the surface waters. Chinook are probably under-
represented in these samples because of their ten-
dency to be distributed deeper in the water col-
umn than the other species of Pacific salmon
(Milne 1955; Taylor 1969; Argue 1970). Despite po-
tential sampling biasesand difficultiesin compar-
ing among gear types, the observations of all
authors are consistent in that they indicate a major
differencein the distribution and migratory behav-
iour of stream- and ocean-type chinook during
their ocean life.

More specificinformation on thedistribution of
particular stocks or groups of stocks of chinook is
derived from tagging and recapture. Immature and
maturing salmon have been tagged in both coastal
and high-seas fisheries, and tagged fish have been
recaptured from afew weeksto several yearsafter
tagging (Kondo et al. 1965; Hartt 1966; Godfrey
1968b; Aro et al. 1971; Aro 1972, 1974). Compara-
tively few fish tagged in the ocean have been re-
captured after asufficient length of time, however,
to permit a precise determination of migratory
routes and timing. Considerably more detailed
informationisavailablefrom tagging of hatchery-
produced smolts and noting their recovery in
coastal troll and net fisheries (e.g., Cleaver 1969;
Wahle and Vreeland 1977, Dahlberg 1982, Werthei-
mer and Dahlberg 1983, 1984; Dahlberg and Fowler
- 1985, Dahlberg et a. 1986; Nicholas and Hankin
1988). A wealth of this kind of information has
been produced over the past decade as aresult of
the extensive application of coded-wiretaggingin
hatchery evaluation (Jeffertset al. 1963). Most of
these data, however, remain completely unana-
lysed. Furthermore, the question of whether the
~ behaviour of hatchery fishiscomparablewith that
of wild stocks remains unresolved, although Hea-
ley and Groot (1987) found that wild and hatchery
- chinook from the east and west coasts of Van-
couver Idand had similar oceanic distributions.

Fish in their First Ocean Year

Observations in the Strait of Georgia indicated
that, in these sheltered waters, young chinook
began to disperse seaward from their natal estuary
shortly after completing their downstream migra-
“tion. Apparently, thefirst to do so were the stream-
typesmoalts. IntheNanai moRiver estuary, stream-

type smolts were rarely captured in the inner estu-
ary but were common in the outer estuary and in
other nearshore sampling stationsin the vicinity of
Nanaimo in June and July of 1975 and 1976, but
were rare after July (Healey 1980b) (Figure 17).

3 4

Catch-per-seine-set

» Apr  May  Jun AUg ' Sep '

FIGURE 17
Seasonal occurrence of 0.0, 1.0, and 0.1-aged chinook in
purse seine catches near Nanaimo, BC, during 1975-77.
(From Healey 1980a)

Oct ' Nov '

Sampling from May to October, 1976, throughout
the Gulf Islands (along the southeast coast of Van-
couver Island) confirmed this seasonal pattern of
abundance of stream-type smolts outside the Na-
naimo area (Healey 1980a). As stream-type juve-
niles declined in abundance in the sheltered
waters of the Strait of Georgia, ocean-type juve-
niles increased in abundance. In the Nanaimo area,
ocean-type juveniles were about five times as
abundant in purse seine samples as stream-type
juveniles, and ocean-type fish remained abundant
from July until November (Figure 17). Seine net
catches were lower during the winter, but some
chinook were present in surface waters and avail-
able to the seine throughout the year (Healey
1980b). In the Gulf Islands region of the Strait of
Georgia, young chinook were rather constant in
abundance from May to October, 1976. Samples
taken throughout the Strait of Georgiain August
to September, 1975 and 1976, revealed that chinook
were most abundant in the region of the Fraser
River plume and less abundant elsewhere. This
distribution was much more pronounced in 1975
than 1976 (Healey 1980%).

The general conclusion from these observations
was that stream-type chinook in their first ocean
year arecommoninthesurfacewatersof the Strait
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of Georgia only in the spring and early summer,
but that ocean-type chinook in their first ocean
year are abundant throughout the summer and
autumn, and someremaininthe surface waters of
the strait throughout their first ocean year. There
was no indication of an outmigration of young
ocean-type chinook from the Strait of Georgiabe-
foreNovember in 1976. Seine samplestaken by the
Snoquomish Indian band in Puget Sound in Octo-
ber and November, 1976, indicated an abundance
of chinook in their first ocean year that was similar
to that in the Strait of Georgia (Hartt and Dell
1986).

The estuaries aong the open coasts of Washing-
ton, Oregon, and California afford the only shel-
tered water habitat in these regions. Here young
ocean-type chinook remainin estuaries consider-
ably longer than was observed in British Columbia
estuaries (Reimers 1971; Myers 1980; Myers and
Horton 1982) (Figure 14), although stream- and
ocean-type chinook also occur in coastal waters
outside the estuaries during the summer (Miller et
al. 1983, Fisher et al. 1983, 1984). These observa-
tions suggest that the affinity of young ocean-type
chinook for sheltered watersis general throughout
the range of chinook, but that there is also some
offshore movement of these fish.

Off the coasts of Washington and Oregon, Miller
et al. (1983) found young chinook in abundance
during sampling from 27 May to 7 June, 1980.
Catches were greatest off the Columbia River
mouth, north of thisriver, and in seine sets made
within 20 km of shore. Catches of chinook in their
first oceanyear declined inJuly, presumably owing
to high surface water temperatures at this time,
and catches increased again in August-September
when surface temperatures were lower. Inthe Au-
gust-September sampling, young chinook were
distributed about equally north and south of the
Columbia River mouth but were still most abun-
dant close to shore. Significantly, young spring
chinook (stream-type) fromColumbiaRiver hatch-
eries were present only in the May-June samples,
and then only in the northernmost sampling tran-
sects, indicating a rapid migration of these fish
north from the river mouth. In 1982 and 1983
Fisher et al. (1983, 1984) sampled an areasimilar to
that sampled by Miller et a. (1983) in 1980 and
captured similar numbers of young chinook. Dur-
ing 1982, chinook were most common in samples
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taken in May and June but wererare in September.
During 1983, catches were highest in May and
September but were low in June. There was no
clear trend in abundance from south to north in
these samples; sometimes young chinook were
more abundant south of the Columbia River and
sometimes north. Nor was there any clear evidence
from the samples of Fisher et a. (1983, 1984) that
young chinook were more abundant close to the
coast.

Miller et a. (1983) compared catchesin seine sets
held open towards the north or south. In
May-June, 80% of chinook were captured in sets
held open towards the south, indicating a signifi-
cant northward dispersal at thistime. During July
and August-September sampling, however, the
direction of the set had no effect on catch. These
data indicated a northward dispersal of ocean-type
chinook immediately on entry into the sea, but
aso indicated that movements were not directed
throughout most of the summer. Thisis reminis-
cent of the summer residency of young ocean-type
chinook in the Strait of Georgia.

Hartt (1980) and Hartt and Dell (1986) reported
on an extensive series of samples taken by purse
seine along the coast of North America from the
ColumbiaRiver to Bristol Bay, throughout the Gulf
of Alaska, along the Aleutian Islands chain, and
into the central Bering Sea. Hartt and his co-work-
ers made atotal of 3,073 sets during the 15-year
period, 1956-70, mostly during the summer
months, but extending from April to October. The
sampling was concentrated in coastal waters (Fig-
ure 18), with offshore seining principally in the
spring and early summer. Most young chinook
were caught near the coast, and catches overall

were greatest from the Columbia River to south- . - |

eastern Alaska. Smaller catcheswere madein cen-
tral Alaska, aong the Aleutian chain to Adak
Island, and in Bristol Bay. No chinook intheir first
ocean year were captured in the central Gulf of
Alaska or in the central Bering Sea. Greatest
catcheswere in the June-August period, and there =
was an indication, although catches in all areas
were small, that chinook appeared in the catches T
later in the north than in the south. R
An important feature of Hartt's catches was. -
that, by far, the majority of chinook were stream-- -
type (245/253 or 97%)(Healey 1983). Of theeight -

ocean-type fish captured, six were captured off -~ -~ -
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FIGURE 18

Numbers of small-mesh purse seine sets made by Hartt and his co-workers (Hartt and Dell 1986) between
1956 and 1970 in 2° x 5° geographic areas. These areas are the standard statistical recording areas of the
International North Pacific Fisheries Commission (INPFC).

Cape Flattery and two off southeastern Alaska.
Thus, it appeared that juvenile chinook in their
first ocean year, living along the outer coast, at
least from Cape Flattery and northward, were pre-
dominantly stream-type fish, whereas those in
sheltered inside waters were predominantly
ocean-type. The samples collected by Miller et al.
(1983) and Fisher et al. (1983, 1984) suggest that
ocean-type chinook were more common along the
open coast south of Cape Flattery.

Fish in their Second and Subsequent Ocean Years

. With the exception of organized coastal fisheries
and the Japanese mothership and landbased fish-
eries (Figure 19 and 20), comparatively few chi-
i nook have been captured in the open ocean, but
- the distribution of captures has been very wide-
=" gpread (Figure 19). Chinook almost certainly occur
.~ further offshore south of 46°N ontheNorth Ameri-
-~ ‘can coast than is currently indicated, probably

even south of 40°N, considering the continued
high production of chinook from Californian riv-
ers. Sampling, however, has not been adequate to
demonstrate this.

Manzer et a. (1965) reported on the freshwater
ages of 847 chinook captured in the Japanese
mothership fishery between 175°E and 175°W.

* Thesefishwereal stream-type. The mgjority were

probably of Asian and Alaskan origin, although
recent returns of coded-wire tagged chinook
showed that fish from British Columbia, Washing-
ton, and Oregon migrate as far west as 160°W-
175°W longitude (Dahlberg 1982; Wertheimer and
Dahlberg 1983, 1984; Dahlberg and Fowler 1985,
Dahlberg et al. 1986). It ispossible, therefore, that
some of thefish in the samplereported by Manzer
et al. (1965) originated from popul ations south of
the Alaskan Panhandle. If so, none was an ocean-
type fish. More recent sampling of the Japanese
high-seasfisheries (Knudsen et al. 1983, Myerset
al. 1984) revealed a similarly low contribution of
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FIGURE 19
Known distribution of chinook in the North Pacific Ocean and Bering Sea based on captures in high-seas and coastal
sampling (shaded 2° x 5° INPFC statistical areas). Areas in which sampling occurred but no chinook were captured are
shown (0). The Japanese mothership and landbased fishing areas prior to 1978 are shown.

o - 70°N
=>
60° ol sooN
o
v rporide’ ’. .
50° Mothership o
’ % fishing area SO°N
1978-onward
- 2 1f£;s7hsing aread G .
40° 3 -onwart ) 40°N
180° 170°W

120°E 150°E  160°E  170°E

FIGURE 20
Japanese mothership and landbased fishing areas
following renegotiation of agreements in 1978, which
were in effect until 1986
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ocean-type fish, although there are no absolute
criteria for distinguishing age 0. and age 1. fish,
and there was some disagreement between Japa-
nese and u.s. ageing of the fish reported by Knud-
sen et al. (1983). The u.s. ageing team found some
ocean-typefish (68/2779) and the Japanese team,
none.

Further east, ocean-typefish do make a contri-

bution to the high-seas popul ation. Of 80 chinook -

captured by Canadian research vessels fishing
with longlines north of 45°N and east of 170°W
during 1961-67, 52 (65%) werestream-typeand 26
(35%) were ocean-type (Healey 1983). These fish
were almost certainly of North American origin,

and were probably mainly from southeastern
Alaskaandriversto the south. Since stream-type:

chinook appear to comprise no more than 25% of
al spawning populations from the Sacramento
River to southeastern Alaska, the percentage of

stream-type fish in the Canadian research vessd

catch on the high seas was significantly greate

than expected, if stream- and ocean-type chinook
have similar ocean distributions (X2 = 68.3; p <.-
.001). The high percentage of stream-typefishin -
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this sample was not a consequence of the fish
being captured mainly in the northern Gulf of
Alaska, asthe catch was equally distributed north
and south of 49°N. Furthermore, of the 28 ocean-
type fish captured, 14 were captured north of
49°N, and 14 south of thislatitude. Thus, therewas
no evidence of a higher proportion of ocean-type
fish in the southern half of the sampling area, as
would be expected if ocean-type fish were well
distributed offshore, but they were concentrated
in more southerly areas, in keeping with the distri-
bution of their spawning populations (Healey
1983). It appears, therefore, that stream-type fish
constitute a high proportion of the high-seas pop-
ulation regardless of |atitude, although the propor-
tion is lower in the eastern than in the central and
western North Pacific Ocean.

Chinook are abundant in coastal waters along
the coast of North America from southeastern
Alaskato Californiathroughout their ocean lives.
In these coastal waters, the representation of
stream- and ocean-type races is the opposite of
that observed on the high seas, and ocean-type
fish predominate (Healey 1983). ’

The proportion of stream-type chinook in the
commercial troll fisheries of Alaska, British Colum-
bia, and Washington in recent years has ranged
from 3% to 4% inthe Strait of Georgiato 25% inthe
Queen Charlotte | slands area of British Columbia
(Table 5). The proportion off Washington and off
southeastern Alaska was smilar at 15%-16%. In

recent vears, therefore, stream-type fish have
made up arelatively small proportion of the ocean
troll catch, generally less than 20%, and signifi-
cantly less than one would expect from the propor-
tion of stream-type fish in the regional spawning
populations.

Thereis evidence that stream-type chinook may,
higtorically, have congtituted a greater percentage
of the coastal troll catch than they do at present. In
the Strait of Georgia, stream-typefish were 28% of
the catch during 1911-20 and declined to 3%-4%
by 1961-70 (Table 5). Off the west coast of Van-
couver Idand, stream-type fish were 20% of the
catch during 1921-30, declined to 3.9% during
1961-70, and increased to 9.0% during 1981-85
(Table 5). Off Washington and Oregon, stream-
type chinook constituted more than 20% of the
catch before 1950 but only 15% of the catch after
1960 (Table5). These changes must beinterpreted
cautiously, however, as scale interpretation and
fishing patterns may have changed over the years.
For example, stream-type fish were a high percent-
age of the recent net catch in majorriver estuaries
of British Columbia (Table5) and, as noted earlier,
maturing stream-type chinook return to the estu-
ary of their spawning river early in the year. If
historic troll fisheries were nearer river mouths, or
were concentrated earlier in the year, then their
catch of stream-type fish might naturally have
been higher. On the other hand, habitat modifica-
tion, particularly damming of the Columbia and

TABLE 5
Stream-type chinook (as a percentage) in coastal troll catch and river mouth gillnet catch
during severa decades

Data

Fishery source* 1911-20 1921-30 1941-50 1951-60 1961-70 1971-80 1981-85
SE. Alaska troll ’ 1 157
NorthBCtroll 2 230 56 206 250
Central BCtroll 2 93 120
Van.ls.troll 2 20.0 124 109 39 9.0
Georgia . troll 2 280 175 , 65 34

3 220 284 344 153 128

4

4

4

Godfrey (1968a); Ball & Godfrey (1968a, 1968h); Fraser et a. (1982); Ginetz (1976)
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Sacramento rivers, but also water extraction for
irrigation and hydraulic mining (Kjelsonet a. 1931,
1982), have probably had amuch greater effect on
stream-type chinook than ocean-type, owing to
their longer upriver migrations and longer river
residence, both as adults and as young. It is, there-
fore, quite conceivable that stream-type chinook
were relatively more abundant afew decades ago.
The possibility that the changes in percentage of
stream-typefishin thetroll catches represent areal
reduction in the numbers of stream-type fish is
further supported by the observation that spring
and summer spawning runs (mainly stream-type
fish) have declined drastically in several riversin
the southern half of the Chinook's range (Snyder
1931; Rich 1942) and by the fact that the older
maturing stream-type chinook are less able to sup-
port an intensive fishery than younger maturing
ocean-type chinook (Hankin and Hedley 1986).

Theinformation on distribution of racesindicates
that stream-type chinook move offshore early in
their ocean life, whereas ocean-type chinook remain
in sheltered coastal waters. Stream-typefish main-
tain a more offshore distribution throughout their
ocean life than do ocean-type. Although ocean-type
fish are captured offshore in the eastern half of the
North Pacific Ocean, they are much less common
there than stream-type fish, whereas thereverseis
true close to the coast. Since only stream-type chi-
nook occur in western Alaska and in Asig, it is not
surprising that catches in the western North Pacific
Ocean are virtually all stream-type. Stream-type
chinook are a'so common in river mouth fisheries of
British Columbia (Table 5) and in early season
catchesin the Fraser and Columbiarivers (Figure 6).
These observations suggest that maturing stream-
type fish move rather quickly through the coastal
troll fisheriesto theriver estuaries and so are avail-
able for only a relatively short time to the troll
fisheries. Healey and Groot (1987) noted that matur-
ing chinook returning to their native river travelled
more than 45 km/d, or closeto their optimal cruising
speed, on a direct course towards the river. They
appear to remain in the river estuaries for some
time, however, and while there are vulnerableto the
river mouth gillnet fisheries.

Ocean Distribution in Relation to Temperature

High-seas catches of chinook by research vessels

356

generally have been too small to permit analysis of
chinook distribution in relation to ocean tempera-
ture except for catches by Japanese research ves-
sels in the western North Pacific Ocean. There,
during 1962-70, chinook were encountered at tem-
peratures ranging from 1° to 15°C (Major et al.
1978). There was no evidence for apreferred tem-
perature within this range, except that, in April
and May, relatively fewer chinook were encoun-
tered at temperatures below about 5°C. These data
refer, of course, to Asian and Alaskan stream-type
chinook. Thismay mean that chinook areindiffer-
ent to temperature over this range. The data may
not be a true reflection of temperature selection (or
lack thereof) by chinook, however, as the samples
of fish and temperature measurements came only
from surface waters. Aswill be demonstrated | ater,
chinook are not concentrated at the surface. Sur-
face catches may, therefore, not be representative
of temperature selection occurring at depth.

Vertical Distribution of Chinook

Information on the depth distribution of chinook
comes primarily from two sources, neither of
which distinguished between stream- and ocean-
type fish. Sampling was also conducted only dur-
ing daylight hours. Taylor (1969) reported the
depth of capture of immature chinook off the east
and west coasts of Vancouver Island during survey
cruisesfor Pacific herring. Most samples came from
the west coast of the island, and these will be
emphasized here. Chinook were captured in trawls
fishing deeper than 60 fm (110 m), but most fish
were captured above 40 fm (73 m) (Table6). Chi-
nook were not concentrated near the surface but -

- were most abundant in the 30-40 fm (57-73 m)

stratum. Chinook captured in trawls in the Strait
of Georgia were more abundant near the surface,
with most (51/53) captured between 10 and 20fm
(20-37m) (Table6). Argue (1970) reported amore -

“extensive set of data based on troll sampling in’

Juan de Fuca Strait. Argue’s (1970) samplesonly - -
extended to 55 m, and most chinook (54%) were.. -
capturedinthe48-55 mstratum (Table6). Possibly, .-
catches would have been as large at even greater - -
depth. Both young chinook (younger than .2) and -
maturing chinook (older than .2) were captured .-
more frequently at shallower depths than were "

older immature chinook (Table 6). There appeared .
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TABLE 6
Depth distribution of chinook (as a percentage of catch) captured off the west (W) and east (E)
coasts of Vancouver Island during herring surveys (Taylor 1969), and in Juan de Fuca Strait
during atroll fishery investigation (Argue 1970)

Taylor 1969 Arguel9rr
Deoth All ages Immature Maturing
4 N=19% N-53 All ages 0.0+10 01 02
fm (m) w E N =150 N =50 N=76 N=71 N=19
0-5 (09 3 2 10 0 1
23 2
6-10 (11-18 3 7 8 6 17
1-15 (20-27) ) 7 14 21 21 44
H 7 96
16-20 (29-37) J 17 21 29 10 18
21-25 (38-46) 1] 16 3R 16 25 0
} 7 2
26-30 (4855 J 54 24 14 38 10
31-35 (57-64) )
} 46
3640 (66-73)
41-45 (72-82) }
i 6
46-50 849 J
>50 (>92) 10

Note: *Argue’s data are segregated by age and maturity

to be a seasonal change in depth distribution, with
the average depth of capture dropping from 33 m
inJune and July to 41 min August-October (Figure 1
21). Taylor (1969) did not indicate the freshwater a5
ages of the fish captured. The fish in Argue’s sam-
ples, however, were virtually al ocean-type.

Ocean Distribution in Relation to Area of Origin

Depth (m)
B
=)

There are two sources of information on oceanic
distribution of chinook in relation to area of origin:
tagging studies and analysis of scale patterns. Tag-
ging studies include both the tagging of immature
and maturing chinook in the ocean with subse-
quent recapture in the ocean or on the spawning
beds, and the tagging of hatchery smolts at the
time of seaward migration with subsequent recap- Jun
turein the ocean. Scale pattern analysis attempts FIGURE 21

to determine the area of origin of chinook captured Seasonal changesintheaveragedepth of captureof
on the high seas from characteristic features of chinook in Juan de Fuca Strait. Bars show two standard
their scales. Neither source of information gives a errors around mean. (Data from Argue 1970)
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very satisfactory picture of the ocean distribution -

of the many stocks of chinook salmon. The major-
ity of ocean tagging of chinook has been conduc-
ted along the Pacific coast of North Americafrom
southeastern Alaskato California. Godfrey (1968b)
summarized datafrom ocean tagging in this area
during the period 1924-64. In addition, afew tags
have been recovered from chinook tagged during
high-seas fishing operations in the northern North
Pacific Ocean and the Bering Sea (Major et a. 1978,
Knudsen et al. 1983). The ocean distribution of
chinook tagged as smolts and recaptured in coastal
fisheries has been described by Cleaver (1969),
Wahle and Vreeland (1977), Wahle et a. (1981), and
Healey and Groot (1987):

A total of 21,566 chinook salmon weretagged in
coastal waters during the 1924-64 period, and re-
capturesnumbered 2,418 (Godfrey 1968b). Recov-
eries of tags came from recreational and commer-
cial fisheries and from spawning ground surveys.
Because of unequal sampling and recovery effort,
the tag returns provide only a general indication of
the stock composition in various regions of the
coast. Some important generalizations are, how-
ever, possible. Most recaptures were made either

™~ TAGGING SE. Northern

Alaska BC
RECOVERY

in the area of tagging or to the south, except for the
tagging off California, where it was only possible
to recover tags in the area of tagging or to the
north (Figure 22). When tagging was conducted in
inside sheltered waters, most recaptures came
from the area of tagging or immediately adjacent
areas. When tagging was conducted in more open
waters, however, such as off the west coast of
southeastern Alaska or off the west coast of Van-
couver Island, recaptures were more widely dis-
tributed geographically (Figure 22). Fish tagged off
southeastern Alaska were recaptured as far south
as Oregon coastal streams, whereas fish tagged off
California were recaptured as far north as the
Washington coast. These data suggest a northward
dispersal of juveniles along the coast, followed by a
southward homing migration of maturing adults.
The more limited dispersal of fishtagged in inside
waters is, however, perplexing. It may indicate the
presence of "resident” stocks that do not undergo
long-distance migrations. It may aso be a reflec-
tion of a greater number of stream-type chinook in
the groups tagged in outside waters, coupled with
the apparent longer migrations of this race. Recent
analysis of tag returns from hatchery and wild

Southern Wash. | Oreg. California
BC

Inside  Outside |Inside Outside| Inside Outside

S.E.Alaska
M n

Northern BC X x

Southern BC .

Washington 4
Oregon

California

FIGURE 22
The distribution of recaptures from chinook tagged as immatures in coastal waters from southeastern Alaskato
California. Tagging location in each diagram is marked (X). Proportion of recapturesin each regionis indicated
by the width of the diagram at that point. Inside and outside tagging areas for some regions refer to inside or
outside coastal island chains.
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chinook stocks on the east and west sides of Van-
couver Island (Healey and Groot 1987) indicate
that "insde" ocean-type stocks have a more re-
stricted migration than "outside® ocean-type
stocks.

Coastal Oregon stocks of chinook show diverse
ocean migration patterns that do not correspond
to the general northward migrating behaviour on
other parts of the North American coast. Stocks
that spawn in rivers on the central and northern
parts of the Oregon coast (from the Elk River
north) show the typical northward migration as
immatures, and these stocks contribute to fisheries
from Oregon to Alaska. Stocks that spawn in rivers
on the southern part of the Oregon coast (from the
Rogue River south), by contrast, disperse mainly
south and contribute to fisheries off Oregon and
northern California. One stock, the Umpqua River
spring-run chinook, disperse both north and south
from their natal river and are harvested from
northern Californiato Alaska (Nicholas and Han-
kin 19893).

The distribution of particular stocks by age is
revealed by returns of fish tagged from hatchery
releases. Releases from Columbia River hatcheries
dispersed mainly north of the Columbia River,
although some were also captured south of the
river mouth (Figure 23) (Cleaver 1969). Fish aged
two years were caught mainly off the Washington
coast; fish aged three years, off Washington and
southern British Columbig; fish aged four years, off
Washington and southern British Columbia but
with afew returnsfrom northern British Columbia

RECOVERY AGE
AREA

SE Alas ka

NorthernBC
Southern BC
Washington

Oregon

California

FIGURE 23
Distribution of recaptures by age for ocean-type
chinook from ColumbiaRiver hatcheries (solid lines)
and Robertson Creek, BC (dashed lines). Proportion of
recaptures in each region isindicated by the width of
the diagram.

and southeastern Alaska; and fish aged five years,
mainly from southern British Columbia, but ex-
tending into northern British Columbia and south-
eastern Alaska (Figure 23). Chinook from the
Robertson Creek Hatchery on the west coast of
Vancouver Island also dispersed mainly north as
they became older, but there was somewhat
greater southward dispersal than was apparent for
the Columbia River fish. Robertson Creek fish were
clearly distributed further north than Columbia
River fish (Figure 23). Robertson Creek fish, how-
ever, also dispersed further north than Big Quali-
cum River fish from eastern Vancouver Island
(Healey and Groot 1987). It appears that there may,
in some instances, be considerable differences in
the ocean distribution of stocks from the same
geographic area.

Wahle and Vreeland (1977) and Wahle et a.
(1981) described the ocean distribution of fall
(ocean-type) and spring (stream-type) chinook
from various Columbia River hatcheries by means
of recapturesin coastal fisheries. Fall chinook were
recaptured mainly in British Columbia and Wash-
ington fisheries and, secondarily, in Columbia
River estuary fisheries. Except for the Kalama
Hatchery (Washington) release, there were no re-
coveries of fall chinook from southeastern Alaska
and relatively few recoveries from south of the
ColumbiaRiver (Figure 24). There were someinter-
esting, and perhaps significant, differencesin the
contribution of different hatchery stocks to the
different fisheries. For example, the proportion
recovered in British Columbia fisheries ranged
from 12% to 50%, and the proportion recovered in
the Columbia River estuary ranged from 2% to 26%
(Figure 24). Spring chinook, in general, had awider
distribution than fall chinook. For example, up to
20% were recaptured in southeastern Alaska, and
all stocks contributed to the Alaskan catch. More
spring chinook tended to be caught south of the
Columbia River and intheriver estuary aswell. As
with the fall chinook stocks, there were interesting
differences in the apparent ocean distribution
among spring chinook hatchery stocks.

To alargeextent, thedistribution of tag recover-
ies of various stocks has been determined by the
location of intensive fisheries for chinook. Thisis
clearly revealed by therecent recovery of tags from
chinook capturedincidentally in foreign trawl fish-
eries within the United States 200-mile conserva-
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FIGURE 24

Distribution of recaptures of chinook from ten Columbia River hatcheries producing ocean-type chinook and
six hatcheries producing stream-type chinook. Proportion of recaptures in each region is indicated by the
width of the diagram.

tion zone in Alaska (Dahlberg 1982, Wertheimer
and Dahlberg 1983, 1984; Dahlberg and Fowler
1985, Dahlberg et al. 1986). A pproximately 60,000
chinook have been examined by United States
observers aboard foreign trawlers fishing mainly
south of the Alaska Peninsula and in the southeast-
ern Bering Sea, and these have yielded a total of
244 tagged chinook that originated from rivers
ranging fromcentral Alaskato California. Thedis-
tribution of recaptures extends from northern
southeastern Alaska westward through central
Alaska, aong the Alaska Peninsula and Aleutian
Islands to about 175°W, and northward into the
southeastern Bering Sea (Figure 25).

Of the recaptured chinook, 70 were from stocks
in southeastern and central Alaska, 75 from stocks
in British Columbia, 43 from stocksin Washington,
54 from stocks in Oregon, and one each from
stocks in California and Idaho. The recaptures of
Alaskan stream-type chinook in these coastal trawl
fisheries provide evidence that at least some fish:
from northern stream-type stocks remain closeto
the coast for one to two years following their sea-
ward migration, similar to the behaviour of ocean-
type chinook from further south. The recapturesof -
chinook from stocksin British Columbia and fur
ther south represent definite range extensionsfor -
these stocks. Most of the recaptures were of ocean-
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FIGURE 25
Numbers of tagged chinook from different coastal origins recovered as by-catch in the foreign trawl fleet fishing
within the u.s. 200-mile zone off Alaska. Catches are shown within INPFC statistical areas.

type chinook, and the previous maximum extent
of their range aong the coast had been determined
from recaptures in the troll fisheries of southeast-
ern Alaska. These new recaptures extend the range
of these stocks westward along the coast to nearly
175°W and, for British Columbian and Oregon
chinook, northward into the Bering Sea (Figure
25).

Although the recapturesfromincidental catch of
chinook in foreign trawl fisheriesindicate signifi-
cant range extensions for numerous stocks of chi-
nook, the incidence of tagged chinook among
thoselanded isvery low (0.4% overal, 0.3%if only
ocean-type stocks are considered), indicating that
only a small proportion of these stocks travels so
far west and north. Furthermore, these recaptures,
together with a single return to the Columbia
~ River from chinook tagged south of Adak Island,

appear to define the probable western limit of
- stocks from south of the Alaskan Panhandle at
“about 180°, because examination of almost 53,000
~chinook captured in the Japanese mothership
" fishery operating within the United States 200-
" mile conservation zone west of 175°E produced no
tagged chinook. Nor did examination of over

20,000 chinook captured by Japanese research ves-
sels fishing in the northern North Pacific Ocean
and Bering Sea produce any tagged chinook (Dahl-
berg 1982; Wertheimer and Dahlberg 1983, 1984;
Dahlberg and Fowler 1985, Dahlberg et a. 1936).
The information presented to this point refers

~only to coastal distribution of particular stocks of
chinook salmon. Information on the open ocean

distribution is much more sketchy and speculative,
as most of it is not based on tag returns from fish of
known origin. ~

Approximately 2,099 chinook older than age 1.
have been tagged and released on the high seas
west of 150° W and in the Bering Sea between 1956
and 1984 (C. Harrison, Fisheries Research Insti-
tute, University of Washington, Seattle, Washing-
ton, pers. comm.). Thirty-three of these have been
recaptured (Figure 26), and these recaptures pro-
vide someinformation on the ocean migrations of
stream-type chinook. Recaptures up to 1972 were
discussed by Major et a. (1978).

Twenty-one fish tagged in the central Bering
Sea were recaptured within the Bering Sea and
its coastal areas (Figure 26). Five had moved to-
wards the west (northwest to southwest) from the
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FIGURE 26
The location of tagging ( ® ) and recapture (—) of chinook tagged on the high seas in the central Bering Seg,
in the N.W. Pacific, and south of Adak Iland in the Aleutian chain. Panel A, chinook recaptured in the year of taggingi
Panel B, chinook recaptured one year after tagging. Panel C, chinook recaptured two or more years after tagging -
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point of release, and three a moderate distance
north or northeast. Three of these wereimmature
at the time of recapture and the other four were of
undetermined maturity. Eight had moved east to
river mouthsin western Alaska, and these were all
mature at the time of recapture, most being recap-
tured two years after tagging. Theremaining five
fish were recaptured only a short distance from
their point of tagging. Scant as these results are,
they suggest a north and westward movement of
immatures and an eastward movement of matures,
at least of those bound for western Alaskan rivers.

Of five chinook tagged and recaptured in the
western North Pacific Ocean, three were recap-
tured south or southwest, one north, and one west
of their tagging sites (Figure 26). Their maturity at
the time of recapture was not determined. Four
fish tagged south of Adak Island in the Aleutian
chain were recaptured, three as maturing fish and
one of undetermined maturity (Figure 26). Of the
maturing fish, one was recaptured in Bristol Bay,
one in southeastern Alaska, and one at the Colum-
bia River mouth. The fourth fish was recaptured
southwest of Adak Island. One other fish tagged
south of the Aleutians was recaptured off the east
coast of Kamchatka one year later. These returns
reveal only that chinook from the northern North
Pacific Ocean arefrom diverse origins and that fish
from the Columbia River may migrate as far west
asAdak Island.

The costliness, and the limitations, of ocean tag-
ging have led investigators, particularly thosein
the United States, to explore other techniquesfor
identifying the origin of chinook captured on the
high seas. One of these techniques is the estima-
tion of stock composition by discriminant analysis
of scale measurements.

The earliest attempts to classify high-seas
catches of chinook by this technique were de-
scribed by Major et al. (1978). Intheseearly studies
only western Alaskan and Asian stock groupings
were recognized. The analysis was expanded by
Knudsen et al. (1983) and Myers et al. (1984) to
Includeclassification of central Alaskan, southeast-
ftfn Alaskan/BritishColumbian,andWashington/
Oregon/Californian stock groupings. The Wash-
ihgton/Oregon/Californian Sstock grouping was
eliminated from further consideration by these
authors when they found that it made an insignifi-
cant contribution to high-seas catches. Most re-

cently, Ito et al. (1985, 1986) and Myers (1986) have
investigated how altering the proportion of the
different Asian stocks used as known standardsin
devel oping thediscriminant functions affectsthe
classification of unknown samplesfrom the Japa-
nese mothership and landbased fisheries. Myers et
al. (1987) summarized findings from recent u.s.
analyses.

The results of these analyses are controversial,
particularly when they are used to estimate
numbers of fish of different origins landed by a
particular fishery. Before presenting some of the
results of these analyses, the most important criti-
cisms of the methodology will be summarized.
There can be no doubt that the quantitative results
of the discriminant function analysis are sensitive
to the composition of the standards used to de-
velop the discriminant functions, and to assump-
tions about which stocks or stock groupings
contribute to the catch in any high-seas fishery.
Because the analysisis sensitive to thesefactors, it
ismy view that it is inappropriate at this time to
use the discriminant function analysis to estimate
stock composition quantitatively. It is aso my
view, however, that the analyses are sufficiently
consistent, particularly with respect to mixing
proportions of some stocks, to provide a reason-
able basis for speculation about qualitative fea-
tures of the high-seas distribution of chinook.

There are numerous technical difficulties in-
volved in applying discriminant function analysis
of scale features to the analysis of a sample of
scales from fish of unknown origin. A set of scales
appropriate for such an analysis must be compiled
from known populations. Features of the scales
that are unambiguous in terms of their measure-
ment, and that differ between populations but are
reasonably consistent within populations, must be
discovered if classification by discriminant func-
tion analysisisto be successful. The scales of un-
known origin that are to be classified must be
comparable with those used to develop the origi-
nal discriminant functions and must comprise an
unknown mixture of only those stocks for which
discriminant functions have been calculated.
Failureto meet these and other technical require-
mentsin the datacanresultin errorsin classifica-
tion of unknown seriousness. Myers et al. (1984)
and Myers(1986) report rather careful screening of
the data to minimize the possibility of such errors,
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such as ensuring that the scales used in the analy-
gswere from the preferred area of the body, and
that the discriminant functions were brood year
specific. It is virtually impossible, however, to
eliminate al such sources of error.

An important potential source of error in the
classification of an unknown mixture of scalesis
the presence of scalesfrom stocks not included in
the standards used to develop the discriminant
functions. Such scales will be classified into oneor
more of the stocks specified inthe analysis and, if
abundant, could greatly bias the estimate of stock
composition. '

The success in classifying the scales of known
origin from which the discriminant functions were
calculated provides one indicator of the magnitude
of error that might occur in classifying a sample of
unknown scales. It should be remembered, how-
ever, that there may be greater error in the classifi-
cation of individual scales than in the estimate of
overdl stock composition.

Theoverall successin classifying fish of known
origin by the discriminant functions developed
from those fish ranged from 69.4% to 79.7% in the
studies reported by Myerset a. (1984) and Myers
(1986), and was 60.9% in the study reported by Ito
et d. (1985). Although these are reasonably high
rates of successful classification, thereis still room
for considerable error in quantitative estimation of
stock composition. For individual stock groupings,
the success in classifying known samples ranged
from 58.5% to 95.5% for the Asian grouping, from
64.6% to 89.9% for the western Alaskan grouping,
from 47.0%t067.7%for thecentral Alaskangroup-
ing, and from 70.5% to 83.5% for the southeastern
Alaskan/British Columbiangrouping (Myerset al.
1934, Ito et al. 1985; Myers 1986). The central Alas-
kan stock grouping was the grouping most likely
to be misclassified in al analyses, and these fish
tended to be misclassified as belonging either to
the southeastern Alaskan/British Columbian or
Asian stock groupings rather than to the western
Alaskan grouping (Myerset al. 1984; Ito et d. 1985,
1986; Myers 1986). The directions and degree of
misclassification of central Alaskan scales de-
pended to a considerable extent on the stock pro-
portions in scales used for the Asian standard
(Myers1986).

Considering the potential sources of bias and
error it isnot surprising that the quantitative esti-
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mates of stock composition produced by different
analysesdiffer considerably. In Figure 27 the esti-
mates from recent publications of stock composi-
tion of immature chinook captured in July in
subareas of the Japanese mothership fishery are
shown (Myers et a. 1984; Ito et al. 1986, Myers
1986). Despite the quantitative disagreement in the
results of different analyses, there appears to be
considerable qualitative agreement.

In the Bering Sea, al the analyses agree that
western Alaskan (including the Canadian Y ukon)
chinook are the most abundant stock grouping.
Next in abundance are Asian and central Alaskan
chinook, which are each about half as abundant as
western Alaskan chinook. The southeastern Alas-
kan/British Columbian stock grouping is rare in
the Bering Sea (Figure 27).

In the western North Pacific Ocean, the greatest
disagreement is over the relative contribution of
central Alaskan and Asian stock groupings; the
analyses of Myers et al. (1984) and Myers (1986)
suggest that central Alaskan chinook often domi-
nate in this area, whereas the analyses of 1to et al.
(1985, 1986) suggest that Asian chinook dominate
(Figure 27). This disagreement isnot, as yet, tech-
nically resolvable. The very high percentage of
central Alaskan chinook in the western North Pa-
cific Ocean suggested by Myerset al. (1984) (some-
times as high as 100%) seems inconsistent with the
apparent abundance of this species in spawning
escapementsin central Alaska. Myerset al. (1987),
however, suggested that chinook may be more
abundant in central Alaska than previously
thought. Comparison of measured characteristics

suggests similarity between Asian and central Al-

askan scales in a number of features. It seems
possible that there may be considerable misclassi-
fication of Asian scales as central Alaskan and vice
versa, depending on the scale characters and the -
stocks used to calculate the discriminant func- -
tions. Leaving aside the relative contributions of
Asian and central Alaskan chinook, all the analyses
suggest that the chinook population of the west-:
ern North Pacific Ocean is comprised mainly of
stocks from Asia, western Alaska, and central
Alaska, and that each of these stocks makes a
substantial contribution to the population. South-
eastern Alaskan/British Columbian chinook, a-
though perhaps slightly more abundant than in
the Bering Sea, till constitute only a smdl per-
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FIGURE 27
Estimates by various authors of stock composition of chinook captured in subdivisions of the Japanese mothership
fishery based on discriminant function analysis of scale characteristics showing variation in results. AS= Asia,

- WAK - Western Alaska, CAK - Central Alaska, SE/BC - southeastern Alaska/sc. The numbers (1)-(11) represent sub-
divisions of the Japanese mothership fishing area. A = estimates of stock composition from Myers et al.’s (1984) dis-
criminant analysis of scale characters; range of values for brood years 1971-77. B - estimates of stock composition
from Ito et a.'s (1985, 1986) discriminant analysis of scale characters; range of valuesfor different assumptions about
Asian stock origins; brood year 1970. C - estimates of stock composition from Myers's (1986) discriminant analysis of
scale characters; range of values for different assumptions about Asian stock origins; brood years 1973, 1974, and 1976

éentage of the population in the western North
Pacific Ocean (Figure 27).

Summary of Ocean Distribution of Chinook

Despite the many extensive and intensive investi-
gations that have been conducted, our understand-
ing of the ocean migratory and distribution
patterns of chinook is still very sketchy. Informa-
* tion on the distribution of ocean-type populations
has been derived almost exclusively from the in-
- tensive ocean troll fisheries off Oregon, Washing-
ton, and British Columbia. Nevertheless, the
relatively small number of recaptures of southern

British Columbian and Columbia River chinook in
southeastern Alaska, where thereis an active troll
fishery, suggests that most ocean-type chinook do
not disperse more than about 1,000 km from their
natal river. Some go much further, of course, as
revealed by the recaptures from south of the Aleu-
tian chain and in the southeastern Bering Sea. All
recaptures to date are from near the coast, and the
dispersal of ocean-type populations offshore is
revealed only in catches by Canadian research
vessels fishing in the eastern North Pacific Ocean.
The low catches of chinook in this part of the
North Pacific Ocean, and the low proportion of
ocean-type chinook among the few that were cap-




Pacific Sdmon Life Histories:

60°N

= 50°N

440°N

A, D "« Ocean-type Chinook ' " ' ' '
% o Stream-type Chinook - Central Alaska & South
. 4 Stream-type Chinook - Western Alaska
5 22 .4 Stream-type Chinook - Asian
70°}
60°L
A
a A
Y
<
A
A

50°} O

A s A

PRy
4
L A A
e
40°f % a
1 Iy 1 1 i i
120°E - 140°E 160°E 180° 160°W 140°W 120°W

FIGURE 28
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" tured, suggests that ocean-type chinook do not

often wander far from shore (Figure 28) or that
they arefound at greater depths than those fished
by the research vessel gear.

The dispersal of stream-type chinook appears to
be much broader, asrevealed by their contribution
to both coastal and high-seas catches. Recaptures
of tagged stream-type chinook fromthe Columbia
River in coastal troll fisheries show greater disper-
sa of this race, both north and south of the river
mouth, than of ocean-type populations. The high
contribution of stream-type fish to the high-seas
catches throughout the North Pacific Ocean and
Bering Seafurtherindicatesmuchgreater offshore
dispersal of thisrace (Figure 28).

The high-seas distribution of stream-type chi-
nook fromdifferent regionsof theNorth American
coast and Asiais a matter of considerable debate.
Nevertheless, | believeafew speculationsmay be
made about such distributions, with the under-
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standing that these will be subject to modification
as more information becomes available.

Asian chinook are probably distributed through-
out the Bering Sea but are also probably concen-
trated west of 180°. In the northern North Pacific
Ocean they appear to be distributed at |east asfar
east as 175°W, and probably further, and to be
relatively more abundant in the western North
Pacific Ocean thaninthe Bering Sea. The southern
limit of their distribution is not known but is at.
least 40°N latitude and perhaps further south (Fig- -
ure 28). -

Western Alaskan chinook (including Candian
Y ukon chinook) are also distributed throughout
the Bering Sea. Chinook are probably much more
abundant in western Alaska than in Asia, so that
chinook from western Alaska tend to dominate
Bering Sea catches, even in the western half of the-
sea. Alaskan chinook are, nevertheless, probably
relatively more abundant in the eastern and cen-
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tral thanin the western Bering Sea. Western Alas-
kan chinook apparently also migrate south of the
Aleutian chain into the North Pacific Ocean. The
limits of their distribution there are not known, but
they may occur as far westward as 160°E, and
probably extend considerably east of 175°W. West-
ern Alaskan chinook may also bedistributed asfar
south as 40°N (Figure 28). | believe that western
Alaskan chinook will ultimately be shown to have
a very wide distribution in the western North
Pacific Ocean, but they are probably no more
abundant than Asian chinook in these waters
(Knudsen et al. 1983, Myerset a. 1984) (Figure 27).

Central Alaskan chinook are also probably
widely distributed in the central and western

North Pacific Oceanand Bering Sea(Figure 28). As

| noted earlier, the relative abundance of central
Alaskan chinook in these watersis controversial. |
suspect that they will ultimately be shown to be
less abundant than Asian chinook in the Bering
Sea and western North Pacific Ocean.
Southeastern Alaskan/British Columbian chi-
nook appear to be relatively rarein both the Bering
Sea and the western North Pacific Ocean, at |east
on the basis of scale analysis (Figure 27). Since

virtually al chinook captured in the Bering Sea ™

and western North Pacific Ocean are stream-type,
any fish of the southeastern Alaskan/British Co-
lumbian stock grouping captured there must have
been of the stream-type race. The southeastern
Alaskan/British Columbian chinook, as well as
those from Washington, Oregon, and California,
are probably distributed mainly in the eastern
North Pacific with the greatest concentrations over
the continental shelf waters along the North Amer-
ican coast (Healey 1983).

Ocean Food Habits

Most data on food habits of chinook in the ocean
are from samplestaken in the commercial fishery
and, therefore, relate to larger fish. Healey (1980a),
however, reported on the diets of chinook of 10-30
cmfork length captured in the Strait of Georgiain
late summer, 1975 and 1976. Small fish, particularly

herring, pelagic amphipods, and crab megalopa

made up between 70% and 92% of the diet, with
fish being the largest single contributor at
28%-63% of the diet. Adult insects were also im-
portant in the diet of chinook captured in 1976 but

not in 1975. There was evidencefor regional varia-
tion in diet within the Strait of Georgiain that fish
composed about 79% of stomach contents in the
Gulf Islands region but only 37% in the Fraser
River plume and central region of the Strait of
Georgia. Pelagic amphipodswererel atively unim-
portant in the Gulf Islands region but constituted
24% of stomach contentsin the Fraser River plume
and 14% of stomach contentsin the central Strait of
Georgia. Crab megalopa increased in importance
from 11.5% of stomach contentsin the Gulf Iands
region to 46.4% of stomach contentsin the central
Strait of Georgia. Insect adults were only impor-
tant in the Fraser River plume.

For larger chinook, diet informationis available
from southeastern Alaska south to the California
coast. The data span a number of years and times
of year and thus provide evidence for regional,
annual, and seasonal changes in diet. Techniques
of data collection and analysis have not been con-
sistent among investigators, however, so that
quantitative comparisons must be viewed with
caution.

Reid (1961) described the diet of chinook cap-
tured in the troll fishery off southeastern Alaskain

1957 and 1958. Stomachs were sampled from mid-

June to mid-September. The volume of stomach
contents was measured, and organisms were iden-
tified taxonomically and counted. Thirteen differ-
ent taxawere identified in the stomachs, but by far
the most important diet item was herring
(60%-68% of volume). Therewere someindications
of differencesin diet between years. For example,
squid were about ten times as common in the diet
in 1958 as in 1957, whereas fishes other than

herring were much more important in 1957. There -

was also an indication that squid were more im-
portant in sheltered inside waters than in the more
open water fishing areas. The importance of
herring relative to other foods wasrelated to size
of chinook, increasing from less than 20% of diet
for chinook less than 64 cm to more than 60% for
chinook more than 100 cm in length.

Pritchard and Tester (1944) and Prakash (1962)
described the diet of chinook salmon in British
Columbian waters. In both studies, sampleswere
collectedfromthecommercial fisheries. Pritchard
and Tester (1944) sampled from the whole coast
during 19391941, whereas Prakash (1962) sampled
only thewest coast of Vancouver I sland, theJuan
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de Fuca Strait, and the Fraser River estuary. Con-
tribution of various taxonomic groupings to diet
was estimated as a percentage of the total stomach
volume in both studies.

Pritchard and Tester (1944) recorded 21 different
taxonomic groupingsin the diet of chinook during
the three years of sampling. Fish of various sorts,
but especially herring and sand lance (Ammodytes
hexapterus), dominated the diet. Invertebrate taxa
never exceeded 6% of the diet. Some between-year
variation in diet was evident, most notably in the
absence of pilchards (Sardinops caerulea) from the
diet in 1939 and their relative importance in 1940
and 1941. This change appeared correlated with
the strength of the pilchard stocks in southern
British Columbia. Regional variation in diet was
also apparent but chiefly inthe alternationinrela-
tive importance of sand lance, herring, and pil-
chards. Off the northwest coast of the Queen
Charlotte Idands, for example, herring and sand
lance were amost equal in importance and pil-
chards were unimportant. On the northern main-
land coast, herring wererelatively important only
in 1939 and were replaced by pilchardsin 1940and
1941. Off the northwest coast of Vancouver Island,
sand lance predominated, constituting about 70%
of thediet. Variousinvertebrates were al so some-
times important in this region. On the southwest
coast of Vancouver Island, herring predominated
together with pilchardsin 1940 and 1941. In 1939,
sticklebackswereimportant (presumably replac-
ing pilchards). In the northern Strait of Georgia,
herring was the dominant food; and in the south-
ern Strait of Georgia, pilchards were dominant.
These regional differences in diet are unlikely to
reflect patterns of dietary preference among re-
gions. Rather, they probably reflect the relative
abundance of potential prey between regions and
years. Pritchard and Tester (1944) were of the opin-
ion that chinook werelargely opportunistic feed-
ers. Apartfromthe Chinook'sapparent preference
for fish as prey, this interpretation is probably
correct.

Prakash (1962) found herring to be the most
important diet item of chinook off southern Van-
couver Island (72.5% of the diet). Larger herring
were taken off the west coast of the Island than of f
the east coast (13-23 cm compared with 5-10 cm).
AsReid(1961) notedin Alaska, large chinook ten-
ded to have ahigher percentage of herring intheir
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diets than did small chinook. Consequently, stom-
ach samples from the west coast of Vancouver
Island, which werefrom larger chinook, indicated
a higher proportion of herring in the diet than
stomach samples from the east coast of the island.
Invertebratefood organisms(mainly euphausiids)
dominated the diet of chinook from the east coast
of Vancouver Island in May and June, but other-
wise there was no evidence for significant seasonal
changesin diet.

Robinson et a. (1982) reported on the stomach
contents of 27 chinook captured in the Qualicum
River area of the Strait of Georgia during April and
May, 1981. They ranged from 29 to 72 cmin length.
Their principal diet items were chum salmon fry,
larval herring, sand lance, euphausiids, and adult
herring. Thisis arareinstance in which predation
by chinook upon the juveniles of another salmon -
gpecies has been documented.

Silliman (1941) reported on the diet of chinook
captured by trolling off the coasts of Washington
and Vancouver Island in 1938. Stomach contents
were measured gravimetrically. Herring domi-
nated the diet of chinook captured off VVancouver
Island (Pritchard and Tester 1944; Prakash 1962),
but euphausiids dominated off Westport, Washing-
ton (43% of the diet). Fish of various sorts still
made up most of the diet in the Westport area, but
no one species overshadowed the rest.

Heg and Van Hyning (1951) described the diet of
chinook captured by trolling off the Oregon coast
in 1948-50 and of chinook captured by sports fish-
ermen in 1950. Clupeids and clupeid remains dom-
inated the diet, and anchovies (Engraulis mordax)
were the most important single species. Inverte-
brates (predominantly euphausiids) constituted
only 4%-5% of the diet. :

Merkel (1957) reported on the diets of chinook
captured in the ocean sport troll fishery off San
Francisco. Sampling extended from February to
November, and samples were adequate to permit
monthly comparisons of diet as well as comparison
by size of fish and location of capture. Northern
anchovy (29.1%) and variousjuvenilerockfishes
(22.5%) were the most important diet items, a-
though euphausiids (14.9%) and herring (12.7%).-
also contributed significantly. Seasonal variations.
in diet were dramatic. Anchovies dominated the
diet from August to November, rockfishesduring
Juneand July, and herringin February and March.
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During April and May, invertebrate foods, espe-
cially euphausiids but including squid and crab
megal opa, were dominant. The importance of in-
vertebratefoodsin April and May, but also to some
extent in June, isreminiscent of Prakash's (1962)
observation that invertebrates dominated the diet
of chinook off southeastern Vancouver Island in
May and June.

Diet was also related to location of capture (Mer-
kel 1957). In water shallower than 20 fm (38 m),
anchovies dominated (91%-92% of diet). In water
deeper than 20 fm (38 m), rockfishes dominated
(71%-74%); but a wider variety of organisms oc-
curred in stomachs, and herring and euphausiids
were significant diet items. Anchovies were less
than 5% of the diet of chinook taken over deep
water and rockfishes less than 1% of the diet of
chinook taken in shallow water. As other authors
have observed, small chinook fed more heavily on
invertebrates than large chinook. Chinook less
than 25in. (63 cm) long captured near the Farallon
Islands (California) had 85% invertebratesintheir
stomachs, whereas chinook more than 25 in. (63
cm) long had only 52% invertebratesin their stom-
achs.

Viewed together, the coastwide data on chinook
diet suggest some regional trends (Figure 29). In
general, the importance of herring and sand lance
increases from south to north, whereas the impor-
tance of rockfishes and anchovies decreases. These
trends probably reflect the relative abundance of
the prey along the coast. Pilchards were important
in the central parts of the chinook's range prior to
the collapse of the pilchard stocks. More recent
observations suggest that pilchards are not impor-
tant in the diet of chinook at present, but that
anchovies are more important further north thanis
indicated by the historic data. Euphausiids are
important from time to time, and thereis no clear
geographic trend for theirimportance. Other prey
itemsareincidental. Theimportance of fishin the
diet of chinook isapparentin virtually all studies
and, in fact, chinook appear to be the Oncorhynchus
species most dependent on fish as food (Healey
1976).

Not only are seasonal and regional variationsin
diet composition apparent but so are seasonal and
regional variations in feeding intensity. Healey

1982¢) found that the wei ght of stomach contents
>first ocean-year chinook in the Strait of Georgia

ranged from 0.4%-1.73% of body weight between
regions and years of sampling. Stomach contents
tended to be highest in areas where catch was
highest, suggesting that the young chinook were
congregating in good feeding areas. For commer-
cial-sizedfish, Prakash (1962) found that stomach
contents were greater off the west coast of Van-
couver Island than off the east coast during May to
September, and that contents tended to be great-
estin August (Figure 30). The percentage of stom-
achs with food was uniformly high (greater than
80%) among troll-caught fish, except for samples
from the west coast of Vancouver Island and the
Juan de Fuca Strait in September. Chinook sam-
pled from the Fraser River gillnet fishery had little
in their stomachs, and the percentage of stomachs
withfood declined from about 50%inJuly to 0%in
October. Stomach contents of chinook captured of f
the west coast of Vancouver Island and coastal
Washington during April-October 1938 ranged
from 0.1 to 63.7 g/fish (Silliman 1941). Contents
increased during the sampling period off the west
coast of Vancouver Island but decreased off the
coast of Washington (Figure 30). Silliman (1941)
found a significant relationship between salmon
troll catch and the weight of fish in the diet of
chinook. He interpreted thisto reflect therelative
attractiveness of troll lures, which mimic prey
fishes, during periods when the chinook were
feeding on fish. Finally, Merkel (1957) observed
that stomach contents of chinook off California
were least in spring and fall and greatest in early
summer (Figure 30).

Although highly variable, the data on stomach
contents suggest that chinook feed most actively
in spring and summer. They also suggest that the
best feeding periods are during July and August
off southwest British Columbiabut earlier, during
April toJune, fromWashingtonto California. These
differences in seasonal feeding patterns may, in
turn, reflect the differencesin diet along the coast
described earlier (e.g., the greater importance of
anchovy and rockfishes south of Washington and
the greater importance of herring and sand lance
north of Washington).

Ocean Growth

Healey (1980a) and Miller et al. (1983) provided
data on thegrowth of chinook salmon during their
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FIGURE 30
Seasonal changes in the weight of stomach contents' of chinook captured off
Vancouver Idand, Washington, and Cdlifornia

first summer at sea. For chinook in the Strait of
Georgia in 1976, modal size groups increased in
length by 0.75-0.85 mm/d. Chinook captured off
the Washington/Oregon coast in May-September
1980 increased in length by 1.74 mm/d. These data
must be interpreted cautiously, as there is little
likelihood that the same cohort of chinook was
sampled throughout the time series of sampling in
either study. In particular, theincrease in length of
chinook off the Washington/Oregon coast seems
high. By comparison, chinook sampled by Fisher
et al. (1984) in the same area showed little increase

in mean length (0.3 mm/d).

Loeifel and Wendler (1969) summarized the
known information on growth of chinook at sea
based on time series of samplesfrom asingleloca-
tion and on back-cal culations from scales. Figure
31, adapted from their report, represents a com-
posite picture of growth of stream- and ocean-type
races. The data suggest a definite seasonal pattern
of growth in both races, with rapid summer
growth and dow winter growth. Faster growing
fish mature at ayounger age asis clearly shown by
the back-cal culated lengths of fish that matured at
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FIGURE 31 ’
Growth curves (fork length at age) for ocean- and stream-type chinook. Letters
refer to data from different sources. (Adapted from Loeffel and Wendler 1969)

different ages (Figure 32). Grachev (1967) observed
the same pattern in Kamchatka River chinook, and
Neilson and Geen (1986) observed that age at ma-
turity was negatively correlated with the size of
chinook at the end of their first year in the ocean.
The apparent seasonality of growth (Figure 31)
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may be accentuated, therefore, by the disappear-.
ance from the ocean population each summer and
autumn of the larger members of each age class
that are returning to fresh water to spawn. Ocean- : 73
type chinook are larger than stream-type chinook
a every calendar age. This is because the stream-
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Length at annulus formation for ocean- and stream-type chinook which mature at different ages. Data from south-
eastern Alaska (), Strait of Georgia (0), west coast of Vancouver Island (A), and the Fraser River (o)

type fish grow more slowly than ocean-type dur-
ing their first year of life. Rates of growth of the
two races during ocean life are smilar (Figure 31).
Taken at face value, the available data suggest
that, for North American populations, length at
ageis greater in the south than in the north (Figure
33). Thedataare alittledifficult to interpret, how-
ever, as the Alaskan samples were from the ocean
troll fishery and include many immature fish, of
which some would befrom Fraser River, Columbia
River, and other, more southern stocks (Figures
22-24) (Parker and Kirkness 1956). Size at age of
- KamchatkaRiver chinook was similar to chinook
caught off southeastern Alaska (Grachev 1967),
whereas on the basis of |latitude | would have ex-
pected them to be more similar to Yukon River
chinook. Also, the growth rates of fish aged two to
<+ dxyearsaresimilar for al areas sampled (0.35-0.57
- mm/d). In fact, the Columbia and Sacramento
" River populations of both races had the slowest
. growth rate over the ages two to six years. The

differences in size between regions are entirely
dueto differencesin size at age 0.1 in ocean-type
chinook or age 11 in stream-type chinook. Con-
ceivably, the differencesin size at these ages could
be dueto differencesamonginvestigatorsininter-
pretation of annuli. Chinook are notoriously diffi-
cult to age from scales (Godfrey et al. 1968).
Conversely, it is possible that growth during the
first ocean year differs dramatically along the
coast. The apparently greater growth of first
ocean-year fish off the ColumbiaRiver, compared
with thosein the Strait of Georgia (see earlier), is
consistent with this explanation.

Grachev (1967) reported back-cal cul ated growth
incrementsfor KamchatkaRiver chinook spanning
23 brood years, from 1933 to 1955. The most com-
plete samples were of males representing ages 1.2,
13, and 1.4. Mean lengths in the year of migration
varied from 58.3 to 70.4 cm for fish aged 12, and
from 72.7t0 885 cmfor fish aged 1.3. Total length
was most closely correlated with the length incre-
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1 Length at age for chinook captured in the southeastern Alaska troll fishery and
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39 R
ment |aid down during the final ocean year, sug- growth, migration, and maturation in chinook.
il gesting that feeding conditions during this last Samples taken in ocean fisheries consist of repre-
"4 year at sea were most important in determining sentatives of numerous spawning stocks. The
final adult size of each age class. _ younger fish in a sample will be mainly from
L All of the above analyses of growth are incom- nearby spawning populations and the older fish,
plete and superficial becausethey do not takefully mainly from distant spawning populations. For
into account the complex interrelationships among chinook older than the age of first maturity, those
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remaining at seawill be the smaller, slower grow-
ing component of any spawning stock. Samples
taken on the spawning grounds suffer from the
opposite problem. The spawning fish in the
younger age groups will be the faster growing

members of the age class. Any model of growth for
chinook must take account of these phenomena.
Current data are inadequate for the task. More
recent tag recovery data may prove sufficient, but
these data are as yet largely unanalysed.

MATURATION AND RETURN TO SPAWN

Aswas the case with growth rate, estimating age-
specific rates of maturity in chinook isa complex
problem. Again, current data are inadequate for
the task. Three approaches have been taken to
date:

1 The proportion of each age class in samples
captured at seathat will mature in the year of
capture is determined from gonad/body weight
ratios or egg size (Rich 1925; Borque and Pitre
1972, Wright and Bernhard 1972, I1to et al. 1974;
Baranski 1979).

2 Maturity schedules are estimated from tag re-
turns (Parker and Kirkness 1956, Cleaver 1969).

3 Maturity schedules are inferred from the age
composition of spawning runs (various authors,
but see Godfrey 19685, L oeffel and Wendler 1969;
Hankin and Healey 1986).

Mature chinook captured on the spawning
groundsrangefrom 0.1 to 0.5in agefor ocean-type
stocks and from 1.0 to 2.5 for stream-type stocks.
Not all populations have all ages, however, and
most populations are dominated by a few age
classes. Two exampl esof age-frequency curveswill
suffice to illustrate the differences between sys-
tems, races, and sexes (Figure 34). In the Y ukon
River (Brady 1983), which has only stream-type

chinook, six-year-old fish of both sexes predomi-

nate in the spawning run. Males dominate the
younger ages (ages4 and 5), however, and females
the older ages (ages 7 and 8). In the Fraser River,
which has both stream- and ocean-typefish (God-
frey 1968a), four-year-old fish predominate in the
run, and this is the most abundant age class for
mal e and femal e ocean-type and male stream-type
chinook. Femalestream-typefishweremost abun-
dant at age 5. For both races, males were more

80 Yukon R.
(stream-type)
70 4 A Females

Males
60 4 @

404

1 2
804 Fraser R.

Per cent

%{ A Females (ocean-type)
\ O Males (ocean-type)
i 4 Females (stream-type)
\ ® Males (stream-type)

60+

101

1 2 3 4 5 6 7 8
Years of life

FIGURE 34
Composition by age (as a percentage) of spawning runs
to the Yukon and Fraser rivers for ocean- and stream-
type chinook

common among the younger fish, and females
among the older fish.

The average age of mature male ocean-type chi-
nook ranged from 3.02 to 3.88 years in river sys-
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tems for which comparative data exist, and from
398 to 4.32 years for mature female ocean-type
chinook (Table 7, see table for references). For
stream-type chinook, the range was from 3.69 to
5.64 yearsfor malesand from4.39to 6.12 yearsfor
females (Table 7). Thus, malesmatureat ayounger
average age than females, regardless of race. The
differencein age between males and femaleswas
small in someinstances (0.1 y) but in other instan-
cesit waslarge (1.3y) (Table 7). From the Sacra-
mento River (37°45'N) to the Nass River (55°00'N)
there was no consistent trend in the age of matu-
rity among sexes and races. There was a weak
positive correlation between age and latitude for
stream-typefemales and aweak negative correla-
tion between age and latitude for ocean-type
males, but neither correlation was significant.
North of the Nass River, however, and in Kam-
chatka, chinook appear to mature about a year
older, onaverage (Table 7). Thus, the stream-type
races, at least on ageographic scae, have alonger
generation time than the ocean-type, presumably
owing to their longer freshwater residence.

The standard deviation of age at maturity for
males ranged from 0.601 to 1.058, with no consis-
tent geographic or racial trend. For females, the
standard deviation of age at maturity ranged from
0.206 to 0.698, again with no consistent racial or
geographic trend. The variation in male age of

return was, therefore, consistently larger than the
variance in female age of return. This trend is
reflected in the high percentage of females return-
ing to spawn at a single age, compared with males
(Figure 34).

Theage composition of spawning runs provides
ameasure of the ages over which chinook mature
but gives only a rough indication of age-specific
maturation rates. These latter rates depend not
only on aknowledge of the number of mature fish
in each age group but also on the number of imma-
tures. Such data are provided by sampling popula-
tions a sea and assessing the proportion of
maturing fish in each age class, and by analysing
tag returns to estimate both mortality and matu-
rity rates.

On the basis of tag returns from Columbia River
hatchery chinook, Cleaver (1969) estimated matura-
tion rates at various ages for the 1922 brood year,
1954-55 brood years, and the 1961 brood year.
Rates of maturation ranged from 1% to 5% for chi-
nook in their second year, from 18% to 35% for
chinook in their third year, from 61% to 96% for
chinook in their fourth year, and were 100% for
chinook in their fifth year (Table 8). There was
evidence for a greater proportion of mature fish
among the youngest age groups in recent years.

On the basis of tag returns from ocean tagging
off southeastern Alaska, Parker and Kirkness (1956)

TABLE 7
Mean age (years) and standard deviation of age for mature stream- and ocean-type chinook from rivers
throughout the geographic range of the species

Mean age Standard deviation

River N. Latitude Race Mae Female Mae Femae Source

Sacramento 37°45' ~ Ocean 418 0.779 Clark (1929)

Klamath 41°30 Stream 4.40 460 0.764 0592 Snyder (1931)
Ocean 388 3% 0618 0458

Columbia 46°15 Stream 398 4.39 0.667 0547 Rich (1925)
Ocean 355 429 1088 0698

Fraser 49°15 Stream 413 456 © 0601 0563 Godfrey (1968a)
Ocean 359 4.00 0.732 0.206

Skeena 54°15' Stream 413 456 0.677 0485 Godfrey (1968a)
Ocean 347 4.19 0.827 0441 :

Nass . 55°00" Stream 369 4.82 0.876 0405 Godfrey (19684)
Ocean 302 432 0.745 0476

Taku 58°30 Stream 529 0539 Kissner (1973)

Y ukon 62°31' Stream 5.64 6.12 0.803 0425 McBride et al. (1983)

Kamchatka 56°00’ Stream 539 :

0618 Vronskiy (1972)

Note: Sexes not distinguished in Sacramento, Taku, and Kamchatka rivers
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TABLE 8
Age-specific maturity schedules (proportion maturing at age) for male and femal e ocean-type chinook
as calculated by various authorsfor various times and locations

Age
Location Year(s) Sex 2 3 4 5 Source
Columbia R.* 1922 male/female 0,009 0.181 0.7™4 1000 Cleaver (1969)
195455 male/female 0.050 0.350 0610 -
1961 male/female 0.009 0338 0.959 1000
Wash. coastt 1972 mae 0.300 " 0.700 0.990 1000 Wright & Bernhard (1972)
female 0030 0.490 0.990 1000
Puget Sd.t 197577 mae 0.120 0.480 0.950 - Baranski (1979)
female 0030 0.240 0950 -
Vancouver Is.+ 1967-70 male 0.360 0.440 0.700 - Borque & Pitre (1972)
female 0.020 0.120 0630 -
SE. Alaska* 195052 male/female - 0.320 0545 0905 Parker & Kirkness (1956)
Columbia R.1 1919 female (S8 0.000 0.000 0.770 0.960 Rich(1925)
female (0)8 0.000 0.150 0.870 1000

Notes: *Results based on tag recaptures

tResults based on ocean sampling and maturity indices
}Results based on analysis of egg size

8S - stream-type; O - ocean-type

estimated maturity rates for chinook aged three to
five years that were similar to, but slightly lower
than, Cleaver's (1969) estimatesfor 1954-55 brood
year ColumbiaRiver chinook.

Unfortunately, thetag-return dataanalysed by
Parker and Kirkness (1956) and Cleaver (1969) do
not permit separate estimates of maturity ratefor
males and females. Estimates based on maturity
indicesfor fish captured in the ocean do, however,
permit separate estimates of maturity by sex.
These estimates are consistent with the maturation
pattern established from spawning runs in that
males show a greater proportion maturing at a
younger age than do females (Table 8). Maturity
rates of 12%-36% were observed among malesin
their second year of life, aswere maturity rates of
0%-3% for femalesin their second year and 0%-49%
forfemalesintheir third year. Although two-year-

.. old jack males are common in some populations,

maturity ratesof 12%-36%for thisagegroup, asa
general proposition, are unlikely, as that would

* mean two-year-old males would be adominant age

- group among mature males in spawning runs to
. mogt riversrather than aminor component (Figure
7. 34). Similarly, two-year-old mature females are
-2 virtually unknown, andthree-year-old maturefe-
males are uncommon in spawning runsexceptina

few Oregon stocks (Nicholas and Hankin 1983); yet
the maturity rate estimatesfrom gonad size indices
(Wright and Bernhard 1972; Borque and Pitre 1972;
Baranski 1979) suggest that two-year-old mature
females should be relatively common and that
three-year-old mature females should be a domi-

"~ nant component of spawning runs. Rich's (1925)

estimates of female age-specific maturity rates,
which are based on egg size rather than gonad
size, seem much more appropriate, as they indi-
cate no maturation of two-year-old females, 15%
maturation among three-year-old ocean-type fe-
males, and high rates of maturation among four-
and five-year-old females of both ocean- and
stream-type races. Also, the patterns of maturity
among stream- and ocean-type femal es described
by Rich (1925) are consistent with the pattern
observed in spawning runs (Figure 34). Even
Rich's (1925) estimates, however, produce run age-
composition estimates that include too many
young fish in comparison with observed run com-
positions. Clearly, thereis some fundamental prob-
lem with the commonly used indices of maturity
for fish captured in the ocean, or the samplesthat
have been analysed to date are not representative
of the general maturity schedulesfor chinook. One
possible factor contributing to the apparent high
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proportion of maturing fish in the ocean samples
off southwest Vancouver Island, Washington, and
in Puget Sound may be the observation by Ito et d.
(1974) and Mgjor et a. (1978) that maturing fish
constitute a higher proportion of the nearshore
catch of chinook. However, this alone is not a
sufficient explanation for the high proportion of
maturing fish in the younger age groups, particu-
larly the observed numbers of maturing two- and
three-year-old females.

Although most chinook do not mature until they
have spent at least one summer at seg, afew male
chinook may mature without migrating to sea
(Rutter 1902; Rich 1920; Burck 1967). Such males
may mature at the end of their first summer or,
more commonly, after their second summer in
fresh water. It isgenerally the largest malesin any
sampl e that show evidence of maturity (Rich 1920).
This phenomenon is documented for the Columbia
and Sacramento rivers, but probably occurs else-
where as well. The proportion of stream-dwelling
males that become mature is unknown, but Rich

(1920) noted that 10%-12% of males in the
McCloud River, California, which were stream-
resident, matured precociougly. o
Precocious maturation of males is associated
with stream-resident populations in headwater
tributaries, suggesting that it is a characteristic of
stream-type chinook. It is not known whether pre-
cocious males contribute to reproduction, al-
though JW. Mullan (u.s. Fish and Wildlife Service,
Leavenworth, Washington, pers. comm.) suggests
that they do. They cannot always do so, however,
as some mature outside the normal spawning time
for sea-run fish. Nor is it known for sure whether
precocious males die after maturing. Rich (1920)
claimed that at least some recovered, but Burck
(1967) found that, of 259 specimens of mature pre-
cocious males that he held in a downstream mi-
grant trap, al died. JW. Mullan (u.s. Fish and
Wildlife Service, Leavenworth, Washington, pers.
comm.) suggests that most precocial age 0. males
survive whereas most precocial 1. maes die.

MORTALITY IN THE OCEAN

Estimates of natural and fishing mortality of chi-
nook are derived from several sources. Parker and
Kirkness (1956) were apparently the first to at-
tempt such an estimate. Their estimate, based on
recaptures of fish tagged off southeastern Alaska,
was 34.1% annual mortality for dl age classes.

Cleaver (1969) estimated probable values of nat-
ural mortality and maturity from recaptures of
tagged 1961-brood chinook released from several
ColumbiaRiver hatcheries. Unfortunately, matu-
rity and mortality are confounded in the data so
that it was not possible to estimate either uniquely.
According to Cleaver (1969), the most realistic solu-
tion to thejoint estimate of maturity and mortality
occurred when instantaneous annual natural mor-
tality was0.45 (36% annual mortality). Thisisvery
close to the value obtained by Parker and Kirkness
(1956).

Henry (1978) explored the mortality and matu-
rity schedules for 1961 and 1962 brood year Co-
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lumbia River hatchery chinook. His analysis
differed from Cleaver's (1969) in that he assumed a
fixed maturity schedule and calculated age-spe-
cific mortality rates. Henry's (1978) estimates sug-
gested some differences in natural mortality
between brood years and much higher natural
mortality during the first ocean year than during
later ocean years. Although these results are intui-
tively reasonable, the differencesin mortality be-
tween brood years could be an artifact of the
assumption that maturity wasfixed. There seems
to be no greater reason for assuming afixed matu-
rity schedule than for assuming afixed mortality
schedule.

Ricker (1976) reviewed all published approaches
to estimating the natural mortality rate of Pacific
salmon at sea/discussed their strengths and weak- -
nesses, and assessed their biases. The published
estimatesof natural mortality for chinook, accord-
ing to Ricker (1976), arelikely to betoo large, both
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because of tag loss and mortality of tagged fish,
and because they do not take full account of mor-
tality due to catch and release in some fisheries.
Thislatter uncontrolled mortality sourceispartic-
ularly important for chinook, most of which are
captured asimmaturefish in hook-and-line fisher-
ies, and for which there are size limits that forbid
landing small fish. At thispoint in time, it isimpos-
sible to state what is the real natural mortality rate
of chinook salmon in the ocean. In all probability,
the value is considerably less than 35% per year,
probably closer to the value of 20% per year esti-
mated to be a reasonable average for sockeye
(Ricker 1976). It is aso probable that age-specific
mortality declines with agein chinook so that most
ocean mortality occurs during the first year or two
of ocean life.

The available data are too scanty to determine
whether ocean mortality schedules differ among
populations. In addition, all of these datarefer to
. the ocean-type race so that no interracial compari-
son may be made. Parker (1962) argued that it was
logical to suppose that causes of mortality (espe-

cialy predators) were more concentrated in the
coastal zone, so that one would expect greater
mortality among salmon during their residence in
coastal waters. Parker (1962) further argued that
smaller saimon should be more vulnerable to pred-
ators and should, therefore, suffer greater mortality
than larger salmon. If these arguments hold, then
ocean mortality of ocean-type chinook should be
greater than that of stream-type chinook because
stream-type chinook enter the ocean at a large size
and move offshore quickly, whereas ocean-type
chinook enter the ocean at a small size and spend
most of their ocean life in coastal waters. Even if

their natural mortality rates do not differ substan-
tially, 1 would expect fishing mortality to be lower
for the stream-typerace, at least for stream-type
populations on the North American coast south of

central Alaska. These populations appear not to
contribute substantially to the Japanese high-seas
fishery and, because they are distributed further
offshore than ocean-type chinook, they do not
contribute heavily to the intensive coastal troll

fishery (Healey 1983).

HOMING AND STRAYING

Fish that survive to mature and return to fresh
water to spawn must select a spawning stream,
ascend it (Plate 15), and then select an appropriate
- gpawning riffle. Upstream migration of mature
chinook apparently occurs mainly during daylight
hours (Plate 16), at least for the ocean-type race
(Neave 1943). A few fish, however, domigrate up-
Stream at night.

Salmon, in general, have well-developed homing -

behaviour, apparently returning to their natal
stream to spawn with considerable fidelity. The
choice of spawningriver, tributary, and evenriffle
appears to be guided by long-term memory of
specific odours. Groveset a. (1968) demonstrated
the apparent importance of olfaction for chinook
returning to the Spring Creek Hatchery on the
Columbia River. They took chinook that had al-
ready returned to the hatchery, occluded their

olfactory or visual senses, and released the treated
(and untreated control fish) twenty or more ki-
lometres downstream and upstream from the
hatchery. Theresults of the study are summarized
in Table 9. About 49% of control fish returned to
Spring Creek from downstream releases and 37%
from upstream releases. This difference was not
statistically significant. About 23% of chinook with
their vision destroyed found their way back to
Spring Creek, significantly fewer than the control
fish(X2=28.7; p < .001). Only 6 of 193 (3%) chinook
with their nasal sacs plugged, however, returned
to Spring Creek, significantly less than either the
controls (X2 = 101.8; p < .001) or chinook with their
vision destroyed (X2 = 46.1; p < .01). Chinook with
both vision and olfaction occluded were hardly
recaptured at al, but two still found their way back
to Spring Creek. The implication of theseresultsis
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TABLE 9
Chinook captured at Spring Creek, tagged, and relased upstream and downstream from Spring Creek, and
recaptured at Spring Creek, other Columbia River hatcheries, and in river sport and domestic fisheries

Treatment ‘
Olfactory Visua Olfactory and
Control occlusion occlusion visual occlusion
Number released downstream 192 152 192 150
Number recaptured at:
Spring Creek A 6 46 2
Other hatcheries 45 27 51 1
Fisheries 1 16 0 15
Number released upstream 49 4 49 41
Number recaptured at:
Spring Creek 18 0 10 0
Other hatcheries 8 1 4 3
Fisheries 1 2 2 3

Source: From Groveset al. (1968)

that both olfaction and vision are important in
selection of home stream, but that olfaction is by
far the more important sense. In a related study,
Haraet al. (1965) demonstrated an el ectrophysio-
logical response of the ol factory bulb of chinook to
infusion with home-stream water, implying recog-
nition of home-stream odour. The interpretation of
electrophysiological results has been cast into
doubt, however, by Bodznick (1975) who could
find no correlation between the electrophysiologi-
cal response and the actual migratory behaviour of
sockeye salmon.

Quite a large number of the fish released by
Groves et al. (1968) were recovered at hatcheries
other than Spring Creek, even among the control
fish. These cannot be regarded as true strays, how-
ever, as most of the hatcheries were operating
weirs, and once the fish had entered a hatchery
stream, they could not get out. Thus, the fish were
unable to correct any mistakes in homing. Sim-
ilarly, thefish originally selected for the study had
been "trapped" by a weir at Spring Creek, and
some may not really have been Spring Creek fish.

More representative data on straying are pro-
vided by Rich and Holmes (1928) and McIsaac and
Quinn (1988), who reported on the return of
adults, which had been tagged as fingerlings, to
various ColumbiaRiver hatcheries and tributaries.
None of the fish investigated by Rich and Holmes
(1928) was released into a tributary from which its
parents had come, whereas Mclsaac & Quinn

(1988) investigated return rates for transplanted
and resident fish. Although al recoveries were
made within the Columbia River, Rich and Holmes
(1928) found that stream-type chinook showed
rather poor fidelity to their particular release tribu-
tary. Ocean-type chinook, on the other hand,
showed very strong fidelity to their release site.
Mclsaac and Quinn (1988) found that chinook from
an upriver population transplanted to the Bonne-
ville Hatchery returned poorly to the hatchery and
that many recaptures came from well upstream.
Control fish, by contrast, homed faithfully. Rich
and Holmes (1928) suggested that their results
implied a contribution of both heredity and learn-
ing to homing behaviour, but also that the suitabil-
ity of the release tributary for chinook was
important. It may also be the case that the time of
imprinting to home-stream odour of stream-type
chinook isdifferent fromthat of ocean-type. Since
stream-type fish undergo several in-stream migra-
tions during their freshwater life, imprinting to the
home stream may occur very early, whereas ocean-
type fish may delay imprinting until just before
ocean migration. Thus, stream-type fish reared for
several weeksin ahatchery before being released
into atributary may not imprint to the tributary.
Mclssac and Quinn's (1988) results, however, sug-
gest much more strongly that heredity is impor-
tant.

Detailed information on straying of ocean-type
chinook isgiven by Quinn and Fresh (1984) for fish
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fromthe Cowlitz River Hatchery on the Columbia
River drainage. These authors found that home-
stream fidelity among four brood years of chinook
averaged 98.6%, and that most strays were from
spawning areas close to the Cowlitz River. Ten
chinook, however, were recovered from spawning
areas in Puget Sound and the Juan de Fuca Strait.
Such long-distance strays, although few in
number, could have important consequences for
the genetic composition of regional spawning pop-
ulations. In contrast to the results for the Cowlitz
River, Uremovich (1977) reported considerable
straying of Elk River hatchery chinook into the
adjacent SxesRiver.

Among the categories of chinook returning to
the Cowlitz River, older chinook strayed more than

younger chinook, and males that had spent only
one summer at sea were the most faithful of all.
These males also returned to the river later in the
season than older age classes. The proportion of
strays varied among brood years, and the amount
of straying appeared to be related to brood year
success. Higher straying was observed among
brood years with the poorest overall returns, sug-
gesting that conditions that were poor for survival
were aso poor for home-stream fidelity (Quinn
and Fresh 1984). Such a behaviour pattern could
be coincidental. It could aso be a mechanism to
provide for wide distribution of spawners during
poor survival years. Uremovich (1977) aso re-
ported variation in straying between years but
offered no explanation.

CONCLUDING REMARKS

This completes my summary of life history obser-
vations on chinook. Throughout, | have highligh-

ted the degree of variation among chinook

populations, and, in particular, the important dif-
ferences between the stream- and ocean-type ra-
ces. In my view, there is a sufficient basis for
separating the species into these two races. As was
outlined in Figure 1, the races are distinguished by
fundamental ecological differencesin(1)thegeo-
graphic distribution of their spawning popula-

tions; (2) the duration of their freshwater residence -

as juveniles prior to seaward migration and as
adults prior to spawning; (3) their oceanic distri-
bution and dispersal; and (4) timing of their
spawning migrations. There is aso evidence for
genetic segregation between these life history
types (Healey 1983, Carl and Healey 1984), for
morphol ogical differencesbetweenjuveniles(Carl
and Healey 1984), and for the inheritance of migra-
tory timing (Rich and Holmes 1928).

Assuming that there are two races of chinook
salmon, one must then ask how these could arise
and how they could persist when the races are
sympatric. |f it were only the casethat stream-type
chinook occurred in the headwater tributaries of -

the larger rivers, then one might presume that
stream-dwelling behaviour had arisen indepen-
dently in each river and was maintained through
disruptive selection (Merrell 1981). The environ-
mental heterogeneity producing ocean- and
stream-typejuvenilelife history patterns could be
related to a critical time of arrival in the ocean,
such as that suggested by Walters et a. (1978) for
pink and chum fry fromthe Fraser River. If sucha
critical time period existed, it could render sea-
ward migration from the headwaters impractical
during the first summer because the length of time
required for the young fish to grow to smolt size
and traverse the river would bring them to sea at a
bad time. The spring and summer redistribution
migrations of stream-type chinook within theriver
system correspond in timing with the spring and
summer seaward migrations of ocean-type chi-
nook. These within-river dispersals of the stream-
type race could be the remnants of the seaward
migratory behaviour of the ocean-type race, and
suggest that one type may be derived from the
other. Some stream-type populations may, in fact,
have arisen through disruptive selection in ocean-
type populations. In many instances, the different
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ocean distributions of stream- and ocean-type chi-
nook, their different migratory behaviour whileat
seq, and the particular geographic distribution of
their spawning populations argue against such an
explanationfor theorigin of stream-type chinook.
Recent information on genetic differentiation
among populations of chinook, however, does not
always revea patterns consistent with a segrega-
tioninto stream- and ocean-typeraces (Gharrett et
al. 1987; Utter et a. 1989, Winans 1989). -

An alternative explanation is that stream-type
chinook developed (or persisted) in the Bering
refugium, Or on the Asian coast, during the last
glaciation, whereas ocean-type chinook devel oped
(or persisted) south of the glaciation on the North
American coast. With the retreat of the ice, both
races could have expanded to occupy their present
distributions. Gharrett et a. (1987) suggested that
the genetic composition of chinook populations
supportsthisinterpretation. For this explanation
to hold, however, selection gradients or reproduc-
tive isolating mechanisms must be sufficient to
prevent introgression in the natural populations,
at least where they are sympatric. It is aso neces-
sary to postul ate some barrier preventing signifi-
cant invasion of the ocean-type race north of 56°N.
Conditions in the freshwater environment might
providesuch abarrier if, for example, riverineand
estuarine productivity and temperature were too
low to permit chinook to reach a critical size for
smolting during their first summer. Riverinetem-
peratures, at least during the summer growing
season, however, appear adequate for good growth
(Healey 1983). Although | am confident that the
explanation for the absence of ocean-type chinook
north of 56°N liesin the trade-off between survival
and growth for small chinook in theriver versusin
the ocean, the precise mechanism preventing
northward invasion of ocean- type chinook is not
apparent.

These possible explanations, and others, for the
existence of stream- and ocean-type chinook need
tobecritically tested, and they offer an opportu-
nity for fruitful researchinto the evolution of Pa-

cific salmon. There is no doubt, however, that

Pacific salmon havethe capability to adapt quickly
to new opportunities. The recent appearance in
the Great Lakes of spring-spawning chinook,
which must have devel oped from the fall-spawn-
ing introduced race, attests to this (Kwain and
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Thomas 1984), as does the development of even-
year runs among pink salmon from a single odd-
year release into the Great Lakes (Kwain and
Chappel 1978).

Segregating the species into stream- and ocean-
type races accounts for only a small part of the
interpopulation variationin chinook. Thereisaso
considerableinterpopulation (within race) and in-
trapopulation variation that requires explanation
(Healey and Heard 1984). Interpopulation varia-
tion includes (1) differences in the proportion of
the population migrating seaward at different ages
(fry or fingerlingsfor ocean-typechinook, one- or
two-year-old smoltsfor stream-type); (2) differen-
ces in the proportion maturing at each reproduc-
tive age, (3) differences in growth; and (4)
differencesinfecundity. Intrapopul ation variation
involves the same population attributes and leads
to avariety of life history tactics within any popu-
lation. Variation in length of riverine and estuarine
residence has attracted considerable attention and
has been interpreted as reflecting life history adap-
tation (Rich 1925, Reimers 1971, Healey 1980b,
1982b; Levy and Northcote 1981). Differences in
the relative length of riverine and estuarine resi-
dence by chinook in the Sixes River, Oregon, led
Reimers (1971) to postul atefivelife history types of
chinook in that system. From analysis of adult
scales, Reimers (1971) concluded that only one of
these life history types contributed most to the
spawning population in the Sixes River. Healey
(1980b, 1982b) recognized two distinct behaviour
patterns among ocean-type chinook in Vancouver
Island rivers: migration to theriver estuary imme-
diately after fry emergence in the spring, and mi-
gration to the estuary four to six weeks after

" emergence. A

The existence of this degree of variation indi-
cates considerable plasticity in the species.
Whether this plasticity is a conseguence of genetic

. polymorphism, or is largely environmentally in-

duced, remains to be demonstrated. Carl and Hea-
ley (1984), however, found genetic differences

“between fry and fingerling migrants in the Na-

naimo River on Vancouver Island, suggesting a
genetic basis for the two behaviour patterns of - -
ocean-type chinook recognized by Healey (1980b, - -
1982h). L

Despite the apparent biological and ecological
plasticity of the species, the possibility that many




Life History of Chinook Salmon

populations may be specifically adapted to local
conditions cannot be discounted on the basis of
present evidence. Such adaptation could have pro-
duced unique gene pools in some instances
through the fixation of successful mutations.
Given theintrapopulation variability of chinook,
however, it seems more likely that local adapta-
tions are due to the devel opment of effective gene
combinations rather than to fixation of mutations.
Furthermore, it suggests that chinook should be
able to adapt rapidly to new situations. The suc-
cess of hatcheries in producing chinook on the
Pacific coast, and the success of chinook trans-
plantsto New Zealand, Chile, and the Great Lakes

testify to the adaptability of the species.

The extent of intrapopul ation variation further
suggests a degree of "bet hedging" in the life his-
tory strategy of the chinook salmon (Stearns 1976).
Such atactic may bevery appropriate for a species
like chinook, which occursin many smal, possibly
locally adapted, spawning populations. Having a
variety of life history tactics would serve to spread
the risk of mortality across a number of habitats
and thus reduce the probability of completefailure
of a year class. Indeed, this strategy may partly
explain why chinook have been able to persist in
the face of continued heavy fishing pressure and,
in some systems, significant habitat modification.
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