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SYSTEMS MODELING OF SOCKEYE SALMON IN THE WOOD RIVER LAKES

(Annual Report for the Period July 1, l97~ through June 30, 1975)

INTRODUCTI ON

The production of sockeye salmon in the Wood River lakes has
declined significantly since the beginning of commercial fishing in
the late l8O0~s. The causes of this decline and methods of increasing
the present production have been the major objectives of a research
program by the Fisheries Research Institute since its inception in
l9~6, The results of this research point to three components which
limit or control the production of sockeye salmon in the biological
system in which they occur at present in the Wood River lakes. These
components are: (1) the amount of spawning area available, (2) the
food-producing capacity of the lakes, and (3) predation, especially
by Arctic char and humans. These biological components could be
modified by man; however, the biological system is affected by
largely uncontrollable and usually unpredictable climatological con
ditions. An understanding of the effects and the interactions of
effects of the factors which control the abundance of the Wood River
sockeye is needed to provide a rational basis for management of the
system.

In the first year of this project, we examined the relationships
between the abundance of spawners (escapement) and their returning
adult progeny because the spawner-return relationship has formed the
basis for past management of the Wood River stock.1 Regulation of
fishing mortality to obtain Itoptimum escapementstt to the lake system
is unlikely to result in increased abundance of the stock. The
relationship between abundance of spawners and abundance of adult
progeny, although highly variable, appears to have shifted downwards
during the history of the fishery. Small to medium escapements pro
duce fewer adults now than they did before, whereas large escapements
still only produce average numbers of adults. The abundance of spawn
ing populations (races) within each lake in the system tends to be
correlated but there is frequent lack of correlation in the runs to
the lakes. The nursery areas for fry (the lakes) are thus indicated
as a major limiting factor to the production of adults.

‘Systems Modeling of Sockeye Salmon in the Wood River Lakes.
Annual Progress Report - Anadromous Fish Project. FRI-UW-7’406.
June l97~.



The declines in the Wood River runs were probably caused by one
or more of the following: (1) occasional large escapements which
exceeded the spawning and rearing capacity of the system, (2) in
creased mortality on juveniles as a direct result of increased abun
dance of Arctic char and an indirect result of a decreased growth
rate, (3) decreased productivity of the lakes (food producing capac
ity), and (‘-f) the selective mortality imposed by the commercial gill-
net fishery. The best means of increasing production in the Wood
River stock is through management of the freshwater environment of
the juvenile fish. The techniques for this management should follow
from an understanding of the mechanisms which influence or regulate
their growth and survival. The objectives of this report are to
examine the interrelationships among growth, survival, and effects of
the physical environment.

METHODS

The annual abundance of spawners in each of the Wood River lakes
has been estimated each year since 1951 according to the method of
Gilbert (1968). The number in each lake is estimated from tower
counts in Wood River and aerial surveys of the spawning grounds. Po
tential egg deposition was estimated from the sex ratio and mean
length in the Wood River escapement and the ocean age composition of
females on the spawning grounds in each lake. Two regressions were
used to estimate the average number of eggs from the average lengths
of 2-ocean and 3-ocean fish in each year’s escapement.

The abundance o±- juveniles in the lakes has been estimated during
late August to early September each year since 1958. Population
estimates of pelagic fish are made from townet sampling and echo—
sounding (Rogers, 1967). A major assumption in these estimates of fry
production is that the fry are completely available (occupy the
pelagic region) to the tow net and/or echosounder. This assumption was
probably invalid in 1971 and 1972 when the fish were still concentrated
inshore during late summer.

The annual growth or the size of the fry in late summer (Septeni
her 1) has beers calculated from mean lengths in townet samples and
growth rates in Lake Aleknagik that are estimated from periodic beach
seine sampling during June—August (Rogers, 1973). Mean weights of
juveniles on September 1 were calculated from mean lengths and a weight—
length regression.

Each of the major lakes and lake basins (Nerka) are divided into
three sampling areas (Fig. 1). Dimensions of these areas are given in
Table 1. Estimates of abundance and size are made by sampling area
and an estimate for a lake is either the sum or the weighted mean of
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the area estimates. Although the main objectives of this report are
concerned with parameters of lake and lake system populations, I have
included statistics by area as well because both growth and abundance
vary within some cf the lakes in a consistent manner. These sta
tistics are given in Tables 2—10. Although the boundaries of the
sampling areas are somewhat arbitrary with respect to the distribu
tion of fish, fry are usually most abundant in the area with the most
spawning area and growth is usually poorest in the same area.

Statistics on abundance and growth were examined for each lake,
for combinations of adjacent lakes, and for the lake system by re
gression methods. Data were first plotted (scatter diagrams) and an
appropriate regression model (e.g.,linear or polynomial) was determined
from these plots.

RES ULTS

The population estimates (number and weight) are given by lake
in Table 11. The average biomass of pelagic fish was greatest in Lake
Aleknagik primarily because of the greater abundance of threespine
stickleback in the lake (Table 12). The density of pelagic fish was
greatest in Little Togiak Lake even though the absolute abundance is
small in this lake because of its small size relative to the other
lakes.

The annual statistics on sockeye salmon abundance (adults and
juveniles) and size are given by brood year and lake in Table 13.
The survival rates for potential eggs to Fry (about September 1) and
for fry to returning adults are given in Table l’l. The returns from
the 1969 brood year are preliminary and estimates of -the return of
six—year old fish in 1975 were included in calculating the survival
from fry to adults for this brood year.

Relationship Between Eggs and Fry

The relationship between the number of fry produced (late summer)
and the number of eggs in the parent escapement was approximately
linear for each of the lakes in the system. The data from Lakes
Beverley and Kulik were combined because of the significant correla
tion in annual escapements and fry abundance in these lakes. A linear
modal (Y bX) is shown in Fig. 2, (polynomial regressions were not
statistically significant). Survival from eggs to fry was greater in
Aleknagik than in the other lakes; however, this higher survival may
be partly the result of a higher availability of fry to the tow—net
sampling in Lake Aleknagik as compared to the other lakes. The re
lationship in Lakes Beverley, iKulik, and Nerka might better be
modeled by some logistic type of curve, e.g., curving upwards at low
numbers of eggs and downwards ac high numbers of eggs.
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The growth of fry during the summer is partly density depend
ent. As the density of eggs and fry increases the size of the fry
by September 1 decreases (Fig. 3). The relationship between growth
and abundance is probably asymptotic at the extremes of density; how
ever, in the range of 2 to 10 million eggs per square kilometer of
lake area, the size of the fry decreases approximately linear with
increasing density of eggs. At low densities of eggs, the fry tend
to be smaller in the upper lakes (Beverley and Kulik) whereas at high
densities the fry tend to be larger in these lakes than in Lakes
Aleknagik and Nerka. The upper lakes have a shorter ice—free period
and probably produce less food for sockeye fry; however, the popula
tions of threespine sticklebach (main competitors with sockeye fry)
are not as dense in these lakes as in Lake Aleknagik.

As a result of the density-dependent growth the relationships
between the weight (biomass) of fry produced and the number of parent
eggs were curvilinear (Fig. 4). The relationships were similar among
the lakes with the exception of Lake ALeknagik where the maximum bio
mass was produced at an intermediate abundance of eggs.

The factors which control the survival from eggs to fry were
sought by multiple regression (partial correlations with the fry—egg

regressions) and correlation analysis between measurements of the
physical environment and estimated survivals. The only significant
correlation found was that between survival and the average air
temperature during the winter following spawning and this was statis-
tically significant only for data from Lakes Beverley and Kulik.
Spawning in these lakes occurs primarily along the beaches. Very cold
winters probably result in poorer survival because of the freezing
of eggs. This would most likely occur when the density of spawners
was relatively high and much of the spawning would take place in
shallow water, i.e., higher on the beach and more exposed to freezing
at the lower winter water levels. The relationship between survival
from eggs to fry and the average air temperature in December-January
(measured at Dillingham) is shown in Fig. 5. Observations from years
of low escapements (every fourth year) were excluded because no cor
relation was evident for these years.

Relationship Between Fry and Adult Return

The relationships between the number of adults produced and the
number of fry were similar to those for the number of adults and bio
mass of fry (Figs. 6 and 7). The relationships appeared nearly linear
for the upper lakes of the system and curvilinear for the other lakes.
The maximum adult return occurred near the maximum abundance of fry
that has been observed in each of the lakes. Thus, since 1958, the
fry populations in the lalces in late summer have usually been within
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the carrying capacity of the lakes (egg to fry relationships) and at
the highest abundance of fry there has been only a slight decrease in
the production of adults.

There were statistically significant correlations between the
survival from fry to adults and the mean weight of fry for all lakes
except Lake A]eknagik (Fig. 8). Although the correlations were small
(.l’+, .59, 73) there was evidence that the growth of the fry had
some effect on their ability to survive. The importance of the fry’s
size to its ability to avoid predation (primarily by Arctic char)
would be greatest for those populations farthest from the outlet cf
the lake system, because in migrating out as smolts they would be
more subjected to predation than smolts migrating from Lake Aleknagik
(Rogers, Gilbertson, and Eggers, 1972).

The growth of the fry or their size at the end of their first
summer also affects their age at smoltification. The sockeye salmon
in the Wood River system migrate to sea predominantly as yearlings;
however, when fry populations are large and hence growth is poorer
than average, some of the fry will holdover another year and migrate
as tw&-year—olds. The advantage in survival that two—year—old smolts
would have from their larger size is apparently lost because of the
added mortality during their extra year in the lakes. The relation
ship between the number of adults produced (ages 2.2 and 2.3) and the
numbE~r of yearlings in the lakes appears curvilinear (curving upwards
with increasing abundance of yearlings) in Figs 9.

SUMMARY

Mathematical models were used to approximate the relationships
between the abundance of sockeye salmon at various stages in their
life history. Simple models, e.g., linear and second degree poly
nornical, were used because the amount of data (13 years) did not seem
to justify more complex models. There was considerable variation
around the lines or curves that were used to describe the statistical
relationships between abundances. Much of this variation is likely
associated with sampling error in estimating the abundance of fish.
Nevertheless some apparently significant differences were evident
between lakes in the Wood River system. These differences in pro
duction at various freshwater stages in the sockeye life history can
be used in choosing alternative methods of management in the lakes,
e.g., predator control, fertilization, and incubation systems.

The statistics for the lake system are primarily determined by
those for the largest lake (Nerka). The relationships shown in Fig. 10
are thus similar to those for Lake Nerka; however, the number of fry
produced in the lake system was not linear with the number of parent
eggs as was the case for individual lakes. The number of fry produced
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decreased slightly at high abundance of parent eggs. Growth decreased
with an increase in abundance, therefore the biomass of fry produced
decreased sharply when the abundance of eggs exceeded the average for
recent years.

The number of adults produced was proportional to the number of
fry in the lake system c~ihen the number of fry was less than average,
but there was no increase in the number of adults produced when fry
abundance was high. The number of adults was more closely correlated
with the biomass of fry than with the number of fry and th~ returns
declined at a lesser rate with a high biomass of fry than they did
with a high number of fry.

The production of adult sockeye salmon in the Wood River lakes
is peesently limited by (1) the amount of spawning ground, e.g., mainly
lake Aleknagik where there is a high proportion of creek spawning,
(2) predatior~ during lake residence and seaward migration, and (3)
growth conditions in the lakes which affect the age and size at seaward
migration and -thus the early marine survival. Historically the escape
ments were no larger than at present and it is unlikE~ly that the
amcunt of spawning area has decreased; therefore, the decline in the
abundance of adults in the Wood River system is probably the result of
a decrease in growth conditions (primary and secondary productivity)
and an increase in freshwater mortality that most likely was caused by
an increase in the abundance of Arctic char. Studies of the food pro
duction (insects and zooplanktori) and the predators (nainly char) in
the lakes are needed to provide a basis for management to increase the
Wood River sockeye runs.
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Table L Physical data by sampling area for the Wood River
lake system

Surface Volume Total Mean
area 0-20 m volume depth

Lake Area (km2) (km3) (km3) Cm)
~

Aleknagik A 22.8 0.3691 1.1900 52.19
B 32.6 0.5183 1.8098 55.52
C 27.6 0.3536 0.6196 22.45

South Nerka A 20.2 0.3283 0.9741 48.02
B 20.). 0.3094 0.6697 33.32
C 23.0 0.3364 0.6581 28.61

Central Nerka A 9.4 0.1674 0.8086 86.02
B 22.1 0.4007 1.4498 65.60
C 19.8 0.3379 0.7876 39.78

North Nerka A 32.3 0.5214 1.2615 39.06
B 31.1 0.4880 0.8818 28.35
C 23.0 0.2724 0.3426 14.90

Little Togiak A 1.7 0.0242 0.0298 17.53
B 1.8 0.0272 0.0575 31.94
C 2.5 0.0369 0.0886 35.44

Beverley A 25.8 0.4640 2.0176 78.20
B 26.4 0.4661 1.5723 59.56
C 37.8 0.5392 1.3487 35.68

Kulik A 13.1 0.2290 0.9201 70.24
B 17.4 0.3172 1.6378 94.13
C 14.5 0.2426 0.8996 62.04
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Table 7. rU-ratios from analysis of variance of geometric mean catch
by area and year (y = iog~0C+i) 1958—1972

---*~

Sockeye salmon, Sockeye salmon, Threespine
a~e 0 age I stickleback

Lake Area~ Areas Years Areas Years
~*

Aleknagik 0.8 6,8~ 0.2 55.5~ 1.6 10.0~

South Nerka 4. 2~ 4 9~ 2 • 9 9. 3~ 3 .4~ 6.

Central Nerka 17. 7~ 5. 0~ 0.9 4• 5~: ~ 7’” 5.

North Nerka 1.2 4.1~ 2.1 5.5~ 3.3 1.7

Little Togiak 2.5 4.4~ 2.7 4.3~ 4•7* 1.9

Beverley 11.l~ 11.8~ 3.9w 12.3~ 3.3

Kulik 1.4 3~t~ 0.9 10.2~ 1.0 3.1~

‘d,f. = 2,28,
2d.f. = 14,28.

,~~Significant at 5%.
‘“‘Significant at 1%.
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Table io. Geometric means of population estimates (millions)
by lake area, 1058-1972

---~~~

Sockeye_salmon Three ____

Lake Area Age 0 Age I Age 0 Age I Age 11+
.•. .,._ •.•~ .•_ ,--~ ~ _•.•.~ •. _~.__~~

Aleknagik A 2.39 0.23 0.34 2.20 1.65

B 3.99 0.32 0.31 3.23 3.65

C 3.37 0.20 0.30 2.09 3.55

South Nerka A 1.62 0.32 0.01 0.23 0.43

B 1.33 0.16 0.01 0.23 0.48

C 0.75 0,17 0.01 0.17 0.35

Central Nerka A 0.28 0.08 0.00 0.07 0.15

B 1.31 0.20 0.00 0.35 0.38

C 1.20 0.14 0.01 0.37 0.41

North Nerka A 3.05 0.12 0.20 0.62 0.62

B 4.09 0.05 0.11 0~59 0.55

C 1.88 0.05 0.02 0.72 0.84

Beverley A 2.53 0.28 0.01 1.07 1.20

B 1.29 0.21 0.01 0.58 0.71

C 1.34 0.21 0.05 0.79 1.46

Kulik A 1.15 0.18 0.00 0.19 0.35

B 1.22 0.20 0.00 0.27 0.69

C 2.80 0.35 0.00 0.14 0.82

Little Togiak 1,19 0.19 0.01 0.22 0.66
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Table 12. Average biomass (metric tons) of pelagic fish in the
Wood River Lakes, 1958 through 1972

Sockeye salmon Threespine stickleback

Lake Age 0 Age I Sum Age 0 Age I Age 11+ Sum Total

Geometric mean biomass

Aleknagik 15.3 1.2 16.5 0.1 3.8 13.5 17.4 33.9

South Nerka 6.1 2.0 8.1 0.0 0.2 1.4 1.6 9.7

Central Nerka 4.6 1.7 6.3 0.0 0.3 0.7 1.0 7.3

North Nerka 16.6 0.7 17.3 0.0 1.2 2.6 3.8 21.1

Beverley 6.3 1.2 7.5 0.0 0.9 4.5 5.4 12.9

Kulik 8.2 1.0 9.2 0.0 0.2 2.4 2.6 11.8

Little Togiak 1.3 0.5 1.8 0.0 0.1 0.9 1.0 2.8

Relative biomass
(metric tons per km2 of surface area x 100)

Aleknagik 18,4 1.5 19.9 0.1 4.6 16.3 21.0 40.9

South Nerka 9.6 3.2 12.8 0.0 0.3 2.2 2.5 15.3

Central Nerka 9.0 3.3 12,3 0.0 0.6 1.4 2,0 14.2

North Nerka 19.2 0.8 20.0 0.0 1.4 3.0 4.4 214.4

Beverley 7.0 1.3 8.3 0.0 1.0 5.0 6.0 14.3

Kulik 18,2 2.2 20.4 0.0 0.4 5.3 5.8 26.2

Little Togiak 21.7 8.3 30.0 0.0 1.7 15.0 16.7 46.7
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Fig~.1. Map of the Wood River lake system, showing sampling areas
(A,B,c).
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