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Abstract

Reduced fishing after the 1989 Exxon Valdez oil spill in Prince William Sound, Alaska, contributed to exceptionally large
numbers of sockeye salmon spawners up to 860 km from the spill site. We measured annual scale growth of adult sockeye
salmon from four affected populations, 1970-1997, in order to test the hypothesis that large spawner densities can have
multi-year effects on juvenile size and subsequent adult abundances as a result of intraspecific competition among juveniles in
the nursery lake. Sockeye salmon scale growth in fresh water was significantly reduced by the large 1989 spawner densities in
the Kenai River system, Red Lake, Akalura Lake, butnot Chignik Lake. Scale growth in the three affected systems recovered to
previous levels 24 years after the ol spill, but subsequent moderately high spawner densities led to exceptionally low growth.
Juvenile salmon growth was negatively related to parent spawners, spawners from the next brood year (second season in lake),
and spawners from the previous brood year. Multi-variate time series analyses indicated adult sockeye salmon abundance
increased with greater numbers of parent spawners, but decreased as a result of either large numbers of spawners in the
previous year or small juvenile salmon size. These results indicate sockeye salmon spawners can affect juvenile growth and
adult production of adjacent year classes. Implications for stock-recruitment modeling and spawner density management are
discussed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction 1993) and interfered with Pacific salmon fisheries in
Prince William Sound, Cook Inlet, Kodiak and Chig-

The Exxon Valdez oil tanker ran aground in Prince nik (Fig. 1). Oil on the water surface led to reduced
William Sound on March 24, 1989, spilling approx- fishing that allowed large numbers of sockeye salmon
imately 258,000 barrels (42 million liters) of crude (Oncorhynchus nerka Walbaum) to reach freshwa-
oil. During the following month, approximately 25% ter spawning grounds. In the Kodiak Island area,
of the oil exited Prince William Sound (Wolfe et al., about 768,000 sockeye salmon entered into Red Lake

(Ayakulik), approximately three times the manage-
e - ment goal of 200,000-300,000 fish. At Akalura Lake,
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Fig. 1. Map of the study area showing locations of Exxon Valdez oil spill in Prince William Sound, Glacier Bay oil spill in Cook Inlet

and the sockeye salmon populations described in this investigation.

an estimated 1.33 million sockeye salmon entered
into the Kenai River system, approximately 2.5 times
the management goal of 400,000-700,000 fish. The
great numbers of salmon entering the Kenai system
in 1989 followed large spawner densities during 1987
(1.3 million fish) and 1988 (0.84 million fish). On the
Alaska Peninsula, about 860 km from Prince William
Sound, the presence of oil in and near Chignik La-
goon led to a density of 557,000 sockeye salmon in
Chignik Lake, more than twice the management goal
of 250,000 fish.

Alaska Department of Fish and Game (ADFG) bi-
ologists expressed concern that exceptionally large
1989 spawner populations would lead to low returns of
adult salmon. Large spawner abundances can lead to
overcrowding of the spawning grounds or to reduced
growth in the nursery lakes if spawning grounds are
not limiting juvenile abundance (Ricker, 1954). Field
studies after the oil spill indicated that large numbers
of subyearlings were produced by the spawners and
the investigators hypothesized that intense competition

for prey in the nursery lakes may have a prolonged ad-
verse effect on sockeye growth and survival (Schmidt
et al., 1994, 1996; Swanton et al., 1996).
Observations of density-dependent growth of sock-
eye salmon in lakes (Burgner, 1987; Bugaev et al.,
1994) are important because larger juvenile salmon
typically experience higher survival at sea (Koenings
et al., 1993). Past studies of density-dependent growth
focused on effects within the large year class of
progeny produced by parent spawners, although
Eggers and Rogers (1987) reported that peak-cycle
year abundances of sockeye salmon in Iliamna Lake,
Alaska, affected first year growth of juveniles from the
post-cycle year class. The concept of a large spawner
density having an effect on multiple year classes of
sockeye salmon has not been investigated except for
field studies initiated after the Exxon Valdez oil spill.
The objective of this investigation was to test
whether the large sockeye salmon spawning popula-
tions in 1989 led to reduced growth of their progeny,
the progeny of subsequent spawning populations, and
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yearlings of the previous brood year that co-inhabited
the lakes. Additionally, the effect of these interactions
on adult sockeye salmon returns was examined. To
test the concept of interaction between broods, we de-
veloped a long-term index of annual sockeye salmon
growth in selected watersheds using measurements
of sockeye salmon scales. Length of juvenile sock-
eye salmon is correlated with scale radius (Clutter
and Whitesel, 1956; Fukuwaka and Kaeriyama,
1997; Ruggerone and Rogers, 1998) and scales have
been used to describe sockeye salmon growth in
lakes (Henderson and Cass, 1991; Bugaev et al.,
1994).

2. Methods

Historical collections of adult sockeye salmon
scale impressions were obtained from ADFG for the
four stocks receiving large spawner densities during
1989 and two stocks receiving average spawner den-
sities (Table 1). The latter two stocks were used to
observe whether stocks receiving average spawner
densities experienced similar scale growth during and
after 1989. Both of the control stocks were within the
oil spill area but the runs were small and harvest man-
agement was able to control spawner densities. Scales
from sockeye runs during 1970-1997 were mea-
sured when available. Only scales from the dominant
age group of each stock were selected for measure-
ment.

Scales were collected from adult sockeye salmon
that recently entered fresh water or were near the
natal stream in order to minimize potential mixing
with other stocks. Chignik and Black Lake sockeye
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salmon scales were collected in Chignik Lagoon.
Chignik Lake sockeye were sampled during August
when no Black Lake sockeye salmon are present,
whereas Black Lake sockeye were sampled prior to
June 20 when relatively few age 1.3 Chignik Lake
sockeye salmon are present (Dahlberg, 1968). Age 1.3
refers to sockeye salmon that spent one winter in the
lake and three winters in the ocean. Sockeye salmon
typically spend one or two winters rearing in fresh-
water nursery lakes, followed by two or three winters
rearing in the North Pacific Ocean. Growth rate may
affect freshwater and marine age, i.e., smaller sockeye
salmon will tend to spend an additional year in the
lake or ocean but will smoltify or mature at a larger
body size (Rogers, 1987; Burgner, 1987).

Scales were selected for measurement only when:
(1) we agreed with the age determination previously
made by ADFG; (2) the scale shape indicated the scale
was removed from the “preferred area™; (3) circuli
were clearly visible and not affected by scale regen-
eration. Up to 100 scales per year, representing equal
numbers of male and female salmon were measured
from each stock.

Scale measurements followed procedures described
by Davis et al. (1990). Scales were measured with
the Optical Pattern Recognition System (Model
OPRS-512, BioSonics Inc., Seattle) at a magnification
of 113x (freshwater growth) or 56 (marine growth).
These magnifications allowed for minimum distances
between adjacent measurements of 4.7 p. (<lmm
juvenile fish length) for freshwater growth and 9.5 p
for marine growth. The measurement axis was de-
termined by a perpendicular line drawn from each
end of the first salt water annulus. Scales were mea-
sured from the scale focus to the outer edge of each

Table 1

Characteristics of investigated sockeye salmon populations, including the percentage change in spawner density associated with the 1989

oil spill

Sockeye stock Age Years sampled Spawning density, ~Mean spawners Change  Management
1989 (1000s) prior to large (%) goal (10005s)

escapement (1000s)

Kenai River system  Age 1.3 1972-1997, excluding 1975 1333 368 262 400-700

Akalura Lake Age 2.2 1986-1997 116 18 539 40-60

Red Lake Age 2.2 1970-1997, excluding 1972 768 220 226 200-300

Chignik Lake Age 2.3 1970-1997 583 309 89 250

Kasilof River system Age 1.3  1971-1997 150 178 -16 150-250

Black Lake Age 1.3 1970-1997 384 469 -18 400
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freshwater annulus (FW1, FW2), spring plus growth
(FWPL), each ocean annulus (SW1, SW2, SW3), and
to the edge of the scale (SWPL) if resorption was not
significant.

Scale measurements were compared with spawner
and adult salmon return statistics (brood tables) main-
tained by ADFG (Tobias and Tarbox, 1999; Swanton,
C., Owen, D., ADFG Kodiak, pers. commun.), and
seasonal air temperature data recorded at King Salmon
and Cold Bay weather stations operated by the Na-
tional Weather Service. Air temperature is important
to juvenile sockeye salmon rearing in lakes because it
influences date at which ice leaves the lakes, the length
of the growing season, and it is correlated with wa-
ter temperature during ice-free months (Rogers, 1973;
Edmundson and Mazumder, 2001). Adult salmon re-
turns described here are the sum of all age groups
produced by spawners in a given year.

2.1. Data analysis

Multi-variate time series analysis (Liu and Hudak,
1992) was used to test for significant relationships be-
tween freshwater scale growth and factors that might
influence growth such as abundance of parent spawn-
ers, abundance of spawners during the previous year,
and air temperature during spring and summer. Time
series analysis was also used to test for factors in-
fluencing adult returns such as scale growth, spawner
density, air temperature, and precipitation. Models re-
ported here were not significantly affected by autocor-
relation or collinearity.

Partial residual analysis (Larsen and McCleary,
1972) was used to graphically show the partial ef-
fect of each independent variable on the dependent
variable in the multi-variate model. The mean partial
residual was equal to the mean of the dependent vari-
able values of each plot. Normalized Z-values (stan-
dard deviations above and below the mean) of annual
scale measurements were plotted, based on mean and
standard deviation prior to the 1989 Exxon Valdez oil
spill, so that post-spill salmon growth and spawner
abundances could be compared with previous values.
However, in the Kenai River system, post-spill val-
ues were compared with years prior to 1987 because
exceptionally large spawner densities began in 1987
as a result of the large run and the Glacier Bay oil
spill.

3. Results
3.1. Kenai River, Cook Inlet

Approximately 71% of Kenai sockeye salmon mi-
grated to sea after one winter in the lakes. Freshwater
scale growth (FW1) of subyearling Kenai sock-
eye salmon was relatively high during brood years
1967-1986 (average 388 ) when spawner density
was relatively low (average 368,000 fish), then growth
declined approximately 21%, on average, during
1987-1992 following the exceptionally large spawner
densities beginning in 1987 (average 905,000 fish)
(Fig. 2). Sockeye salmon scale growth resulting from
the 1987 spawner density (1.3 million fish) declined
abruptly from the long-term average of 388 to 324 ,
the lowest growth recorded up to that year. In 1988,
spawner density declined to 840,000 fish, but it was
still high relative to most years and sockeye scale
growth remained exceptionally low. In 1989, the year
of the Exxon Valdez oil spill and the third exceptional
spawner density (1.3 million fish), scale growth de-
clined to its lowest recorded level (308 ). In 1990,
spawner density (440,000 fish) decreased 60% com-
pared with the previous 3 years, but scale growth
declined again (297 ). In 1991, spawner density was
small again (378,000 fish) and scale growth increase
to a level (353 ) that approached the pre-1987 av-
erage (388 ). However, in 1992, spawner density
increased again to 753,000 sockeye salmon and the
corresponding scale growth declined to the lowest
level (240 ) of the 21-year period and was approxi-
mately 38% below average growth prior to the large
spawner densities. Spring and summer air tempera-
tures corresponding to the 1992 brood year were above
average, thus temperature did not explain the low
growth.

A key factor leading to the first exceptionally large
spawner density in 1987, in addition to the presence
of oil in the harvest areas, was the record large run to
the Kenai system. The total Kenai run in 1987 was 8.6
million sockeye, approximately 3.6 times greater than
the previous S-year average. Freshwater scale growth
of age 1.3 sockeye salmon (481.5p.) that produced
84% of this large run was significantly greater than
all other years (Bonferronni/Dunn multiple contrast
test, P < 0.001), indicating large size in fresh water
contributed to the large adult return.
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Fig. 2. Relative scale growth of Kenai River sockeye salmon, brood years 1967-1992. Arrows identify the 1989 Exxon Valdez oil spill.
All normalized values are relative to mean (+S.D.) values prior to the 1987 oil spill. Asterisks identify previous years when exceptionally
large spawner densities occurred. Spawner density is shown in the bottom of the figure. No scales were available in 1970.

A single factor ANOVA indicated that mean Kenai
sockeye scale growth in fresh water during years fol-
lowing the large spawner density in 1987 (309 p.) was
significantly smaller than scale growth prior to the
large spawner density (388 ) (d.f. = 1,2472, P <
0.001). Sockeye salmon scale growth significantly
decreased when greater numbers of parent sockeye
escaped to the spawning grounds (n = 21, P =
0.033, 72 = 0.22), indicating increased competition
for prey in the rearing lakes at high juvenile salmon
densities. However, the effect on scale growth was
best explained by average spawner density of the
parents and the three previous broods (n = 21, P <
0.001, > = 0.48), indicating spawner abundance can
have a prolonged effect on salmon growth in the
lakes. Potential factors such as spring and summer
air temperatures did not contribute significant new
information.

No evidence of rearing an additional year in the Ke-
nai lakes as a result of slow growth was detected (ex-
cept for the 1983 brood year as discussed below). For

;‘f

example, the percentage of the total brood return rep-
resented by sockeye salmon spending 2 years in fresh
water (average 29%) was not correlated with freshwa-
ter scale growth, abundance of parent spawners, nor
spawners during previous years (n = 20, P > 0.05),
suggesting either no effect on age at seaward migra-
tion or high mortality of those that remain in the lakes
for a second year.

An important question was whether numerous
small sockeye salmon led to large or small returns
of adult salmon. Multi-variate time series analysis
indicated total sockeye return to the Kenai River was
positively correlated with both parent spawners (par-
tial P < 0.001) and scale growth (FW1 + FWPL) at
the time of seaward migration (partial P < 0.05,n =
21) (Table 2). Model coefficients indicated the ef-
fect of spawners on adult return was greater than
the effect of scale growth. This model identified
an outlier associated with brood year 1983, where
below average growth in the lakes and the excep-
tionally cold spring in 1985 led to an unusually
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Table 2
Multi-variate time series models describing factors affecting sockeye salmon growth in fresh water and adult returns®
Stock Dependent variable Independent variable Parameter SE. n T-value P
Kenai River Adult return (millions) Constant —6.4020 3.0957 21 -2.07
system Parent spawner density 0.0055 0.0012 463 <0.001
Total freshwater scale growth 0.0174 0.0073 238 <0.05
(FW1, FWPL)
Kenai River Adult return (millions) Constant —10.496 3.8449 21 -2.73
system Parent spawner density 0.0059 0.0010 5.61 <0.001
Spawners, year-1 —-0.0027 0.0010 —-2.60 <0.02
Ocean scale growth (SW3) 0.0188 0.0060 3.13 <0.01
Red Lake ArcSin % ocean Constant 2.3497 03320 24 7.08
age 2 and 3 Freshwater scale growth (FW1) —0.0052 0.0011 —460  <0.001
November—March air —0.0821 0.0301 -2.72 <0.02
temperature prior to FW2
Red Lake Adult return (1000s) Constant —1307.5841  479.5725 26 -2.73
Parent spawner density 1.5762 0.3595 438 <0.001
- Freshwater scale growth (FW1) 5.2319 1.5846 330  <0.005
Akalura Lake  Freshwater scale growth Constant 444287 12.8734 7 34.51
end age 2 (cFW2) Parent spawner density —0.5369 0.1736 -3.09 <0.05
Spawners, year + 1 —0.8171 0.1874 —-436 <0.02

2 Spawner density values are reported in 1000s of fish. Statistical significance tests based on two-tail tests.

large return of freshwater age 2 sockeye salmon in
1989.

Multi-variate time series analysis indicated total
sockeye salmon returning to the Kenai River was
positively correlated with parent spawners (partial
P < 0.001) and scale growth during the third year at
sea (partial P < 0.01), but negatively correlated with
spawners during the previous year (Table 2) (partial
P < 0.02, n = 21). Partial residual plots show that the
effect of parent spawners on adult returns was nearly
double the effect of spawners during the previous year
(Fig. 3). This relationship indicates large spawner
densities can reduce sockeye returns of future broods.

3.2. Red Lake, Kodiak Island

On average, approximately 68% of sockeye salmon
returning to Red Lake spent 2 years in the lake. Scale
growth of the 1989 year class during the first year in
the lake (236 ) was third lowest of the time series,
averaging 81% of the previous 23-year mean (Fig. 4).
Growth of the 1989 year class was markedly lower
compared to the consistently high growth during the
previous 5 years (average 324 p), even though Kodiak
air temperature during spring and summer was above

average. Incremental growth during the second year
(FW2) in the lake was 76% of the long-term average
(Fig. 4). Cumulative growth (420 p) at the end of the
second year (FW1 + FW2) was 80% of long-term av-
erage and 73% of the previous 6-year average (aver-
age 572 p), indicating the large spawner density led
to reduced sockeye salmon growth.

Although spawner densities significantly declined
after 1989, scale growth of sockeye salmon inhab-
iting Red Lake for 1 and 2 years remained low
until the 1992 rearing year, when growth of both
subyearlings and yearlings increased (Fig. 4). How-
ever, growth declined during the 1993 rearing year,
a period when spring and summer air temperatures
were above average. In spite of above average grow-
ing conditions in 1992, cumulative sockeye salmon
scale growth (FW1 + FW2 + FWPL) remained below
average from 1989 to 1993 brood year.

In contrast to the apparent effects of large spawner
density in 1989, growth of sockeye in fresh water was
not noticeably reduced by large spawner density in
1980. The effect of large 1980 spawner density on ju-
venile sockeye salmon growth may have been compen-
sated, in part, by exceptionally warm spring air tem-
perature (46% above average) that occurred in 1981.
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Fig. 3. Multi-variate partial residual plots showing the effect of parent spawners (A), spawners during the previous year (B), and sockeye
salmon scale growth during the third year at sea (C) on adult return of sockeye salmon to the Kenai River system, brood years 1972-1992.
Parent spawning year is shown next to filled circles. Multi-variate equation is shown in Table 2.

Scale growth of subyearlings in Red Lake was pos-
itively correlated with annual scale growth of year-
ling sockeye that co-inhabited the lake (Fig. 5). For
example, growth of sockeye salmon from the 1988
brood year, which inhabited the lake as yearlings
(FW2) with the 1989 subyearlings, was below aver-
age (Fig. 4). This relationship indicated that factors
influencing growth in the lake, such as food availabil-

/

ity and temperature, acted on both year classes that
co-inhabited the lake.

Annual scale growth during each year in Red
Lake was compared with parent spawners, previous
spawners, subsequent spawners and spring, summer
and winter air temperature at Kodiak. Annual scale
growth during the first and second years was not cor-
related with these variables (P > 0.05), even though
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Fig. 4. Relative scale growth of Red Lake sockeye salmon, brood years 1965-1992. Arrows identify the 1989 Exxon Valdez oil spill.
All normalized values are relative to mean (+S.D.) values prior to the oil spill. Asterisks identify life stages of previous brood years
co-inhabiting the lake with the 1989 brood year. Spawner densities are shown in the bottom of the figure. No scales were available in 1967.

sockeye growth appeared to be reduced by the large
1989 spawner density. Lack of correlation between
spawner density and age-specific scale growth may be
related to the propensity for slow growing Red Lake
fish to spend three winters in the lake, as discussed
below.

In Red Lake, the large 1989 spawner density re-
sulted in the greatest percentage of adult sockeye
salmon spending 3 years in the lake (14.1%) com-
pared to other brood years (average 1.6%). The 1988
brood year, which co-inhabited the lake with the 1989
brood year during its second year, also produced an
exceptionally large percentage of sockeye spending 3

/

years in the lake (5.8% of adult return). Multi-variate
time series analysis indicated that the percentage of
adult sockeye salmon spending 2 or more years in
Red Lake as juveniles was negatively correlated with
scale growth during the first year in the lake (partial
P < 0.001) and negatively correlated with winter air
temperature (Kodiak, November-March) prior to the
second year in the lake (Table 2, partial P < 0.02).
Thus, Red Lake sockeye salmon delayed seaward
migration when growth during the first year was
slow and when conditions influencing growth during
their second spring, such as temperature, were less
conducive to growth.
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Fig. 5. Relationship between annual scale growth of subyearling and yearling sockeye salmon co-inhabiting Red Lake dﬁring rearing years

1967-1993.

Multi-variate analysis indicated the number of adult
sockeye salmon returning to Red Lake during brood
years 1966—1992 was positively correlated with both
parent spawners (partial P < 0.001) and growth dur-
ing the first year in fresh water (partial P < 0.005)
(Table 2 and Fig. 6). This suggests that more sockeye
salmon returned from numerous, relatively large juve-
niles. Temperature did not add significant information
to this model.

3.3. Akalura Lake, Kodiak Island

Most sockeye salmon emigrated from Akalura Lake
after two winters. Scale growth of offspring produced
by the 1989 brood was exceptionally small during the
first year in the lake, averaging 76% of the previous
8-year mean (Fig. 7). Growth during the second year
remained below average and cumulative growth at the
end of the second year was 80% of the previous 8-year
mean.

Second year scale growth of sockeye from the previ-
ous brood year (1988), which inhabited the lake when
the 1989 fry emerged, was exceptionally low, averag-
ing 71% of the previous 7-year mean (Fig. 7). Scale
growth during the second year in the lake was highly

correlated with scale growth of first year sockeye that
co-inhabited the lake (n = 11, P < 0.001, 7> = 0.83),
indicating both yearling and subyearling sockeye
salmon responded similarly to growing conditions in
the lake.

Cumulative freshwater scale growth of Akalura
sockeye salmon (FW1 + FW2 + FWPL) was excep-
tionally low following the 1988 and 1989 broods,
which were directly influenced by the large 1989
spawner density (Fig. 7). Spawner density in 1990
and 1991 was 60% lower and cumulative growth of
sockeye salmon produced by these parents increased
slightly, but still remained below growth prior to the
Exxon Valdez oil spill even though Kodiak air temper-
atures during spring and summer were above average.
Cumulative growth of the 1992 brood (411 p) was
similar to growth prior to the oil spill (average 418 p),
indicating that sockeye salmon growth returned to
average levels 4 years after the oil spill.

Multi-variate time series analysis indicated cumu-
lative scale growth at the end of the second year in
the lake was negatively correlated with parent spawner
density (partial P < 0.05) and negatively correlated
with spawners from the following year class, which
produced subyearlings that co-inhabited the lake with
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in the lake (B) on adult return of sockeye salmon to Red Lake, brood years 1966-1992. Multi-variate equation is shown in Table 2.

yearling sockeye salmon (partial P < 0.02) (Table 2).
Thus, growth of Akalura sockeye salmon that inhab-
ited the lake for 2 years was directly influenced by
both parent spawners and spawners that produced the
next year class.

Too few data were available to statistically test the
effects of scale growth on abundance of adult sock-
eye salmon returning to Akalura Lake. However, aver-
age run size produced by spawners during 1989-1991
(approximately 25,000:sockeye salmon per year) was
only 22% of previous 8 years (average 110,000 sock-
eye salmon), suggesting that large spawner density and
reduced growth may have contributed to the small re-
turns.

3.4. Chignik Lake, South Alaska Peninsula

Approximately 75% of adult returns to Chignik
Lake spent two winters in the lake. Moderately large
spawner density in Chignik Lake during 1989 did not
significantly affect the observed size of subyearlings

/

and yearlings, and the corresponding adult return was
40% above the recent 10-year average. First year
scale growth of sockeye salmon produced by the 1989
brood (232 u) was slightly above average (208 ).
Second year scale growth (139 ) was slightly be-
low average (146 ), leading to cumulative growth
(FW1+FW?2) in fresh water (371 p) that was slightly
above average (354 ). No correlation was observed
between spawner density and salmon growth in the
lake, but spawner densities varied relatively little dur-
ing the study period. Chignik scale growth during the
first year in the lake was not correlated with second
year scale growth of yearling sockeye salmon that
co-inhabited the lake (P = 0.24, n = 28), suggesting
that growth of Chignik subyearlings and yearlings
may be influenced by different factors in the lake.

3.5. Stocks receiving average spawner density

Freshwater scale growth of sockeye salmon pop-
ulations not influenced by large spawner densities
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Fig. 7. Relative scale growth of Akalura Lake sockeye salmon, brood years 1981-1992. Arrows identify the 1989 Exxon Valdez oil spill.
All normalized values are relative to mean (+S.D.) values prior to the oil spill. Asterisks identify life stages of previous brood years
co-inhabiting the lake with the 1989 brood year. Spawner densities are shown in the bottom of the figure. No scales were available prior

to 1981.

in 1989 were examined to see if these stocks ex-
perienced below average growth during and after
the Exxon Valdez oil spill. Black Lake (Chignik
system) sockeye salmon scale growth correspond-
ing to the 1989-1991 brood years was equal to or
above the long-term mean. No salmon originating
from Chignik Lake, which received many spawn-
ers, migrate upstream to Black Lake. Kasilof River

(Cook Inlet) sockeye salmon scale growth corre- -

/

sponding to the 1989 brood year was 9% below the
long-term mean, but growth during the next three
seasons was within 2% of the mean. Spring and
summer air temperature during 1990-1993 rear-
ing seasons was above average. These data suggest
that there was not a region-wide decline in growth
that might otherwise explain reduced growth among
populations receiving large spawner densities in
1989.
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4. Discussion

Analysis of sockeye salmon scales indicated ju-
venile sockeye salmon growth was reduced in three
of four populations that received exceptionally large
spawner densities as a result of the 1989 Exxon Valdez
oil spill. In the Kenai River system, juvenile growth
was also influenced by high spawner densities that oc-
curred during the 2 years prior to the Exxon Valdez oil
spill. In these lakes, juvenile growth recovered to his-
torical levels 2 or 4 years after the high spawner densi-
ties. Chignik Lake sockeye salmon did not experience
reduced growth, but the increase in spawner density
to this system was not as pronounced as the other sys-
tems. Growth in Chignik Lake was influenced by sig-
nificant but variable annual immigrations of sockeye
salmon from Black Lake that have a relatively great
effect on yearling compared with subyearling sockeye
salmon in Chignik Lake (Ruggerone et al., 1993).

One year following the return to average growth in
the Kenai and Red Lake populations, juvenile salmon
growth from the 1992 brood year of both stocks
declined to low levels. In the Kenai River system,
exceptionally low scale growth corresponded with
a moderate increase of spawners in 1992, whereas
reduced juvenile growth in Red Lake followed mod-
erate spawner densities during 1990-1992. Spring
and summer air temperatures in Kodiak were above
average, thus this low growth cannot be explained
by temperature. Adult returns to Red Lake from the
1992 spawning year were below average, whereas the
return to the Kenai system was above average. These
data suggested that the large spawner densities in
1989 and other years may have destabilized the rela-
tionship between salmon growth and abundance in the
lakes, possibly owing to changes in the zooplankton
community.

Schmidt et al. (1994, 1996) conducted field stud-
ies in the Kenai River system and suggested that large
spawner densities produced numerous juvenile salmon
that overgrazed zooplankton, leading to low overwin-
ter survival of the salmon. The authors provided ev-
idence that high grazing rates of salmon may have
altered diel vertical migration of zooplankton, thereby
reducing zooplankton availability to foraging salmon.
Field data indicated exceptionally low numbers of
salmon migrating to sea during 1992 and 1993, sug-
gesting that large spawner densities during 1987-1989

may have had a prolonged adverse effect on juvenile
sockeye salmon production. The authors conjectured
that recovery of salmon growth may occur soon af-
ter spawner densities recovered to average levels if
the zooplankton response was behaviorally induced,
or salmon recovery may be delayed if high predation
rates led to long-term changes in diel vertical migra-
tion of zooplankton. Our study of salmon scale growth
in the Kenai system indicated growth approached av-
erage levels relatively fast (i.e., after 2 years of low
spawner density), but growth declined sharply follow-
ing the moderately large spawner density in 1992.

Scale growth in the Kenai River system, Red and
Akalura Lakes indicated sockeye salmon growth may
be influenced by progeny produced by parent spawn-
ers, progeny from the next brood year, and progeny
from the previous brood year. In the Kenai system,
where most sockeye salmon emigrate to sea after
one winter in the lakes, subyearling growth was in-
fluenced by both the parent and previous spawners.
In Akalura Lake, where most sockeye salmon em-
igrate to sea after two winters in the lake, growth
was influenced by parent abundance, previous spawn-
ers, and spawners that produced subyearlings that
co-inhabited the lake with yearlings. In Red Lake,
salmon growth from the 1988 and 1990 brood years
appeared to be affected by progeny from the 1989
brood year, but the high spawner density in 1980 did
not affect growth of progeny, apparently because air
temperature was exceptionally high and the growing
season was long. Growth of subyearling and yearling
salmon co-inhabiting Red and Akalura Lakes were
correlated, indicating these two age groups responded
similarly to environmental conditions, including
density-dependent factors. Low juvenile growth in
some years, such as the 1979 and 1983 rearing years
in Red Lake was not explained by spawner density
or air temperature. Possibly, zooplankton biomass,
which is known to be highly correlated with smolt
size (Edmundson and Mazumder, 2001), was low in
these years.

Sockeye salmon can delay seaward migration when
growth in lakes is relatively low (Burgner, 1987). The
large spawner densities in 1989 resulted in greater
percentages of returning adult salmon that had spent
three rather than two winters in both Red and Akalura
Lakes. In contrast, reduced growth in the Kenai sys-
tem, where most juveniles emigrate after one winter,




G.T. Ruggerone, D.E. Rogers/Fisheries Research 63 (2003) 379392 391

did not lead to delayed migration except for the 1983
brood year. In the glacial Kenai system, it is possible
that spending two rather than one winter in the lakes
may lead to relatively high mortality. In Akalura Lake,
adult returns from the 1989 and 1990 brood years,
which produced relatively high percentages of salmon
spending three winters were relatively small (Swanton
et al., 1996). The likelihood of delaying seaward mi-
gration and overwintering in the lake for an additional
year in response to reduced growth is presumably
related to the long-term probability of survival and
genetic control of the relationship between growth
and age at smoltification (Burgner, 1987; Rogers,
1987).

An important question in the management of sock-
eye salmon nursery lakes is whether adult returns are
most dependent on numbers or size of juvenile sock-
eye salmon. Analysis of adult returns, spawner den-
sities, and juvenile scale growth of Kenai River and
Red Lake sockeye salmon suggests that adult returns
are relatively great when both parent spawner density
and juvenile growth are great. This relationship re-
flects the adverse effect of successive large spawner
densities on juvenile sockeye growth in both systems.
However, it was apparent from the multi-variate model
coefficients that the positive effect of parent spawner
density on adult returns was greater than negative ef-
fect of reduced juvenile growth in the lakes. These
relationships suggest that greater adult salmon returns
were produced by numerous relatively small juvenile
salmon rather than small numbers of large fish. Other
factors in fresh water and the ocean, such as preda-
tion, competition and climate, influence salmon sur-
vival (Beamish and Bouillon, 1993; Ruggerone et al.,
2003) and introduce considerable variability in the re-
lationship between adult salmon returns and juvenile
abundance and size in the lakes.

When interpreting the results of this scale growth
study it is important to consider effects of size-
dependent mortality on scale growth patterns observed
from adult sockeye salmon. Data from numerous
watersheds indicate smaller juvenile salmon have
lower smolt to adult survival rates (Koenings et al.,
1993). Lower survival of smaller individuals may
have weakened relationships between juvenile salmon
scale growth and spawner density or adult return be-
cause scale growth measurements were made from
survivors. Preliminary analyses based on small sam-

ple sizes indicated size of juvenile sockeye salmon
measured in the lakes or during smolt migration was
correlated with adult salmon scales (Ruggerone and
Rogers, 1998). These data and the results of this
investigation indicate size-dependent mortality was
typically not sufficient to mask relationships between
freshwater scale growth and spawner densities or
adult returns. Nevertheless, high spawner densities
likely affected juvenile growth more than indicated
by scales growth measurements because smaller indi-
viduals likely experienced greater mortality.

The observation of interactions between adja-
cent year classes of sockeye salmon has implication
for stock-recruitment modeling. Presently, sockeye
salmon spawning goals are often established using re-
cruitment models such as the Ricker or Beverton-Holt
models (Hilborn and Walters, 1992). These models
assume recruitment is primarily related to spawner
density and that no interaction occurs between year
classes of juveniles inhabiting the lakes. Analyses pre-
sented here suggest that variability in the relationship
between spawners and adult returns may be reduced
if abundance of adjacent year classes is incorporated
into the model. This effect is apparent when an un-
usually large spawner density results from an oil spill
like the Exxon Valdez, a strike by fishermen, or a sur-
prisingly large adult return. It is apparent from this
study that the primary factor affecting salmon growth
and adult return is the abundance of parent spawners
rather than the abundance of adjacent year classes.
However, a slight reduction in spawner density might
be beneficial during the year following an unusually
large spawner density.
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