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Abstract: Annual changes in body size and growth of Anadyr chum salmon (ages 0.3 and 0.4) in 1962-2007
were studied. Regression analysis showed that the fork length and weight of Anadyr chum salmon significantly
decreased from the 1960s to the 2000s. Mean body length of Anadyr chum salmon was highest in 1972 and 1979,
and lowest in 1991 and 1994. The most pronounced decrease in chum salmon body size occurred from the early
1980s to the mid 1990s. In 1962-1980 and 1997-2007, mean fork length and weight remained relatively stable.
The first-year growth of Anadyr chum salmon, estimated from intersclerite distances, did not change significantly
from 1962 to 2007. Growth reduction began in the second year, and the greatest reduction occured in the third
year. There was a significant negative correlation between annual total catches of Pacific salmon and Anadyr
chum salmon fork length, body weight, and growth during the second, third and fourth years. Our results may cor-
roborate the conclusions of other researchers that climatic and oceanic conditions can strongly affect the carrying

capacity for Pacific salmon and other fish.
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INTRODUCTION

Decreases in Pacific salmon production have been ob-
served in many populations (Ishida et al. 1993; Helle and
Hoffman 1995; Bigler et al. 1996; Kaeriyama 1998; Vo-
lobuev 2000; Kaev 2003; Helle et al. 2007; Kaeriyama et al.
2007; and others). In an analysis of the data on fluctuations
in chum salmon (Oncorhynchus keta) of Asian and American
populations from 1953—1988, Ishida et al. (1993) discovered
a reduction in body size, scale radius, and width of the third-
year group of 0.4-age fish. Bigler et al. (1996) found that 45
of 47 North Pacific salmon populations, comprising five spe-
cies from North America and Asia, decreased in mean body
size. Based on data from 1960 to 2006, Helle et al. (2007)
observed that most American populations of Pacific salmon
declined in body weight from the 1970s to the early 1990s
and increased in body size after the mid 1990s. It is gener-
ally supposed that one of the main causes of these changes is
density-dependent growth of Pacific salmon in the ocean.

The present paper discusses the data on inter-annual
changes in body length, weight, and growth of Anadyr chum
salmon from 1962 to 2007. The availability of long-term
data gave us an opportunity to identify the periods character-
ized by either changeable or relatively stable characteristics.

MATERIALS AND METHODS

This study was based on body-size and scale-measure-
ment data obtained from chum salmon returning to the An-
adyr River. Adult chum salmon were sampled annually from
1962-2007, except for 1963, 1967, 1969, 1970 and 2005.
Fish samples were collected in the Anadyrskiy estuary using
a trap net and from the spawning grounds of the Anadyr Riv-
er (Fig. 1). We analyzed scales of ages-0.3 and -0.4 chum
salmon, which are the dominant age-groups of spawners in
the Anadyr River (Putivkin 1999).

A total 0f 2,930 chum salmon (age 0.3 — 1640, age 0.4 —
1290) was sampled. A similar number of males and females
was sampled in each year. Fork length and body weight
were measured, and scales were collected. Scales were tak-
en from the chum salmon in the preferred body area, located
a few rows above the lateral line and below the posterior
insertion of the dorsal fin.

Scale measurements included the length along the long
axis, the number and length of annual zones, and intersc-
lerite (intercirculus) distances (Fig. 2). Measurements were
performed using the Biosonics Optical Pattern Recognition
System (OPRS; BioSonics, Inc., Seattle, Washington, USA).
Increments in fork length during each year of marine life
were estimated from the measured distances between adja-
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cent annuli on the fish scale using a direct proportion be-
tween body and scale growth (Pravdin 1966): L¢/Li = Sc/Si,
where L_and S_ = fork length and scale radius of the captured
fish; and L, and S, = the same at age i. Annual growth was
estimated by intersclerite distances of chum salmon scales.

The inter-annual trends in chum salmon body size and
growth (mean + 95% confidence interval) were evaluated by
simple linear regression analysis: y = ax + b, where the in-
dependent variable (x) is return year and the dependent vari-
able (y) is either mean body length, weight, or intersclerite
distance in that year.
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Fig. 1. Map showing the location of our sampling area (Anadyrskiy
estuary, Chukotka autonomous Okrug, Far East, Russia).

Fig. 2. The scale of an age-0.3 chum salmon collected in August
2003 in the Anadyrskiy estuary, showing the measurement axis
(black line) and variables. S-S, = scale radius of individual annuli,
S, = radius of the whole scale.
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RESULTS
Inter-annual Changes in Body Size

Body size of Anadyr chum salmon decreased from the
1960s to 2000s (Tables 1, 2; Fig. 3). In 1962—1980, mean
fork length (weight) was 66.8+1.3 cm (3.7+0.2 kg) for age
0.3 chum salmon and 71.24+1.6 cm (4.5+0.3 kg) for age 0.4
chum salmon. In 1990-2007, chum salmon body size de-
creased to 61.44+0.8 cm (3.1+0.2 kg) for age 0.3 chum salm-
on and 64.5£1.1 cm (3.6+0.3 kg) for age 0.4 chum salmon.

Regression analysis showed a significant negative trend
in mean body sizes of both 0.3-age and 0.4-age chum salmon
from 1962 to 2007 (Fig. 3). However, during these years
inter-annual trends in mean body size were variable. From
1962-1980, mean fork lengths of chum salmon did not show
any trends, and were relatively stable. A significant decrease
in body size began in the early 1980s and continued to the
mid 1990s. In 1994-1995, mean fork length of Anadyr
chum salmon was the smallest in the study period (approxi-
mately 58-59 c¢cm for age 0.3 and 60-61 cm for age 0.4).
After 1994-1995, the length and weight of chum salmon
increased. However, this trend lasted only for two or three
years, and did not reach the levels seen in the 1960s—1970s.
In the late 1990s to the mid 2000s, chum salmon body size
remained stable. Fork length averaged 62 cm for age 0.3 and
65 cm for age 0.4 fish during this time period.

Inter-annual fluctuations in mean body weights of An-
adyr chum salmon were similar to those observed in mean
body length. Mean body weight was highest in the 1960s—
1970s (~ 3.1-4.3 kg for age 0.3 and ~ 3.8-5.3 for age 0.4
fish) and lowest in the mid 1990s (~ 2.5-2.8 kg for age 0.3
and ~ 2.7-3.0 for age 0.4 fish (Tables 1, 2).

Inter-annual Changes in Growth

First-year growth, estimated from intercirculus distanc-
es, did not change significantly from 1962 to 2007 (Fig. 4).
There was a positive trend in annual scale growth in the first
year, but slope coefficients were low and statistically non-
significant (0.3 age fish: 0.04, p = 0.12; 0.4 age fish: 0.05,
p = 0.09). During the second, third, and fourth years at sea,
annual scale growth declined significantly from the 1960s
through the mid 2000s. Slope coefficients of linear regres-
sions for the second, third and fourth years of growth were,
respectively, as follows: -0.07, -0.19 and -0.18 (Fig. 4).

Annual scale growth of chum salmon during the sec-
ond, third, and fourth years was greatest during the 1960s
and 1970s (Fig. 4). The mean annual growth in length dur-
ing this period was 18, 14, and 9 c¢m in the second, third,
and fourth years, respectively. The lowest growth of chum
salmon occurred in 1994-1995. Annual growth decreased
to 16 cm in the second year, 9 cm in the third year, and 7 cm
in the fourth year. Thus, the largest decrease occurred in the
third year of the chum salmon life cycle.
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Table 1. Average fork length (cm), body weight (g), and intercirculus distances (um) for age-0.3 chum salmon from 1962—2007. Cl = confidence
interval, N = number of samples.

Length 95% Weight 95% Intercirculus distance (um)

vear (cm) Cl (@) Cl 1 year gg;/o 2 year 9(5;]% 3 year gg/" N
1962 67.5 1.4 3,946 234 47 2 44 1 47 2 42
1964 68.6 1.0 3,989 188 53 3 51 3 53 3 52
1965 64.6 1.2 3,068 200 52 2 43 2 47 2 41
1968 66.9 1.5 3,563 231 47 2 47 2 47 2 28
1971 62.3 1.3 3,308 221 47 2 45 1 45 2 44
1972 70.3 1.1 3,583 204 47 2 47 1 47 2 41
1973 67.3 1.3 3,479 285 49 2 45 2 47 2 24
1974 68.1 1.3 4,238 264 49 1 48 1 49 2 49
1975 65.0 1.1 3,493 228 50 1 44 1 44 2 59
1976 65.0 3.4 3,290 562 46 4 44 9 44 10 4
1977 68.5 0.9 4,070 194 48 1 43 1 42 1 47
1978 67.0 0.9 3,922 181 46 1 46 2 46 2 50
1979 69.6 1.1 4,279 232 44 2 41 2 42 2 49
1980 64.7 1.0 3,713 204 49 2 45 2 43 2 44
1981 66.4 1.5 3,654 336 49 2 44 2 46 2 33
1982 63.6 1.1 3,576 257 50 2 46 1 44 1 48
1983 63.3 0.9 3,722 188 46 1 44 1 46 2 52
1984 62.1 0.9 3,385 196 48 2 43 1 45 2 44
1985 60.5 1.1 3,242 204 49 2 46 1 43 2 48
1986 62.2 1.3 3,375 322 47 2 45 2 47 3 34
1987 63.1 1.0 3,579 195 47 1 44 1 42 2 60
1988 63.2 0.8 3,693 191 46 1 45 1 42 1 56
1989 61.8 1.0 3,234 21 47 1 45 2 47 2 44
1990 61.5 1.1 3,548 227 46 1 44 1 44 2 48
1991 59.1 1.2 2,840 190 48 1 45 1 40 2 47
1992 61.6 1.1 2,767 188 49 1 44 1 42 1 53
1993 61.6 1.1 2,547 191 49 1 43 1 40 2 41
1994 58.1 0.9 2,524 160 50 1 43 1 40 2 44
1995 59.2 2.0 2,786 318 49 2 41 2 37 3 18
1996 61.8 1.1 3,042 182 51 1 42 1 38 2 36
1997 61.7 1.3 3,216 235 49 1 43 1 42 2 41
1998 61.3 1.2 3,019 219 51 1 42 2 39 2 34
1999 61.8 1.7 3,112 275 53 2 42 2 40 2 21
2000 62.2 1.1 3,388 203 50 1 42 1 39 1 46
2001 63.2 1.3 3,414 250 52 1 45 1 46 2 39
2002 63.8 1.4 3,492 249 50 1 44 1 44 1 32
2003 63.0 0.9 3,050 154 50 1 44 1 44 1 40
2004 61.0 1.2 3,076 211 47 1 42 1 41 1 43
2006 61.8 1.3 3,234 227 49 1 45 1 41 2 35
2007 61.2 1.4 3,217 234 50 2 45 1 42 2 29
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Table 2. Average fork length (cm), body weight (g), and intercirculus distances (um) for age-0.4 chum salmon from 1962—2007. Cl = confidence

interval, N = number of samples.

Intercirculus distance (um)

Year Length 95% Weight 95% 95% 95% 95% 95% N
(cm) Cl )] Cl 1 year cl 2 year Cl 3 year Cl 4 year cl
1962 68.7 1.2 4,165 267 47 2 44 2 42 2 44 2 45
1968 72.7 0.9 4,434 193 48 1 47 1 49 2 46 1 63
1972 73.1 1.1 4,092 218 46 1 44 1 44 2 47 2 47
1973 73.9 1.1 4,409 232 48 2 46 1 47 2 45 2 49
1974 71.8 2.5 4,556 585 49 4 48 2 53 7 49 6 10
1976 68.7 3.1 4,194 849 50 6 42 4 39 5 43 4 7
1977 72.6 1.2 4,812 415 44 3 43 3 42 3 43 5 10
1978 70.4 1.1 4,405 245 46 1 43 1 44 2 48 2 48
1979 74.6 1.6 5,298 413 43 1 42 2 41 2 45 3 28
1980 70.3 1.7 4,871 452 43 1 44 2 42 2 45 3 21
1981 70.9 1.0 4,529 236 49 1 46 1 43 1 47 2 54
1982 67.5 1.2 4,344 279 50 2 44 2 43 2 44 2 40
1983 66.7 1.3 4,348 247 46 1 43 1 41 2 47 2 45
1984 66.3 1.1 4,012 247 47 1 44 1 44 2 45 2 43
1985 65.7 1.1 4,376 277 46 2 44 1 42 2 44 2 41
1986 63.7 14 3,712 339 48 2 44 2 39 3 45 4 28
1987 65.2 1.0 3,903 207 48 2 46 2 41 2 43 2 46
1988 66.4 0.9 4,399 258 47 1 43 2 40 1 46 3 44
1989 67.4 1.1 4,319 255 47 2 44 2 43 2 46 2 45
1990 65.7 1.0 4,330 257 46 1 45 1 46 2 44 2 49
1991 63.5 1.2 3,564 255 47 1 46 1 42 2 43 2 44
1992 65.9 14 3,515 292 50 2 45 1 38 2 41 2 36
1993 65.8 1.7 3,138 319 47 2 42 2 38 2 39 2 32
1994 59.6 1.0 2,660 158 47 1 42 1 38 2 38 2 49
1995 61.1 1.1 2,971 205 48 1 40 1 35 1 36 2 51
1997 64.7 1.0 3,771 224 48 1 43 1 38 1 41 2 50
1998 63.8 2.0 3,363 328 51 2 43 2 38 2 39 2 27
1999 64.1 0.9 3,564 185 52 2 42 1 38 2 40 1 44
2000 67.1 1.3 4,344 272 51 1 41 1 39 1 39 2 45
2001 66.5 1.2 4,074 242 51 1 43 1 41 2 46 3 45
2002 66.9 1.8 4,209 318 53 1 44 1 43 2 47 2 31
2003 66.1 5.3 3,700 1131 49 10 41 3 42 9 43 8 4
2004 65.3 2.3 3,825 390 47 2 41 2 39 2 40 3 23
2006 62.3 1.2 3,345 227 49 1 45 1 40 2 43 2 38
2007 64.2 3.9 3,680 1084 49 5 42 5 37 3 38 3 5

Biological Characteristics of Anadyr Chum Salmon and
Abundance of Pacific Salmon

We used the total catches of Pacific salmon by Russia,
USA, Japan, and Canada as the measure of their abundance
in the North Pacific Ocean (data source: NPAFC Statisti-
cal Yearbooks). Pearson’s correlation coefficients between
catches of Pacific salmon and some biological characteristics
of Anadyr chum salmon are shown in Table 3 and Fig. 5.
A statistically significant negative relationship between to-
tal catches of Pacific salmon and Anadyr chum salmon body

size (length and weight) and scale intercirculus distances for
the second, third and fourth years was observed. These re-
lationships were observed for both age groups (0.3 and 0.4).
The growth of chum salmon during the first year of life and
total Pacific salmon abundance were not significantly cor-
related.

There was no relationship between the scale growth
and body size of Anadyr chum salmon and the abundance
of Anadyr chum salmon. Pearson’s correlation coefficients
among the Anadyr chum salmon catches and fish body size
and growth were non-significant.
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Fig. 3. Changes in mean fork length (cm) of Anadyr chum salmon (ages 0.3 and 0.4) from 1962-2007. Bars = 95% confidence interval.
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Fig. 4. Changes in mean intercirculus distances of Anadyr chum salmon from 1962—2007. Solid and dashed regression lines indicate for ages
0.3 and 0.4 fish, respectively.
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Table 3. Pearson correlation coefficients relating mean body size and intercirculus distances of Anadyr chum salmon to the total catch of Pacific

salmon in the North Pacific Ocean.

Intersclerite distance

Age Fork length Body weight

1st year

2nd year 3rd year 4th year

-0.78 -0.61
0.3

P <0.01 P <0.01

0.18

P=0.29

-0.55 -0.67

P <0.01 P <0.01

-0.72 -0.50
0.4

P <0.01 P <0.01

0.12

P=0.51

-0.50 -0.61 -0.59

P <0.01 P <0.01 P <0.01
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Fig. 5. Mean fork length of Anadyr chum salmon (age 0.3) and the
total catch (thousands of metric tons, t) of Pacific salmon in the North
Pacific Ocean from 1962-2007 (Catch data source: NPAFC Statisti-
cal Yearbooks).

DISCUSSION

The observed declines in body size and annual growth
of Anadyr chum salmon that accompanied the large increase
in Pacific salmon total abundance may indicate a density-
dependent response by Anadyr chum salmon resulting from
a decreased food supply. As noted above, growth declines
of Anadyr chum salmon started during the second year of
life. In the first year (based on scale growth), statistically
significant changes in chum salmon growth were not ob-
served. Perhaps feeding conditions in western Bering Sea
where Anadyr chum salmon are believed to forage during the
first year of life year did not change substantially during the
study period. This corresponds with the conclusions of other
authors about relatively abundant food resources and a suf-
ficient food supply for Pacific salmon in the western Bering
Sea (Shuntov 2001; Shuntov and Temnykh 2004; Naydenko
2007; Zavolokin et al. 2007).

Alternatively, several studies noted that annual scale
growth during first year of marine life for many other popu-

lations of Pacific salmon did not decrease but even increased
during recent decades (Kaeriyama et al. 2007; Martinson et
al. 2008). Therefore, not only food conditions but also other
factors, for example, size-selective mortality (Farley et al.
2007), can determine salmon growth in the first year of ma-
rine life.

Figures 3 and 4 show that there were both less favor-
able and more favorable periods for Anadyr chum salmon
growth and probably survival. In 1962-1980, fork length
and body weight of Anadyr chum salmon were the highest.
And from the early 1980s to the mid 1990s, fish size sharply
decreased. Shifts in Anadyr chum salmon sizes, taking into
account a 3—4 year lag, coincided well with the 1976-1977
climatic regime shift (Hare and Francis 1995; Mantua and
Hare 2002). These results may corroborate the conclusions
of other researchers that climatic and oceanic conditions can
strongly affect carrying capacity for Pacific salmon and other
fish (Myers et al. 2001; Kaeriyama et al. 2007; Martinson et
al. 2008).
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