


Overlap in the habitat and prey of juvenile salmon
(Oncorhynchus spp.) and groundfish species with pe-
lagic juvenile stages lends support for the idea that
ecological factors affecting the growth, survival, YCS,
and recruitment of juvenile salmon in the North Pa-
cific Ocean may also affect groundfish species such as
Pacific cod, pollock, and sablefish (Anoplopoma fim-
bria) through effects on growth and survival of their
pelagic juvenile stages. The YCS of salmon and
groundfish is determined early in life, often in the first
year (Mortensen et al., 2000; Sigler et al., 2001).
During their first year at sea in the eastern Bering Sea
(EBS) and the GOA, both salmon and groundfish
juveniles distribute mainly in waters above the con-
tinental shelf, an important rearing area (Hartt and
Dell, 1986; Mecklenburg et al., 2002). Pelagic juvenile



same sockeye growth time series and age-1 cod the
following year as estimated from the fisheries survey
data. These two pairings were based on evidence from
the EBS indicating that juvenile salmon, age-0 pol-
lock, and age-0 cod were captured together in surface
trawl tows (0–30 m depth) during August and Sep-
tember (Farley and Moss, 2009). The third pairing, in
the GOA, was the juvenile growth of chum salmon
(O. keta) that leave Fish Creek from February to May
to enter Portland Canal, Southeast Alaska, with the
estimated YCS of age-2 sablefish in the following year.
These fish share common distribution in near shore
and shelf waters. The juvenile chum salmon migrate
from near shore waters in the spring and spend the
summer migrating counterclockwise in waters above
the continental shelf of the GOA. Sablefish as age-0
larva drift from the central and eastern GOA to pe-
lagic waters on the continental shelf and inshore in
the GOA where they spend the next 2–3 yrs (Rutecki
and Varosi, 1997; Sigler et al., 2001). The fourth
pairing, in the GOA, was between juvenile growth of
sockeye salmon that migrate from the Karluk River on
Kodiak Island into Shelikof Strait from March to May
and then migrate into waters west of Kodiak, impor-
tant spawning areas for adults and rearing area for age-
0 pollock (Dorn et al., 2010), with the estimated YCS
of age-1 pollock the following year.

Salmon growth (SW1) indices

Three distinct times series of SW1 were developed
from measurements on the scales of adult fish collected
from the three salmon populations (Fig. 1): age 2.2

sockeye salmon from the Naknek River in Bristol Bay
in western Alaska from 1979 to 2005 (SW1: 1977–
2003), age 0.3 chum salmon from Fish Creek near



Groundfish YCS indices

Five time series of numerical estimates of YCS values
for post age-0 groundfish (millions of fish) in the GOA
and EBS were obtained from North Pacific groundfish
stock assessment and fishery evaluation reports
(Fig. 2): age-1 pollock in the EBS for years 1978–2010
(Table 1.21 in Ianelli et al., 2010), age-1 pollock
estimated from the mid-water acoustic trawl survey



would not properly test the various hypotheses since
the temperature variable shifts the model adjusted
intercept (defined as the estimated intercept plus the
TC index times its coefficient) up and down while
holding the coefficient of SW1 fixed.

We sought to test whether the coefficient of the
SW1 variable changed sign depending on whether the
data came from colder or warmer regimes or changed
over time. One way to proceed would be to arbitrarily
assert the dates of colder or warmer regimes and esti-
mate the model in the two periods. Such an approach
assumes that any changes observed are seen as abrupt
shifts in the SW1 and YCS relationships. We used a



regression models were expressed as the probability
values of the statistical F-test (P values) and the
coefficient of determination (R2).

RESULTS

Changes in the predictive capability of the juvenile
salmon growth index (SW1) with respect to the year
class strength (YCS) of groundfish occurred in the
1980s and 1990s (Fig. 4). Break points or statistical

changes in the SW1 and groundfish YCS relationships,



GOA pollock (Fig. 5). For the EBS, the SW1 was
inversely related to pollock and cod YCS in the post-
break point periods, but not related in the pre- and
middle break periods (Fig. 5a,b). For the GOA, no
visible relationship occurred between SW1 and sa-
blefish YCS for any period (Fig. 5c). For the GOA
pollock, SW1 was directly related to YCS in the 1981–
1998 period (Fig. 5d).

The temperature change (TC) index was directly
related to the EBS pollock (Fig. 6a), but not visibly
related to EBS cod (Fig. 6b), GOA sablefish (Fig. 6c),
or GOA pollock (Fig. 6d) YCS. For EBS pollock, the
direct relationships between TC and YCS were visible
in the 1978–1983 and 1990–2004 period, but not the
1984–1990 period.

For EBS pollock, YCS was described as a significant
positive function of the TC index, but not SW1, for
the entire year period (R2 = 0.314, P = 0.011)

(Table 1). Dividing the data at the 1983 and 1984
break point, SW1 and TC indices were positive pre-
dictors of YCS for years 1978–1983 (R2 = 0.955,
P = 0.010) and non-significant predictors in the 1984–
2004 period (R2 = 0.152, P = 0.228). Further dividing
the 1984–2004 data at the 1990 break point, the TC
and SW1 indices were not significant predictors of
pollock YCS for the 1984–1990 period (R2 = 0.184,
P = 0.665). However, the TC index was correlated
with SW1 for this period (r = 0.75, t = 2.54,
P = 0.038), but removing each predictor did not
change the results. For the 1990–2004 period, SW1
was a significant negative and TC a significant positive
predictor of pollock YCS (R2 = 0.582, P = 0.005),
with similar signs of the coefficients as the entire year
period.

For EBS cod, the TC and SW1 indices were sig-
nificant predictors of YCS from the late 1980s to the

Table 1. Multiple linear regression model coefficients for predictor variables (SW1 and TC), test statistic (t) of the coefficients,
coefficient of variation (R2), F-test statistic of R2, and the probability of the F-test statistic [Prob(F)] for year class strength
(YCS) described as a function of juvenile salmon growth (SW1) and the temperature change (TC) index. YCS is the estimated
abundance of age-1 pollock (millions) in the eastern Bering Sea, 1978–2010.

Years 1978–2004 1978–1983 1984–2004 1984–1990 1990–2004 2002–2005 2006–2010 2007–2010

SW1 )58517 720041 )50439 )188177 )121325
t )1.346 5.069 )1.106 )0.562 )3.359
TC 6221 5961 3638 )15188 5109 13382 11552 2405
t 2.957 3.325 1.478 )0.928 2.673 4.761 2.292 5.203
Constant 106582 )570454 85387 111108 162170 75018 96959 17374
t 2.616 )4.477 1.902 0.454 4.475 5.559 3.151 6.370
R2 0.314 0.955 0.152 0.184 0.582 0.919 0.637 0.931
F 5.488 31.731 1.608 0.452 8.345 22.668 5.254 27.074
Prob(F) 0.011 0.010 0.228 0.665 0.005 0.041 0.106 0.035

The best fit models have probability values of the F-statistics <0.05, shown in bold text.

Table 2. Multiple linear regression model coefficients for predictor variables (SW1 and TC), test statistic (t) of the coefficients,
coefficient of variation (R2), F-test statistic of R2, and the probability of the F-test statistic [Prob(F)] for year class strength
(YCS) described as a function of juvenile salmon growth (SW1) and the temperature change (TC) index. YCS is the estimated
abundance of age-1 cod (millions) in the eastern Bering Sea, 1978–2010.

Years 1978–2004 1978–1989 1989–2004 1989–1995 1996–2004 2002–2005 2006–2010

SW1 )1561 )500 )1641 )2136 )1645
t )1.784 )0.108 )5.919 )4.028 )4.079
TC 56.111 62.968 63.893 67.058 60.091 )27.662 166.564
t 1.325 0.569 4.371 2.260 3.394 )0.856 2.313
Constant 2115 1203 2218 2660 2222 101 1490
t 2.579 0.303 7.944 5.331 5.409 0.651 3.387
R2 0.178 0.047 0.788 0.846 0.804 0.268 0.641
F 2.592 0.221 24.115 11.061 12.293 0.733 5.350
Prob(F) 0.096 0.806 0.000 0.024 0.008 0.482 0.104

The best fit models have probability values of the F-statistics <0.05, shown in bold text.
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mid-2000s (Table 2). The multiple regression models
that describe YCS as a function of SW1 and TC were
not significant for the entire period (R2 = 0.178,
P = 0.096) or the earlier 1978–1989 period
(R2 = 0.047, P = 0.806). In more recent years, YCS
was described as a significant negative function of



For the GOA time series, the SW1 and TC indices
were significant predictors of pollock YCS, but not
sablefish YCS (Tables 3 and 4). For sablefish, the
predictive ability of the indices was low for the entire
period (R2 = 0.033, P = 0.571), but increased over
time. TC was correlated with SW1 for the entire
period (r = 0.34, t = 2.13, P = 0.039), but removing
each predictor did not change the results. SW1
and TC were less related to YCS during the 1970–
1985 period (R2 = 0.035, P = 0.794), than the 1985–
2005 period (R2 = 0.234, P = 0.090). Sablefish YCS
was not significant related to SW1 or TC for the
1970–1981, 1982–1985, and 1999–2005 periods. GOA
pollock YCS was described as a significant positive
function of SW1 and a negative function of the TC
index for the 1981–1998 yrs (R2 = 0.641, P = 0.001)
(Table 4).

For recent warm (2002–2005) and cold (2006–
2010) periods in the EBS, a cool late summer followed
by a warm spring in the EBS was linked to higher YCS
values for age-1 pollock (Fig. 7a) and age-1 cod
(Fig. 7b), except for cod during warm years in the EBS.
For YCS estimates based on fishery survey data, the
model coefficient for the TC index were significant for
pollock during the 2002–2005 warm period
(R2 = 0.919, P = 0.041), but not significant for pol-
lock during the 2006–2010 cold period (R2 = 0.637,
P = 0.106), for cod during the 2002–2005 warm period
(R2 = 0.268, P = 0.482), or for cod during the 2006–
2010 cold period (R2 = 0.641, P = 0.104). For the cold
year models, the TC index had a better fit with the
estimates of age-1 pollock made from the mid-water
acoustic-trawl survey data (Fig. 8) than those based on

fisheries survey data (Fig. 7a). Overall, the best fit
model used the TC index to predict EBS pollock
(R2 = 0.931, P = 0.035) as estimated from the acous-
tic trawl survey data for the cold 2007–2010 period
(Table 1).

DISCUSSION

Our indices differ from indices most often used in
assessing the year class strength of fish in that we
integrated pre- and post- winter ocean conditions into
one index and developed salmon growth as a proxy for
ocean productivity and used both indices to predict
the overwintering survival of groundfish. More often
the recruitment of groundfish is linked to individual
climate variable during a specific life stage. For



SW1 and groundfish post age-0 YCS

For the Gulf of Alaska, the index for growth in body
length of juvenile salmon was a positive predictor of
age-1 pollock, but not age-2 sablefish, indicating that
juvenile salmon growth has potential as a proxy for
favorable ocean conditions experienced by age-0 pol-
lock (i.e., the year prior to their contributing to the
YCS indices used in this paper). For groundfish in the
Gulf of Alaska, above-average temperatures and faster
growth rates relate to higher recruitment success for
groundfish (Sigler et al., 2001). In addition, the body
size of both species is important in determining over
wintering survival (Beamish and Mahnken, 2001; Si-
gler et al., 2001). The proposed purpose of attaining a
larger body size during the first year at sea is to avoid
predation during the early summer (Beamish and
Mahnken, 2001). The positive SW1 and YCS rela-
tionship indicates that the early marine growth of
Karluk sockeye salmon may be an informative indi-
cator for rearing conditions of age-0 pollock in the
Gulf of Alaska.

Based on the results for the Gulf of Alaska, it would
be expected that SW1 might be a positive predictor of
groundfish YCS for the EBS, because juvenile salmon
share similar prey resources and habitat as groundfish in
the GOA and the EBS (Auburn and Ignell, 2000; Sigler
et al., 2001). However, we found an inversely rela-
tionship between SW1 for Naknek River sockeye and
EBS groundfish YCS. Recently published results from
fisheries oceanography surveys in the EBS provide
insight into the possible mechanisms to explain the
inverse SW1 and YCS relationship seen since the late
1980s. Juvenile pink (O. gorbuscha), sockeye, and chum
salmon captured with a trawl net in the upper 35 m in
the EBS were longer during warm summers (2002 and
2003) and shorter during cold summers (2006, 2007)
(Andrews et al., 2009; Farley and Moss et al., 2009;
Farley and Moss, 2009; Farley and Trudel, 2009; Farley
et al., 2011). However, the energy density of juvenile
pink salmon was higher during cold late summers (2004
and 2005) and lower during warm late summers (2006
and 2007) (Andrews et al., 2009). Similarly, age-0
pollock were more energy dense (kJ g)1) and consumed
higher energy prey (amphipods, euphausiids, and
copepods) during cold summers than during warm
summers (Moss et al., 2009; Coyle et al., 2011). The
partitioning of energy to lipid reserves, rather than
growth in length, was important in determining the
overwintering survival of age-0 pollock in the Bering
Sea (Moss et al., 2009; Hunt et al., 2011) and could
explain the inverse relationship between SW1 index
and pollock and cod YCS since the late 1980s.

TC index and groundfish post age-0 YCS

For the Gulf of Alaska, the finding that the TC index
was a significant negative predictor for pollock YCS and
not a significant predictor for sablefish YCS con-
tradicted our hypothesis. The inverse relationship be-
tween GOA pollock YCS and the TC index indicates
that a warm fall followed by a cool spring favors the
overwintering survival of pollock in the Gulf of Alaska.
Other studies were successful in addressing the varia-
tion in GOA groundfish recruitment with climate
indices. For sablefish off Vancouver Island, McFarlene
and Beamish (1992) found that a multi-year cool period
followed by a warm year produced strong year classes of
sablefish in 1941, 1953, 1958, 1967, and 1977. The
strong sablefish YCSs were linked to a more intense
Aleutian Low pressure (R2 = 0.53, P < 0.001) and
higher copepod abundances (R2 = 0.45, P < 0.001). A
stronger Aleutian Low pressure during the warm years
transported cool nutrient-rich waters from the central
North Pacific to near shore waters by the more intense
cyclonic atmospheric and oceanic circulation and
Ekman transport (McFarlene and Beamish, 1992). For
GOA sablefish, above average year classes were linked
to warmer sea temperatures and northerly winter ocean
currents, but not linked to diets, El Nino events, or eddy
activity (Sigler et al., 2001). Authors express the need
for more detailed studies on sablefish ecology.

For the eastern Being Sea, the finding that the
temperature change index was a significant positive
predictor for the YCS of groundfish supports the
hypothesis that a cool late summer during the age-0
stage followed by a relatively warm spring during the
age-1 stage are coupled to maximize the over-winter-
in,ntenL.g I-41(42.6.202,d



and indicates that the coupled event of a cool late
summer during the age-0 stage (Moss



any such relationships will be based on a more detailed
understanding of the underlying direct and indirect
causal ecological mechanisms. Additional time series
that integrate environmental conditions during mul-
tiple life stages and that index fish stock status are
needed to better understand how the long-term
dynamics and health of marine ecosystems will change
under varying climate regimes.
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