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INTRODUCTION

Fisheries operate within a complex array of species
interactions and environmental effects, yet many of
these processes and their effects on fish populations
remain poorly understood. Recently, some salmonid
populations in the northeast Pacific Ocean, including
Chinook salmon Oncorhynchus tshawytscha in Cali-
fornia, USA, coho salmon O. kisutch along the west

coast of North America, and sockeye salmon O. ner -
ka in British Columbia, Canada, have experienced
dramatic changes in abundance over very short time
periods, leading to both conservation concerns and
socioeconomic impacts (Koslow et al. 2002, Lindley et
al. 2009, Thomson et al. 2012). Specifically, Sacra-
mento River fall-run Chinook salmon declined well
below the Pacific Fisheries Management Council’s
escapement conservation goal of 122 000 to 180 000
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spawners in 2007 (88 000 fish) and 2008 (66 000 fish;
Lindley et al. 2009), effectively shutting down the
fishery.

‘Ocean conditions’ have been highlighted as a
 factor explaining salmon population variability, but
often it is unspecified which aspects of the oceanic
environment (physical or biological) are causally
related to variation in survival and returns. While
numerous studies have shown strong correlations to
hydrographic conditions (e.g. Mantua et al. 1997,
Botsford & Lawrence 2002, Scheuerell & Williams
2005), such analyses do not provide a mechanistic
understanding of change. One of the proposed mech-
anisms for the recent variation is a ‘bottom-up’ (nutri-
ent-driven) effect of ocean primary productivity on
prey availability (Wells et al. 2012). While some work
has been done on the diet of juvenile Chinook
salmon (MacFarlane & Norton 2002, Daly et al. 2009),
few data are available on the food habits of adults,
and what data are available indicate tremendous
year-to-year variation in diet (Hunt et al. 1999, Daly
et al. 2009). Understanding the nature of variation in
salmon survival at sea is therefore limited by the
dearth of long-term information on salmon diet,
which is difficult to obtain by conventional means
(standardized surveys).

Historically, salmon prey in the central California
Current (CC) included krill, juvenile rockfish, and
anchovy (Merkel 1957). During recent decades how-
ever, ocean climate and the pelagic community have
undergone substantial changes (DiLorenzo et al.
2005, Harding et al. 2011) and food habits of salmon
may have been altered. For example, interannual
variations in krill (Lavaniegos & Ohman 2007), a
decrease in adult and juvenile rockfish (Field et al.
2010), the recovery of the California sardine (Hill et
al. 2011), and variable numbers of anchovy (although
a general decline since the 1980s; Litz et al. 2008, Fis-
sel et al. 2011) have been observed. These changes in
forage base have resulted in demographic effects on
other predators existing at the same trophic level as
salmon (e.g. marine birds; Sydeman et al. 2006,
Thayer & Sydeman 2007).

Here, through a collaborative fisheries research
program involving commercial and recreational fish-
ers, we investigated long-term variability in adult
Chinook salmon diet, and related this to historical
information as well as changes in the ocean environ-
ment. Our specific objectives were to (1) summarize
and compare salmon diet between decades (mid-
1950s, early to mid-1980s, mid-2000s) for the central
California region, on the scale of months to decades;
(2) compare these diet data with conditions in the

environment, including ocean conditions and prey
availability as indexed by mid-water trawl surveys of
various prey species; and (3) examine how salmon
diet relates to central California salmon abundance
indices.

MATERIALS AND METHODS

Salmon diet

Prey composition and temporal changes in the
diet of adult Chinook salmon in central California
were determined through stomach content analysis
from May through August (spring-summer) of 1980
through 1986, and 2005 through 2007, and compared
with May through August data available from 1955
(Merkel 1957). Salmon stomachs were largely ob -
tained in the Gulf of the Farallones (Fig. 1; approxi-
mately Point Reyes [37° 60’ N, 123° 1’ W] to Pillar
Point [37° 32’ N, 122° 30’ W]) from commercial pas-
senger fishing vessels (CPFV) and a few commercial
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vessels using trolling gear in 1955 (Merkel 1957),
1980 to 1986 (Larson 1987; P. Adams, NMFS, un publ.
data), and 2005 to 2007 (this study; see Tables S1–S3
in the Supplement at www.int-res.com/articles/suppl/
m498p249_supp.pdf).

Salmon were measured (fork length, FL), capture
location was logged via GPS, and stomachs were
removed and either immediately frozen or put on ice
and then frozen or stored in formalin upon return to
port. Stomach contents were identified to the lowest
possible taxon using a dissecting microscope if nec-
essary, and complete prey items were measured and
weighed. When necessary, prey hard parts (primarily
otoliths and cephalopod beaks) were identified using
atlases (Clarke 1986, Harvey et al. 2000) and refer-
ence collections (NMFS Southwest Fisheries Science
Center; L. Spear and P. Pyle, PRBO Conservation Sci-
ence; M. Weise, University of California Santa Cruz;
J. Har vey, Moss Landing Marine Laboratory). Oto -
liths and cephalopod beaks were counted and a
 minimum number of individuals was determined for
each stomach sample using the larger number of left
or right, similar-sized otoliths of each fish taxon, or
upper or lower cephalopod beaks.

Diet analysis

Contribution of each prey taxon to salmon diet
was expressed as percent frequency of occurrence
(%FO), number of prey (%N), and total volume
(%VOL) of prey ingested. Empty guts, or those con-
taining no prey, were not considered in the estimates
of %FO. Prey size classes were summarized for the
most abundant prey types, anchovy and juvenile
rockfish.

The Shannon-Wiener index of diversity, calculated
from %FO, quantified changes in the food resource
spectrum utilized by salmon over time: H ’ = −∑pilnpi,
where pi is the proportion by number represented by
each prey category, i (Mahe et al. 2007). Trends in
diversity were measured using Spear man rank corre-
lations weighted by sample size.

As %FO, %N and %VOL provide different insights
into salmon feeding habits (see Tables S1–S3 in the
Supplement), the geometric index of importance
(GII) was calculated to integrate these (Assis 1996).
The GII was expressed as: GIIj = (%FOj + %Nj +
%VOLj)(√n)−1, where GIIj = index value for the j-th
prey category and n = the number of relative meas-
ures of prey quantities used in the analysis. This diet
index was converted to percentages to facilitate
 comparisons, and %GII was used for all further ana -

lyses. Proportional GII data were logit-transformed to
spread out data near the boundaries of 0 and 1 (War -
ton & Hui 2011).

Main prey species or groupings were included in
further analyses if they contributed to 95% of salmon
diet as measured by ranked cumulative percent fre-
quency of occurrence. Based on cumulative prey
curves for each spring-summer period in all years,
the number of samples required to represent main
prey was 83 samples among years and 33 samples
among months. Sample size among years was suffi-
cient and ranged from 134 to 1250 (Table S1 in the
Supplement). Sample size among months ranged
from 29 to 388 (Table S4 in the Supplement; exclud-
ing 4 months with low sample sizes: 1983Aug n = 3,
1984Aug n = 10, 2006Jul n = 18, 2007Aug n = 9). Months
with sample size <20 were included in a multidimen-
sional scaling (MDS) plot for visualization purposes.
These months were also included and excluded in
further analyses to determine their effect. Months
with sample sizes only slightly lower than generally
re quired (1980May n = 29, 2006Aug n = 29) were in -
cluded because prey curves calculated for these spe-
cific year-month combinations indicated that lower
sample sizes would have been sufficient (i.e. 1980May =
17 samples min., 2006Aug = 8 samples min.). Low
sample sizes did not represent lack of sampling
effort, but rather low numbers of salmon captured
during those months.

PRIMER-E (v6.1.5, 2006; Primer-E) was used for
diet matrix comparisons. STATA-SE statistical soft-
ware (v.11.0, 2009; StataCorp LP) was used for prin-
cipal component analysis (PCA) and comparisons of
diet with sea surface temperature (SST) and abun-
dance indices.

Temporal comparisons

Inter-decadal and within-season changes in diet
composition were visualized using a non-metric MDS
plot. Plots were based on triangular matrices of Bray-
Curtis similarities of the GII for each prey species.
Stress values were calculated to give an indication if,
and to what extent data were distorted (or scattered).
Stress values less than 0.10 were regarded as being
unlikely to result in misinterpretation of the data
(Clarke & Warwick 2001).

To quantify similarity in diet composition among
decades, spring-summer data were sub-sampled
either by month (to examine annual differences) or
by day (to examine monthly differences; this ex -
cluded 1955 from analyses). Similarity matrices were
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constructed from the GII using the Bray-Curtis simi-
larity coefficient, and 1-way analysis of similarity
(ANOSIM) tests were performed to identify any
paired relationships (Daly et al. 2009). Similarity per-
centages (SIMPER) were used to identify which taxo-
nomic categories made the greatest contributions to
any dissimilarity.

Monthly %VOL data from February to April and
September to November of 1955 and 1980–1986
were summarized to give insight into the winter and
fall diet of Chinook.

Diet and environment

Prey availability in the salmon habitat was esti-
mated from surveys of the National Marine Fisheries
Service (NMFS). NMFS conducts mid-water trawls
for juvenile rockfish (Fig. 1) from May to June each
year, with information also collected on a range of
other fishes and pelagic invertebrates (Bjorkstedt
et al. 2011). Surveys began in 1983, and station lo -
cations were standardized in 1986 (hence low trawl
sample sizes in 1983, 1984 and 1985). Methodology is
available in Ralston & Howard (1995) and Field et al.
(2007). RELATE matrix rank correlations were used
to quantify similarities in logit-transformed salmon
diet composition (%N; annual value for May and
June only) and the log-transformed annual mean
catch rates from NMFS surveys as representative of
prey availability for northern anchovy, juvenile rock-
fish, Pacific sardine, Pacific herring, and market
squid (1983 to 1986 and 2005 to 2007). Specifically,
RELATE is a Mantel-type test of the null hypothesis
by permutation; a Spearman rank correlation coeffi-
cient is computed between the corresponding ele-
ments of 2 triangular similarity matrices and the
 statistical significance derived by Monte Carlo per-
mutation procedure (Somerfield et al. 2002).

We used PCA to identify the dominant relation-
ships among salmon prey groups and decompose
multivariate data into a series of univariate measures
that could be separately analyzed. As SST is known
to influence salmon survival (Koslow et al. 2002,
Mueter et al. 2002), we compared local SST against
changes in salmon diet as a potential mechanism for
variation in survival. SST was obtained from the
Southeast Farallon Island shore station (37.7° N
123.0° W, http://shorestation.ucsd.edu/active/index_
active.html; representative of SST in the larger GOF
region, Thayer et al. 2008). Anomalies were calcu-
lated by subtracting the climatological monthly mean
from 1950 to 2008. Annual mean SST from May

through August was compared against the principal
com ponent values of spring-summer salmon diet
using linear regression.

Diet and abundance

We examined how fluctuations in salmon diet
 correspond to salmon survival as measured by
the Sa cramento Index (SI; 1983 to 2007) of ocean
abundance for the fall-run Chinook salmon in central
California. Samples in the 1980s and 2000s were
almost exclusively Sacramento River fall-run Chi-
nook (O’Farrell et al. 2013); although there is no way
to confirm this for 1955 samples, they were captured
during the same months in the same region. Rela-
tionships of the principal component values of diet
and the SI with a 0 yr, 1 yr and 2 yr lag were investi-
gated using logistic regression. Diet from the same
year reflects conditions experienced by returning
adults, and diet from lagged years may reflect what
juveniles experienced in the ocean.

RESULTS

Annual diet composition

Main prey of Chinook salmon included northern
anchovy, juvenile rockfish, euphausiid krill, Pacific
sardine, crab megalopae Cancer spp., Pacific herring
and market squid (Fig. 2, Tables S1−S3 in the Sup-
plement).

Empty stomachs (0% gut fullness) were encoun-
tered in each year of sampling, but when compar-
ing values for May–August across all years of the
study, percentages of empty stomachs were higher in
2005–2007 (Table S1). Regardless of how we de fined
‘empty’ (i.e. 0% gut fullness or 1% which contained
trace amounts of prey), this pattern did not change;
therefore, we do not believe this measure was biased
by different researchers or slightly different method-
ologies. Most prey in the ‘unknown fish’ category for
2005 to 2007 were either anchovy or sardine, indis-
tinguishable due to missing heads and/or the degree
of digestion, not unknown species. Therefore, this
would not have altered the observed patterns of
identified prey, except to potentially increase the
importance of sardine and anchovy in the diet in the
2000s, strengthening differences between decades.

Diet of Chinook salmon has changed over the last
half-century. Shannon-Wiener indices of spring-
summer diet diversity declined significantly through
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time (Spearman rho = −0.69, p < 0.02; Fig. 2). There
was a slightly wider spatial sampling range of salmon
in 2005 to 2007 (Supplementary methods in the Sup-
plement), yet much lower diversity during these years.

In general, rockfish, krill, herring and squid in
 Chinook salmon diet have decreased, while sardine
and anchovy have increased in importance (Fig. 2).
Juvenile rockfish were very important in salmon
spring-summer diet in 1955 and during the 1980s;
however, they were completely absent from the mid-
2000s diet. In the 1980s, species of Sebastes (rock-
fish) included (in order of importance): shortbelly S.
jordani, widow S. en tomelas, splitnose S. diploproa,
chilipepper S. goo dei, blue S. melanops, canary S.
pinniger, square spot S. hopkinsi, bocaccio S. pauci -
spinis, brown S. auriculatus, olive S. serranoides, and
pygmy S. wilsoni. Krill was also well-represented in
1955 and in the 1980s. Herring and cancer mega-
lopae, while still often important in the diet in 1955
and the 1980s, were barely detected in the 2000s or
not at all. Sardine was not present in the diet at all
until the mid-2000s.

Time trends as visualized in an MDS plot indicated
a shift in salmon spring-summer diet composition
through time (Fig. 3). The 1980s data points (SIMPER
similarity = 47%) clustered on the left side of the
MDS plot were generally from the months May and
June (and contained more juvenile rockfish and
krill), while those on the right side were from July

and August (and contained more anchovy and to a
lesser extent, herring). There were no samples in
July or August of 1985, and a few exceptions to the
early/late summer pattern (see labeled months in
Fig. 3). Overall, the MDS plot showed the monthly
samples in 1955 fairly distant from each other, repre-
senting diet differences between months (SIMPER
similarity = 43%), contrasting with closely clustered
samples in the 2000s (SIMPER similarity = 84%). Diet
in all months sampled in the 2000s was basically
reduced to a dominance of anchovy, seen only in
August and sometimes July in other decades. This
also reflects the diminishing diversity indices ob -
served through time.

Changes in spring-summer diet were also signifi-
cant between decades (Table 1). Pairwise tests
revealed significant differences for 2 out of 3 combi-
nations of decades; the third was almost significant at
p < 0.07 (1980s vs. 2000s). To test robustness, exclud-
ing months with low sample sizes only strengthened
the results of the global and pairwise tests.

Decreasing importance of rockfish and krill, and
increasing importance of sardine and anchovy in the
diet were largely responsible for differences in de -
cadal spring-summer diet composition (Table 1). The
largest single contribution to diet differences was the

253

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
19

55

19
80

19
81

19
82

19
83

19
84

19
85

19
86

20
05

20
06

20
07

S
ha

nn
on

-W
ie

ne
r 

d
iv

er
si

ty
 in

d
ex

G
II

Loligo squid
Herring
Crab megalopae
Sardine

Euphausiid krill
Rockfish
Anchovy
SW Div Index

Fig. 2. Oncorhynchus tshawytscha. Chinook salmon diet in
summer of 1955, 1980–1986 and 2005–2007, as represented
by the geometric index of importance (GII). Annual Shan-
non-Wiener indices of diversity (SW Div Index) are overlaid

Fig. 3. Multi-dimensional scaling (MDS) ordination of
 Chinook salmon diet composition based on monthly Bray-
Curtis similarity indices of geometric index of importance
(GII) for the years 1955, 1980–1986, and 2005–2007. In gen-
eral, data for May and June fall on the left side of the plot
and July and August on the right side. Data points outside of
this general pattern are labeled (yr-mo), with the exception 

of the mid-2000s



Mar Ecol Prog Ser 498: 249–261, 2014

decrease in juvenile rockfish through time. Market
squid comprised 6 and 7% more of the diet in 1955
than in the 1980s or 2000s, respectively. A decline in
herring accounted for 6% of the difference in diet
composition between the 1980s and 2000s. Note that
herring are not a large part of the summer diet of
Chinook salmon, yet a decline was still evident. His-
torically, herring were much more important in the
winter diet (Fig. 4).

Seasonal diet

Monthly examination of salmon diet was possible
in spring-summer months for all 3 decades, and in
winter and fall for 1955 and the 1980s (Fig. 4). Her-
ring, squid and anchovy were historically present in
the diet year round, although herring appeared to be
most important in winter, squid in spring, and
anchovy in fall. Appearing only seasonally, krill were
most important in spring and rockfish in summer.
This changed as herring was reduced in winter diet
in the 1980s (no data were available for winter 2000s)
and absent from summer diet in the 2000s (Fig. 4a).
The importance of rockfish shifted temporally to ear-
lier summer in the 1980s, and rockfish were com-
pletely absent in the 2000s (Fig. 4b). Squid was
greatly reduced in spring diet in both the 1980s and
2000s and somewhat reduced in fall diet in the 1980s
(no data were available for fall 2000s; Fig. 4c). Krill
were at least as important or more important in diet
in the 1980s compared to 1955, yet reduced in the

2000s (Fig. 4d). From 1955 to the 1980s, consumption
of anchovy increased in spring to summer while con-
sumption decreased in the fall (Fig. 4e). In the 2000s,
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ANOSIM SIMPER Mean 
R p Rock- Anchovy Euphausiid Sardine Loligo Herring Crab dissimi-

fish krill squid megalopae larity

Global test 0.23 0.02
Pairwise tests

1955 vs. 1980s 0.24 0.035 35.8 27.0 20.0 n/a 6.9 4.1 6.3 63.0
1955 vs. 2000s 0.97 0.001 36.9 24.3 15.0 8.9 6.1 3.9 4.9 77.8
1980s vs. 2000s 0.13 0.068 18.3 31.4 22.4 17.6 0.7 6.2 3.5 50.5

Table 1. Analysis of similarity (ANOSIM) test results of differences in Chinook salmon summer diet composition (geometric
index of importance, GII) among decades (1950s, 1980s, 2000s). Contributions of main prey types to diet differences were 

identified by similarity percentage (SIMPER) analysis
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the importance of anchovy greatly in creased in sum-
mer diet. Sardine, which were absent in previous
decades, also appeared in summer diet in the 2000s.

Prey size classes

Rockfish in spring-summer salmon diet in the 1980s
ranged in size from 5 to 137 mm FL (mean of approxi -
mately 50 mm), while anchovy ranged from 5 to
175 mm (mean of approximately l00 mm). There were
no rockfish sampled in salmon diet in the mid-2000s,
but anchovy ranged from 78 to 170 mm (mean =
123 mm). Merkel (1957) did not distinguish prey size
classes for spring-summer; summaries instead span -
ned February to November with rockfish ranging
from 25 to 191 mm (including older fall fish of this
spring-spawning species) and anchovy from 51 to
165 mm FL.

Diet and environment

An annual index of prey availability from NMFS
mid-water trawls in May and June was available
starting in 1983, and was significantly positively cor-
related with prey observed in the salmon diet in only
May and June (rho = 0.62, p = 0.03); particularly
anchovy, rockfish and sardine (Fig. 5). A large pro-
portion of anchovy was observed in both trawls and
salmon diet, as well as presence of sardine in the
2000s which was conspicuously absent from both in
the 1980s. Rockfish was present in both trawls and
diet in the 1980s. Salmon consumed substantially
more rockfish in 1985 than was evident in trawls,
while the opposite was true in 1984 and 1986. Trawls
sampled small amounts of rockfish in the El Niño
Southern Oscillation (ENSO) year of 1983 and the

mid-2000s, but salmon diet did not reveal any rock-
fish during those years.

From a PCA of salmon diet, PC1diet explained 58%
of the variance in diet, while PC2diet explained 23%
of the variance (Fig. 6). PC1diet was an ordination of
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diet from rockfish-krill-herring (high PC1) to sar-
dine-anchovy (low PC1). PC2diet loaded anchovy,
herring and squid positively and sardine, krill and
crab negatively.

There was a significant negative correlation of SST
from May through August with PC1diet for all years of
the study (β = −2.07, R2 = 0.50, p = 0.01; Fig. 7), but
not with PC2diet (β = 0.24, R2 = 0.02, p = 0.70). By
decade, annual values of PC1diet were correlated
with SST in the early 1980s (β = −2.63, R2 = 0.76, p =
0.01), but not in the mid-2000s (β = −0.32, R2 = 0.43,
p = 0.54).

Diet and abundance

PC1diet was significantly related to the SI lagged by
2 years corresponding to the smolt ocean entry
period (Logarithmic regression: R2 = 0.65, p = 0.02;
Fig. 8a), and lagged by 1 year corresponding to the
second ocean year (R2 = 0.31, p = 0.02), but not with-
out any lag (R2 = 0.08, p = 0.30). Below ~10% of the
maximum value of PC1diet, effects on salmon were
highly negative. PC2diet was not correlated to any of
the SI datasets when the outlier 1985 was included
(Fig. 8b). However, sampling in 1985 was conducted
in May and June only; excluding this point resulted
in a highly significant relationship between PC2diet

and the SI lagged by 2 years (R2 = 0.67, p = 0.03).

DISCUSSION

There are a number of studies linking oceano-
graphic variability to salmon production, but many of
these lack analysis of underlying mechanisms driv-
ing salmon dynamics. We focused on salmon diet as
one of these mechanisms, revealing correlations of
diet with oceanographic variables and also with
salmon production in the region. We interpret this as

salmon production tracking environmental changes
through diet, although the observed relationships are
of course also possible due to covariance in response
to an additional shared driver, as of yet unknown.
Multiple aspects of diet are likely important to sal -
mon growth and survival, including food abundance,
diet diversity, and seasonal availability.
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Diet links environment to salmon abundance

Over the past 3 decades, physical and biological
oceanographic conditions have varied greatly in con-
tinental shelf waters of the CC. There was a strong La
Niña in 1955, a period of very cool and productive
ocean conditions (strength compared to 1999; Wolter
& Timlin 1998). Between 1977 and 1998, the northern
CC was in a warm and relatively unproductive
phase; during this period salmon numbers in this
region declined. One of the strongest ENSO events
on record occurred in 1982−83 (Wolter & Timlin
1998), followed by a short La Niña event. The
1982−83 ENSO produced SST anomalies of +1.0 to
2.5°C, deepened the inshore thermocline by as much
as 50 m, and affected biota in mid-latitude coastal
areas of the North Pacific (Simpson 1992). Since the
mid-1990s, conditions in the northern CC have been
particularly variable, with the 1997−98 ENSO fol-
lowed by 4 years of La Niña events. During these
cool, productive La Niña years, northeast Pacific
salmon rebounded. However, in late 2002, oceano-
graphic conditions again reversed, and warm condi-
tions prevailed for the next 4 years. Except for 2003,
this period was not characterized by ENSO; instead,
the positioning of the North Pacific High and latitude
of the North Pacific Current may have been stronger
influences (Sydeman et al. 2006, 2011). This recent
warm phase coincided with a decline in adult return
rates of both coho and Chinook salmon (Peterson &
Hooff 2006).

Overall, SST explained a large amount of variabil-
ity in Chinook diet composition in our study, which
was not surprising given the effect of SST on the ver-
tical and horizontal distribution and abundance of
pelagic schooling prey species. Other studies along
the northeast Pacific have also found that salmon
production is more strongly linked to local oceano-
graphic processes such as SST than to basin-scale
indices (Mueter et al. 2002). Chinook salmon diet in
our study exhibited a strong correlation with SST in
the mid-1980s, but not as much in the mid-2000s.
ENSO/La Niña events with related SST signals were
strong in 1955 and the early 1980s. Generally war -
mer SST were observed between 2005 and 2007 in
the central to northern CC (García-Reyes & Largier
2012), although ENSO mechanisms were not evident
(Sydeman et al. 2011). Our MDS analysis showed
that diet composition in the mid-2000s had changed
most notably (relative to previous decades) in May
and June. The declining diet diversity, and specifi-
cally the lack of intra-annual variability in 2000s may
explain why the relationship between diet and SST

broke down during this period. PC1diet, to which SST
was linked, appeared to reflect a continuum of cool-
water species (rockfish, krill, herring) to warmer-
water species (anchovy, sardine), as well as changes
in diversity (higher under cooler conditions), given
the remarkably similar pattern between the Shan-
non-Wiener index of diversity and PC1diet through
time.

Both PC1diet and PC2diet were significantly corre-
lated with a lagged SI of ocean abundance for fall-
run Chinook, indicating different aspects of diet that
influence salmon abundance. The interpretation of
PC2diet was not clear, but may represent spatial avail-
ability of prey. Anchovy, herring, and squid loaded
positively on PC2diet, while krill, crab megalopae and
to a lesser extent sardine loaded negatively. A spatial
study in the larger Gulf of the Farallones region since
1990 shows that anchovy and squid have generally
been found on the continental shelf and to the south,
and krill Euphausia pacifica and sardine were found
further offshore, largely along the shelf-break (San-
tora et al. 2012).

The relationship of PC1diet with the SI lagged by
both 1 and 2 years potentially indicates the impor-
tance of diet to ocean-entry smolts and second-
ocean-year fish. Juvenile Chinook salmon eat larval
and juvenile stages of fish as well as krill and other
small micronekton (MacFarlane & Norton 2002, Daly
et al. 2009). Specifically in the Gulf of the Farallones,
MacFarlane & Norton (2002) found that at least half,
if not more, of the diet of smolts was fish, with krill
and crab megalopae making up most of the remain-
der. Fish in smolt diets, when constrained to ocean
catches in the same region and solely during the
same months (May through August), were comprised
largely of anchovy (mean size 67 mm, range 30 to
97mm), Pacific herring (mean size 60 mm, range 50 to
70 mm) and rockfish (mean size 36 mm, size range
13 to 70 mm) (B. MacFarlane unpubl. data), repre-
senting somewhat smaller individuals but with con-
siderable overlap with the prey sizes we observed in
adult diet. Chinook smolts from the Sacramento fall
run typically enter the ocean in late spring or early
summer (Lindley et al. 2009), which overlapped with
our adult salmon diet sampling period (May through
August). Therefore, adult salmon diet could be a rea-
sonable index of ocean prey availability for smolts
and subadults in this region. As suggested by many
studies, the timing and availability of prey may be
important for salmon survival (Chittenden et al. 2010,
MacFarlane 2010, Wells et al. 2012). Diet is related to
survival of salmon in general through abundance
and nutritive content of food, and also specifically for
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smolts through growth rates (to attain larger size and
avoid predation; Beamish & Mahnken 2001, Daly et
al. 2009).

The one year in our study that did not quite fit
the relationship between salmon diet composition
and the lagged SI was 1983 — a strong ENSO year.
Salmon abundance in the year of return was higher
than expected for such a negative PC1diet score (more
anchovy than rockfish in the diet). However, an cho -
vies in salmon diet in 1983 consisted of smaller size
classes, with roughly 10% smaller than 20 mm (com-
pared to no more than 3% of anchovies <40 mm in
other years in the 1980s), sizes much more accessible
as smolt prey than the typical anchovies observed
(means of ≥100 mm). PC1diet may possibly be inter-
preted as containing an element of prey size im -
portance to salmon as well.

Other studies relating salmon returns to diets dur-
ing a similar time period to our study showed mixed
results. Daly et al. (2009) examined inter-annual and
seasonal ontogenetic diet shifts in juvenile salmon off
Oregon and Washington in the 1980s versus the late
1990s and early 2000s (1998 to 2003). Daly et al.’s
(2009) expectations that juvenile salmon would feed
on larger, higher quality prey such as fish, and have
higher stomach fullness in high survival years were
somewhat but not entirely supported by their data.
During lower-survival years, coho salmon ate fewer
and smaller fish prey, while ocean-entry year Chi-
nook salmon had less total food and more empty
stomachs. Interestingly, Daly et al. (2009) also docu-
mented a sharp increase in the percent of empty
stomachs between the 1980s and the 1999 to 2003
period, consistent with what we observed between
the early 1980s and the mid-2000s. Yet no consistent
trophic patterns for larger Chinook salmon in rela-
tion to their ultimate survival were seen in that study.

Regionally, a recent 10 yr study (1997 to 2006)
linked central California Chinook salmon returns
with krill abundance in the year of ocean entry, and
juvenile rockfish abundance in the year of return
(Thompson et al. 2012). While diet in our study was
significantly related to 2 yr lagged returns (ocean
entry year) and 1 yr lagged returns (second ocean
year), we saw no relationship in the year of return.

Spatio-temporal heterogeneity of food resources

Diet diversity declined significantly in our study
between 1955 and the mid-2000s. A diet dominated
by rockfish in summer 1955 and containing herring,
krill, squid, crab and anchovy changed to include

more anchovy in the mid-1980s, but switched to a
diet dominated by anchovy in the mid-2000s. Gran -
ted, 1955 (n = 1, i.e. a single year, but the only histor-
ical data available) was an anomalously cool and pro-
ductive year, likely favoring rockfish spawning and
survival; although a significant decline of rockfish in
the diet still occurred between the early 1980s (n =
7 years) and mid-2000s (n = 3 years, when rockfish
were completely absent). This switch from juvenile
rockfish to anchovy has been observed in other pred-
ator species in the central CC (e.g. rhinoceros auklet
Cerorhinca monocerata and common murre Uria
aalge; Sydeman et al. 2001, Thayer & Sydeman
2007). There are alternative reasons why diet could
have become increasingly dominated by anchovy
(and sardine) — either scarcity of other prey, or
super-abundance of anchovy (and sardine). The for-
mer, however, seems more parsimonious. Poor condi-
tions in 2005–2007 resulted in the lowest levels of
juvenile rockfish abundance in a 25 yr time series
(Field et al. 2010, although abundance has subse-
quently in crea sed; Bjorkstedt et al. 2011). In 2005–
2007, the trawl survey also exhibited low squid and
krill abundances and positive but not overly abun-
dant anchovy and sardine (Bjorkstedt et al. 2011).
The trawl surveys were a good index of salmon prey
availability as shown by the significant correlation
between diet and survey in our study (1983–1986,
2005–2007); similar results were reported from the
4 years of overlap between the trawl results and
diet in the 1980s only (Larson 1987). Bio-acoustic and
modeling data also showed significant decrease of
krill abundance in 2005–2006, with spatial distribu-
tion shifting south away from the Gulf of the Faral-
lones (Santora et al. 2011, Dorman et al. 2011) — con-
sistent with reduced krill occurrence in salmon diet
during those years.

Salmon rely on a diverse array of prey resources
not only due to inter-annual variability, but also be -
cause of intra-annual variability in each one. Merkel
(1957) stressed this point. The timing of spawning of
herring (winter; Watson & Sandknop 1996), squid
(spring, with smaller pulse in fall; Fields 1965), krill
(spring-summer; Feinberg & Peterson 2003), and
rockfish (spring-summer; Ralston & Howard 1995) in
the CC coincides with higher occurrences of these
species in salmon diet. Prey appearing to be ‘sub-
dominant’ in diet composition at an annual scale may
be more important on a seasonal or monthly scale
due to changing availability — herring being a case
in point (see Fig. 4). Overall, in addition to a decline
in diet diversity through the study period, diet
changed the most with respect to composition in May
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and June — a period previously dominated by rock-
fish and krill, and the time during which Chinook
smolts from the Sacramento fall run typically enter
the ocean. Both the reduced abundance of specific
prey types and required prey size classes may have
negatively impacted ocean-entry smolts in May and
June of the mid-2000s and could be related to popu-
lation crashes observed several years later, as also
indicated by Wells et al. (2012), who focused their
analysis on interactions between ocean-entry smolts
and variability in krill abundance.

This suggests that salmon may be vulnerable to the
loss of one or several key prey resources, especially
if this comes during a critical period of the season.
Rockfish (excluding shortbelly rockfish S. jordani
and a few other species), herring and market squid —
3 of the 4 salmon prey types which declined signifi-
cantly during our study — are commercially exploited.
Periods of exploitation match decreases of these spe-
cies in salmon diet. The California herring fishery
underwent a dramatic resurgence from 1972 to 1980
(Spratt 1981), and the herring population is currently
thought to be depressed with significant age-class
truncation (CDFG 2011a). The market squid fishery
in California grew substantially from the mid-1970s
to the 2000s (CDFG 2011b). Although the main fish-
ery for market squid occurs off southern California,
there is also a smaller fishery in central California.
Many rockfish populations (e.g. widow, etc.) were
overexploited in the 1990s leading to low population
sizes, although some unexploited rockfish popula-
tions such as the shortbelly rockfish also declined
(Field et al. 2007). A combination of over exploitation
and ocean conditions may have contributed to low
availability for predators (Field et al. 2010). Anchovy
and sardine, which increased in importance in the
diet as these other species de clined, are also com-
mercially important. Increased future climate vari-
ability, such as greater inter-annual variation in
ENSO (Lee & McPhaden 2010) could lead to still
greater sensitivity between climate and fishing ef fects,
resulting in greater variability in the forage base for
dependent predators (Shelton & Mangel 2011).

As key forage for an ecologically vulnerable and
economically important species such as Chinook
salmon, it may be prudent to take a more conserva-
tive approach to fishing allowances for these prey
species. Modeling studies have suggested that if all
species are fished at maximum sustainable yield
(MSY), yield of higher trophic-level species de crea -
ses as the lower trophic-level species decline (Wal-
ters et al. 2005, Smith et al. 2011). In the case of
salmon, forage includes mid-trophic small pelagic

fishes (anchovy, sardine, herring), juveniles of larger
higher-trophic fish (rockfish), and low to mid-trophic
invertebrates (krill, market squid). Although existing
management measures for coastal pelagic species
include some consideration of forage needs (MacCall
2009, PFMC 2011), they are not based on compre-
hensive assessments of such needs, nor are they
coordinated across management entities (e.g. state
and federal agencies) to ensure some stability among
multiple populations of forage species.

Species-rich communities are thought to produce
more temporally stable ecosystem services, termed
the ‘portfolio’ or stabilizing effect. Salmon population
diversity has been shown to stabilize variability in
returns (Schindler et al. 2010, Carlson & Satter -
thwaite 2011). We suggest that a similar argument
can be invoked for salmon prey. For Sacramento
River Chinook, not only has population-level diver-
sity decreased (the population is currently predomi-
nantly hatchery fish), but prey diversity has declined
as well. Both of these factors have likely contributed
to reduced and more variable Chinook salmon abun-
dance and return rates. Therefore, in addition to
direct salmon management, efforts to better under-
stand and manage salmon prey are imperative.
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