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ABSTRACT: Characterizing predator diets is essential
to understanding food web dynamics. We investigated
the dietary breadth and variation of the California sea
lion (CSL) Zalophus californianus at 3 of the California
Channel Islands from 1981-2015. Prey species were
identified from hard parts and soft-tissue remains of
pyrosomes recovered from fecal samples, revealing a
diverse diet of fish and cephalopods. Percent fre-
quency of occurrence and percent split-sample fre-
quency of occurrence were used to describe long-
term trends, correlations between prey taxa, diet
diversity, and diet similarity. The most common of 142
prey taxa identified to species were market squid Do-
ryteuthis opalescens, northern anchovy Engraulis
mordax, shortbelly rockfish Sebastes jordani, jack
mackerel Trachurus symmetricus, Pacific sardine
Sardinops sagax, Pacific hake Merluccius productus,
and Pacific mackerel Scomber japonicus. Dietary dif-
ferences were observed between male and female
sea lions, and between animals from different islands
and seasons. Intra-island diets at 2 locations were
more similar than inter-island diets. Important inter-
annual and decadal changes in diet were identified.
CSL diet shifted from an anchovy-based diet in the
1980s to a market squid based-diet in the 1990s and
2000s, with other prey taxa being consumed more fre-
quently when consumption of those 2 main prey de-
clined. Prey-switching likely provides flexibility
needed in the dynamic California Current Ecosystem,
and may allow CSLs to adapt to changes in food sup-
ply and availability driven by climate change.
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California sea lion rookery, San Nicolas Island, USA. Sea lion
diet reveals changes in prey availability with climate.
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1. INTRODUCTION

Spatially and temporally explicit information on
predator—prey interactions is essential to understand-
ing food web dynamics and assessing ecosystem
function in marine systems (Koehn et al. 2016, 2017,
Kaplan et al. 2017, Pethybridge et al. 2018). Predator
diet datasets, an important source for identifying
predator-prey interactions, are thus valuable to
ecosystem-based fisheries management, as they can
provide insights into the dietary requirements of top
predators and their potential impact on commercial
fish stocks. In marine systems, the complex linkages
within pelagic food webs are complicated by the
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effects of environmental variability on multiple
timescales. The California Current Ecosystem (CCE)
is a productive eastern boundary upwelling ecosys-
tem in the eastern North Pacific that experiences
multidecadal variability (Ohman et al. 2013), inter-
annual variability (McClatchie 2013), and strong sea-
sonal upwelling (Garcia-Reyes & Largier 2012). The
vertical transport of nutrients within this temperate
marine ecosystem creates localized areas of high pri-
mary productivity, which support fisheries of north-
ern anchovy Engraulis mordax, Pacific sardine
Sardinops sagax, and other pelagic species (Chavez et
al. 2003, Checkley & Barth 2009). These forage spe-
cies (small schooling pelagic fish), in turn serve as
food for many birds, large fish, and marine mammals
(Szoboszlai et al. 2015).

Inter-annual variability in the CCE is driven by the
Eastern Pacific El Nino and Central Pacific El Nifo
Southern Oscillations which are known to have pro-
found impacts on primary and secondary production
that can directly affect successive trophic levels (Bar-
ber & Chavez 1983, Chavez et al. 2002, McClatchie
2013, Schmidt et al. 2014, Capotondi & Sardeshmukh
2015), underscoring the importance of determining
trophic structure over various timescales that can
serve to better predict climate impacts on marine
communities. In particular, El Nifio and other warm
water events affect upwelling, thermocline depth,
salinity, water temperature, and current flow in the
CCE (McClatchie 2013). These changes subsequently
affect the abundance and distribution of forage fishes
and squid (McClatchie 2013), which alters the forag-
ing behavior and diet of marine predators, such as
large pelagic fishes, seabirds, and pinnipeds (Melin
et al. 2008, Weise & Harvey 2008, Glaser 2011,
Robinson et al. 2018, Warzybok et al. 2018).

The California sea lion (CSL) Zalophus californi-
anus is an abundant pinniped and apex predator of
the CCE, ranging from Baja California, Mexico to
British Columbia, Canada (Allen et al. 2011). The
CSL population discussed in this paper is the US pop-
ulation that primarily breeds at the California Chan-
nel Islands in Southern California (Fig. 1). Studies on
CSL over the past several decades have highlighted
the importance of these predators in the CCE and
their utility as ecosystem indicators (Lowry et al.
1991, Weise & Harvey 2008, Orr et al. 2011, Melin et
al. 2012, Laake et al. 2018), particularly given their
abundance and potential to interact with commercial
fisheries. The maximum estimated population growth
rate of this population was 7.0% yr~' during 1975-
2014, increasing from 96 997 individuals in 1981 to
306220 individuals in 2012, before declining to

approximately 257606 in 2014 (Laake et al. 2018).
Recent population surveys have shown that 99.7 % of
pups are produced at 4 Channel Island rookeries:
San Nicolas Island (SNI), San Miguel Island (SMI),
Santa Barbara Island (SBI), and San Clemente Island
(SCI) (Lowry et al. 2017a; Fig. 1).

A CSL non-pup population of about 250000 was
estimated to consume about 446 000 t of forage per
year (McClatchie et al. 2018), and commercial spe-
cies of fish and squid, including northern anchovy,
Pacific sardine, jack mackerel Trachurus symmetri-
cus, Pacific mackerel Scomber japonicus, Pacific
hake Merluccius productus, salmonids Oncorhyn-
chus spp., and market squid Doryteuthis opalescens
are important components of the diet (Lowry et al.
1990, 1991, Weise & Harvey 2008, Melin et al. 2010).
CSLs have also been reported as bycatch in commer-
cial fisheries (Carretta et al. 2017). Given the high
abundance of CSLs and their consumption of com-
mercially important species, understanding CSL for-
aging patterns over space and time is significant to
assessing their impacts on forage communities and
managing the subsequent effects of the environment
and fishing on the CSL population.

A number of studies on CSL diet conducted over
the past century at various haulout sites and rook-
eries in Mexico and the USA demonstrated variabil-
ity in the diet, as well as spatial and temporal trends
in foraging patterns (Jameson & Kenyon 1977, Everitt
et al. 1981, Garcia-Rodriguez & Aurioles-Gamboa
2004, Mellink 2005, Melin et al. 2012, Robinson et al.
2018). Notably, variation in CSL diet has led some
researchers to describe them as either being oppor-
tunistic feeders (Antonelis et al. 1984) that take
advantage of available prey, or as plastic specialist
feeders that switch between a limited number of
schooling or aggregating species (Lowry et al. 1990,
1991, Weise & Harvey 2008). Prey movement and life
history characteristics of prey can influence CSL sea-
sonal consumption (Weise & Harvey 2008), while cli-
mate variability has been linked to inter-annual and
longer-term prey switching by CSLs (Lowry & Carretta
1999, Weise & Harvey 2008, Robinson et al. 2018).

Fecal sample analysis has become the preferred
method for pinniped diet studies because of the high
taxonomic resolution of prey identifications and ease
in collection and analysis. Prey taxa can be identified
from fish otoliths, cephalopod beaks (i.e. mandibles),
other hard parts, and soft tissue recovered from fecal
samples. While stomach content analysis also pro-
vides high levels of taxonomic resolution, stomachs
would have to be collected from killed animals (e.g.
Fiscus & Baines 1966), from animals that died of nat-
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Fig. 1. (A) Location of the Channel Islands, where the California sea lion diet study was conducted during 1981-2015 at Santa
Barbara, San Clemente, and San Nicolas Islands. Fecal collection sites are shown for (B) Santa Barbara Island, (C) San Nicolas
Island, and (D) San Clemente Island

ural causes whose diet may have been compromised
by illness prior to death (e.g. Dyche 1903, Lowry &
Folk 1987), or by lavaging stomachs of immobilized
live-caught animals (e.g. Antonelis et al. 1994). A
number of recent approaches to estimating marine
mammal diets, such as biochemical tracer tech-
niques, vary in their taxonomic resolution and spe-
cific applications (Pethybridge et al. 2018).

Although the diet of CSLs in the CCE has been
well-studied, current datasets do not include high
resolution (e.g. seasonal) and long-term (e.g. multi-
decadal) diet information on the population that is
needed to understand the effects of environmental

variability on the population and the impact of the
population on the ecosystem (Szoboszlai et al. 2015).
In addition, little is known about the differences in
foraging patterns between adult male and female
CSLs —differences which could affect the interpre-
tation of prey consumption by the population within
regions of the CCE. One CSL diet study using stable
isotope analysis found slight differences in stable iso-
tope values between adult males and adult females,
suggesting possible partitioning of resources (Orr et
al. 2012), and significant diet differences have been
observed between sexes of other pinniped species
(Schwarz et al. 2018).
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Here, we provide findings from the first multi-
decadal study on CSLs in the southern CCE derived
from an ongoing foraging ecology study at the Chan-
nel Islands that has been conducted since 1981. Our
findings are summarized from 16 yr of summer sam-
pling at SBI and 35 years of mostly continuous sea-
sonal sampling at SCI and SNI during 1981-2015.
Our objectives for this study were to examine the fol-
lowing: (1) prey species commonly consumed by
CSLs, (2) seasonal and long-term CSL diet patterns,
(3) inter- and intra-island differences in CSL diet,
and (4) dietary differences between adult females
and adult males.

2. MATERIALS AND METHODS
2.1. Sample collection
2.1.1. Detecting temporal diet patterns

CSL fecal samples were collected during summer
at SBI in 1981-1996, year-round at SCI from
autumn 1981 through 2015, and year-round at SNI
from summer 1981 through 2015 (Fig. 1; Text S1 in
the Supplement at www.int-res.com/articles/suppl/
m692p001_supp.pdf). During the summer breeding
and pupping season, all age-classes are present on
the Channel Islands (Allen et al. 2011), while dur-
ing the non-breeding season, the Channel Islands
are mostly inhabited by adult females, pups, and
juveniles. At SBI, samples were collected during
June, July, and/or August during 1981-1983, and
in July during 1984-1996. Samples were collected
monthly during 1981-1985 at SCI and 1981-1990
at SNI, then pooled into winter (December, January,
and February), spring (March, April, and May), sum-
mer (June, July, and August), and autumn (Sep-
tember, October, and November) for seasonal com-
parisons. Samples were then collected quarterly at
SCI during 1986-2015 and at SNI during 1991-
2015 in January (winter), late-March or April
(spring), July or early August (summer), and Octo-
ber or early November (autumn). Not all months
or seasons were sampled each year (Table S1).
Henceforth, seasonally pooled monthly samples
and quarterly collected samples will be denoted as
sampling occasions.

Samples were collected at one site at SCI, 2 sites at
SBI, and initially at various sites at SNI which were
later narrowed to 2 sites beginning in summer 1991
(Fig. 1). Seasonal (i.e. quarterly) samples were col-
lected during a 1-3 d period.

2.1.2. Sample sizes

After mid-1987 at SCI and 1990 at SNI, our target
sample sizes were guided by power analysis con-
ducted by Goodman (1987) on previously collected
fecal sample data. This analysis showed that 47 sea-
sonally collected samples were required to detect
a percent frequency of occurrence value of >10%,
which we use to denote prey species commonly con-
sumed by CSLs (Lowry et al. 1990). Using this sample
size allowed us to detect a 1 1/2-fold increase in the
fraction occurrence of a prey taxa (indicating an
event) and a 3-fold increase in the fraction occur-
rence of a prey taxa (indicating a major event), with
a tolerance for false negatives at an alpha level of
0.05. Following this analysis, 50 samples were col-
lected each season at SCI, and 50 samples were col-
lected each season at Sites 1 and 2 at SNI (totaling
100 samples). Additionally, 50 samples were col-
lected in July through August at Male Sites 1, 2, or 3
at SNI (Fig. 1). Occasionally, the target sample size
was not reached during the 1980s and for a small
proportion of subsequent visits when too few scats
were collected. In these cases, we used 20 samples as
a minimum because it allowed us to analyze more
samples collected in the 1980s when the target sam-
ple size was unknown and many collections were
made opportunistically. We recognize that the dis-
parity in sample size between these collection events
could bias the percent frequency of occurrence (%FO)
index used to describe the diet of CSLs.

2.1.3. Detecting diet patterns between sexes

Generally, sub-adult and adult males increase in
abundance during the May—-July breeding season,
and while some males may occupy reproductive
areas (such as Sites 1 and 2 at SNI), most males seg-
regate themselves into exclusively male haulout
areas during that time period. In some years during
the breeding season, fecal samples were collected at
SNI from both male-dominated haulout sites and
female-dominated reproductive areas to examine diet
patterns between sexes. Male fecal samples were
collected from 3 male haulout sites at SNI (Fig. 1) in
1991, 1993, 1995-1997, 1999-2001, and 2003 and com-
pared to fecal samples from female-dominated repro-
ductive Sites 1 and 2 for those years (Fig. 1). Knowing
that males were present at female-dominated Sites 1
and 2, we used CSL count data from July aerial photo
surveys to discern the proportion of adult females,
juveniles, sub-adult males, and adult males present
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at those collection sites, as such proportions could
affect diet comparisons between sexes.

2.2. Sample processing

All fecal samples were frozen at —20°C until future
processing. Prior to processing, samples were thawed
for 24-48 h and soaked in water with a small amount
of liquid dish soap. Fecal samples were then washed
through nested sieves, with the smallest mesh size be-
ing 1.0 mm (1981 through March 1983 at SCI),
0.71 mm (April 1983-2005 at SCI and 1981-2005 at
SNI and SBI), or 0.5 mm (2006-2015). We assumed that
there were no differences in prey hard-part retrieval
between the 3 sieve mesh sizes. Hard parts composed
of fish sagittal otoliths, cephalopod beaks, shark and
skate teeth, cartilaginous vertebrae, and crustacean
fragments were collected from the samples for identi-
fying prey-taxon consumed. Soft-tissue remains of
pyrosomes were also collected when found in fecal
samples during 2013-2015. Prey items were identified
to the lowest possible taxonomic level (Text S1).

2.3. Consumption indices

FO and its derivative split sample FO (SSFO; Ole-
siuk et al. 1990) were used to describe the presence—
absence of prey categories in CSL fecal samples
(Text S1). Certain analyses, such as the examination
of diet similarity and diversity, require that diet
indices sum to 100 %. Therefore, we used %SSFO for
these analyses because %FO values do not sum to
100%. The %FO index describes the percentage of
fecal samples containing a specific prey category or
group of prey, and %SSFO index provides a rough
estimate of the percentage represented by each prey
category in the diet. We recognize that each index is
affected by prey size, variation in digestive effects on
hard parts of prey, and proportion of different prey
consumed. To date, no correction factors have been
developed to adjust for these effects on %FO and
%SSFO.

Prey taxa were aggregated into categories for vari-
ous analyses. Common prey were defined as having
a seasonal average %FO >10% and being present in
80 % or more of the total number of seasons sampled
at each island-rookery (Lowry et al. 1990). Other
groups of prey taxa were defined as non-common
cephalopods, non-common fishes, and non-common
cephalopods and/or fishes. Eschmeyer et al. (1983),
Clarke (1986), Antonelis et al. (1994), and FishBase

(Froese & Pauly 2018) were used to identify marine
environmental zones occupied by CSL prey taxa.
Prey taxa were alternatively grouped (for different
analyses) into 3 habitat categories: benthic—demersal,
epipelagic, and epipelagic—-mesopelagic prey taxa.

To aid with interpretation of patterns in %FO
through time, a %FO anomaly index was calculated.
The 1981-2015 means and SDs of sampling occa-
sions for SCI and SNI were calculated for each prey
category, and these long-term means were sub-
tracted from the %FO value for each sampling occa-
sion. A LOWESS smoother with 0.15 tension was fit-
ted visually to seasonal %FO anomaly values (using
Systat 64-bit v.13.00.05 statistical software). Values
outside of 1 SD of the island %FO mean reflected
anomalous foraging conditions.

2.4. Diet similarity

Various metrics have been used for examining diet
similarity, or niche overlap, between 2 communities.
The Morisita index of similarity described by Krebs
(1999) and Magurran (2004) provides a numerical
description of similarity between 2 communities. This
index is negligibly affected by sample size and is
considered to be one of the more accurate overall
similarity indices (Wolda 1981, Krebs 1999). The
Morisita index of similarity can compare seasonal
dietary data between 2 different areas within the
same island rookery, between 2 different island
rookeries, or between male and female collection
sites. The index varies between 0 (no similarity) to 1
(identical). %SSFO values were used to calculate
similarity indices (Krebs 1999; Ecological Methodol-
ogy, V. 7.2, available at https://www.zoology.ubc.ca/
~krebs/books.html).

2.5. Diet diversity

The Shannon-Wiener Index (H’) and species rich-
ness (S), were used to describe diversity in the diet of
CSLs (Krebs 1999, Magurran 2004; Text S1). S gives
equal weight to common and rare taxon, and enumer-
ates the total number of taxon in a seasonal group of
fecal samples. H' gives more weight to rare taxon, and
characterizes species diversity in a community by
accounting for both abundance and evenness of the
species present. H’, which uses the %SSFO index, is
sometimes expressed as number of species (IN;) from
the exponent of H' (N; = ef?), allowing direct compar-
isons to S. However, sample size must be standardized
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because S and N; values increase with increased
sample-size. A bootstrap procedure was then used to
calculate S and N; diversity index values for each is-
lands' seasonal samples by randomly choosing fifty
sets of 30, 35, 40, or 45 samples with replacement.

2.6. Analysis

All samples with prey hard parts were used for
analyses. Least-square regression analysis was fitted
to %FO anomaly values (dependent variable) and
year-season (independent variable) to determine
whether the 1981-2015 slope of the trends was sig-
nificant. Pearson correlation analysis on %FO values
with Bonferroni significant test (using Systat 64-bit
v.13.00.05 statistical software) was used to examine
the association between common prey taxa and non-
common prey categories appearing in the diet of
CSLs from SCI and SNI. By labeling each prey taxa
and category with the island it was associated with, it
was possible to examine between-island and within-
island correlations between prey categories.

A generalized linear mixed model (GLMM,; using R
v.3.4.0) was fitted by maximum likelihood (Laplace
approximation) with binomial (logit) distribution and
random effects on prey taxa data obtained from sea-
sonally collected CSL fecal samples from SCI and
SNI during 1981-2015 and from summer fecal sam-
ples collected at SBI, SCI, and SNI during 1981-
1996. Fixed effects were season, island, with season
x island interaction, and year as a random effect.
GLMM was also used on prey data obtained from
seasonally collected CSL fecal samples from Sites 1
and 2 at SNI during 1991-2015 to test for intra-island
differences in diet and on prey data obtained be-
tween male and female sites to test for differences in
the diet between males and females. Fixed effects
were season, site, with season x site interaction and
year as a random effect, or fixed effect was sex and
year as a random effect.

A hierarchical linear mixed model (HLMM,; using
Systat 64-bit v.13.00.05 statistical software) was fitted
to bootstrapped diversity indices S and Nj, and sepa-
rately to Morisita index of similarity values. For Sand
N diversity measures, fixed effects were sample size,
season, and island, with a season x island interaction,
and year as a random effect. For Morisita index of
similarity, values were logit transformed (Warton &
Hui 2011), season was the fixed effect, and year was
arandom effect. A paired ¢-test was also used to com-
pare logit transformed Morisita values for the 2 male—
female site comparisons to test for differences in sim-

ilarity values between males and Site 1 adult females
with males and Site 2 adult females.

3. RESULTS
3.1. CSL fecal samples

From 269 sampling occasions between 1981 and
2015, a total of 19023 fecal samples were collected at
SBI (n = 841), SCI (n =6813), and SNI (n = 11 369). Of
these, there were 257 sampling occasions for which
>20 fecal samples were collected, and these con-
tained 17 182 fecal samples with hard parts for iden-
tifying prey taxa (Table S2). On average, 91.7 % (SD =
7.0%) of the fecal samples within a sampling occa-
sion contained hard parts (Table S2).

3.2. Prey species of CSLs

A total of 141 species (108 teleost [bony fish], 25
cephalopods [squid and octopus], 5 selachians [sharks],
1 cyclostome [hagfish], 1 pyrosome, and 1 crusta-
cean) were identified to species level in CSL fecal
samples collected at SBI, SCI, and SNI during 1981-
2015 (Table S3). Other prey taxa were identified to
genus, family, or order (Table S3). At SCI and SNI,
market squid, northern anchovy, Pacific hake, jack
mackerel, Pacific mackerel, and shortbelly rockfish
each had a seasonal mean %FO index value 210 % in
80 % or more of the seasonal collections. These prey
were therefore considered to be ‘common prey taxa’
(Table 1, Table S3). Similar prey taxa were com-
monly consumed at SBI in summer, except for Pacific
mackerel and Pacific sardine. Though Pacific sardine
was present in <80% of sampling occasions since
1981, it was treated as a common prey taxon in our
analysis because it occurred in >80 % of sampling
occasions after 1990, and fewer occurrences in the
diet prior to then can be attributed to low sardine bio-
mass in the 1960s-1980s (Wolf 1992, Szoboszlai et al.
2015). In addition, Pacific sardine is an important
fishery stock with many stakeholders (e.g. fisheries)
interested in its consumption by CSLs.

3.3. Oceanic habitats of CSL prey species

CSLs foraged within a broad array of habitats,
mostly consuming epipelagic, epipelagic-mesopela-
gic, and benthic-demersal species (Table S3). Epipel-
agic species primarily consisted of northern anchovy,
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Table 1. Summary of hard part detections across various prey categories derived from (A) seasonal collections at San

Clemente and San Nicolas Islands (1981-2015) and (B) summer collections at San Clemente, San Nicolas, and Santa Barbara

Islands (1981-1996). Number and percentage of seasons with hard parts present and corresponding mean + SD of percent fre-

quency of occurrence (%FO) index values are shown. %FO values are based on seasonal means of California sea lion fecal
samples containing >20 samples. For a complete list of prey taxa see Table S3

A) All seasons 1981-2015 San Clemente Island

San Nicolas Island

and/or fishes

B) Summer 1981-1996 San Clemente Island

Seasons Seasonal %FO Seasons Seasonal %FO

present present
Prey category % Mean SD % Mean SD
Market squid 98 55 28 99 54 32
Northern anchovy 88 29 30 93 25 27
Shortbelly rockfish 95 19 15 100 29 14
Jack mackerel 98 24 17 98 18 16
Pacific sardine® 75° 21 23 762 21 23
Pacific hake 91 17 16 100 25 16
Pacific mackerel 90 13 12 86 11 12
Non-common fishes 99 26 12 99 17 13
Non-common cephalopods 94 13 10 99 17 14
Non-common cephalopods 99 33 15 100 30 16

San Nicolas Island Santa Barbara Island

and/or fishes

Seasons Seasonal %FO Seasons Seasonal %FO Seasons Seasonal %FO

present present present
Prey category Y% Mean SD Y% Mean SD Y% Mean SD
Market squid 100 32 16 100 32 19 94 43 20
Northern anchovy 80 44 31 100 33 29 100 49 25
Shortbelly rockfish 100 18 17 100 28 17 100 29 14
Jack mackerel 100 21 16 100 29 23 100 21 14
Pacific sardine® 40 13 6 60 22 20 63 19 14
Pacific hake 100 34 18 100 35 15 100 40 17
Pacific mackerel 93 12 8 93 20 14 75 10 11
Non-common cephalopods 100 21 13 100 21 10 100 22 16
Non-common fishes 100 25 10 100 15 6 100 19 8
Non-common cephalopods 100 41 16 100 31 11 100 35 17

“During 1990-2015, Pacific sardine was found in >10 % of seasonal samples and was present in 90.7 and 89.5 % of seasonal
collections at San Clemente and San Nicolas Islands, respectively, making it a common prey taxon during that period

Pacific sardine, jack mackerel, Pacific mackerel, and
Pacific hake. Market squid was the main epipelagic—
mesopelagic species. Shortbelly rockfish was the
main benthic-demersal species. Epipelagic-meso-
pelagic prey and benthic—demersal prey increased
during the course of the study, whereas epipelagic
prey decreased (Fig. 2, Table S4). Consumption of
benthic—demersal prey peaked during 1992-1993 at
SCI, 1991-1993 at SNI, and 2013-2015 at SCI and
SNI (Fig. 2).

3.4. Seasonal and annual variability in CSL diet

All common prey taxa were consumed through-
out the year, but some exhibited seasonal and

annual variability (Fig. 3, Table 2). Market squid
was mainly consumed in autumn and winter.
Northern anchovy was consumed most often in
spring and was consumed least often in autumn.
Pacific sardine was consumed most during spring.
More Pacific mackerel, jack mackerel, and non-
common fishes were consumed during autumn
than other seasons. Pacific hake was consumed
more frequently in summer. There was a seasonal
difference in consumption for the combination of
non-common cephalopods and/or fishes (Table 2).
Greater annual variation (i.e. high SD relative to
SDs of other prey categories) was found in the
consumption of market squid, northern anchovy,
and Pacific sardine than for all other species
(Table 2).
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3.5. Correlations between prey taxa in CSL diet

With the exception of Pacific mackerel and jack
mackerel, all common prey and non-common prey
groups consumed by CSLs were correlated between
SNI and SCI (Table S5). Anchovy was negatively cor-
related with market squid at SCI and at SNI, and
with shortbelly rockfish at SCI. Shortbelly rockfish
was positively correlated with Pacific hake at SNI,
and was positively correlated with non-common
fishes, non-common cephalopods, and non-common
cephalopods and/or fishes at SCI and SNI. While
Pacific mackerel and jack mackerel were not corre-
lated to other common prey taxa, they were corre-
lated to each other at SCI and SNI.

3.6. Inter-island comparisons

During 1981-2015, the most common prey taxon in
the diet of CSLs at SNI and SCI was market squid
(Table 1). Shortbelly rockfish was the second most
common prey taxon for CSLs at SNI, while northern
anchovy was the second most common taxon for
CSLs at SCI. Throughout the study period, Pacific
hake and shortbelly rockfish were consumed more at
SNI than SCI, and jack mackerel and non-common
fishes were consumed more at SCI than SNI (Table 2).
In addition, summer collections during the first half
of the study period (1981-1996) revealed that the
most common prey taxon at SBI was northern an-
chovy, followed by market squid (Table 1).
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Fig. 3. Mean (+1 SD) seasonal percent frequency of occurrence (%FO) values for common prey taxa and non-common
cephalopods and/or fishes found in fecal samples collected at San Clemente Island (SCI) and San Nicolas Island (SNI) during
1981-2015

3.7. Long-term trends and prey switching

During 1981-2015, CSL diet data revealed multi-
year and multi-decadal variability in prey consump-
tion. Consumption of market squid, Pacific sardine,
and non-common fishes increased, while northern
anchovy and Pacific hake decreased across all islands
during the study period (Figs. 4 & 5, Table S4). Tem-

poral trends were also specific to each island from
1981-2015. Shortbelly rockfish increased at SCI, and
jack mackerel and Pacific mackerel decreased at SNI
(Table S4). Concurrent to these multidecadal trends,
CSLs switched between different common prey taxa
and non-common cephalopods and/or fishes multiple
times throughout the study period (Figs. 4 & 5). Peaks
in prey consumption for a given species lasted from
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Fig. 4. LOWESS smoothing with 0.15 tension (black line) fitted to seasonal percent frequency of occurrence (%FO) anomaly
values (gray bars) for prey-taxon found in CSL fecal samples collected seasonally at San Clemente Island (left panels) and San
Nicolas Island (right panels) during 1981-2015. Horizontal lines are +1 SD of the island 35 year mean for each prey-taxon

(F-ratio = 5.997, p = 0.001). The Morisita index of sim-
ilarity between SBI, SCI and SNI during summer
1981-1996 indicated that summer diets between the
3 islands were similar (mean = 0.751, SD = 0.176;
median = 0.800; Table 4), and no significant island
differences were found (F-ratio = 1.953, p = 0.155).

(continued on next page)

3.10. Intra-island comparisons

At 2 collection sites on SNI, fewer shortbelly
rockfish, Pacific hake, and non-common cephalo-
pods and/or fishes were consumed at Site 2 than
were consumed at Site 1, but no differences were
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Fig. 4 (continued)

found for other prey categories (Table 5). A higher
year effect (i.e. high year SD relative to SDs of
other prey categories) was found for northern
anchovy and Pacific sardine than for other prey
categories at Sites 1 and 2 at SNI (Table 5). While
differences were found in diversity indices for area
and season between SNI Sites 1 and 2 (p < 0.05),
there was no season x area interaction effect for S
(p > 0.05), but there was an season x area interac-
tion effect for N; (p < 0.05; Table S7). Diets of
CSLs at the 2 sites on SNI were very similar
(nearly identical) to each other (Morisita index
of similarity mean = 0.898 [SD = 0.081] with the
median = 0.919; Table 4). Seasonal differences
were not found for Morisita index of similarity
area comparisons (F-Ratio = 1.827, p = 0.148).

3.11. Male-female comparisons

Fecal samples collected in summer from male
haulout sites in 2000 and 2001 could not be used
due to sample size limitation (i.e. < 20 samples col-
lected), leaving 7 yr for male-female diet com-
parisons. For those years, the mean age composi-
tion (with 95% CI) of non-pup age/sex classes
at Site 1 was 77 + 4% adult females, 12 + 3%
juveniles, 5 + 1% sub-adult males, and 6 + 2%
adult males, and at Site 2 it was 84 + 4% adult
females, 8 + 4% juveniles, 1 = 0% sub-adult
males, and 7 + 2% adult males (Table 5). Fecal
samples collected from male haulout sites were
from sub-adults and adults, but the composition of
each were unknown. The mean Morisita index
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Fig. 5. LOWESS smoothing with 0.15 tension (black line) fitted to seasonal percent frequency of occurrence (%FO) anomaly
values (gray bars) of non-common prey taxa found in California sea lion fecal samples collected seasonally at San Clemente Is-
land (left panels) and San Nicolas Island (right panels) during 1981-2015. Horizontal lines are +1 SD of the island 35 year

mean for each group of prey taxa

value between the diets of males and Site 1 adult
females was 0.826 (SD = 0.128), and between males
and Site 2 adult females was 0.763 (SD = 0.159;
Table 4). No significant difference (p = 0.05) was
found between Morisita index values for males
and Site 1 adult females with males and Site 2
adult females. In addition, no significant differences
between males and adult females were found in
the consumption of market squid, shortbelly rock-
fish, Pacific hake, and Pacific mackerel, but males
consumed significantly less (p < 0.05) anchovy,
sardine, and jack mackerel and significantly more
(p £ 0.05) non-common cephalopods and non-com-
mon fishes (Table 5).

4. DISCUSSION

Our study revealed that CSL diet in the southern
CCE is highly diverse and variable over time, and to
a lesser extent, across space. H’, or its derivative Ny,
has been the most common metric used to describe
diversity in the diet of pinnipeds (Merrick et al. 1997,
Garcia-Rodriguez & Aurioles-Gamboa 2004, Trites &
Calkins 2008, Geiger et al. 2013). Although diversity
indices S and N; values differed, both indicated that
CSL diet at the Channel Islands has a high degree of
spatial (i.e. inter-island) and temporal variability.

Of the 4 Channel Islands rookeries, SCI and SBI
are the smallest in terms of CSL pup production (4
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Table 3. Species richness (S) and Shannon-Wiener (V) diversity indices of fecal samples collected seasonally from Santa Bar-
bara Island (SBI), San Clemente Island (SCI), and San Nicolas Island (SNI) during summer 1981-1996 and from SCI and SNI

during 1981-2015. Mean and SD for 50 random samplings of sample size 40 were derived from each set

Years Season Island Fecal sample Species richness (S) Shannon-Wiener (N;)
samplings Mean SD Mean SD
1981-1996 Summer SBI 650 214 6.3 9.1 3.3
SCI 600 208 5.1 8.9 3.4
SNI 650 19.6 4.6 8.8 2.3
SBI, SCI, SNI 1900 206 54 8.9 3.1
1981-2015 Winter SCI 1350 189 92 6.6 3.7
SNI 1300 16.8 5.6 6.0 2.8
SCI, SNI 2650 17.8 7.7 6.3 3.3
Spring SCI 1450 19.4 7.3 7.4 3.1
SNI 1350 19.9 9.1 8.3 4.6
SCI, SNI 2800 19.6 8.3 7.8 3.9
Summer SCI 1400 21.8 53 8.9 3.0
SNI 1500 222 6.2 9.3 2.8
SCI, SNI 2900 220 5.8 9.1 2.9
Autumn SCI 1250 212 6.3 8.4 2.7
SNI 1350 18.3 5.0 6.6 2.2
SCI, SNI 2600 19.7 5.8 7.5 2.6
All SCI 5450 203 7.3 7.8 3.3
SNI 5500 19.4 6.9 7.6 3.5
SCI, SNI 10950 19.8 7.1 7.7 3.4

Table 4. Summary statistics for the Morisita index of similarity derived from comparing %SSFO of prey taxa found in seasonal
CSL fecal samples. Samples were categorized into the following groups for comparison: within island = San Nicolas Island
(SNI) collection Sites 1 and 2 during 1991-2015; between Island = (1) Santa Barbara (SBI), San Clemente (SCI), and SNI during
1981-2015, and (2) SBI, SCI, and SNI during summer 1981-1996; and males vs. females at SNI = male and female collection
Sites 1 and 2

Comparison Location Years Sub-sample comparison n Min Max Median Mean SD
Within Island SNI 1991-2015 Winter 23 0.758 0.990 0917 0.922 0.049
Spring 23 0.709 0.990 0.879 0.887 0.076
Summer 21 0.656 0.983 0919 0.864 0.109
Autumn 23 0.769 0.997 0.937 0.915 0.072
All seasons 90 0.656 0.997 0.919 0.898 0.081
Between Island SNI, SCI 1981-2015 Winter 30 0.517 0.988 0.827 0.789 0.142
Spring 32 0332 0953 0.720 0.691 0.171
Summer 31 0.552 0987 0.844 0.837 0.114
Autumn 28 0.522 0995 0.854 0.826 0.128
All seasons 121 0.332 0.995 0.814 0.784 0.151
SCI, SBI 1981-1996 Summer 15 0.352 0922 0.778 0.733 0.173
SNI, SBI 15 0.318 0943 0.814 0.707 0.217
SNI, SCI 14 0574 0986 0.810 0.816 0.113
All islands 44 0.318 0986 0.800 0.751 0.176
Males vs. Females SNI 1991, 1993, 1995, Males vs. Site 1 females 7 0.574 0.955 0.833 0.826 0.121
1996, 1997, Males vs. Site 2 females 6 0.466 0.905 0.798 0.763 0.159
1999 & 2003 All sites 7 0548 0.934 0839 0.812 0.128

and 6% of production, respectively), and SNI and
SMI are the largest (each producing ~45 %, Lowry et
al. 2017a,b). In general, diet differences between
islands were more substantial than between sites
within the same island, suggesting access to common
prey within the southern CCE may vary across the

region. Satellite-tagged CSLs from SNI and SMI in-
dicated that some foraged in similar areas and some
did not (Melin et al. 2008, McHuron et al. 2016).
Diets between male-dominated and female-
dominated sites were slightly dissimilar. Sub-adult
and juvenile males that comprise a small proportion
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of non-pups occupying reproductive sites may have
contributed fecal samples at these areas. The higher
proportion of sub-adult males in Site 1 in particular
may be why diet similarity was slightly higher there
than the comparison at Site 2. However, adult male
contribution to fecal samples within Sites 1 and 2 is
likely negligible, as they spend most of their time
patrolling aquatic zones within female reproductive
areas for a few days between foraging trips (S. Melin
pers. comm.). Nonetheless, we observed significant
differences in the consumption of common and non-
common prey species between sexes during the sum-
mer breeding season. During the summer breeding
season, adult females at SNI consumed more energy
rich prey such as anchovy and sardine than males,
while males consumed more prey with lower energy
content such as non-common cephalopods and non-
common fishes. The intra-population variation in diet
we observed in our study may help improve estimates
of biomass removal by sea lions of commercially im-
portant forage species. Ignoring these differences may
over- or underestimate consumption of prey species
by the CSL population. Additional sampling of male-
and female-dominated haulout sites across seasons
would allow for even finer detections in sex-specific
diets that may be useful to resource managers.

The diet data showed that CSLs shifted from an
anchovy-based diet in the 1980s to a market squid-
based diet in the 1990s and 2000s, with 5 other com-
mon prey taxa being heavily utilized in years when
the 2 main prey diminished (Fig. 4). Generally, CSLs
rely on market squid in autumn and fall when squid
concentrate to spawn and consume a variety of other
common prey during the other seasons. A wide array
of less common cephalopod and/or fish prey collec-
tively represented a sizeable portion of the CSL diet.
CSLs fed mostly on epipelagic prey in the 1980s,
and then more on epipelagic-mesopelagic prey and
benthic—demersal prey in the 1990s and 2000s. There
were occasional periods when benthic-demersal prey
taxa were the most important prey. However, some
prey, such as Pacific hake and shortbelly rockfish,
inhabit epipelagic and demersal-benthic zones.
Pacific hake, categorized as an epipelagic species,
and shortbelly rockfish, categorized as a demersal
species, inhabit the demersal zone during the day
and the epipelagic zone during night (Bailey et al.
1982, Love et al. 2002). CSLs are daytime and night-
time feeders (McHuron et al. 2016), so it's not possi-
ble to determine where they foraged on these 2 taxa
from the fecal sample data.

Changes in the diet were pronounced during ex-
tremely warm oceanographic conditions in 1982-

1983, 1997-1998, 2009, and 2013-2015, during which
more non-common cephalopods and non-common
fishes were consumed. Others have observed similar
changes for the CSL population (DeLong et al. 1991,
Weise & Harvey 2008, Melin et al. 2010, Robinson et
al. 2018). Multiple explanations for spatial and tem-
poral diet variability of CSL have been proposed: (1)
prey movement and life history characteristics (Weise
& Harvey 2008); (2) differences in energy content of
prey (McClatchie et al. 2016); (3) abundance and
availability of prey (Lowry et al. 1990, 1991), and (4)
individual and rookery differences in foraging strat-
egy (Melin et al. 2008, McHuron et al. 2016). The in-
flux of sub-adult and adult males at Channel Islands’
rookeries during the summer breeding season may
have density dependent effects on the diet, espe-
cially during warm water events when abundance of
forage is reduced. This body of evidence suggests
CSLs may increasingly rely on a greater array of less
common prey taxa as oceans warm.

The eastern North Pacific Ocean undergoes de-
cadal cold and warm periods lasting 10 to 30 yr that
have 3 to 7 yr El Nino Southern Oscillation (ENSO)
cycles embedded within them (Fiedler 2002). These
decadal periods are punctuated by regime shifts, 2 of
which have been proposed to have taken place in
1988-1989 and 1998-1999 (Hare & Mantua 2000,
Fiedler 2002, Jo et al. 2013). The ENSO cycle has warm
(El Nino), neutral, and cold (La Nifa) sequences.
During past moderate and severe warm-water El
Nino periods, CSLs spent more time at sea, dove
deeper and longer, traveled farther from the island
rookery and farther offshore (i.e. increased travel
costs), and consumed fewer Pacific hake, Pacific sar-
dine, northern anchovy, and market squid than they
consumed during cold-water La Nina periods (Feld-
kamp et al. 1989, Heath et al. 1991, Melin et al. 2000,
2008, Weise et al. 2006, Kuhn & Costa 2014). Warm-
water periods associated with or without El Nino
periods also have affected CSL pup production, pup
survival, pup weights, and juvenile survival (DeLong
et al. 1991, 2017, Francis & Heath 1991, Melin et al.
2012, Lowry et al. 2017a). Coincidentally, the shift we
found in this study from an anchovy-based diet in the
1980s to a diet dominated by market squid in the
1990s and 2000s occurred during the proposed 1988—
1989 regime shift. Further analyses of this dataset
could evaluate the relationship between prey varia-
tion and ENSO or other decadal effects and deter-
mine which prey taxa or combinations of them are
optimal for pup production and population growth.
Changes in the abundance and availability of forage
species in the CCE have previously been linked to
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reduced reproductive success and survival of young
CSLs, and sometimes survival of adult CSLs (DeLong
et al. 1991, Melin et al. 2008, 2010, McClatchie et
al. 2016).

During 2013-2015, the CCE experienced a record-
breaking marine heatwave (Bond et al. 2015, Di
Lorenzo & Mantua 2016) that was followed by an
extreme El Nifo event (Jacox et al. 2016). Arrival of
large numbers of emaciated CSL pups on the south-
ern California mainland resulted in the declaration of
an unusual mortality event by the National Oceanic
and Atmospheric Administration in 20131 At that time,
fecal sample data showed increased consumption of
benthic and demersal taxa, decreased consumption
of epipelagic taxa, and increased consumption of non-
common cephalopods and fishes. If warm-water events
intensify or become more prevalent in the future, the
CSL population is predicted to experience negative
growth (Laake et al. 2018) as they experience de-
creased pup production and increased pup and year-
ling mortality (DeLong et al. 2017), likely driven by
dietary changes similar to those observed in 2013-
2015 and to other warm-water events that took place
during 1981-2012. Current forecasts indicate that
the CCE will experience increased surface and near-
surface temperatures, increased stratification along
the west coast that may affect upwelling, cooler tem-
peratures below 70m depth, increased numbers of
extreme El Nino occurrences, and higher frequen-
cies of central Pacific El Nifio events (Auad et al.
2006, Yeh et al. 2009, Cai et al. 2014).

Decreased abundance of high-energy forage, such
as anchovy and sardine, during 2004-2014 was found
to result in reduced CSL pup weights that led to pup
die-offs in 2013-2014 (McClatchie et al. 2016). How-
ever, the long-term 35 yr diet data shows that market
squid dominated the diet of sea lions for many years
while the US CSL population increased until it peaked
in 2012 (Lowry et al. 2017a, Laake et al. 2018). Though
cephalopods and fish have similar percentage pro-
tein values, percentage fat value (i.e. lipid) varies by
species (Sidwell 1981), which can affect their total
energy content. Market squid and other cephalopods
have low fat content, while anchovy and sardine have
the highest fat content of forage species consumed
by CSLs. In addition, seasonal variation in fat content
has been found for anchovy (Garcia-Franco et al.
1999), thus it is likely that other fish and squid con-
sumed by CSLs have temporal variations in fat con-

thttps://www.fisheries.noaa.gov/national/marine-life-
distress/active-and-closed-unusual-mortality-events

tent as well. Further analyses could be conducted to
evaluate relationships between protein and fat con-
tent of forage (or their ratio) and CSL population
growth and decline.

Seasonal differences in CSL diet are governed by
prey abundance, prey distribution, prey selection,
density dependent responses by CSLs, and climatic
effects on oceanographic conditions. Market squid is
primarily consumed by CSLs during autumn and
winter when they form dense spawning aggregations
and are more abundant. As their fetus develops, CSL
adult females consume protein-rich market squid in
autumn and winter, then increase their consumption
of energy-rich northern anchovy and Pacific sardine
in the spring (as market squid abundance decreases)
prior to giving birth in late-May and June. Northern
anchovy was consumed most often in spring when
this species congregates inshore of the Southern Cal-
ifornia Bight to spawn (Demer et al. 2012). Sub-adult
and adult male CSLs exhibit a density-dependent
response when they arrive at the Channel Islands for
the summer breeding season (increasing the number
of CSLs at the Channel Islands) where they consume
fewer energy-rich forage such as northern anchovy
and Pacific sardine than adult females and greater
amounts of energy-poor non-common fish and ce-
phalopods. Seasonal variability is also influenced by
annual differences in distribution of prey species in
the CCE (Zwolinski et al. 2012, Dorval et al. 2016).
Thus, CSL seasonal consumption of these species,
and perhaps others may be altered.

As global oceans warm due to climate change, the
distributions of many marine species, including CSL
common prey taxa, are predicted to shift poleward
(Cheung et al. 2009) and in some cases parts of their
range would become uninhabitable (Howard et al.
2020). Poleward shifts have recently been docu-
mented for tropical species within the southern CCE
during warm-water El Nifio episodes (Lea & Rosen-
blatt 2000) and for some pelagic species (Hsieh et al.
2009). For CSLs at the Channel Islands, the north-
ward shift in their common forage species may lead
to increased consumption of non-common prey taxa,
increased diet diversity, and possibly a northward
shift in the CSL breeding population as individuals
follow the northward shift of their forage. Recent
increases in CSL pups born at Ano Nuevo Island and
at the Southeast Farallon Islands in central California
indicate that a northward population shift is already
beginning to occur (Lowry et al. 2017a, 2021).

While fecal analysis provides high taxonomic reso-
lution of prey consumed, there is some uncertainty in
the spatial and temporal resolution in prey consump-
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tion that can be inferred from this method. Satellite
tag and time-depth recorder data have shown that
adult female CSLs from the Channel Islands spend
~1 to 5 d at sea foraging within a range of depths
(~30-150 m) and foraged within 26.1 and 623.7 km of
the rookery (Melin et al. 2008, Kuhn & Costa 2014,
McHuron et al. 2016). Males tagged at Monterey, in
central California, on average spend 0.8 to 2.4 d at
sea and foraged up to 820 km from the tagging site
(Weise et al. 2006). Captive feeding studies of CSLs
have indicated that not all prey hard parts pass
through the digestive tract, and that while most of
the passage occurs within 48 h, it may take up to
120 h for prey remains to pass through the digestive
tract (Orr & Harvey 2001, Sweeney & Harvey 2011).
Therefore, while defecation occurs in the water, fecal
samples collected on land for diet analysis represent
foraging by CSLs over a 1 to 5 d period at various
depths over a wide geographic area.

It is important to note that CSL diet quantified in
other regions has been shown to reflect the abun-
dance of primary prey species within those regions
(as indexed by fisheries-independent trawl surveys;
Robinson et al. 2018). This may be true for the south-
ern California region as well, as one study linked
CSL foraging patterns to the abundance of Pacific
sardine and northern anchovy in the southern CCE
(Fiechter et al. 2016). Shortbelly rockfish abun-
dance was found to be reflected in the diet of CSLs
(Field et al. 2007). It is possible that abundance esti-
mates of other CSL common prey taxa such as mar-
ket squid, Pacific hake, and Pacific mackerel, as
well as non-common mesopelagic taxa, may show
short-term and long-term temporal changes (Crone
et al. 2009, Hill et al. 2011, Dorval et al. 2013, Koslow
et al. 2013, Taylor et al. 2015, MacCall et al. 2016)
that may be reflected in the diet of CSLs upon further
analysis.

Several consumption indices have been used to
describe the diet of pinnipeds from fecal samples.
Frequency-based metrics, such as %FO and %SSFO
used in this study, assume independent sampling (i.e.
one sample represents one individual) and depict the
proportion and percentage, respectively, of what the
population consumed. Number or percentage of indi-
vidual prey consumed may also be used, but this
metric is biased by prey size —smaller individuals
consumed in greater quantities are overestimated,
while larger prey consumed in fewer quantities are
underestimated. Mass of prey has also been used to
describe pinniped diets (Weise & Harvey 2008) by
relating otolith or cephalopod beak size to fish or
cephalopod length and mass for a few species fed to

CSLs during captive feeding studies (e.g. Orr & Har-
vey 2001, Sweeney & Harvey 2011) and making hard
part survival estimates for others. However, a re-
analysis of those captive feeding data (Curtis et al.
2022) estimates fish otolith and cephalopod beak sur-
vival during the digestive process for all fish and
cephalopod prey found in our study by applying
otolith morphometrics and size and mass of CSL prey
(Lowry et al. 2020). Biomass reconstruction of the
CSL diet data presented here is now possible and can
provide highly resolved inputs for food web and eco-
system models.

This 35 yr CSL foraging ecology study highlights
temporal and spatial patterns of a significant marine
predator in the southern CCE. Future studies should
address causes of observed dietary variability and
dietary impact on the US population of CSLs by inte-
grating the oceanographic, climate, and prey abun-
dance correlates with this time series. These data
can also be used to understand the effects of climate
change on apex predators, changes in abundance of
forage taxa that are ecologically significant to many
predators in the CCE, how diets of marine mammals
affect their production and population growth, and
the effects of prey consumption by predators on
commercial fish abundance. While consumption esti-
mates have been made for CSLs in central California
(Weise & Harvey 2008), biomass reconstruction of
this CSL diet dataset, in addition to the application
of caloric energy of CSL forage species to the times
series, will make it possible to generate consumption
estimates for CSLs at the Channel Islands where
the largest proportion of the US population resides.
These future analyses will help us understand the
mechanisms affecting predator foraging and popula-
tion responses in dynamic upwelling environments,
provide data for fish stock assessments, and ulti-
mately contribute to multi-trophic level management
of species in the CCE.

Acknowledgements. This manuscript was made possible by
many biologists from SWFSC who assisted M.S.L. with field
collections and who helped sieve fecal samples in the lab.
Robert Holland from SWFSC wrote software for summariz-
ing fecal sample data. Some of the samples collected at SNI
and SBI during the 1980s were provided by Carolyn Heath,
Brent Stewart, and Sandy Hawes. Thanks to the US Navy,
especially Jan Larson (retired) of the Natural Resources
Office who facilitated field collections at SCI, and to Ron
Dow (retired), Grace Smith (retired), and John Ugoretz, for-
merly of the Environmental Sustainability Office at Point
Mugu Naval Air Station, who facilitated field collections at
SNI. Thanks to Rick Feeney of the Ichthyology Department,
Natural History Museum of Los Angeles County, for allow-
ing use of the John Fitch Otolith Collection for identifying
fish otoliths, and to Eric Hochberg of the Santa Barbara Nat-



Lowry et al.: California sea lion diet 19

ural History Museum for instruction on cephalopod beak
identifications using his collection. The manuscript was
improved by comments provided by Tony Orr, Julie Thayer,
and 3 anonymous reviewers. All fecal collections were con-
ducted under Marine Mammal Research Permits 347, 404,
684, 704, 774-1437, 774-1714, and 14097.

LITERATURE CITED

Allen SG, Mortenson J, Webb S (2011) Field guide to marine
mammals of the Pacific Coast: Baja, California, Oregon,
Washington, and British Columbia. University of Califor-
nia Press, Berkeley, CA

Antonelis GA Jr, Fiscus CH, DeLong RL (1984) Spring and
summer prey of California sea lions, Zalophus californi-
anus, at San Miguel Island, California, 1978-79. Fish Bull
82:67-76

Antonelis GA, Lowry MS, Fiscus CH, Stewart BS, DeLong
RL (1994) Diet of northern elephant seals. In: LeBoeuf BJ,
Laws RM (eds) Elephant seals: population ecology,
behavior, and physiology. University of California Press,
Berkeley, CA, p 211-223

¢ Auad G, Miller A, Di Lorenzo E (2006) Long-term forecast of
oceanic conditions off California and their biological
implications. J Geophys Res 111:C09008
Bailey KM, Francis RC, Stevens PR (1982) The life history
and fishery of Pacific whiting, Merluccius productus.
CCOFI Rep 23:81-98
]\(Barber RT, Chavez FP (1983) Biological consequences of El
Nino. Science 222:1203-1210
]%Bond NA, Cronin MF, Freeland H, Mantua N (2015) Causes
and impacts of the 2014 warm anomaly in the NE Pacific.
Geophys Res Lett 42:3414-3420
] Cai W, Borlace S, Lengaigne M, van Rensch P, and others
(2014) Increasing frequency of extreme El Nino events
due to greenhouse warming. Nat Clim Chang 4:111-116
] Capotondi A, Sardeshmukh PD (2015) Optimal precursors of
different types of ENSO events. Geophys Res Lett 42:
9952-9960
] Carretta JV, Moore JE, Forney KA (2017) Regression tree
and ratio estimates of marine mammal, sea turtle, and
seabird bycatch in the California drift gillnet fishery:
1990-2015. NOAA Tech Mem NOAA-TM-NMFS-
SWFSC-568
] Chavez FP, Pennington JT, Castro CG, Ryan JP, and others
(2002) Biological and chemical consequences of the
1997-1998 El Nino in central California waters. Prog
Oceanogr 54:205-232
A Chavez FP, Ryan J, Lluch-Cota SE, Niquen M (2003) From
anchovies to sardines and back: Multidecadal change in
the Pacific Ocean. Science 299:217-221
]\( Checkley DM, Barth JA (2009) Patterns and processes in the
California Current System. Prog Oceanogr 83:49-64
]\( Cheung WWL, Lam VWY, Sarmiento JL, Kearney K, and oth-
ers (2009) Projecting global marine biodiversity impacts
under climate change scenarios. Fish Fish 10:235-251
Clarke MR (1986) A handbook for the identification of
cephalopod beaks. Clarendon Press, Oxford
Crone PR, Hill KT, McDaniel JD, Lo NCH (2009) Pacific
mackerel (Scomber japonicus) stock assessment for USA
management in 2009-10 fishing year. Pacific Fishery
Management Council, Portland, OR
FCurtis KA, Lowry MS, Sweeney JM, Orr AJ, Harvey JT
(2022) Predicting prey recovery from scats of California

sea lions (Zalophus californianus) for novel prey species
and sizes. ICES J Mar Sci 79:193-203
DeLong RL, Antonelis GA, Oliver CW, Stewart BS, and oth-
ers (1991) Effects of the 1982-1983 El Nino on several
population parameters and diet of California sea lions on
the California Channel Islands. In: Trillmich F, Ono KA
(eds) Pinnipeds and El Nino: responses to environmental
stress. Springer-Verlag, Berlin, p 166-172
A¢DeLong RL, Melin SR, Laake JL, Morris P, Orr AJ, Harris JD
(2017) Age- and sex-specific survival of California sea
lions (Zalophus californianus) at San Miguel Island, Cal-
ifornia. Mar Mamm Sci 33:1097-1125
Demer DA, Zwolinski JP, Byers KA, Cutter GR, Renfree JS,
Sessions TS, Macewicz BJ (2012) Prediction and confir-
mation of seasonal migration of Pacific sardine (Sardi-
nops sagax) in the California Current Ecosystem. Fish
Bull 110:52-70
] Di Lorenzo E, Mantua N (2016) Multi-year persistence of the
2014/15 North Pacific marine heatwave. Nat Clim Chang
6:1042-1047
HDorval E, Crone PR, McDaniel JD (2013) Variability of egg
escapement, fishing mortality and spawning population
in the market squid fishery in the California Current eco-
system. Mar Freshw Res 64:80-90
Dorval E, Macewicz BJ, Griffith DA, Gu Y (2016) Spawning
biomass of Pacific sardine (Sardinops sagax) estimated
from the daily egg production method off California in
2015. NOAA Tech Mem NOAA-TM-NMFS-SWFSC-560
]% Dyche LL (1903) Notes on the food habits of California sea
lions (Zalophus californianus Lesson). Trans Kans Acad
Sci 18:179-182
Eschmeyer WN, Herald ES, Hammann H (1983) A field
guide to Pacific coast fishes of North America: from the
Gulf of Alaska to Baja California. Haughton Mifflin Com-
pany, Boston, MA
HEveritt RD, Gearin PJ, Skidmore JS, DeLong RL (1981) Prey
items of harbor seals and California sea lions in Puget
Sound, Washington. Murrelet 62:83-86
A Feldkamp SD, DeLong RL, Antonelis GA (1989) Diving pat-
terns of California sea lions, Zalophus californianus. Can
J Zool 67:872-883
A Fiechter J, Huckstadt LA, Rose KA, Costa DP (2016) A fully
coupled ecosystem model to predict the foraging ecology
of apex predators in the California Current. Mar Ecol
Prog Ser 556:273-285
,"{ Fiedler PC (2002) Environmental change in the eastern trop-
ical Pacific Ocean: review of ENSO and decadal variabil-
ity. Mar Ecol Prog Ser 244:265-283
Field JC, Dick EJ, MacCall AD (2007) Stock assessment
model for the shortbelly rockfish, Sebastes jordani, in the
California Current. NOAA Tech Mem NMFS, NOAA-
TM-NMFS-SWFSC-405
AFiscus CH, Baines GA (1966) Food and feeding behavior of
Steller sea lions and California sea lions. J Mammal 47:
195-200
Francis JM, Heath CB (1991) Population abundance, pup
mortality, and copulation frequency in the California sea
lion in relation to the 1983 El Nino on SNI. In: Trillmich F,
Ono KA (eds) Pinnipeds and El Nino: responses to envi-
ronmental stress. Springer-Verlag, Berlin, p 119-128
Froese R, Pauly D (eds) (2018) FishBase, version 02/2018.
www.fishbase.org
Garcia-Franco W, Vidal-Talamantes R, Cota-Villavicencio
A, Ramon-Corrales J, Prieto-Montalvo I (1999) Variation
in fat content of northern anchovy (Engraulis mordax) in


https://doi.org/10.1029/2005JC003219
https://doi.org/10.1126/science.222.4629.1203
https://doi.org/10.1002/2015GL063306
https://doi.org/10.1038/nclimate2100
https://doi.org/10.1002/2015GL066171
https://doi.org/10.7289/V5/TM-SWFSC-568
https://doi.org/10.1016/S0079-6611(02)00050-2
https://doi.org/10.1126/science.1075880
https://doi.org/10.1016/j.pocean.2009.07.028
https://doi.org/10.1111/j.1467-2979.2008.00315.x
https://doi.org/10.2307/1378115
https://doi.org/10.3354/meps244265
https://doi.org/10.3354/meps11849
https://doi.org/10.1139/z89-129
https://doi.org/10.2307/3534248
https://doi.org/10.2307/3624791
https://doi.org/10.1071/MF12085
https://doi.org/10.1038/nclimate3082
https://doi.org/10.1111/mms.12427
https://doi.org/10.1093/icesjms/fsab254

20

Mar Ecol Prog Ser 692: 1-21, 2022

relation to the Baja California environment. CCOFI Rep
40:165-169
]\(Garcia-Reyes M, Largier JL (2012) Seasonal coastal up.
welling off central and northern California: New insights,
including temporal and spatial variability. Geophys Res
Lett 117:C03028
Garcia-Rodriguez FJ, Aurioles-Gamboa D (2004) Spatial
and temporal variation in the diet of the California sea
lion (Zalophus californianus) in the Gulf of California,
Mexico. Fish Bull 102:47-62
]\(Geiger GL, Atkinson S, Waite JN, Blundell GM, Carpenter
JR, Wynne K (2013) A new method to evaluate the nutri-
tional composition of marine mammal diets from scats
applied to harbor seals in the Gulf of Alaska. J Exp Mar
Biol Ecol 449:118-128
] Glaser SM (2011) Do albacore exert top-down pressure on
northern anchovy? Estimating anchovy mortality as a
result of predation by juvenile north pacific albacore in
the California current system. Fish Oceanogr 20:242-257
Goodman D (1987) Comments on the sea lion food-habits
data: scat contents in the collections from San Clemente
Island. Southwest Fisheries Science Center Administra-
tive Report LJ-87-07C
]\(Hare SR, Mantua NJ (2000) Empirical evidence for North
Pacific regime shifts in 1977 and 1989. Prog Oceanogr
47:103-145
Heath CB, Ono KA, Boness DJ, Francis JM (1991) The influ-
ence of El Niho on female attendance patterns in the
California sea lion. In: Trillmich F, Ono KA (eds) Pin-
nipeds and El Nino: responses to environmental stress.
Springer-Verlag, Berlin, p 138-145
Hill KT, Crone PR, Lo NCH, Macewicz BJ, and others (2011)
Assessment of the Pacific sardine resource in 2011 for US
management in 2012. NOAA Tech Mem NMFS, NOAA-
TM-NMFS-SWFSC-487
ﬁiHoward EM, Penn JL, Frenzel H, Seibel BA, and others
(2020) Climate-driven aerobic habitat loss in the Califor-
nia Current System. Sci Adv 6:eaay3188
HHsieh CH, Kim HJ, Watson W, Di Lorenzo E, Sugihara G
(2009) Climate-driven changes in abundance and distri-
bution of larvae of oceanic fishes in the southern Califor-
nia region. Glob Change Biol 15:2137-2152
ﬁﬁacox MGE, Hazen E, Zaba KD, Rudnick DL, and others
(2016) Impacts of the 2015-2016 E1 Nifno on the Califor-
nia Current System: early assessment and comparison to
past events. Geophys Res Lett 43:7072-7080
ﬁiJameson RJ, Kenyon KW (1977) Prey of sea lions in the
Rogue River, Oregon. J Mammal 58:672
#Jo HS, Yeh SW, Kim CH (2013) A possible mechanism for
the North Pacific regime shift in winter of 1998/1999.
Geophys Res Lett 40:4380-4385
]\(Kaplan IC, Koehn LE, Hodgson EE, Marshall KN, Essington
TE (2017) Modeling food web effects of low sardine and
anchovy abundance in the California Current. Ecol Mod-
ell 359:1-24
]\( Koehn LE, Essington TE, Marshall KN, Kaplan IC, Sydeman
WJ, Szoboszlai Al, Thayer JA (2016) Developing a high
taxonomic resolution food web model to assess the func-
tional role of forage fish in the California Current Ecosys-
tem. Ecol Modell 335:87-100
HKoehn LE, Essington TE, Marshall KN, Sydeman WJ, Szo-
boszlai Al, Thayer JA (2017) Trade-offs between forage
fish fisheries and their predators in the California Cur-
rent. ICES J Mar Sci 74:2448-2458
]%Koslow JA, Goericke R, Watson W (2013) Fish assemblages

in the Southern California Current: relationships with
climate, 1951-2008. Fish Oceanogr 22:207-219

Krebs CJ (1999) Ecological methodology. Harper & Row,
New York, NY

,"( Kuhn CE, Costa DP (2014) Interannual variation in the at-
sea behavior of California sea lions (Zalophus californi-
anus). Mar Mamm Sci 30:1297-1319

HLaake JL, Lowry MS, DeLong RL, Melin SR, Carretta JV
(2018) Population growth and status of California sea
lions. J Wildl Manag 82:583-595

Lea RN, Rosenblatt RH (2000) Observations on fishes associ-
ated with the 1997-98 El Nino off California. CCOFI Rep
41:117-129

Love MS, Yoklavich M, Thorsteinson L (2002) The rockfishes
of the northeast Pacific. University of California Press,
Berkely, Los Angeles, London.

Lowry MS, Carretta JV (1999) Market squid (Loligo
opalescens) in the diet of California sea lions (Zalophus
californianus) in southern California (1981-1995). CCOFI
Rep 40:196-207

Lowry MS, Folk RL (1987) Feeding habits of California sea
lions from stranded carcasses collected at San Diego
County and Santa Catalina Island, California. Southwest
Fisheries Science Center, National Marine Fisheries
Service, La Jolla, CA

Lowry MS, Oliver CW, Macky C, Wexler JB (1990) Food
habits of California sea lions Zalophus californianus at
San Clemente Island, California, 1981-86. Fish Bull 88:
509-521

Lowry MS, Stewart BS, Heath CB, Yochem PK, Francis JM
(1991) Seasonal and annual variability in the diet of Cal-
ifornia sea lions Zalophus californianus at San Nicolas
Island, California, 1981-86. Fish Bull 89:331-336

Lowry MS, Melin SR, Laake JL (2017a) Breeding season dis-
tribution and population growth of California sea lions,
Zalophus californianus, in the United States during 1964—
2014. NOAA Tech Mem NOAA-TM-NMFS-SWFSC-574

Lowry MS, Nehasil SE, Jaime EM (2017b) Distribution of
California sea lions, northern elephant seals, Pacific har-
bor seals, and Steller sea lions at the Channel Islands
during July 2011-2015. NOAA Tech Mem NOAA-TM-
NMFS-SWFSC-578

Lowry MS, Curtis KA, Boerger CM (2020) Measurements
and regressions of otoliths, cephalopod beaks, and other
prey hard parts used to reconstruct California Current
predator diet composition. NOAA Tech Mem NMFS-
SWFSC-637.

ALowry MS, Jaime EM, Moore JE (2021) Abundance and dis-
tribution of pinnipeds at the Channel Islands in southern
California, central and northern California, and southern
Oregon during summer 2016-2019. NOAA Tech Mem
NOAA-TM-NMFS-SWFSC-656

AMacCall AD, Sydeman WJ, Davison PC, Thayer JA (2016)
Recent collapse of northern anchovy biomass off Califor-
nia. Fish Res 175:87-94

Magurran AE (2004) Measuring Biological Diversity. Black-
well Publishing, Malden MA

McClatchie S (2013) Regional fisheries oceanography of the
California Current System and the CalCOFI program.
Springer, Dordrecht

] McClatchie S, Field J, Thompson AR, Gerrodette T, and oth-
ers (2016) Food limitation of sea lion pups and the
decline of forage off central and southern California. R
Soc Open Sci 3:150628

] McClatchie S, Vetter RD, Hendy IL (2018) Forage fish, small


https://doi.org/10.1029/2011JC007629
https://doi.org/10.1016/j.jembe.2013.09.005
https://doi.org/10.1111/j.1365-2419.2011.00582.x
https://doi.org/10.1016/S0079-6611(00)00033-1
https://doi.org/10.1126/sciadv.aay3188
https://doi.org/10.1111/j.1365-2486.2009.01875.x
https://doi.org/10.1002/2016GL069716
https://doi.org/10.2307/1380020
https://doi.org/10.1002/grl.50798
https://doi.org/10.1111/acv.12421
https://doi.org/10.1098/rsos.150628
https://doi.org/10.1016/j.fishres.2015.11.013
https://doi.org/doi.org/10.25923/6qhf-0z55
https://doi.org/10.1002/jwmg.21405
https://doi.org/10.1111/mms.12110
https://doi.org/10.1111/fog.12018
https://doi.org/10.1093/icesjms/fsx072
https://doi.org/10.1016/j.ecolmodel.2016.05.010
https://doi.org/10.1016/j.ecolmodel.2017.05.007

Lowry et al.: California sea lion diet 21

pelagic fisheries, and recovering predators: managing
expectations. Anim Conserv 21:445-447
]\(McHuron EA, Robinson PW, Simmons SE, Kuhn CE and oth-
ers (2016) Foraging strategies of a generalist marine
predator inhabiting a dynamic environment. Oecologia
182:995-1005
]\(Melin SR, Delong RL, Thomason JR, VanBlaricom GR
(2000) Attendance patterns of California sea lion (Zalo-
phus californianus) females and pups during the non-
breeding season at San Miguel Island. Mar Mamm Sci
16:169-185
ﬁiMelin SR, DeLong RL, Siniff DB (2008) The effects of El Nino
on the foraging behavior of lactating California sea lions
(Zalophus californianus californianus) during the non-
breeding season. Can J Zool 86:192-206
Melin SR, Orr AJ, Harris JD, Laake JL and others (2010)
Unprecedented mortality of California sea lion pups as-
sociated with anomalous oceanographic conditions along
the central California coast in 2009. CCOFI Rep 51:
182-194
Melin SR, Orr AJ, Harris JD, Laake JL, DeLong RL (2012)
California sea lions: an indicator for integrated ecosys-
tem assessment of the California Current System. CCOFI
Rep 53:140-152
AMellink E (2005) Diet of California sea lions, Zalophus cali-
fornianus, at San Jorge Island, northern Gulf of Califor-
nia, Mexico, 1998-1999. Cienc Mar 31:369-377
FMerrick RL, Chumbley MK, Byrd GV (1997) Diet diversity of
Steller sea lions (Eumetopias jubatus) and their popula-
tion decline in Alaska: a potential relationship. Can J
Fish Aquat Sci 54:1342-1348
ﬁi Ohman MD, Barbeau K, Franks PJS, Goericke R, Landry
MR, Miller AJ (2013) Ecological transitions in a coastal
upwelling ecosystem. Oceanography (Wash DC) 26:
210-219
Olesiuk PF, Bigg MA, Ellis GM (1990) An assessment of the
feeding habits of harbour seals (Phoca vitulina) in the
Strait of Georgia, British Columbia, based on scat analy-
sis. Can Tech Rep Fish Aquat Sci 1730
] Orr AJ, Harvey JT (2001) Quantifying errors associated with
using fecal samples to determine the diet of the Califor-
nia sea lion (Zalophus californianus). Can J Zool 79:
1080-1087
] Orr AJ, VanBlaricom GR, DeLong RL, Cruz-Escalona VH,
Newsome SD (2011) Intraspecific comparison of diet of
California sea lions (Zalophus californianus) assessed
using fecal and stable isotope analyses. Can J Zool 89:
109-122
ﬁ< Orr AJ, Newsome SD, Laake JL, VanBlaricom GR, DeLong
RL (2012) Ontogenetic dietary information of the Califor-
nia sea lion (Zalophus californianus) assessed using sta-
ble isotope analysis. Mar Mamm Sci 28:714-732
A Pethybridge HR, Choy CA, Polovina JJ, Fulton EA (2018)
Improving marine ecosystem models with biochemical
tracers. Annu Rev Mar Sci 10:199-228
HRobinson H, Thayer J, Sydeman WJ, Weise M (2018)
Changes in California sea lion diet during a period of

Editorial responsibility: Elliott Hazen,
Pacific Grove, California, USA
Reviewed by: 3 anonymous referees

substantial climate variability. Mar Biol 165:1-12
A'Schmidt AE, Botsford LW, Eadie JM, Bradley RW, Di
Lorenzo E, Jahncke J (2014) Non-stationary seabird re-
sponses reveal shifting ENSO dynamics in the northeast
Pacific. Mar Ecol Prog Ser 499:249-258
A¢Schwarz D, Spitzer SM, Thomas AC, Kohnert CM, and oth-
ers (2018) Large-scale molecular diet analysis in a gener-
alist marine mammal reveals male preference for prey of
conservation concern. Ecol Evol 8:9889-9905
Sidwell VD (1981) Chemical and nutritional composition of
finfishes, whales, crustaceans, mollusks, and their prod-
ucts. NOAA Tech Mem NMFS F/SEC-11
] Sweeney JM, Harvey JT (2011) Diet estimation in California
sea lions (Zalophus californianus). Mar Mamm Sci 27:
E279-E301
A’Szoboszlai Al, Thayer JA, Wood SA, Sydeman WJ, Koehn
LE (2015) Forage species in predator diets: synthesis of
data from the California Current. Ecol Inform 29:45-56
Taylor IG, Grandin C, Hicks AC, Taylor N, Cox S (2015) Sta-
tus of the Pacific whiting (hake) stock in US and Cana-
dian waters in 2015. Prepared by the Joint Technical
Committee of the US and Canada Pacific Hake/Whiting
Agreement. National Marine Fishery Service and Can-
ada Department of Fisheries and Oceans
HTrites AW, Calkins DG (2008) Diets of mature male and
female Steller sea lions (Eumetopias jubatus) differ and
cannot be used as proxies for each other. Aquat Mamm
34:25-34
AWarton DI, Hui FKC (2011) The arcsine is asinine: the analy-
sis of proportions in ecology. Ecology 92:3-10
A Warzybok P, Santora JA, Ainley DG, Bradley RW, Field JC,
and others (2018) Prey switching and consumption by
seabirds in the central California Current upwelling eco-
system: implications for forage fish management. J Mar
Syst 185:25-39
] Weise MJ, Harvey JT (2008) Temporal variability in ocean
climate and California sea lion diet and biomass con-
sumption: implications for fisheries management. Mar
Ecol Prog Ser 373:157-172
] Weise MJ, Costa DP, Kudela RM (2006) Movement and div-
ing behavior of male California sea lion (Zalophus cali-
fornianus) during anomalous oceanographic conditions
of 2005 compared to those of 2004. Geophys Res Lett 33:
L22S10
,\'{ Wolda H (1981) Similarity indices, sample size, and diver-
sity. Oecologia 50:296-302
Wolf P (1992) Recovery of the Pacific sardine and the Cali-
fornia sardine fishery. CCOFI Rep 33:76-86
A'Yeh SW, Kug JS, Dewitte B, Kwon MH, Kirtman BP, Jin FF
(2009) El Nino in a changing climate. Nature 461:
511-514
Zwolinski JP, Demer DA, Byers KA, Cutter GR, Renfree JS,
Sessions TS, Macewicz BJ (2012) Distributions and abun-
dances of Pacific sardine (Sardinops sagax) and other
pelagic fishes in the California Current Ecosystem during
spring 2006, 2008, and 2010, estimated from acoustic—
trawl surveys. Fish Bull 110:110-122

Submitted: September 28, 2021
Accepted: May 27, 2022
Proofs received from author(s): June 24, 2022


https://doi.org/10.1007/s00442-016-3732-0
https://doi.org/10.1111/j.1748-7692.2000.tb00911.x
https://doi.org/10.1139/Z07-132
https://doi.org/10.7773/cm.v31i2.57
https://doi.org/10.1139/f97-037
https://doi.org/10.5670/oceanog.2013.65
https://doi.org/10.1139/z01-078
https://doi.org/10.1139/Z10-101
https://doi.org/10.1111/j.1748-7692.2011.00522.x
https://doi.org/10.1146/annurev-marine-121916-063256
https://doi.org/10.1007/s00227-018-3424-x
https://doi.org/10.1038/nature08316
https://doi.org/10.1007/BF00344966
https://doi.org/10.1029/2006GL027113
https://doi.org/10.3354/meps07737
https://doi.org/10.1016/j.jmarsys.2018.04.009
https://doi.org/10.1890/10-0340.1
https://doi.org/10.1578/AM.34.1.2008.25
https://doi.org/10.1016/j.ecoinf.2015.07.003
https://doi.org/10.1111/j.1748-7692.2010.00459.x
https://doi.org/10.1002/ece3.4474
https://doi.org/10.3354/meps10629



