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Harbour seals target juvenile salmon of conservation concern

Austen C. Thomas, Benjamin W. Nelson, Monique M. Lance, Bruce E. Deagle, and Andrew W. Trites

Abstract: Knowing the species and life stages of prey that predators consume is important for understanding the impacts that
predation may have on prey populations, but traditional methods for determining diets often cannot provide sufficient detail.
We combined data from two methods of scat analysis (DNA metabarcoding and morphological prey ID) to quantify the species
and life stages of salmon (Oncorhynchus spp.) consumed by harbour seals (Phoca vitulina) in the Strait of Georgia, Canada, where
juvenile Chinook (Oncorhynchus tshawytscha) and coho (Oncorhynchus kisutch) salmon survival is poor. Harbour seals primarily
consumed adult salmon of lesser conservation concern in the fall (August-November): chum (Oncorhynchus keta: 18.4%), pink
(Oncorhynchus gorbuscha: 12.6%), sockeye (Oncorhynchus nerka: 7.4%), Chinook (7.1%), and coho (1.8%). However, the opposite species
trend occurred during the spring when seals preferred juvenile salmon of greater conservation concern (April-July): coho (2.9%),
Chinook (2.9%), sockeye (2.5%), pink (1.4%), and chum (0.8%) — percentages that can equate to many individuals consumed. Our
data suggest that harbour seals select juveniles of salmon species that out-migrate at ages >1 year and provide evidence of a
potential causal relationship between harbour seal predation and juvenile salmon survival trends.

Résumé : Il importe de connaitre ’espéce et I’étape du cycle biologique des proies que les prédateurs consomment afin de
comprendre les impacts que la prédation peut avoir sur les populations de proies. Dans bien des cas, les méthodes traditionnelles
de détermination du régime alimentaire ne peuvent toutefois fournir assez de détails. Nous avons combiné des données de deux
méthodes d’analyse d’excréments (méta-codes-barres d’ADN et identification morphologique des proies) pour quantifier I’'espéce
et I’étape du cycle biologique de saumons (Oncorhynchus spp.) consommeés par des phoques communs (Phoca vitulina) dans le
détroit de Georgia (Canada), ou la survie des saumons quinnats (Oncorhynchus tshawytscha) et cohos (Oncorhynchus kisutch) juvéniles
est faible. Les données indiquent que, a ’automne (d’aotit a novembre), les phoques communs consomment principalement
des saumons adultes dont la conservation est moins préoccupante, a savoir des saumons kétas (Oncorhynchus keta : 18,4 %), roses
(Oncorhynchus gorbuscha : 12,6 %), rouges (Oncorhynchus nerka : 7,4 %), quinnats (7,1 %) et cohos (1,8 %). Cependant, cette tendance est
inversée au printemps (d’avril a juillet), alors que les phoques privilégient des saumons juvéniles dont la conservation est plus
préoccupante, a savoir des saumons cohos (2,9 %), quinnats (2,9 %), rouges (2,5 %), roses (1,4 %) et kétas (0,8 %), ces pourcentages
pouvant équivaloir a de nombreux individus consommés. Nos données laissent croire que les phoques communs choisissent des
juvéniles d’espéces de saumon qui migrent vers la mer a des ages de plus d’un an et indiqueraient une possible relation de
causalité entre la prédation par les phoques communs et les tendances de survie des saumons juvéniles. [Traduit par la Rédaction]

salmon shortly after ocean entry (~20 g smolts), it would need to
eat ~100 individual coho salmon per day to meet its energy needs
(assuming similar energy density). Thus, a seal diet percentage of
50% coho salmon would add up to a profoundly different number
of individual coho consumed by seals depending on whether pre-

Introduction

Predators can have different net effects on ecological commu-
nities depending on the life stage of prey they consume (Hastings
1983; 1988; Werner and Gilliam 1984). This is because prey species
often fill different ontogenetic niches as they grow and mature

and use different habitats or food resources as juveniles compared
with their adult life stage (Werner and Gilliam 1984). Ecologists
have therefore long recognized the need to account for age-
specific predation on prey species when modeling predator-prey
interactions or ecosystem dynamics (McCauley et al. 1993; Walters
and Martell 2004).

The need for age-specific predation data is particularly apparent
when attempting to calculate the number of individual prey con-
sumed by a predator population. For example, a single harbour
seal (Phoca vitulina) consuming an average of ~2 kg of fish per day
would need to consume fewer than one individual adult coho
salmon (Oncorhynchus kisutch) per day to meet its bioenergetic
needs. However, if that same seal was consuming juvenile coho

dation was focused on juveniles or adults.

To facilitate ecological modeling efforts, the ideal technique to
determine predator diets would provide detailed information
about the prey consumed, including species identification, prey
life stage, and the relative proportions of prey in the overall pred-
ator diet (Bowen and Iverson 2013; Tollit et al. 2010). Using that
information, ecologists could estimate life-stage-specific numbers
of individual prey eaten by predator populations when diet data
are combined with predator bioenergetic and demographic stud-
ies (Howard et al. 2013; Olesiuk 1993; Winship and Trites 2003).

Unfortunately many of the methods currently used to deter-
mine diets are unable to provide high taxonomic resolution of
prey in addition to providing the life stage and relative propor-
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tions of prey consumed (Tollit et al. 2006). Diets of seals and sea
lions, for example, are commonly described from morphological
identification of hard prey remains recovered in faecal samples
(scats) (Bowen and Iverson 2013). Morphological ID is effective for
estimating the sizes of prey consumed by the pinnipeds, but often
cannot distinguish between closely related prey species (e.g., sal-
monids) or determine the relative proportions of prey (Laake et al.
2002; Lance et al. 2001; Phillips and Harvey 2009). Small prey with
delicate bone structures may also be completely digested (i.e., no
hard parts survive the digestive process), causing them to be
highly underestimated. An alternative diet analysis method is
therefore needed to generate all of the necessary information
required to understand the impacts of pinniped predators on prey
populations.

DNA metabarcoding diet analysis is an alternative to traditional
morphological prey ID that offers high taxonomic resolution and
increasingly quantitative information about the proportions of
species consumed by pinnipeds and other animals (Kelly et al.
2014; Leray et al. 2015; Pompanon et al. 2012; Taberlet et al. 2012;
Thomas et al. 2014). DNA metabarcoding is the process of charac-
terizing species assemblages using diagnostic genetic markers
(i.e., DNA barcodes) isolated from samples containing the DNA of
multiple organisms, generally followed by high-throughput DNA
amplicon sequencing. For the purpose of diet analysis, DNA me-
tabarcoding is applied to scat samples or the stomach contents of
individual animals, and DNA sequence percentages are used as a
semiquantitative measure of the relative mass of species con-
sumed (Deagle et al. 2010; Ford et al. 2016; Jarman et al. 2013;
Pompanon et al. 2012).

We propose that a combined scat analysis method employing
both DNA metabarcoding and morphological prey ID can be used
to quantify the species and life stages of salmon consumed by
pinnipeds. This is based on the sizes of prey bones in scats provid-
ing the life stage of salmon consumed (Buzzell et al. 2014; Lance
et al. 2012) and DNA metabarcoding providing the salmon species
ID in addition to the relative proportion of salmon in the overall
seal diet. The approach is consistent with other recent studies that
have highlighted the benefits of combining multiple diet analysis
techniques to create enhanced data products (Chiaradia et al.
2014; Geiger et al. 2013; Méheust et al. 2014).

In the Pacific inland waters of British Columbia, Canada (Strait
of Georgia), Chinook (Oncorhynchus tshawytscha) and coho salmon
have experienced poor smolt-to-adult survival in recent decades,
suggesting a high level of juvenile salmon mortality in the early marine
phase of life (Neville et al. 2015; Welch et al. 2011; Zimmerman et al.
2015). Among the potential causes of increased juvenile marine
mortality, Pacific harbour seals have been identified as a likely
contributor due to their exponential population increase during
the period of declining Chinook and coho survival (Olesiuk 2009;
Riddell et al. 2009). To assess whether a potential causal relation-
ship exists between harbour seal predation and juvenile salmon
survival in the Strait of Georgia, proportional seal diet informa-
tion is needed that can provide the species and life stages of
salmon consumed by harbour seals in the region.

Our study therefore had two major objectives: (i) establish a new
scatological analysis method that can be used to estimate the life
stage, species, and relative proportions of salmon in pinniped
diets and (i) apply our combined diet analysis method to harbour
seal scats collected from the Strait of Georgia, British Columbia,
where detailed seal diet information is needed to facilitate re-
gional predator-prey modeling efforts. To accomplish this, we
collected large numbers of harbour seal scat samples in the Strait
of Georgia over 2 years and merged the resulting data sets from
morphological prey ID and DNA metabarcoding diet analysis.

Can. J. Fish. Aquat. Sci. Vol. 74, 2017

Materials and methods

Scat collection

Scat samples were collected from four locations used by Pacific
harbour seals in the Strait of Georgia, British Columbia, Canada
(Fig. 1). Previous research in the region indicated that salmon
predation by seals is most intensive near river mouths (Olesiuk
1993; Olesiuk et al. 1990). Our study therefore focused primarily
on the estuaries of major salmon-bearing rivers. Estuarine har-
bour seal haulout sites included Cowichan Bay, Fraser River, and
Comox Bay (Fig. 1). For comparative purposes, we also collected
scat samples from a rocky reef haulout site (Belle Chain) because
the majority of seals in the Strait occupy such haulouts (Olesiuk
2009).

Sampling was stratified by collection site, year (2012, 2013), and
season (spring: April-July; fall: August-November), targeting a to-
tal of 70 seal scat samples per stratum (Trites and Joy 2005). The
seasons roughly corresponded to the temporal windows when
juvenile salmon primarily out-migrate (spring) and when adult
salmon return (fall) (Melnychuk et al. 2010; Quinn 2005). We at-
tempted to attain an even sampling distribution within each stra-
tum by collecting samples either monthly or biweekly from each
site.

At the haulout sites, each individual scat sample was collected
using a disposable wooden tongue depressor and placed in a
500 mL Histoplex jar lined with a 126 pm nylon mesh paint
strainer (Orr et al. 2003). Samples were either preserved immedi-
ately in the field by adding 300 mL 95% ethanol to the collection
jar or were taken to the lab and frozen at —20 °C within 6 h of
collection (King et al. 2008). Later, samples were thawed and filled
with ethanol prior to being manually homogenized with a dispos-
able depressor inside the paint strainer to separate the scat matrix
material from hard prey remains (e.g., bones, cephalopod beaks).
The paint strainer containing prey hard parts was then removed
from the jar, leaving behind the ethanol preserved scat matrix for
genetic analysis (Thomas et al. 2014).

Prey hard parts analysis

To remain consistent with the way previous harbour seal diet
work in the region has been conducted using hard prey remains
(i.e., hard parts), we used the “all structures” approach to identify
harbour seal prey contained in individual scat samples (Olesiuk
et al. 1990). Prey hard parts retained in paint strainers were
cleaned of debris using either a washing machine or nested sieves.
All diagnostic prey hard parts were identified to the lowest possi-
ble taxon using a dissecting microscope and reference fish bones
from Washington and British Columbia, in addition to published
keys for fish bones and cephalopod beaks (Clarke 1986; Harvey
et al. 2000; Kashiwada et al. 1979; Morrow 1979; Wolff 1982). Sam-
ples containing prey hard parts identifiable only to the family
level (e.g., Clupeidae) and bones identifiable to the species level of
the same family (e.g., Pacific herring, Clupea pallasii) were both tallied
(Lance et al. 2001).

For comparison with DNA metabarcoding diet percentage, prey
hard parts species occurrences in samples were converted into
population-level diet percentages using the Split Sample Frequency
of Occurrence model (SSFO):

s Ly
E k_1|: 2;11"" :|

SSFO, = .

where o is the number of prey categories, s is the number of
samples, and I is the indicator function equal to 1 if the ith prey
category is present in the kth sample and 0 if it is absent (Olesiuk
et al. 1990; Tollit et al. 2010). Simply speaking, this model divides
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Fig. 1. (Left) Harbour seal haulouts in the Strait of Georgia, British Columbia, Canada, where scats were collected. The sites include three estuary
haulouts (Fraser River, Cowichan Bay, and Comox) and one non-estuary haulout (Belle Chain). (Right) Potential spatial area represented by “estuary”
seal diet data based on satellite-tagged harbour seal movements in the region (Peterson et al. 2012). Seal movement radius buffers were generated
around estuary collection sites using the average (20.7 km) and standard deviation (SD) (31.4 km) of the “median over-water distances between
satellite locations and the capture site for all (tagged) seals” (Peterson et al. 2012). [Colour online.|
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each species occurrence in a scat by the total number of occur-
rences in the scat (thereby converting to a proportion) and then
calculates a population mean for each prey species across all scats
in a collection. Alternative models for prey biomass reconstruc-
tion from hard parts are now known to be superior to SSFO
(Phillips and Harvey 2009); however, this method was chosen so
data could be directly comparable to published data from the
1980s (Olesiuk et al. 1990).

Salmon vertebrae diameters were measured to demonstrate the
clear size differential between juvenile and adult salmon bones in
seal scats, which is visually evident to taxonomic experts. Two
representative salmon vertebrae classified as “juvenile” and two
classified as “adult” were randomly (i.e., haphazardly) selected
and measured from samples collected in each month and in both
years. Not all months contained samples with salmon vertebrae in
both age classes, resulting in 49 total measured salmon vertebrae
(25 juvenile, 24 adult; see online supplementary material, Fig. S1Y).

Fish otoliths in seal scats were also measured using an ocular
micrometer and graded based on the observed level of digestion
erosion (Tollit et al. 2004). Grade-specific length correction factors
for salmon were applied to any salmon otoliths that were graded
“good” (no or minimal erosion) or “fair” (small amount of erosion)
(Phillips and Harvey 2009). Corrected otolith lengths were used to
estimate the fork lengths of juvenile salmon consumed by seals

using a published linear equation of the relationship between
otolith length and fish length for Chinook salmon smolts (Neilson
and Geen 1982).

DNA metabarcoding diet analysis

The DNA diet analysis protocol we used is described in detail in
Thomas et al. (2016). In brief, a multiplex PCR reaction was done
with the extracted DNA from each individual scat sample using
16S primer sets designed to amplify both fish and cephalopod
DNA. Samples were individually labeled with index sequences,
and the pooled amplicons were sequenced on multiple [llumina
MiSeq runs (v2-300 cycle SE). DNA sequences were compared with
a custom BLAST reference database composed of 16S sequences of
species known to occur in the geographic region. To remove po-
tential DNA contaminants, species sequences that comprised
<1% of a single sample were removed prior to calculating sample
diet percentages. Prey species taxonomic assignments were fi-
nally renormalized to generate proportional DNA summaries for
each individual scat sample.

Although Thomas et al. (2016) evaluated the application of rel-
ative correction factors (RCFs) to harbour seal scat samples to
account for prey species-specific biases, RCFs were not applied in
this study. Given that our objective was to characterize harbour
seal population diet from a numerical aggregate of many scat

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2015-0558.
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Fig. 2. A schematic diagram depicting the decision tree approach
we developed to estimate salmon species and life stage in harbour
seal diet. This example demonstrates how Chinook salmon DNA
sequences in an individual seal scat sample can be assigned to
juvenile or adult Chinook salmon based on the co-occurrence of
salmon bones. If salmon bones are present in the sample containing
Chinook DNA, the salmon sample split sample frequency of
occurrence (SSFO) is used to split DNA percentage into adult and
juvenile Chinook percentage. If no salmon bones are present in the
sample, and more than three samples in the same monthly
collection contain salmon bones, the salmon monthly SSFO is used.
In the rare case when neither criterion is met, the species DNA
percentage is split according to the fixed season ratio (see Materials
and methods section for details).

Are salmon bones present in sample
containing Chinook salmon DNA?

YES | No

| l

Split Chinook DNA % by Are > 3 salmon bones present in other
salmon sample SSFO samples collected the same site/month?

l YES | _No l

% Juvenile % Adult Split Chinook DNA % by Split Chinook DNA % by
Chinook Chinook salmon monthly SSFO fixed season ratio
% Juvenile % Adult % Juvenile % Adult
Chinook Chinook Chinook Chinook

samples, prey species-specific biases to DNA sequence counts are
likely less influential in this application of DNA metabarcoding
(Thomas et al. 2016). A statistical simulation study is currently
needed to determine when RCFs are necessary to achieve study
objectives.

For samples collected in 2012, a secondary metabarcoding marker
was used to quantify the salmon portion of seal diet, because the
primary 16S marker is unable to differentiate between coho (0. kisutch)
and steelhead (Oncorhynchus mykiss) DNA sequences (Table S1Y). This
marker was a cytochrome oxidase I (COI) “minibarcode” specifi-
cally for salmonids within the standard COI barcoding region:
Sal_COIL_F (CTCTATTTAGTATTTGGTGCCTGAG), Sal_COI_R (GAG
TCAGAAGCTTATGTTRTTTATTCG). The COI amplicons were se-
quenced alongside 16S such that the overall salmonid fraction of
the diet was quantified by 16S, and the salmon species proportions
within that fraction were quantified by COIL The salmon-specific
marker was not used with 2013 samples because the steelhead diet
component was determined to be quite small in 2012 and did not
justify the additional expense for subsequent samples. However,
future efforts should likely prioritize identification of steelhead in
seal diet samples due to increased concern about possible inter-
actions between seals and steelhead populations in the region
(Berejikian et al. 2016; Moore et al. 2015).

Estimating salmon life stages

We created a novel decision tree approach to assign the recov-
ered salmon DNA to either adult or juvenile by combining DNA
and hard parts data from the same collection of scat samples
(Fig. 2). For a given salmon species, we split the DNA percentage
according to the ratio of adult to juvenile salmon and calculated
the ratio in one of three ways depending on the available data
((i) salmon sample SSFO, (ii) salmon monthly SSFO, (iii) fixed sea-
son ratio).

The adult/juvenile ratio we applied depended on the available
information for each specific scat sample. We calculated the
salmon sample SSFO by dividing salmon hard parts occurrences in
a sample (specified to life stage) by the total number of salmon
occurrences within that sample. For example, if a sample con-
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tained hard parts from an adult salmon and a juvenile salmon, the
ratio was 0.5:0.5 (adult:;juvenile). However, the ratio was 1:0 if a
sample contained only adult salmon bones, and the ratio was 0:1if
it contained only juvenile salmon bones. We calculated salmon
monthly SSFO by averaging the salmon sample SSFO values for a
particular month and collection site, similar to the equation de-
tailed in “Prey hard parts analysis”. Lastly, the fixed season ratio
assumed that all salmon consumed in the spring season were
juveniles (0:1, adult;juvenile ratio) and that all salmon consumed
in the fall season are adults (1:0, adult:juvenile ratio) (see Results
and Discussion for evaluation of this assumption).

A sample containing salmon species DNA as well as salmon
bones resulted in the salmon species DNA percentage being split
according to the salmon sample SSFO ratio. However, if no salmon
bones were identified in the sample and greater than three sam-
ples contained salmon bones in the collection site and month, the
species DNA percentage was split according to the salmon
monthly SSFO ratio. If no salmon bones were present in the sam-
ple and fewer than three samples contained salmon bones in the
collection site-month, the DNA percentage was split by the fixed
season ratio (Fig. 2). This method of partitioning salmon between
juvenile and adult life stages works on the assumption that the
probable life stage of salmon species occurring in any individual
scat can be inferred based on the co-occurrences of salmon bones
in scats collected in the same location and month. Furthermore,
this method prioritizes the best level of information available to
partition the salmon species into life stages, rather than simply
making assumptions based on regional fish life history informa-
tion.

Seal diet confidence intervals

Means, standard deviations, and confidence intervals associated
with the estimated salmon diet proportions were calculated using
nonparametric bootstrapping techniques (Efron and Tibshirani
1993) implemented in the R Programming Environment (R Core
Team 2014). We generated 1000 bootstrap replicates to calculate
estimates. Confidence intervals (95%) were estimated using the
“first percentile method” (Roff 2006), ranking bootstrap replicates
from lowest to highest and identifying the 2.5th and 97.5th per-
centiles as the lower and upper limits of the confidence interval,
respectively.

We also use this approach to test for significant differences in
diet percentages between prey species. The differences in diet
percentages between two species in question was calculated for
each sample in the data set, then bootstrapped (1000 replicates) to
calculate 95% confidence intervals. If the 95% confidence intervals
for the mean difference in diet percentage overlapped with zero,
we did not reject the null hypothesis (concluding no difference).
However, if the confidence intervals did not overlap zero, we re-
jected the null hypothesis and concluded there is a statistically
significant difference between the two species in the diet.

Results

We collected a total of 1258 scat samples from all four sites
combined during the study period. Of these, 18 samples were
identified as belonging to California sea lions (Zalophus californianus)
based on a high percentage of sea lion DNA present in the sam-
ples. Of the remaining 1240 harbour seal scat samples, 1166 (94.0%)
produced sufficient prey DNA sequences to be analyzed, and
1168 (94.2%) contained identifiable prey hard parts. Illumina
MiSeq sequencing of scat DNA produced on average 1227 prey
DNA sequences per sample for those samples that passed filtering,
and morphological analysis of scats identified on average 5.2 prey
hard parts per sample.

Bootstrapped confidence intervals for the salmon component of
harbour seal diet are given for each combination of sampling site
and season (Table 1) and monthly for all estuary samples combined in
each year (Table 2). Although not the focus of this salmon-centric

< Published by NRC Research Press
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Table 1. Data aggregated by site, year, and season, including means, standard deviations (SD), and 95% confidence intervals from 1000 bootstrap
replicates of the salmon components of harbour seal diet (%) for each collection location, year, and season.

Spring Fall
2012 2013 2012 2013
Collection site n Mean SD 2.5% 975% n Mean SD 2.5% 97.5% n Mean SD 2.5% 97.5% n Mean SD 2.5% 97.5%
Fraser River
Juvenile
Chinook 70 227 121 048 487 88 274 143 053 579 83 053 051 000 158 70 0.01 0.01 0.00 0.02
Coho 70 061 039 0.13 147 88 094 0.64 0.06 236 83 0.00 000 0.00 0.00 70 0.00 0.00 0.00 o0.01
Sockeye 70 012 0.08 0.00 030 88 286 142 0.50 6.06 83 0.01 0.01 0.00 0.03 70 0.00 0.00 0.00 0.00
Pink 70 028 017 0.03 0.66 88 2.15 136 011 514 83 0.12 010 0.00 033 70 0.03 0.02 0.00 0.09
Chum 70 016 0.09 0.02 0.38 88 038 024 0.02 092 83 020 0.09 0.04 039 70 129 122 0.00 3.84
Steelhead 70 049 044 0.00 135 — — _ - = 83 0.00 0.00 0.00 0.00 — — —_ - —
Adult
Chinook 70 4.54 140 2.08 7.32 88 6.49 255 2.07 1172 83 2259 4.21 14.38 30.95 70 3.87 174 120 7.81
Coho 70 043 021 014 094 88 001 001 0.00 0.04 83 199 130 0.02 482 70 249 111 0.68 4.95
Sockeye 70 35.61 5.27 25.63 46.14 88 1.55 1.08 0.10 3.93 83 2293 4.29 1494 31.22 70 18.45 4.03 10.90 26.76
Pink 70 062 021 025 108 88 0.14 0.08 0.01 033 83 136 086 008 330 70 45.35 5.01 35.55 55.50
Chum 70 015 0.06 0.04 0.29 88 029 0.26 0.00 0.82 83 38.37 4.98 28.67 4859 70 20.89 4.30 12.90 29.38
Steelhead 70 165 103 0.03 417 — — _ = = 83 0.00 0.00 0.00 0.00 — — —_ - —
Comox
Juvenile
Chinook 85 455 166 180 814 98 084 035 0.27 161 111 014 0.07 0.03 028 73 0.27 015 0.05 0.60
Coho 85 497 187 167 869 98 437 177 131 810 111 012 010 0.01 033 73 256 172 0.03 6.39
Sockeye 85 133 038 061 215 98 440 166 148 8.07 111 0.27 0.11 0.09 050 73 136 0.66 029 282
Pink 85 182 086 056 3.67 98 047 021 011 092 111 098 0.60 0.04 231 73 219 086 0.80 4.01
Chum 85 095 047 0.16 199 98 216 120 014 479 111 0.62 046 0.05 168 73 010 0.07 0.00 0.27
Steelhead 85 128 117 0.07 375 — — — — — 111 0.00 0.00 0.00 0.01 — — — — —
Adult
Chinook 85 235 131 023 527 98 103 102 0.00 3.05 111 230 122 041 503 73 249 146 034 5.87
Coho 85 0.05 0.02 0.01 010 98 0.02 0.02 0.00 005 111 0.81 043 013 177 73 141 0.78 0.13 3.12
Sockeye 85 0.63 043 0.10 155 98 025 019 0.01 067 111 096 033 043 166 73 2.77 111 0.94 5.19
Pink 85 028 021 003 0.78 98 0.04 0.04 0.00 0.2 111 341 131 106 611 73 26.77 4.71 17.68 36.41
Chum 85 0.00 0.00 0.00 0.00 98 0.02 0.02 0.00 0.05 111 24.27 3.82 1692 3205 73 446 195 101 8.72
Steelhead 85 0.01 0.00 0.00 0.02 — — — — — 111 0.00 0.00 0.00 0.00 — — — — —
Cowichan Bay
Juvenile
Chinook 56 615 2.06 271 1071 76 227 0.79 0.87 399 83 228 082 087 4.06 91 175 108 0.18 4.26
Coho 56 291 122 098 539 76 3.23 160 055 6.61 83 0.62 0.31 0.10 131 91 0.20 016 0.01 0.55
Sockeye 56 2.82 071 151 429 76 2.75 123 0.77 553 83 132 068 028 285 91 092 039 027 182
Pink 56 080 0.26 0.36 133 76 2.54 153 025 599 83 122 0.66 020 268 91 087 031 036 154
Chum 56 0.00 0.00 0.00 001 76 047 033 0.02 119 83 052 035 004 129 91 102 0.68 0.05 2.61
Steelhead 56 0.08 0.07 0.00 023 — — — — . 8 015 014 0.00 044 — — — — —
Adult
Chinook 56 0.00 0.00 0.00 0.00 76 0.72 0.73 0.00 228 83 899 274 4.08 1446 91 345 165 0.62 7.21
Coho 56 0.00 0.00 0.00 0.00 76 030 030 0.00 092 83 047 034 005 126 91 258 133 045 5.56
Sockeye 56 0.00 0.00 0.00 0.00 76 0.00 0.00 0.00 0.00 83 325 138 102 627 91 230 107 0.56 4.60
Pink 56 0.00 0.00 0.00 000 76 0.02 0.02 0.00 006 83 214 117 041 491 91 584 163 3.06 9.57
Chum 56 0.00 0.00 0.00 0.00 76 0.00 0.00 0.00 0.00 83 1177 343 546 18.77 91 9.46 245 5.00 14.54
Steelhead 56 0.00 0.00 0.00 0.00 — — —_ = = 83 0.25 026 0.00 098 — — —_ - —
Belle Chain
Juvenile
Chinook 85 749 238 345 1272 77 0.05 0.02 0.01 0.10
Coho 85 0.60 023 0.19 108 77 084 070 0.02 2.32
Sockeye 85 539 145 274 849 77 0.03 0.02 0.00 0.07
Pink 8 055 021 019 104 77 035 017 0.09 0.73
Chum 85 042 024 0.05 092 77 129 055 046 2.52
Steelhead 85 014 011 001 038 — — —_ - —
Adult
Chinook 85 407 196 071 844 77 226 130 051 510
Coho 85 0.37 025 0.00 093 77 047 016 0.18 0.82
Sockeye 85 284 114 100 532 77 436 176 128 8.15
Pink 85 049 023 012 098 77 35.85 4.86 26.52 4547
Chum 85 0.04 002 0.00 0.09 77 7.63 180 4.56 1153
Steelhead 85 0.06 006 0.00 018 — — — — —

Note: Only a small number of samples were obtained from the non-estuary site (Belle Chain) in the spring season; therefore, data are not shown.
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Table 2. Data aggregated by month and year (estuaries only), including means, standard
deviations (SD), and 95% confidence intervals from 1000 bootstrap replicates of the salmon
components of harbour seal diet (%) for each collection month and year.

2012 2013
n Mean SD 2.5% 975% n Mean SD 2.5% 97.5%

April

Juvenile
Chinook 72 1.20 0.61 0.26 2.54
Coho 72 4.79 211 1.20 9.27
Sockeye 72 311 158 0.63 6.77
Pink 72 0.26 019 0.00 0.70
Chum 72 0.24 0.13 0.03 0.54
Steelhead —_ - — — —

Adult
Chinook 72 2.71 1.92 0.00 6.87
Coho 72 0.00 0.00 0.00 0.00
Sockeye 72 0.00 0.00 0.00 0.00
Pink 72 0.00 0.00 0.00 0.00
Chum 72 0.00 0.00 0.00 0.00
Steelhead —_ - — — —

May

Juvenile
Chinook 40 0.37 0.24 0.00 090 85 241 1.25 0.53 5.27
Coho 40 014 0.10 0.00 037 85 0.74 0.65 0.00 2.10
Sockeye 40 129 0.63 0.20 272 85 254 1.32 0.37 5.42
Pink 40 044 0.30 0.00 1.16 85 1.81 1.25 0.00 4.45
Chum 40 0.32 0.31 0.00 1.02 85 0.80 0.59 0.01 239
Steelhead 40 250 232 0.00 735 — — — — —

Adult
Chinook 40 2.78 1.67 0.21 6.65 85 0.67 0.68 0.00 2.04
Coho 40 0.20 0.11 0.02 044 85 0.28 0.27  0.00 0.82
Sockeye 40 014 0.15 0.00 046 85 0.00 0.00 0.00 0.00
Pink 40 0.12 0.11 0.00 034 85 0.02 0.02 0.00 0.05
Chum 40 0.07 0.07 0.00 021 85 0.00 0.00 0.00 0.00
Steelhead 40 097 0.95 0.00 3.06 — — — — —

June

Juvenile
Chinook 70 527 189 2.01 9.28 45 185 0.71 0.65 3.41
Coho 70 4.22 1.47 1.68 740 45 1.08 0.62 0.10 2.50
Sockeye 70 1.04 0.41 0.32 195 45 6.35 3.15 0.80 13.19
Pink 70 2.01 1.00 0.52 4.22 45 0.68 0.31 0.15 1.34
Chum 70 113 0.53 0.26 229 45 164 117 0.00 4.42
Steelhead 70 0.58 0.42 0.07 152 — — — — —

Adult
Chinook 70 0.55 0.25 0.15 112 45 2.21 2.16 0.00 6.60
Coho 70 0.31 0.20 0.06 0.75 45 0.00 0.00 0.00 0.00
Sockeye 70 0.07 0.04 0.00 016 45 0.00 0.00 0.00 0.00
Pink 70 014 0.08 0.02 0.32 45 0.00 0.00 0.00 0.00
Chum 70 0.08 0.05 0.01 0.18 45 0.00 0.00 0.00 0.00
Steelhead 70 1.07 0.85 0.00 3 — — — — —

July

Juvenile
Chinook 101 4.95 1.52 2.31 8.19 60 2.02 1.39 0.32 5.20
Coho 101 316 141 0.85 6.22 60 4.98 239  0.81 10.12
Sockeye 101 152 0.36 0.89 226 60 2.82 1.30 0.91 5.76
Pink 101 055 0.17 0.25 092 60 3.98 2.31 0.47 8.91
Chum 101 0.00 0.00 0.00 0.01 60 194 1.71 0.00 5.67
Steelhead 101 0.06 0.04 0.00 016 — — — — —

Adult
Chinook 101 3.68 136 1.26 6.51 60 6.39 298 146 12.46
Coho 101 0.04 0.02 0.01 0.08 60 0.05 0.03 0.00 0.12
Sockeye 101 2514 4.09 17.05 33.14 60 2.72 1.61 0.42 6.38
Pink 101 0.53 0.22 0.16 102 60 0.27 0.14 0.06 0.58

Chum 101 0.02  0.02 0.00 0.05 60 045 0.36 0.00 123
Steelhead 101 0.02 0.01 0.00 0.04 — — — —
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Table 2 (concluded).
2012 2013
n Mean SD 2.5% 975% n Mean SD 2.5%  97.5%

August

Juvenile
Chinook 51 017 0.07 0.06 0.31 55 2.84 173  0.27 6.64
Coho 51 0.03 0.02 0.00 0.08 55 2.04 174  0.00 6.93
Sockeye 51 250 107 0.73 492 55 2.50 099 084 4.67
Pink 51 2.04 125 0.17 4.64 55 1.84 093 047 4.05
Chum 51 0.01 0.00 0.00 0.02 55 0.23 0.24 0.00 0.69
Steelhead 51 0.01 0.00 0.00 002 — — — — —

Adult
Chinook 51 3.08 196 0.37 747 55 0.66 0.36 0.12 1.45
Coho 51 0.09 0.06 0.00 022 55 116 1.00 0.00 3.21
Sockeye 51 23,51 5.16 13.87 34.05 55 1593 432 8.29 25.22
Pink 51 6.85 2.69 235 12.69 55 13.37 3.92 613 21.36
Chum 51 0.01 0.00 0.00 0.02 55 0.00 0.00 0.00 0.00
Steelhead 51 0.01 0.01 0.00 002 — — — — —

September

Juvenile
Chinook 103 1.81 0.71 0.57 335 97 0.21 0.12 0.03 0.49
Coho 103 0.30 0.20 0.01 078 97 0.07 0.04 0.00 0.18
Sockeye 103 013 0.07 0.02 029 97 048 028 0.09 115
Pink 103 1.06 0.55 0.16 228 97 135 049 049 2.39
Chum 103 0.34 0.12 0.12 061 97 0.02 0.01 0.00 0.05
Steelhead 103 012 011 0.00 035 — — — — —

Adult
Chinook 103 23.16 3.83 16.07 30.64 97 5.77 1.94 2.34 9.75
Coho 103 1.89 1.08 022 427 97 0.88 041 027 184
Sockeye 103 9.11 2.51 4.63 1430 97 8.68 218 4.53 13.11
Pink 103 222 111 0.46 4.72 97 47.03 450 38.18 55.66
Chum 103 1195 294 6.59 1794 97 0.17 013 0.00 046
Steelhead 103 0.20 0.19 0.00 059 — — — — —

October

Juvenile
Chinook 119 1.02 0.50 0.19 2.14 66 0.05 0.04 0.00 0.13
Coho 119 1.09 0.57 0.22 239 66 134 1.38 0.00 411
Sockeye 119 0.06 0.05 0.00 017 66 0.00 0.00 0.00 0.00
Pink 119 0.64 0.37 0.09 149 66 0.17 0.10 0.03 0.39
Chum 119 090 0.40 0.25 175 66 152 1.26 0.05 4.18
Steelhead 119 0.00 0.00 0.00 000 — — — — —

Adult
Chinook 119 4.09 142 1.65 7.06 66 2.55 141 0.62 5.59
Coho 119 2.30 093 0.67 426 66 5.33 211 179  9.87
Sockeye 119 116 0.84 0.05 3.02 66 0.00 0.00 0.00 0.00
Pink 119 4.45 144 1.84 743 66 5.60 1.68 2.72 9.21
Chum 119 3226 396 2488 4034 66 3413 4.79 2544 43.56
Steelhead 119 0.00 0.00 0.00 000 — — — — —

November

Juvenile
Chinook 33 0.00 0.00 0.00 0.00 16 0.00 0.00 0.00 0.00
Coho 33 0.00 0.00 0.00 0.00 16 0.04 0.03 0.00 0.10
Sockeye 33 0.01 0.01 0.00 0.05 16 0.00 0.00 0.00 0.00
Pink 33 0.00 0.00 0.00 001 16 0.10 0.10 0.00 0.31
Chum 33 1.53 148 0.00 472 16 511 3.61 0.11 13.18
Steelhead 33 0.00 0.00 0.00 000 — — — — —

Adult
Chinook 33 0.57 0.56 0.00 177 16 0.00 0.00 0.00 0.00
Coho 33 0.00 0.00 0.00 0.00 16 0.25 0.16 0.00 0.63
Sockeye 33 0.89 0.61 0.04 224 16 0.00 0.00 0.00 0.00
Pink 33 0.23 0.12 0.00 052 16 0.44 0.41 0.00 125
Chum 33 6686 7.01 5256 79.61 16 2190 912 585 40.67

Steelhead 33 0.00 0.00 000 000 — — — — —

Note: In April 2012, insufficient samples were collected to generate diet averages; therefore, data are
not shown.

study, global diet summaries are also shown for each sampling parts information, so tabulated sample sizes indicate the number
stratum calculated using both prey hard parts SSFO percentage of samples that contributed to diet summary calculations.

and prey DNA sequences percentage (Table S2!). Not all samples When assigning salmon species DNA percentages to either
collected in each stratum produced sufficient prey DNA or hard adult or juvenile life stage, it was important to note which source
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Fig. 3. Monthly amounts (%) of juvenile (left) and adult (right) salmon species present in harbour seal scats collected at haulouts in estuaries
(2012-2013). Species and percentages were determined using DNA sequencing, and life stages were determined from a salmon hard parts
decision tree analysis. Data represent means for all estuary sites and both years combined.
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of information was used to generate the juvenile/adult salmon
ratio. Of the 756 samples that produced salmon DNA sequences,
419 (55.4%) were assigned to a life stage using the salmon sample
SSFO ratio (i.e., the same scat samples contained identified salmon
hard parts). Another 285 (37.7%) samples did not contain salmon hard
parts, but were assigned to life stage based on the salmon monthly
SSFO ratio because greater than three samples from the same
location-month contained salmon hard parts. Only 52 (6.9%) sam-
ples were assigned to salmon life stage based on the fixed season
ratio. Salmon species assignment to life stage was therefore in-
formed by salmon hard parts data for 93% of samples containing
salmon DNA.
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Life-stage-specific harbour seal diet percentages for salmon spe-
cies resulted in clear seasonal trends in harbour seal salmon pre-
dation, pooling samples across years and all three estuary sites
(Fig. 3). For clarity, references to salmon “species” in this manu-
script indicate the subpopulations of those species that return to
Strait of Georgia rivers to spawn. Only a small number of samples
were obtained from the non-estuary site (Belle Chain) in the
spring season — therefore, graphical data representations shown
are aggregates of only samples collected from the three estuary
sampling sties (Figs. 3, 4, and 5).

Adult salmon predation by harbour seals was primarily focused
on chum (Oncorhynchus keta), pink (Oncorhynchus gorbuscha), and
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Fig. 4. (A, B) Kernel density plots of the mean harbour seal diet proportion from bootstrap replicates for Chinook (blue), coho (yellow),
sockeye (red), pink (pink), and chum (orange) salmon. (C, D) Mean diet percentage (circles) with 95% confidence intervals generated from
bootstrapping methods. The first column (panels A and C) displays juvenile salmon consumed by seals in the spring (April-July), while the
second column (panels B and D) indicates adult salmon eaten in the fall (August-November). Data represent means for all estuary sites and

both years combined. [Colour online.]
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sockeye (Oncorhynchus nerka) salmon, with different species peak-
ing in different months and roughly matching the adult return
timing of the different species (Fig. 3). With the exception of low-
level consumption of Chinook in the spring, predation on adults
initiated with sockeye in July, which peaked in August (20%) and
diminished in September. Sockeye consumption was followed by
pink salmon predation, which peaked in September (24%) and
diminished in October. Chum salmon was the last and most im-
portant salmon species in harbour seal diet, beginning in September
and peaking in November (52%). Although far less pronounced,
two peaks were observed in adult Chinook predation, with a small
peak in July (4.7%) and a larger peak in September (15%). Adult
coho salmon was a surprisingly small component of the overall
seal diet, peaking at 3.4% in October.

Seasonal trends in juvenile salmon predation by seals were less
defined, but the importance of salmon juveniles in harbour seal
diet varied largely between salmon species. In contrast with adult
salmon predation, juvenile coho comprised a relatively large com-
ponent of harbour seal diet in the spring, with peaks at 4.8% of
seal diet biomass in April and 3.9% in July (Figs. 3 and 4). Juvenile
Chinook salmon was also an important diet species, with a com-
bined peak in June and July at 3.9%. Sockeye and pink juvenile
salmon predation was consistent throughout the spring, with no
clearly defined peaks in predation at the aggregate scale. Also in
contrast with adult salmon predation, chum salmon was the least
important juvenile salmon species in seal diets (Fig. 4).

Significance tests via bootstrapping methods also indicate that
harbour seals consumed significantly greater quantities of juve-
nile Chinook, coho, and sockeye salmon in the spring season than
they did pink or chum salmon (Fig. 4; Table 3). The percentages of
juvenile Chinook, coho, and sockeye in harbour seal diet did not
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Table 3. Statistical comparisons (S = significant, NS = nonsignificant)
by bootstrapping of seal diet percentages composed of (i) juvenile
salmon in the spring and (ii) adult salmon in the fall between salmon
species.

Chinook Coho Sockeye Chum Pink
Juvenile salmon % (spring)
Chinook —
Coho NS —
Sockeye NS NS —
Chum S S S —
Pink S S S NS —
Adult salmon % (fall)
Chinook —
Coho S —
Sockeye NS S —
Chum S S S —
Pink S S S S —

differ significantly from one another at seasonal aggregate level,
nor did the percentages of pink and chum salmon differ. In the
fall season, the percentages of adult salmon in harbour seal diet
differed significantly between species in all comparisons, with the
exception of Chinook and sockeye, which did not significantly
differ when both years were combined (Table 3).

In addition to seasonal variability, we observed marked inter-
annual variability in harbour seal salmon predation between 2012
and 2013 (Fig. 5). In 2012 for example, adult sockeye salmon was
more important in seal diets (July = 25%, August = 24%) than it was
in 2013 when adult sockeye peaked at 16%. Additionally, the per-
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Fig. 5. Percentages of salmon (steelhead, sockeye, pink, coho, chum, and Chinook) by life stage (juvenile or adult) in the diets of harbour seals
using estuary haulouts in 2012 and 2013. Diets were determined by month, and sample size indicates the number of scats collected each month.
Differences in salmon species consumed between years reflect differences in year class strengths and life histories of the different salmonid species.
Note that steelhead were only detectable in 2012 when the secondary (cytochrome oxidase I) salmon-specific DNA marker was used. [Colour online.|
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centage of adult pink salmon in seal diet was far greater in 2013
(September = 47%) than it was in 2012 (September = 2.2%) and
appeared to be inversely related to the percentage of adult Chi-
nook salmon in the seal diet (i.e., the year with high pink salmon
predation had low Chinook predation). Juvenile salmon predation
by seals varied between years as well — coho and Chinook preda-
tion, for example, both peaked in June and July of 2012, but they
did not exhibit the same unimodal pattern in 2013. Large differ-
ences were also detected in the percentage of juvenile sockeye
consumed between years (Fig. 5).

Of the 433 salmon otoliths recovered from harbour seal scats,
363 (84%) were graded as “poor” due to digestion erosion and
could not be used to estimate fish lengths. The remaining salmon
otoliths were paired to represent a minimum number of individual
fish, and fork lengths of juveniles were estimated for 35 salmon
otoliths identified to a species (Fig. 6). As stated, many juvenile
salmon otoliths were too eroded to measure, and many more were
likely completely digested. However, assuming these 35 otoliths
are an unbiased representation of the juvenile salmon consumed,
our results indicate that harbour seals consumed salmon juveniles

Apr May Jun Jul Aug Sep Oct Nov

72 85 45 60 55 97 66 16
sample size

between 7.8 and 23.4 cm (fork length). During spring (April-July),
harbour seals primarily consumed juvenile salmon between 10 and
15 cm, and in the fall (August-November) seals targeted juveniles
between 15 and 25 cm. The majority of identifiable otoliths (N =27)
were Chinook salmon, but coho and sockeye otoliths were also
identified.

The non-salmonid portion of harbour seal diets was composed
primarily of herring and gadoid species, consistent with previous
harbour seal diet studies in the region (Table S2'). Several other
prey species are worth noting because they contributed substan-
tially (>2%) to the overall harbour seal diet in one of the two
seasons (all estuary sites and years combined). Three-spined stickle-
back (Gasterosteus aculeatus) comprised 7.5% of overall seal diet in
the spring season, and eulachon (Thaleichthys pacificus) comprised
5.5% of the spring diet as well. In the fall season, shiner perch
(Cymatogaster aggregata) made up 5.3% of overall seal diet, and Pacific
staghorn sculpin (Leptocottus armatus) contributed 3.5% (Table S21).

Discussion

We applied combined DNA metabarcoding diet analysis and
morphological prey hard parts analysis to 1240 harbour seal scat
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Fig. 6. Estimated fork lengths of juvenile salmon (Chinook, coho, and sockeye) derived from otoliths recovered in seal scats that were not too
eroded to measure. Colors indicate the species of salmon based on morphological ID, and the letters identify where the seal scat was collected

(A = Comox, B = Cowichan Bay, C = Belle Chain). [Colour online.|
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samples collected from haulout sites in the Strait of Georgia, Canada.
Anovel decision tree method was used to estimate the species and
life stages of salmon consumed by seals, creating a data set useful
for age-specific predator-prey modeling. The vast majority of sam-
ples containing salmon (93.1%) were assigned to a life stage (juve-
nile or adult) based on the co-occurrence of salmon bones in the
sample or collection month. The combined data set indicates that
harbour seals primarily consume adult salmon of lesser conserva-
tion concern species in the fall season (i.e., chum and pink
salmon). However, seals appeared to target larger-bodied juvenile
salmon that are of greater conservation concern (i.e., coho, Chi-
nook, and sockeye) in the spring, despite an exceeding abundance
of juvenile chum salmon in the region (Beamish et al. 2012a).

Combining DNA and hard parts diet data

Our first objective in this study was to establish a new diet
analysis method that could estimate the life stage, species, and
relative proportions of salmon in pinniped diets. Pinniped diet
analysis using DNA metabarcoding is a relatively new technique
that offers several advantages over previous molecular diet anal-
ysis tools (Clare 2014; Deagle et al. 2009; Symondson and Harwood
2014). Prior studies have mostly relied on species-specific primer
sets to identify pinniped prey — often limiting DNA identification
to only a subset of prey taxa and (or) requiring a mathematical
model to convert prey occurrences into diet percentages (Parsons
et al. 2005; Purcell et al. 2004; Tollit et al. 2009). Conversely, DNA
metabarcoding diet analysis employs universal primers to simul-
taneously amplify many (if not all) prey species, relying on high-
throughput DNA amplicon sequencing to identify and quantify
prey. Furthermore, large numbers of individual samples can now
be sequenced simultaneously and differentiated using bioinfor-
matic techniques, dramatically reducing the per sample cost of
DNA diet analysis.

Proportional estimates of predator global diet are important for
calculating estimates of prey consumption, such as the numbers
of individual fish eaten by a pinniped population (Howard et al.
2013; Olesiuk 1993; Winship and Trites 2003). In our study, prey
DNA sequence percentages were averaged from large numbers of
individual seal scat samples to calculate population-level diet per-
centages. This approach generally assumes a quantitative rela-
tionship between DNA sequence read proportions from seal scat
samples and the overall biomass proportions of prey consumed by
the seal population. Captive feeding studies with pinnipeds and

other marine predators have indicated that the relationship be-
tween prey DNA sequence percentage and prey biomass is not
linear, but most studies have ultimately concluded that DNA me-
tabarcoding can be treated as a semiquantitative tool (Deagle et al.
2010; Pompanon et al. 2012; Thomas et al. 2014). In addition, stud-
ies such as ours that aim to characterize the diets of consumer
populations appear to be less influenced by quantification biases
than studies focused on the diets of individual animals (Thomas
et al. 2016). The accuracy of our harbour seal DNA diet estimates
could likely be improved in the future by creating a complete
harbour seal prey library of tissue mix standards and applying
species-specific correction factors (Thomas et al. 2016).

Merging harbour seal DNA diet data with prey hard parts infor-
mation enabled us to estimate the proportion of seal diet contrib-
uted by adult and juvenile salmon, in addition to identifying
the salmon species consumed. To our knowledge, these are the
first such estimates generated from pinniped scat samples. The
method we created to assign salmon species to life stage relies
initially on the co-occurrence of salmon bones in the individual
scat, then on occurrences of salmon bones in scats collected from
the same site and month. As a last resort, assignments are made
based on a fixed seasonal ratio of adults to juvenile salmon. Al-
though this design prioritizes the best available information to
assign salmon life stage and represents a major methodological
advancement, the method also likely produces certain data arti-
facts. For example, juvenile pink salmon are an unlikely diet item
in July and August of 2013 because the number of pink salmon
that spawn in even-numbered years is very low. Similarly, it is not
probable that seals consume appreciable numbers of juvenile
chum salmon in November when the adult chum salmon are
spawning. These occurrences are likely an incorrect assignment
of salmon DNA to the juvenile life stage as a result of juvenile
salmon bones co-occurring in seal scats that contained adult
salmon DNA.

However, three pieces of evidence support the appropriateness
of our method for assigning a life stage to salmon species in har-
bour seal diets. First, 93% of samples containing salmon DNA were
assigned based on salmon bone occurrences in the same scat sam-
ple or in scat samples collected in the same location and month.
Only 7% of salmon samples relied on the fixed season ratio to
assign salmon life stage. Second, the fixed season ratio (assuming
juvenile salmon consumption in spring and adult salmon con-
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sumption in fall) is generally supported by the occurrences of
adult and juvenile salmon bones in those seasons (Fig. S21). The
only major exception to this assumption was the occurrence of
adult sockeye salmon in July in the Fraser River estuary; adults of
all other species were primarily consumed in what we defined as
the fall season. The final piece of evidence supporting our salmon
life stage assignment protocol is the fact that the resulting esti-
mates of harbour seal diet demonstrate a clear functional re-
sponse by seals to the seasonal abundances of salmon species,
which corresponds well with the movements of adult and juvenile
salmonids in the Strait of Georgia (Quinn 2005).

Salmon in harbour seal diet

The second objective of our study was to apply our combined
diet analysis method in a system where knowledge of the salmon
species and life stages consumed by seals may have important
management implications. Salmon stocks in the Strait of Georgia
have substantial economic, cultural, and recreational value, and
the sustainable management of salmon resources in British Co-
lumbia is a high priority (Cohen 2012). Unfortunately, Chinook
and coho salmon populations in the Strait of Georgia have expe-
rienced a long-term decline in smolt-to-adult survival — a pattern
that has been linked to high mortality rates in the first 4 months
after smolt ocean entry (Beamish et al. 2010; Neville et al. 2015).
The survival patterns of these populations also appear to be mod-
erately independent of the coast-wide species trends, suggesting
that local factors specific to the basin scale are likely driving vari-
ability in Chinook and coho survival (Zimmerman et al. 2015). In
contrast, chum and pink salmon populations in the Strait of Geor-
gia have increased over the same period, indicating that these
regional forces are not impacting all salmon species in the same
way (Irvine et al. 2014). The search for a causal mechanism(s) ex-
plaining the marine survival patterns of Chinook and coho
salmon in the Strait of Georgia (Salish Sea) is the focus of a major
transboundary research effort (Riddell et al. 2009).

Based on retrospective analysis, the factors likely to be driving
regional survival patterns of Chinook and coho salmon should
have the following characteristics: (1) have changed substantially
during the period of declining Chinook and coho survival, (2) have
a greater influence in the Strait of Georgia than in other nearby
coastal areas, (3) cause mortality in the first 4 months after smolt
ocean entry, and (4) disproportionately impact Chinook and coho
compared with other salmon species such as chum and pink
salmon (Beamish et al. 2010; Neville et al. 2015; Zimmerman et al.
2015). While it is known that harbour seals increased exponen-
tially in the Strait of Georgia during the period of declining Chi-
nook and coho marine survival (meeting criteria 1 and 2) (Olesiuk
2009), methodological limitations have made it difficult to assess
whether seals consume juvenile salmon in the first 4 months after
ocean entry, or if they impact certain salmon species more than
others.

Our data indicate that the adult salmon primarily consumed by
harbour seals in the Strait of Georgia estuaries were not the spe-
cies currently of greatest conservation concern (Irvine et al. 2009;
Welch et al. 2011). Seals mostly targeted adult chum salmon in the
fall, with pink and sockeye salmon also contributing substantially
to seal diet in alternate years. Regional populations of pink and
chum salmon appear to be thriving in spite of predation pressure
on adults from harbour seals (Irvine et al. 2009; Irvine et al. 2014).
Also interesting was the inverse interannual relationship in the
percentage of adult Chinook salmon in seal diet relative to pink
salmon in seal diet. Regional pink salmon runs are large in odd-
numbered years and low in even-numbered years. It is possible
there is a predation masking effect occurring, whereby the pres-
ence of many pink salmon in September reduces seal predation
pressure on adult Chinook salmon (Evans 2008; Holling 1966).
These results emphasize the importance of using diet techniques
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that can resolve prey to the species level when assessing potential
impacts of predators on prey populations.

While the species composition of adult salmon eaten by har-
bour seals does not raise concern for salmon stocks, the composi-
tion of juvenile salmon species in seal diet displayed the opposite
trend. Harbour seals consumed significantly higher percentages
of juvenile coho, Chinook, and sockeye salmon in the Strait of
Georgia compared with pink and chum salmon, even though re-
gional trawl surveys indicate that juvenile chum salmon are avail-
able to seals in much higher abundance (Beamish et al. 2012a).
This implies that harbour seals may be selecting juveniles of some
salmon species over others (i.e., consuming disproportionately
more fish than expected based on abundance; Manly et al. 1993).
Positive selection often occurs when less abundant prey are for
some reason more profitable (e.g., contain higher energy density
or require less energy to capture) than the more abundant prey
species (Stephens and Krebs 1986; Tollit et al. 1997).

Interestingly, all three of the juvenile salmon species consumed
by seals in relatively high proportion (coho, Chinook, and sockeye)
contain stocks that undergo seaward migration at ages >1 year. In
contrast, the juvenile salmon species eaten by the seals in smaller
proportions (pink and chum) all out-migrate at age <1 year (Quinn
2005; Randall et al. 1987). Harbour seals may be selecting for older,
larger salmon smolts that are more profitable to pursue than
chum and pink fry. In addition, a recent acoustic tagging study in
nearby Puget Sound, Washington, found evidence of harbour
seals targeting juvenile steelhead (a salmonid that also out-
migrates at ages >1 year; Berejikian et al. 2016). These older juve-
nile salmonids may also better fit the prey search image of
harbour seals in their physical appearance by being similar to the
typical forage fish (Tollit et al. 1997). There is, however, some size
overlap between stocks of juvenile Chinook and chum salmon in
the Strait of Georgia during the summer months (Beamish et al.
2012b; Parker 1971); therefore, this apparent selectivity for juve-
nile coho and Chinook salmon may be driven by other factors
such as fish energy density, distribution, or schooling behaviour
that make them more favourable prey for harbour seals.

Although the percentages of juvenile salmon species in harbour
seal diets were relatively small (generally <5% per species), such
percentages can be significant when converted to numbers of
fish — particularly when a large number of predators consume
many small-bodied prey species. Using our April 2013 data, for
example, ~40 000 harbour seals (the most recent population esti-
mate in the Strait of Georgia; Olesiuk 2009) consuming a mean of
2 kg per day (Howard et al. 2013) would consume ~5.7 million
coho smolts in one month (95% CI=1.4-11.1million), assuming the
average hatchery coho smolt weighs 20 g, and seal diet is 4.8%
juvenile coho (95% CI = 1.2%-9.3%; Table 2). Considerably more
smolts could be consumed if the smolts were smaller (e.g., wild
coho smolts). This simple example highlights the importance of
obtaining age-specific predation information when attempting to
assess the consumptive impacts of a large predator population.
In-depth modeling will be required to produce robust estimates of
harbour seal consumption of juvenile and adult salmon species
in the Strait of Georgia based on the dietary data we generated
(B.W. Nelson, A.C. Thomas, A.W. Trites, M.K. McAllister, and
C.J. Walters, unpublished data).

The calculation above raises the question of whether the seal
diet data collected in this study are representative of the greater
Strait of Georgia harbour seal population. Our collections were
focused primarily on estuarine seal haulout sites where interac-
tions between seals and salmon may be much higher than in
non-estuary habitats (Olesiuk 1993; Olesiuk et al. 1990). However,
a satellite telemetry study found that harbour seals in this region
make regular movements >20 km from their haulout site, indicat-
ing that seals occupying estuary sites likely also forage in non-estuary
areas (Peterson et al. 2012). After incorporating the standard devia-
tion of the median over-water distances between satellite loca-
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tions and the capture site for tagged seals, the three estuary sites
we sampled could easily be representative of harbour seal forag-
ing in the majority of the Strait of Georgia (Fig. 1).

Further evidence that harbour seal foraging on salmon smolts is
not isolated to estuary haulouts comes from our Belle Chain sam-
pling site (a non-estuary harbour seal haulout). The single highest
percentage of juvenile Chinook salmon in harbour seal diet for
any stratum in our study was at Belle Chain, which peaked in
August — much later in the season than would be expected of
seals feeding on out-migrating smolts in estuaries. In addition, the
most comprehensive recent harbour seal diet study in the region
found that the frequency of occurrence of juvenile salmon bones
in seal scats was 11.6% in the nearby San Juan Islands (non-estuary
haulouts) during July-September (Lance et al. 2012) (Fig. 1). Com-
paring this to our estuary-focused data set during the same tem-
poral window, we find that estuary seals actually have a lower
frequency of occurrence value for juvenile salmon bones (9.9%)
than seals in the San Juan Islands. Combined, this evidence sug-
gests that our data set is likely representative of a large portion of
the Strait of Georgia and may actually offer a conservative esti-
mate of harbour seal juvenile salmon predation by being biased
toward estuary haulout sites.

Prior to our study, no data were available to assess whether har-
bour seals are a major source of mortality for juvenile Chinook and
coho salmon in the first 4 months after ocean entry or whether
seal-related mortality is preferentially focused on certain salmon spe-
cies. Based on the current data set, we can conclude that harbour
seals are major predators of juvenile Chinook and coho salmon in
the summer months and that seals appear to select for these two
species while ignoring large numbers of juvenile chum salmon in
the system. Thus, harbour seals meet all four of the criteria outlined
above for a factor that may be driving regional survival patterns of
Chinook and coho salmon. It is worth noting, however, that the
stock composition of juvenile salmon in Strait of Georgia appears to
change between spring and fall seasons, and not all stocks within a
species have experienced the same survival patterns (Beamish et al.
2016; Neville et al. 2015). Ideally, future consumption estimates
derived from our data set would account for such seasonal
changes when estimating harbour seal impacts on salmon stocks
in the Strait of Georgia.

Although we found evidence that harbour seals may be impact-
ing Chinook and coho salmon populations, we recognize that
such predation could simply be a symptom of a larger underlying
problem facing salmon populations. For instance, seals may be
consuming larger numbers of juvenile salmon in recent years
because smolts are physically compromised by pathogens, con-
taminants, or poor food supply, implying that seals are only the
proximate cause of mortality (Beamish et al. 2010; Godwin et al.
2015; O’Neill and West 2009; Tucker et al. 2016). Likewise, there is
evidence of a major change in the Salish Sea food web indicated by
a shift from high-energy forage fish to low-energy prey such as
sticklebacks and jellyfish in Puget Sound (Greene et al. 2015). Har-
bour seals in some areas could be utilizing salmon resources that
are supplemented by hatchery programs because their preferred
prey (forage fish) are no longer available in historical abundance.
Caution should therefore be exercised when drawing conclusions
from studies such as ours, because there are many additional
factors at work that can influence the apparent interactions be-
tween species.

Data accessibility

Individual scat sample data (i.e., proportional prey summaries)
from DNA and hard parts techniques are available upon request
from the authors.
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