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ABSTRACT: Inter-specific competition for prey is thought to influence the structure of ecological
communities and species niche breadth. Harp seals Pagophilus groenlandicus and hooded seals
Cystophora cristata are geographically overlapping and highly migratory predators in the North
Atlantic ocean. Hooded seals are known to dive deeper and longer than harp seals and are more
closely associated with the continental shelf edge and deep ocean. Quantitative fatty acid (FA) signa-
ture analysis (QFASA) was recently developed to estimate the species composition of diets by statis-
tically comparing FA signatures of predator adipose tissue with that of potential prey. Using QFASA,
we estimated diets for harp (adults, n = 294; juveniles, n = 232) and hooded (adults, n = 115; juveniles,
n = 38) seals from the pre- and post-breeding periods between 1994 and 2004. We found evidence of
inter- and intra-specific variation in diets, diet quality and breadth, reflecting different foraging tac-
tics. Harp seal diets were comprised predominantly of amphipods, Arctic cod, capelin, herring, sand
lance and redfish. Hooded seal diets were composed primarily of amphipods, Atlantic argentine,
capelin, euphausiids and redfish. Relative to the other species, harp seals consumed twice the propor-
tion of amphipods, while hooded seals consumed 3 times the proportion of redfish; percentages of
capelin were similar. QFASA provided new evidence of the importance of amphipods in the diets of
both species and of the pronounced differences in the proportions of pelagic forage fish between
demographic groups.
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INTRODUCTION over much of their range. Although both species have

been implicated in the declines of commercial fish

Harp seals Pagophilus groenlandicus and hooded stocks or in their failure to recover (see Sinclair &
seals Cystophora cristata are abundant, wide-ranging Murawski 1997), estimating the impact of these spe-
piscivores found throughout the North Atlantic Ocean cies on fish-stock dynamics requires integrating preda-

(Stenson et al. 1997, 2002) where they are sympatric tion pressure spatially and temporally (e.g. Hammill &
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Stenson 2000). Such models require information on
predator abundance, spatial and temporal distribution,
population structure, consumption rates and diet com-
position. However, we have a relatively poor under-
standing of factors influencing diet throughout the
entire range of these species. Studies on other pin-
niped species have shown that different age and sex
classes can differ in their spatial and temporal patterns
of feeding (e.g. Beck et al. 2003, Field et al. 2005, Breed
et al. 2006). Moreover, through the application of novel
biochemical tracer techniques using fatty acids (FA)
and stable isotopes, there is emerging evidence for
large intra-specific variation in diet amongst pinniped
species related to ontogeny and sex (e.g. Beck et al.
2007, Tucker et al. 2007). Indeed, in a previous study
(Tucker et al. 2009) we found significant differences in
FA composition of blubber both between and within
harp and hooded seals, although specific sources of
diet variation were not identified.

Inter-specific competition for prey is thought to influ-
ence the structure of ecological communities and spe-
cies niche breadth (Polis 1984). Within species, various
explanations have been proposed to account for diet
divergences, such as differential energetic require-
ments, sex-specific costs of reproduction, ontogenetic
niche shift, resource polymorphism or minimising
inter-specific competition (reviewed in Bolnick et al.
2003). Differential resource use by the sexes, observed
in both size dimorphic (e.g. Beck et al. 2007) and
monomorphic (e.g. Lewis et al. 2002) species, has been
linked to sex-specific reproductive costs. Competition
between the sexes also may be minimised by the selec-
tion of different prey or by spatial/temporal segrega-
tion in feeding between males and females (e.g. Breed
et al. 2006, Beck et al. 2007).

Apart from temporal or spatial segregation in
resource use, these hypotheses do not make specific
predictions about diet selection or the subsequent
properties associated with that diet (i.e. the energetic
quality and costs related to capture and digestion).
Harp and hooded seals offer an opportunity to
explore, in a comparative manner, intrinsic and ex-
trinsic factors influencing overall breadth and quality
of diet in marine carnivores beyond their perceived
importance with respect to impact on commercial fish
stocks. There are 2 reasons for this. First, harp and
hooded seals exhibit differences in life history, forag-
ing behaviour and body size. Second, North Atlantic
ecosystems have undergone profound changes in
species' abundance and distribution due to overfish-
ing and environmental variability, such as trends in
ocean temperature (Carscadden et al. 2001, Rose
2004). This contrast in the environment allows us to
evaluate interactions with intrinsic factors influencing
diet.

Harp seals are only slightly size-dimorphic with an
average adult mass of 130 kg and males being 5 to
10 % larger than females (Hammill et al. 1995, Hammill
& Stenson 2000). Hooded seals are more size-dimor-
phic, with adult males being approximately 1.5 times
larger than females and 2.3 times larger than adult
harps (Chabot et al. 2006). Although both species are
wide-ranging and exhibit long-distance seasonal
migrations, harp seals mainly inhabit the continental
shelf (Stenson & Sjare 1997, Folkow et al. 2004), while
hooded seals are more strongly associated with the
continental shelf edge and the deep ocean (Folkow &
Blix 1999). Harp and hooded seals also differ in their
diving behaviour. Most harp seal dives are <50 m,
although dives to 200 m have been recorded (Stenson
& Sjare 1997, Folkow et al. 2004). By contrast, hooded
seals regularly dive >100 m, with dives often exceed-
ing 1000 m (Folkow & Blix 1999). Data from stomach-
content analysis suggest that harp seals consume a
mixed diet of pelagic forage fish and invertebrates
such as capelin Mallotus villosus, Arctic cod Bore-
gadus saida, herring Clupea harengus, euphausiids
and amphipods (Lawson et al. 1995, Lawson & Stenson
1997). Limited data on hooded seal diets suggest they
feed on a mixture of deeper-water pelagic and demer-
sal species such as halibut Hippoglossus hippoglossus,
redfish (Sebastes sp.) and squid, with smaller quanti-
ties of herring, capelin, Atlantic cod Gadus morhua
and Arctic cod (Kapel 1995, Hammill & Stenson 2000,
Potelov et al. 2000, Haug et al. 2004, 2007). However,
the majority of samples for both species have been col-
lected during winter, either before or after the breed-
ing season, and mostly from relatively nearshore loca-
tions, potentially biasing our impression of diets.

Quantitative FA signature analysis (QFASA) provides
estimates of the species composition of diets (Iverson et
al. 2004, 2007, Beck et al. 2007), as deposited FAs repre-
sent the assimilated portion of diet over several weeks or
months (Iverson et al. 2004). Dietary FAs are deposited in
animal adipose tissue in a predictable manner; there are
limits on polyunsaturated FA biosynthesis in higher-
order consumers (Iverson 1993); and prey species differ
in their FA signatures. Therefore, proportional estimates
of diet composition can be made by statistically estimat-
ing the mixture of prey species that best matches a
predator’'s FA signature, after accounting for predator
metabolism effects (Iverson et al. 2004). This model has
been validated in captive studies of seals, mink and
seabirds (Iverson et al. 2004, 2007, Nordstrom et al. 2008)
and independently corroborated for free-ranging grey
seals Halichoerus grypus (Tucker et al. 2008) and
seabirds (Iverson et al. 2007) through stable isotope
analysis and stomach-content analysis, respectively.

We used QFASA to study demographic, temporal
and spatial sources of variation in diets of harp and



Tucker et al.: QFASA estimates of harp and hooded seal diets 289

hooded seals. Diet estimates were subse- Table 1. Pagophilus groenlandicus (Erxleben, 1777) and Cystophora cristata
quently evaluated with respect to quality (Erxleben, 1777). Sample sizes (na = not available) from pre-and post-

in terms of energy density and niche
breadth. Our objective was to test for seg-
regation in diets among harp and hooded
seals as predicted by species differences

breeding periods and different locations. Blubber biopsy samples from live-
captured animals in the pre-breeding period were taken from ‘the Front'
(see ‘Sampling of seals’), while biopsy samples in the post-breeding period

were taken from East Greenland

in diving behaviour. Given sex-specific Age class Sample sizes
costs of reproduction, we also expected Pre-breeding Post-breeding
the species composition and quality of Inshore Offshore Biopsy Inshore Offshore Biopsy
adult diets to differ between males and H
. . . arp

females of bo.th spec1es. .leen their Juvenile 144 a1 na 11 36 na
greater body-size dimorphism, we ex- Adult female 97 25 31 11 25 na
pected hooded seals to exhibit a greater Adult male 47 39 na 8 11 na
sex-specific divergence in diets. We ex- Hooded
pected larger, older animals to consume a Juvenile 31 2 na na 2 3
lower-quality, yet more diverse, diet Adult female 17 1 8 3 7 9

. Adult male 27 13 2 3 10 5
because of larger gut capacity and the

potential for higher throughput than

smaller seals. Finally, as both species are

seasonally migratory and therefore likely encounter
different prey assemblages, we expected seasonal and
geographic effects on diets.

MATERIALS AND METHODS

Sampling of seals. Blubber samples were obtained
from harp and hooded seals killed under permit along
the northeast coast of Newfoundland and southern
Labrador between November and May from 1994 to

2004 by licensed and experienced seal hunters or sci-
entific personnel from the Department of Fisheries and
Oceans Canada (Sjare et al. 2004) (Fig. 1, Tables 1 & 2).
Evidence from grey seals (Cooper 2004) suggests that
blubber lipid composition in phocid seals is uniform
throughout the trunk of the body. Nevertheless, for
consistency we took samples from the same location in
all animals. A full-depth blubber sample (~0.5 kg from
skin to underlying muscle) was taken from the poste-
rior mid-flank of each seal, placed in a Whirlpak® and
frozen. The age of seals was determined to the nearest
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Fig. 1. Pagophilus groenlandicus and Cystophora cristata. Sampling locations for (a) harp (n = 526) and (b) hooded (n = 153) seals
(1994 to 2005). O, inshore and @, offshore sampling locations. Lines represent the 200, 500 and 2500 m isobaths
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Table 2. Pagophilus groenlandicus (Erxleben, 1777). Sample
sizes from individual years (1994 to 2004). Samples are pooled
across seasons and sampling locations

Age class Year
1994 1995 1996 1998 2000 2002 2004

Juvenile 20 30 48 20 16 33 65
Adult female 11 12 23 24 11 40 37
Adult male 23 6 12 15 5 14 30

year by sectioning a lower canine tooth and then
counting dentine annuli (Bowen et al. 1983). In addi-
tion to the samples from killed seals, full-depth biopsy
samples were taken from the flanks of seals live-cap-
tured during research at the whelping patch on the
pack ice off southern Labrador (‘the Front') in March
2004 (31 harp and 12 hooded) and at the moulting area
off eastern Greenland during June 2005 (17 hooded).
All procedures used in the present study were in accor-
dance with the principles and guidelines of the Cana-
dian Council on Animal Care adopted by the Depart-
ment of Fisheries and Oceans Canada. In the
laboratory, a 0.5 g core of blubber representing the
entire depth of each field-collected sample (i.e. from
skin to underlying muscle) was taken. Lipids were
quantitatively extracted from all blubber samples
using a modified Folch method (Folch et al. 1957, Iver-
son et al. 2001).

Samples from harp seal juveniles (1 to 4 yr old) and
adults (=5 yr old) (Sjare et al. 2004) were grouped by
season: pre-breeding (November to March) and post-
breeding (April and May). No harp seals were sampled
during the summer. Samples were also grouped by
sampling location: inshore (defined as <30 km from
shore), and offshore (defined as >30 km from shore;
Lawson et al. 1995). Offshore areas are typically over
water depths exceeding 200 m (see Fig. 1). Samples
from hooded seal juveniles (1 to 5 yr old) and adults
(=6 yr old) were also grouped into pre- and post-
breeding periods (where breeding occurred in mid-
March) and sampling area: inshore and offshore as
defined above, as well as Greenland.

Sampling of prey. Fishes and invertebrates were
collected and frozen during stratified, random, bottom-
trawl surveys conducted in the summer in the north-
west Atlantic (Northwest Atlantic Fisheries Organiza-
tion [NAFO] sub-areas 2J, 3K, 3L, 4T and 4V) between
1993 and 2002 (Budge et al. 2002). Supplementary
samples were collected from deep-water trawl surveys
of the Davis Strait (NAFO sub-areas 0A and 1A) in the
fall of 2004. Specimens were thawed and fork length or
carapace width was measured to the nearest 0.1 cm
and body mass to the nearest 0.1 g. Individual prey
were then homogenised and lipids were quantitatively

recovered in duplicate from a ~1.5 g subsample of the
homogenate as above.

FA analysis. FA methyl esters (FAME) were pre-
pared using an acidic catalyst (the Hilditch method;
see Iverson 1993). Duplicate identification of FAME
was performed using temperature-programmed gas-
liquid chromatography (GLC) (Iverson et al. 1997,
2004). FAs were described by the standard nomencla-
ture of carbon chain length: number of double bonds
and location (n-x) of the double bond nearest the ter-
minal methyl group. Individual FAs were expressed as
a mass percent of total FAs. Although 67 FAs are rou-
tinely identified, we used 39 FAs of ‘dietary’ or ‘primar-
ily dietary’ origin in our analysis (Iverson et al. 2004,
Beck et al. 2005), which accounted for ~93 % of total
FAs by mass (Tucker et al. 2009). Dietary FA are
unmodified FA that are directly deposited in adipose
tissue; primarily dietary FA are modified at some point
between absorption and deposition but their levels in a
predator are highly influenced by consumption of spe-
cific prey.

Diet estimation. The diet of individual seals was
estimated using QFASA (Iverson et al. 2004). A
description of data inputs used in the estimation proce-
dure is given in Tucker (2007) and in the supplement in
MEPS Supplementary Material at www.int-res.com/
articles/suppl/m384p287_app.pdf. Briefly, the statistical
procedure estimates the mixture of prey FA signatures
that minimised the Kullback-Leibler distance between
the prey FA mixture and the adjusted FA composition
of each seal. Seal FA composition was adjusted for
predator FA metabolism using calibration coefficients
(CC; see next paragraph). Next, the estimated mixture
of prey was converted to an estimate of diet by weight-
ing each prey species by its mean fat content. Standard
errors of the estimated diet included sources of vari-
ability within (i.e. within prey-species variability in FA
composition and fat content) and between seals (Beck
et al. 2007). We used a prey library comprised of 2039
individuals representing 24 species to estimate the
diets of harp seals and 2289 individuals representing
29 species to estimate the diets of hooded seals.

CCs account for the effects of predator metabolism
on the deposition of FAs (Iverson et al. 2004). We aver-
aged diet estimates of harp seals from 3 model runs,
each using a different CC set. The first run used only
the harp seal CCs, the second used the average of grey
and harp CCs, and the final used the average of the
grey, harp and pup CCs. For each set of CC, the boot-
strapping procedure (Beck et al. 2007) was conducted
and the 3 estimates of diet were averaged. Similarly for
hooded seals, we averaged estimates across 2 model
iterations that used the grey-harp CCs and the grey-
harp-pup CCs. We used an averaging procedure in
modelling iterations to incorporate uncertainty in CCs.
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Diet diversity or niche breadth was calculated for
each seal's diet using the standardised Shannon-
Wiener index (H'; Krebs 1999):

H' = (—zjlpjlnpjj/lns (1)

where p; is the proportion of prey species j in the diet,
and S is the total number of prey consumed across all
individuals (S = 24 for harps; S = 26 for hoods). Energy
density (Ey; kJ g™1) of diets was calculated using the
lipid composition of prey species.

Dietary overlap was calculated between each age-
class group and between species using the Morisita-
Horn index (Cy; Krebs 1999):

ofgnn 52} 5) o

where pj, is the mean proportion of prey type j in the
diet of group k, p; is the mean proportion of prey type
jin the diet of group /, and n is the total number of prey
consumed by both groups. Degree of dietary overlap is
small when Cy is between 0 and 0.29, medium when
Cy is between 0.30 and 0.59 and large when Cy > 0.60.

Statistical analysis. To test for the effects of seal spe-
cies, sex of seals, age class, season, sampling area and
year (in the case of harp seals) on the diets of seals,
we used a randomisation procedure (Efron & Tibshi-
rani 1998). Two-way multivariate analyses of variance
(MANOVASs; R v. 2.3.1; R Development Core Team)
were performed to generate test statistics for main
effects and interactions in pairwise comparisons. We
then randomly permuted the factor labels 10 000 times
to build a permutation distribution rather than com-
pare test statistics to normal distributions. Significance
levels were then computed by determining the number
of times the reference distribution gave a test statistic
equal to or greater than the observed value. If the over-
all test was significant, we proceeded with pairwise
post hoc tests. Post hoc univariate and multivariate
t-tests were also compared to the permutation distrib-
utions to determine where the significant differences
occurred. We also used MANOVA to test for main
effects of sex, age class, season, area and species on Ey4
and H' (SPSSv. 11.5). For the sake of brevity, we report
only significant interaction terms.

RESULTS
Inter-specific differences
There were significant differences in estimated diets
between species, age class, sex, area and season (all p =

0.0001) (Tables 3 & 4, Fig. 2). We identified 24 prey spe-
cies in harp seal diets, 6 of which were present at pro-

portions >5% (Table 3). These included amphipods,
Arctic cod, capelin, herring, sand lance and redfish. In-
dividual harp seals are estimated to have consumed be-
tween 1 and 14 items, with a mean of 5.1 + 2.0. We iden-
tified 26 prey items in hooded seal diets, 5 of which
were present at proportions of >5 % and included am-
phipods, Atlantic argentine, capelin, euphausiids and
redfish. Individuals are estimated to have consumed
between 1 and 13 items, with a mean of 5.7 + 2.5. Rela-
tive to adult hooded seals, adult harp seals consumed
significantly greater percentages of amphipods, Arctic
cod and sand lance. In turn, diets of adult hooded seals
were comprised of higher percentages of Atlantic ar-
gentine and redfish relative to the diets of adult harp
seals (Fig. 2a). Diets of juvenile hooded seals had signif-
icantly higher percentages of argentine, capelin, and
euphausiids, while juvenile harp seal diets had higher
percentages of sand lance (Fig. 2b). Other main effects
are discussed under ‘Results—intra-specific differ-
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Fig. 2. Pagophilus groenlandicus and Cystophora cristata.
Estimated principle diet components for (a) adults and
(b) juveniles. Error bars represent SE
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Table 5. Pagophilus groenlandicus (Erxleben, 1777) and
Cystophora cristata (Erxleben, 1777). Morisita-Horn index
(Cy) of dietary overlap. Degree of dietary overlap is small
when Cy is between 0 and 0.29, medium when Cy is between
0.30 and 0.59 and large when Cy > 0.60. na = not applicable

Comparison Season Cy
Harp

Adults Pre- vs. Post-breeding 0.91
Juveniles Pre- vs. Post-breeding 0.94

Adults vs. Juveniles Pre-breeding 0.79
Post-breeding 0.89

Hooded

Adults Pre- vs. Post-breeding 0.89

Juveniles Pre- vs. Post-breeding na

Adults vs. Juveniles Pre-breeding 0.57
Post-breeding na

Harp vs. hooded

Adults Pre-breeding 0.51
Post-breeding 0.61

Juveniles Pre-breeding 0.70
Post-breeding na

ences'. Dietary overlap, as measured by Cy, between
harp seals and hooded seals was moderate for adults
and high for juveniles (Table 5). E4 of harp seal diets
was significantly higher than hooded seal diets (F g75 =
16.78, p < 0.001). Conversely, hooded seals had margin-
ally greater niche breadths (F; 75 = 4.0, p = 0.046).

Intra-specific differences
Harp seals

Dominant prey species in estimated diets differed by
sex (p = 0.002), age class (p < 0.001), season (p < 0.001),
area (p < 0.001) and year (p < 0.001) (Table 3). Juve-
niles consumed a greater proportion of herring and
northern sand lance while adults consumed higher
percentages of amphipods, euphausiids and redfish.
To control for age-class effects, we separated juveniles
from adults in subsequent analyses.

Adults. In adults, both sexes consumed similarly
high percentages of capelin and redfish (Figs. 3 & 4);
however, diet varied significantly between males and
females (p < 0.001) in other components. Males
consumed approximately twice the percentage of
amphipods, while females consumed higher percent-
ages of Arctic cod, snake blenny and sand lance.

There were significant seasonal (p < 0.001) differ-
ences in diet (Figs. 3 & 4) due primarily to higher per-
centages of amphipods in the pre-breeding period,
while polar cod and redfish were higher in the post-
breeding period. There was a significant effect of sam-
pling area (p < 0.001) on estimated diets due primarily
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Fig. 3. Pagophilus groenlandicus. Estimated mean diet com-

position for adult females, adult males and juveniles from the

pre-breeding period sampled in (a) inshore and (b) offshore
areas. Error bars represent SE

to higher percentages of amphipods and redfish con-
sumed in the offshore, while higher percentages of
pelagic forage fish, namely Arctic cod, capelin and
sand lance, were consumed in the inshore. There was
also a significant interaction between area and season
(p <0.001). The inshore-offshore differences remained
generally consistent within seasons; however, there
were significant differences between seasons for both
inshore (p = 0.005) and offshore samples (p < 0.001). In-
shore, the percentage of redfish in the diet was higher
in the post-breeding period. Offshore, amphipods were
almost double their pre-breeding level, while herring,
polar cod and redfish were consumed in greater per-
centages in the post-breeding period.

Diet composition varied significantly by year (p <
0.001). Post hoc analysis showed that the diets in both
1994 and 1995 differed from all other years (Fig. 5),
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while 1996, 2000, 2002 and 2004 were all similar to one
another (all p > 0.14); 1998 differed from 2002 (p =
0.036) and 2004 (p = 0.027). In 1994, an elevated per-
centage of amphipods and decreased percentages of
capelin and sand lance were seen relative to other
years. Similarly, in 1995 there were elevated percent-
ages of Arctic cod and lower levels of capelin. In-
creased percentages of American plaice, Atlantic cod,
lumpfish and Greenland halibut Reinhardtius hip-
poglossoides were estimated in the 1998 diet.

Juveniles. There were no significant differences
among juvenile harp seals of different sexes (p = 0.54),
although diets did vary by season, year and area (all p <
0.001). Seasonal variation in diet composition was pri-
marily due to elevated levels of sand lance in the pre-
breeding period, and elevated levels of redfish in the
post-breeding period. Offshore diets were characterised
by a higher proportion of redfish and polar cod, while in-
shore diets had higher proportions of sand lance.

A similar pattern to adults was observed in annual
differences for juveniles. Post hoc analysis indicated

70+
a Inshore EE Amphipods vzzzzZ3 Snake blenny
60 @ Arctic cod R Herring
B Arctic eelpout BN Sand lance
50 Atlantic cod E=== Polar cod
E== Capelin 0 Redfish
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404 I
304
204
10
0
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Fig. 4. Pagophilus groenlandicus. Estimated mean diet com-

position for adult females, adult males and juveniles from the

post-breeding period sampled in (a) inshore and (b) offshore
areas. Error bars represent SE

that 1994 differed from all years except 1998, while
1995 in turn differed from all other years. With the
exception of differences between 1996 and 2004 (p =
0.013), diet composition was similar from 1996 to 2004.
In 1994, there were elevated percentages of amphi-
pods and decreased percentages of capelin and redfish
relative to other years. Similarly, in 1995 there were
higher percentages of Arctic cod and sand lance and
lower levels of capelin in the diet.

Ey and H'. Mean E,; of harp seal diets ranged be-
tween 5.4 and 6.0 kJ g~! (Table 3) and although differ-
ences in energy density were generally small, there
was a significant effect of sex (F 5,5 = 25.95, p < 0.001),
age class (F; 535 = 31.11, p < 0.001), area (F} 525 = 28.06,
p < 0.001) and season (F; 555 = 16.13, p < 0.001). In
adults, which had higher E; overall, E; was signifi-
cantly greater in males than females (F; 93 = 4.75, p =
0.033). For both adults and juveniles, offshore diets
had higher E; and the E3 was higher in the pre-
breeding period.

Mean H' for harp seals ranged between 0.23 and
0.43 (Table 3) and there were significant effects of age
class (Fj 505 = 13.76, p < 0.001), season (F; 505 = 36.59,
p <0.001) and area (F; 505 = 28.06, p < 0.001). In adults,
females had a significantly higher H' than males
(F1,525 = 8.1, p = 0.005). H' values were all higher in
juveniles, in the offshore, and in post-breeding diets.

Hooded seals

The dominant prey species in hooded seal diets
differed by sex (p = 0.04), age class (p < 0.001), season
(p < 0.001) and area (p < 0.001). Diets for adults had
higher percentages of redfish, while juveniles con-
sumed higher percentages of Arctic cod, herring and
sand lance (Fig. 6). Again, we separated adults from
juveniles to control for age-class effects. There were no
sex differences between male and female juvenile
hooded seals (p = 0.55). Sample sizes for juveniles were
too small to examine other main effects.

Adults. We found significant differences in diets of
males and females (p = 0.011), with males consuming
significantly greater percentages of redfish and Green-
land halibut and females consuming greater percent-
ages of blue hake and white baraccudine. There was a
significant effect of season on diet composition (p <
0.001). Differences were due primarily to higher per-
centages of argentine and capelin in the pre-breeding
period, while the percentage of redfish was 2-fold
higher in the post-breeding period. Animals sampled in
Greenland varied significantly from the other 2 areas
for many species (p < 0.001), but differences were pri-
marily due to elevated percentages of longfin hake and
polar cod and decreased levels of argentine. There
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Fig. 5. Pagophilus groenlandicus. Estimated mean diet composition for (a) adults and (b) juveniles from the pre-breeding period
in different years (1994 to 2004). Error bars represent SE

were significant differences between inshore and off-
shore samples with respect to the percentage of capelin
(higher in inshore) and redfish (higher in offshore).

E, and H'. Mean E4 of hooded seal diets ranged
between 5.3 and 5.6 kJ g! (Table 4), but varied with
season (F 152 = 5.90, p < 0.016) where E4 was higher in
pre-breeding, and with area (F; 15, = 12.49, p < 0.001).

There were no significant differences in E; between
juveniles and adults (F ;5, = 0.04, p = 0.84) or between
males and females (F; 15, = 0.053, p = 0.82).

Mean H' for hooded seals ranged between 0.22 and
0.50 (Table 4), with evidence for significant effects of
season (F; 15, = 18.37, p < 0.001), age class (Fy 52 =
14.95, p < 0.001) and area (F; 555 = 14.24, p < 0.001). H'
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was higher in both juveniles and in the pre-breeding
season, as well as greater in the offshore. There was
no significant difference between adult males and
females (F 152 = 2.69, p = 0.10).

DISCUSSION
Species differences
Our results show that species differences in diets ap-

pear to reflect previously defined differences in diving
behaviour and distribution (Folkow et al. 1996, 2004,

Folkow & Blix 1999), in that harp seals had higher per-
centages of pelagic prey whereas hooded seals had
higher percentages of demersal prey. Furthermore,
while our results agree generally with estimates of stom-
ach contents of the species consumed, there are impor-
tant differences, perhaps most important of which is the
high proportion of amphipods in both harp and hooded
seal diets. Amphipods have been reported in high fre-
quencies in stomach contents of both seal species (e.g.
Sergeant 1991, Lawson et al. 1995, Haug et al. 2007);
however, it has always been difficult to quantitatively as-
sess their contribution to the overall diet. The large con-
tribution of Atlantic argentine to hooded seal diets was
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also unexpected based on previous studies. Information
on argentine is scarce, although they can be abundant at
the continental shelf edge, likely in aggregations, and at
depths of 140 to 1440 m (Froese & Pauly 2007), which are
well within the diving and foraging range for these
predators (Folkow & Blix 1999).

Dietary overlap between harp and hooded seals was
moderate for adults and high for juveniles (Table 5).
However, given what is known about the differences
in foraging behaviour and distribution of these 2 spe-
cies (Folkow et al. 1996, 2004, Folkow & Blix 1999), it is
difficult to assess how this overlap may be manifested
over temporal and spatial scales. Recent data from the
northwest Atlantic (Stenson & Sjare 1997, G. B. Sten-
son unpubl. data) indicate that they are spatially sepa-
rated for much of the time, with harp seals being found
on the continental shelf while hooded seals inhabit the
shelf edge, although they may co-occur occasionally
outside of the breeding period (Folkow et al. 1996,
2004). Greenland Sea stomach-content data suggest
that although both species co-occurred, diets varied
significantly between the species (Haug et al. 2004).
Specifically, the relative contribution to the diet of
pelagic amphipods, Arctic cod, capelin and squid var-
ied between harp and hooded seals. It is likely that dif-
ferences in prey selection resulted from hooded seals
diving to deeper depths than harp seals (Folkow & Blix
1999, Folkow et al. 2004, Haug et al. 2004).

Although Ej was higher in harp seal diets because of
greater percentages of pelagic forage fish and inverte-
brates, hooded seals had larger niche breadths. This is
similar to sympatric terrestrial carnivores, where larger
species tend to have larger niche breadths, although
the diets of smaller predators are often nested within
those of larger predators (i.e. Radloff & du Toit 2004),
resulting in a fairly large degree of dietary overlap.

Age-class efiects

Although harp seal diets were dominated by pelagic
species and significant dietary overlap was evident in
juveniles and adults, juveniles consumed more pelagic
forage fish, whereas adults consumed more amphipods
and redfish. Ontogenetic diet shifts have been demon-
strated in harp seals through the analysis of stomach
contents, where the proportion of pelagic forage fish
declines as the proportion of pelagic invertebrates
increases in the diet as seals grow older (Lawson et al.
1995). In hooded seals, adult diets were dominated by
redfish, which comprised only a small portion of the
diet for juveniles. However, percentages of amphipods
and argentine were equivalent. Similar to juvenile
harp seals, juvenile hooded seals consumed more
pelagic forage fish than adults.

Ontogenetic diet differences have been noted for
many animal taxa and these are thought to result from
either behavioural development or differing energetic
costs associated with body size (reviewed in Bolnick et
al. 2003). In pinnipeds, juveniles undergo a period of
physiological and behavioural development related to
dive capacity (e.g. Noren et al. 2005). For both harp
and hooded seals, niche breadth was higher in juve-
niles, which may indicate more experimentation, or at
least less specialisation, by these inexperienced for-
agers. In harp seals, E; was higher in adults, poten-
tially mandated by overall higher energy costs related
to maturation and body size. Similar results have been
found between juvenile and adult grey seals (Beck et
al. 2007). In hooded seals, E4 was equivalent between
juveniles and adults. However, these differences or
equivalencies in consumed energy may only be appar-
ent, as metabolisable energy from the diet can vary
with prey type.

Diet differences between adults and juveniles could
also reflect differences in distribution (Sergeant 1991),
resulting in differences in prey availability and prey
selection (e.g. Field et al. 2005). Amphipods have high
lipid content (the present study: mean 8.4 %, range 3.0
to 19.5%) and foraging and handling costs are pre-
sumably small if animals are feeding within dense
aggregations of these zooplankton (Costa et al. 1989).
However, energy assimilation from crustaceans is
lower than from fish (Keiver et al. 1984, Martensson et
al. 1994). Although the energy return is great with
respect to lipid content, efficient high consumption of
amphipods may require larger gut capacity to process
high volumes of indigestible chitinous material, as
assimilation efficiencies are lower (e.g. Lawson et al.
1997). It has been hypothesised that efficient con-
sumption of benthic forage fish may also require
larger gut capacity (Beck et al. 2007, Tucker et al.
2007). In captive feeding studies in seals, the assimila-
tion efficiency of gross energy intake is between 10
and 23 % lower for crustaceans than for pelagic forage
fish (Keiver et al. 1984, Martensson et al. 1994). Stud-
ies have also shown that the assimilation efficiency of
gross energy can be lower for benthic fish species
relative to pelagic forage fish (e.g. Lawson et al.
1997). In captivity, harp seal pups are unable to main-
tain body mass while on an exclusively crustacean
diet (Martensson et al. 1994). Therefore juvenile harp
seals in the wild may consume more fish in order to
sustain high costs associated with growth. Similarly,
juvenile hooded seals may select fish species with a
higher assimilation efficiency to maximise net gains.
Thus ontogenetic diet shifts in seals likely entail
complex tradeoffs between distribution, behavioural
and physiological development, foraging costs and
the efficient digestion of prey.
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Sex differences

We found significant differences in diet between
adult males and females in both species. Although
preliminary analyses of telemetry studies have not
revealed any differences in movement or diving
behaviour between male and female harp seals
(G. B. Stenson unpubl. data), sex-specific differences
in mean dive depths in the post-breeding period has
been found in hooded seals (Bajzak et al. 2009). Sex
differences in foraging behaviour of pinnipeds may
reflect differences in sex-specific costs of reproduction,
body size or competitive abilities (i.e. Beck et al. 2003,
2007). Thus sex differences in diets in adult harp seals
in the pre-breeding period may be related to sex-spe-
cific costs associated with pregnancy, lactation and
reproduction. We found that E; was higher in male
than in female harp seals due to the higher proportion
of amphipods. However, the available energy in diets
of males is likely lower due to lower assimilation effi-
ciencies associated with consumption of crustaceans.
Indeed, females may not be able to efficiently meet the
high energetic costs associated with pregnancy on a
predominantly amphipod diet despite potentially
lower foraging costs. This could also be the case for
adult hooded seals, as the similarity in E; between
males and females may only be apparent due to poten-
tially lower assimilation efficiencies of the predomi-
nantly redfish diet of males. Although differences in
sex-specific costs of reproduction may contribute to
the estimated differences in the diets of males and
females, the costs associated with maintaining larger
body size in males may be a more significant factor in
this species. The lack of sex differences in the diets of
juveniles is probably indicative of the lack of reproduc-
tive costs or, in the case of hoods at that age, lack of
significant body-size dimorphism.

Spatial and temporal differences

In both adult and juvenile harp seals, we found
inshore-offshore differences in diets based on QFASA.
These were due to higher percentages of amphipods
and redfish in the offshore and higher percentages of
pelagic fish (capelin, herring and Arctic cod) in inshore
diets. These results are supported by data from stom-
ach-content analyses that have previously indicated
differences in inshore and offshore diets for harp seals
(Lawson et al. 1995, 1998, Lawson & Stenson 1997).
Inshore, adult diets tended to be dominated by capelin,
herring, sand lance and Arctic cod, while offshore,
diets tended to be dominated by invertebrates, capelin,
sand lance and a mix of demersal species. Although
sample sizes were small, we found large-scale regional

differences in hooded seal diets as well, confirming
general conclusions from stomach-content analysis
(e.g. Hammill & Stenson 2000, Haug et al. 2007) and
suggesting that spatial effects are an important compo-
nent of hooded seal diet breadth.

There were significant differences between pre- and
post-breeding diets for both harp and hooded seals
which resulted in higher Ej4 overall in the pre-breeding
period. In adult harp seals, this was due to a higher
percentage of energy-rich amphipods in the pre-
breeding period, whereas polar cod and large redfish
were higher in the post-breeding period. Polar cod,
which are also bathypelagic like redfish, are generally
found at higher latitudes, associated with ice, and
found mainly in offshore waters at or beyond the edge
of the continental shelf (Froese & Pauly 2007). There-
fore, increased consumption may be linked to post-
breeding/pre-moulting feeding in proximity to ‘the
Front'. In juvenile harp seals, seasonal variation in diet
composition was primarily due to elevated levels of
sand lance in the pre-breeding period, and again ele-
vated levels of redfish in the post-breeding period. Dif-
ferences in hooded seal diets were due primarily to
higher proportions of argentine and capelin in the pre-
breeding period, while the proportion of large redfish
was higher in the post-breeding period.

Inter-annual variation in pinniped diets is assumed
to reflect variation in prey abundance and subsequent
encounter rates (Bowen & Siniff 1999). Thus inter-
annual variation in harp seal diets may reflect large
ecological changes that occurred in the northwest
Atlantic during the last decade (e.g. Lilly & Simpson
2000, Carscadden et al. 2001, Rose 2004). Capelin
declined in northern areas in the early 1990s (Carscad-
den et al. 2001, Rose 2004) becoming scarce along the
coast of Labrador and the Grand Banks. Coinciden-
tally, abundance of capelin increased on the Flemish
Cap and the Scotian Shelf (Lilly & Simpson 2000,
Carscadden et al. 2001). Concurrently, Arctic cod dis-
tribution shifted southward from Labrador to coastal
Newfoundland and the Grand Banks out to the shelf
edge. This expansion in distribution and Arctic cod
biomass peaked in 1995 (Lilly & Simpson 2000). By
1998-1999, Arctic cod appeared to be returning to
northerly distributions (Lilly & Simpson 2000); how-
ever, by 2000 capelin had not returned to waters off the
Labrador coast (Department of Fisheries and Oceans
Canada 2001). Concurrent with these observations,
our QFASA results indicate that in 1994 there were
decreased proportions of capelin and sand lance in the
diet relative to other years. Similarly, in 1995 there
were higher percentages of Arctic cod and a lower per-
centage of capelin. Indeed, during the 1990s there were
notable changes in harp seal distribution and diet as
indicated from stomach-content analysis. From 1990 to
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1995, Arctic cod were a significant prey species found
in seals' stomachs in inshore areas in the spring (Law-
son et al. 1995). Arctic cod had been the key prey spe-
cies in winter diets since 1986 (Stenson & Perry 2001).
Anecdotal reports have suggested an increase in
harp seal abundance in inshore waters over the 1990s
(Lacoste & Stenson 2000, Sjare et al. 2004), although
some portion of the population was continuing to con-
sume capelin in offshore areas (Stenson & Perry 2001).
In addition, since the late 1990s, the amount of sand
lance has increased in offshore diets estimated from
stomach contents, while herring has increased in
inshore diets. Furthermore, changes in diets of other
species, most notably seabirds, corroborate other
sources of information indicating major changes in
prey abundances (Montevecchi & Myers 1996, Davoren
& Montevecchi 2003).

In the present study, we used an averaging proce-
dure of modelling iterations to incorporate uncertainty
in CCs. The assimilation, deposition and estimates of
CCs for individual FAs have now been established for
5 species of phocids (including harp seals) and otariid
seals, as well as for mink and seabirds, through con-
trolled feeding studies (reviewed in Iverson 2009).
While it is true that no hooded seals were included in
the 5 species, we are confident in our application of the
QFASA model to this species given that CCs are all
remarkably similar amongst species and taxa (i.e.
pathways of FA metabolism are conserved). However,
the magnitude of individual CCs can vary between
species. When applied in QFASA, these can result in
differences in the proportional contribution of diet
components but not the species composition per se
(Tucker 2007). We averaged CCs from 2 related phocid
species (harp and grey seals) to at least partially
account for any uncertainty in this parameter. Further
research will no doubt improve the application of FAs
and CCs to estimating predator diets.

We have shown that inter-and intra-specific varia-
tion in diet of these species, whether due to sex or
ontogenetic differences, are also influenced by geo-
graphic and temporal effects (seasonal and interan-
nual). Thus, these sources of variation will need to be
considered when determining the role of these upper-
trophic level predators in marine ecosystems. Segrega-
tion in diet (ontogenetic or sex) may be influenced both
by intrinsic energy requirements (growth or preg-
nancy) and the energetic properties associated with
that diet (foraging costs and assimilation efficiency).
Essentially, juveniles and females of both species may
require high-quality prey (i.e. pelagic forage fish) to
meet high energy demands, while males are able to
process higher proportions of lower-quality prey (i.e.
amphipods, benthic fish), offsetting lower returns from
that diet (lower energy assimilation efficiencies) due to

lower energetic demands. From an ecological perspec-
tive, this capacity or requirement to segregate diets
would also have the benefit of reducing intra-specific
competition.
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