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INTRODUCTION

Vertebrate diets are influenced by factors intrinsic to
the organism and by extrinsic or ecological factors.
Body size is thought to be a crucial determinant of food
web patterns and processes (Chase 1999, Memmott et
al. 2000, Williams & Martinez 2000). An increase in
predator size is associated with an increase in both
mean prey size (Carbone et al. 1999, Radloff & du Toit
2004) and prey diversity (Gittleman 1985, Cohen et al.

1993). It is hypothesized that larger predators consume
larger prey items to satisfy greater absolute energy re-
quirements. Moreover, predator size generally deter-
mines inter-specific dietary overlap (Sinclair et al.
2003), as ontogenetic shifts in diet often outweigh the
variation in diets across similarly sized species (Wood-
ward & Hildrew 2002). Among terrestrial vertebrate
carnivores, with body sizes spanning more than 3
orders of magnitude, body size influences not only rel-
ative prey size but also the type of prey eaten. For ex-
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ample, small terrestrial carnivores consume an omni-
vorous diet (plant, invertebrate and vertebrate)
whereas large predators consume a diet comprised pri-
marily of vertebrate prey (Carbone et al. 1999). This
switch in diet is concurrent with a change in mean prey
size that exceeds predator mass. The transition to an
exclusive carnivorous diet with increasing body size is
thought to reflect a simple energetic constraint: the
inability to sustain body size based on relatively
smaller and lower quality prey. Thus, for terrestrial
carnivores, body size appears to influence both the
prey size and the type of prey that can be consumed in
order to satisfy energy requirements. 

In contrast, a correlation between predator body size
and prey size is not as apparent among upper-trophic
level marine carnivores, as most species consume prey
smaller than themselves, often by several orders of
magnitude. However, within size-dimorphic predators,
the larger sex often consumes larger prey items, or
alternatively, the sexes have different diets altogether
(reviewed in Bowen et al. 2002). There is mounting
evidence for sex differences in the foraging behaviour
of size-dimorphic marine mammals, where males are
significantly larger than females (Le Boeuf et al. 1993,
2000, Beck et al. 2003a,b, Field et al. 2005, Breed et al.
2006). Differential resource use by the sexes, observed
in both size-dimorphic (e.g. Clarke et al. 1998) and
monomorphic (e.g. Lewis et al. 2002) species, may also
be due to variation in the sex-specific costs of repro-
duction (Ginnett & Demment 1997). Ontogenetic diet
shifts are thought to result from differing energetic
costs associated either with body size or learning
(Estes et al. 2003).

There is also increasing recognition of the relatively
high degree of individual variation in foraging behav-
iour and diet among marine carnivores (e.g. Bolnick et
al. 2003, Estes et al. 2003, Austin et al. 2004, 2006a).
This is in contrast to the idea of a population level opti-
mal diet (Sih & Christensen 2001). Intra-specific varia-
tion in diet that cannot be explained by intrinsic factors
has been documented in insects, fishes, reptiles, birds,
ungulates and mammals (reviewed in Bolnick et al.
2003 and Estes et al. 2003).

Despite the importance of understanding predator
diets, the methods used to estimate diet are often sub-
ject to considerable bias (Bowen & Siniff 1999). How-
ever, stable isotopes of carbon (13C/12C; δ13C) and nitro-
gen (15N/14N; δ15N) have proven to be useful tools for
estimating trophic positions of, and carbon flow to, con-
sumers in food webs (Post 2002). Isotopes of carbon are
enriched in consumers relative to diet by <1‰, and are
more indicative of carbon source or habitat than trophic
level. By contrast, nitrogen isotopes are enriched by an
average of 3 to 5‰ (Hobson & Welch 1992, Hobson et
al.1994) thereby providing a measure of trophic posi-

tion. In marine systems, a benthic-pelagic continuum
has been identified with δ13C increasing from negative
(depleted) values for pelagic species to more positive
(enriched) values for benthic species, and δ15N in-
creases with trophic level within each system respec-
tively (Davenport & Bax 2002, Sherwood & Rose 2005).
Isotope signatures of consumers represent the assimi-
lated portion of diet integrated over periods of weeks
to months (Hobson et al. 1996, Kurle & Worthy 2001,
Lesage et al. 2001). Taken together, δ15N and δ13C pro-
vide a 2-dimensional, standardized estimate of the
dietary space occupied by a predator relative to other
consumers and prey in an ecosystem. Thus, stable
isotopes indicate trophic relationships related to func-
tional patterns of feeding rather than taxonomic rela-
tionships (Davenport & Bax 2002). Recently, Bearhop et
al. (2004) suggested using stable isotope ratios to esti-
mate dietary niche breadth by examining the variance
within and between populations of consumers. This ap-
proach provides a practical measure of trophic niche
breadth since it is relatively simple to obtain and stable
isotopes integrate diet, both prey diversity and even-
ness, over an ecologically meaningful time-scale.

Grey seals Halichoerus grypus are a size-dimorphic
phocid species, with males 1.5 × heavier than females.
Recent studies have indicated sex differences in adult
foraging behaviour at the level of individual dives and
seasonal habitat use (Beck et al. 2003b, Austin et al.
2006b, Breed et al. 2006). Males dive deeper with more
flat bottom-shaped dives potentially indicative of ben-
thic foraging, whereas females dive longer, and tend to
display strong diurnal patterns in depth of diving sug-
gestive of pelagic foraging. Adult males and females
also differ in their seasonal patterns of energy storage
and expenditure (Beck et al. 2003a). As in other phocid
seals, dive capacity of grey seals in their first year of
life is constrained by their physiology (Noren et al.
2005). Thus, relative to adults, juveniles presumably
have poorer foraging ability and may have access to
fewer or different types of prey than adults. (e.g. Baker
& Donohue 2000, Noren et al. 2005). These differences
in foraging suggest that diets may vary between the
sexes and that this variation may have an ontogenetic
component. 

Our objectives were to test for benthic–pelagic seg-
regation in diets among adults as indicated by sex
differences in diving behaviour, to determine whether
sex differences in diet are evident among relatively
naïve and physiologically less competent foragers, to
investigate within-sex effects of body size on isotope
signatures and to compare population and individual
variability in dietary niche breadth over time. We also
sought to determine the relationship between stable
isotope-inferred diet and the rate of energy storage in
grey seals. 
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MATERIALS AND METHODS

Grey seal sampling. The study was conducted, from
1996 to 2001 on Sable Island (43° 55’ N, 60° 00’ W), a
vegetated sandbar ca. 45 km long, about 300 km SE
of mainland Nova Scotia, Canada. Seals breed on the
island in January, return to moult in spring, and haul
out on the Island periodically at other times of the year
(Beck et al. 2003a). Individuals were captured onshore
using hand-held nets (see Bowen et al. 1992) and most
animals were weighed to the nearest 0.5 kg. Skin sam-
ples (ca. 0.05 to 0.1g) were taken from the rear flipper
of known-aged adult male (n = 36) and female (n = 36)
grey seals in May–June or September–October and
the same animals were re-sampled in January at the
start of the breeding season. Twenty-nine juveniles
(mostly yearlings; 14 male, 15 female) were sampled in
January 2004. Lipids were extracted from skin samples
using a modified Folch method (Iverson et al. 2001)
and the rest of the sample analyzed for stable isotopes
of carbon and nitrogen. Total body fat content was
determined in a sub-sample of these adults using
hydrogen isotope dilution (Beck et al. 2003a, D. Austin
unpubl.). Mass gains (kg d–1) were calculated as the
change in total mass (kg) between sampling times (ini-
tial capture date in spring or fall and recapture date in
winter), divided by the sampling interval (d). Similarly,
fat accumulation rates (kgfat d–1) were calculated as the
change in fat content (kgfat) between sampling times
divided by the sampling interval. 

Fish and invertebrate prey sampling. Fishes and
invertebrates were collected and frozen during strati-
fied, random, bottom-trawl surveys conducted in the
summer on the Scotian Shelf (Northwest Atlantic Fish-
eries Organization sub areas 4V, 4W, and 4X) in 2000
and 2001 (see Budge et al. 2001). Three individuals
each of 12 fish and 3 invertebrate species were thawed
and fork length or carapace width was measured to the
nearest 0.1 cm and body mass measured to the nearest
0.1 g. Each individual was then homogenized. Lipids
were quantitatively recovered in duplicate from sub-
samples (ca. 1.5 g) of the homogenized tissue using the
modified Folch method as above (data contained in
Budge et al. 2001). An additional sub-sample (ca. 1.5 g)
was subsequently analyzed for stable isotopes of car-
bon and nitrogen. Fishes and invertebrates were clas-
sified as pelagic or benthic based on previous knowl-
edge of feeding habits (Scott & Scott 1988, Sherwood
& Rose 2005). For some analyses, we expanded our
dataset by using stable isotope values from the Gulf of
St Laurence (Lesage et al. 2001) and the southern
Grand Banks (Sherwood & Rose 2005) because our
sample of prey and invertebrates represents only a
sub-sample of potential prey on the Scotian Shelf. Both
areas are part of the foraging range of NW Atlantic

grey seals (Bowen et al. 2006). Since the samples of
Lesage et al. (2001) were lipid extracted prior to stable
isotope analysis, we standardized our data and the
data from Sherwood & Rose (2005) so that all data were
directly comparable. Lipid-normalized values of δ13C
were calculated from reported C:N ratios using the
equations in McConnaughey & McRoy (1979). 

Stable isotope analysis. Seal, fish and invertebrate
samples were dried to constant weight (for 48 h at 80°C
in a drying oven) and crushed to a fine powder using a
mortar and pestle. Stable carbon and nitrogen isotope
ratios of these samples were determined by the ana-
lysis of CO2 and N2 produced by combustion in a CE
Elemental Analyzer followed by gas chromatograph
separation and analysis with a Delta plus isotope ratio
mass spectrometer (G. G. Hatch Isotope Laboratories,
University of Ottawa, Ontario, Canada). Stable carbon
and nitrogen ratios were expressed in delta (δ) nota-
tion, defined as the parts per thousand (‰) deviation
from a standard material: δ13C or δ15N = ([Rsample/
Rstandard] – 1) × 1000; R = 13C/12C or 15N/14N). Standards
used were PDB limestone for δ13C and N2 in air for
δ15N. A sub-sample (8%) was analyzed in duplicate;
the average standard error of the mean for replicates
was 0.15‰ for δ13C and 0.18‰ for δ15N. Total carbon
and nitrogen of samples was measured simultaneously
during stable isotope analysis (G. G. Hatch Isotope
Laboratories). C:N ratios are considered a relatively
good surrogate for tissue lipid content (i.e. higher lipid
samples have higher C:N ratios; Tieszen et al. 1983).
δ13C values of skin in pinnipeds is known to fractionate
by 2.8‰ over prey (Hobson et al. 1996, Kurle & Worthy
2001). Therefore, when comparing seal to potential
prey, δ13C values for seal skin were corrected for the
known fractionation of the tissue.

Statistical analysis. We developed Generalised Linear
Models (GLMs) with Gaussian error distributions using
our data and the expanded dataset of Lesage et al. (2001)
and Sherwood & Rose (2005) in order to address the
following questions: Do stable isotope signatures vary
between trophic guilds (pelagic or benthic) of fishes and
invertebrates? Is the C:N ratio a suitable proxy for prey
lipid content? Does lipid content (C:N ratio) vary among
trophic groups of fish and invertebrates? 

Grey seals are wide-ranging predators, but there is
some evidence that those sampled in the fall may use
somewhat different areas to those sampled in the spring
(Austin et al. 2004, Breed et al. 2006). Furthermore, some
prey species eaten by grey seals also exhibit seasonal
variation in distribution and abundance (Bowen et al.
2006). We ran a GLM on cross-sectional data to jointly
test for the effects of initial sampling period (spring vs.
fall) and sex on the stable isotope values at recapture
(January). First, we tested for an effect of sex on stable
isotope values at recapture within each sampling period
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and secondly, we compared males and females, respec-
tively, between the 2 sampling periods.

We used our longitudinal data on each adult to test
for the effects of sex, body size, and season on stable
isotope values, using Repeated-Measures Generalised
Linear Models (RM GLMs). As prey differ in energy
content, using GLMs we tested whether isotope values
(our proxy for diet) had an effect on the rate of energy
accumulation (kgfat d–1) and overall energy content
(%fat) of seals. Since the highest rate of fat accumula-
tion for both sexes occurs in the fall (Beck et al. 2003a),
we used the fall sampled animals to test this hypothe-
sis. We also ran a GLM to test for differences in diet
with age, by comparing winter stable isotope values of
adults and juveniles. To examine temporal changes in
diet and the effects of sex, sampling season and mass
gain on the change in isotope signatures, we ran a
GLM on the difference between the final and initial
δ13C and δ15N values for each adult. We had insuffi-
cient samples to examine interannual effects.

We examined the relative dietary niche breadth of
grey seals by estimating the relative range of prey spe-
cies consumed by juveniles and adults, where a wider
niche breadth should be reflected in a larger variance
of isotope signatures (Bearhop et al. 2004). We also
examined the degree of dietary specialization among
individuals using a RM GLM by comparing the mean
variance within and between individuals (Bearhop et
al. 2004). Bearhop et al. (2004) postulate 2 types of gen-
eralist populations: first, where all individuals are gen-
eralists in their diets; and second, where all individuals
are specialists on different prey items, but taken as a
whole the population can be described as generalist.
One would expect the variation measured sequentially
within individuals from the former population of
generalists to be approximately equal to the variation
found in a sample representative of
the whole population, while for the
later generalist population, one would
expect the variance from sequentially
measured individuals to be low com-
pared with the variance derived from a
single sample of the population at any
one time.

All possible models with 2-way inter-
actions were examined and residuals
were examined for lack of fit. Models
having the lowest small sample Akaike
Information Criterion (AICc) were se-
lected. GLMs were fitted in S Plus ver-
sion 6.2 (Insightful Corp.) Other basic
statistical analyses were conducted
using SPSS version 11.5 (SPSS Inc.).
Mean and variance are reported
throughout with standard error (SE).

RESULTS

Fish and invertebrate stable isotope values

Pelagic species (e.g. capelin, herring, sand lance,
redfish) shared similar isotope values that differed sig-
nificantly from all benthic species (e.g. flounder,
plaice, skate), which in turn shared similar δ13C
(F14, 45 = 17.98; p < 0.001) and δ15N values (F14, 45 = 20.86;
p < 0.001). Pelagic species were more depleted in both
carbon and nitrogen relative to benthic species (Fig. 1).
The x-axis in Fig. 1 represents a continuum of feeding
types ranging from highly pelagic (depleted in δ13C)
to highly benthic (enriched in δ13C) while the y-axis
reflects a continuum of trophic levels. 

Pelagic and benthic fish also differed significantly in
their lipid concentration (F11, 35 = 22.55; p < 0.001);
hence, overall energy content also differed (Fig. 2). As
predicted, we found a positive relationship between
lipid concentration and the C:N ratio in the Scotian
Shelf prey (F1, 44 = 45.94; p < 0.001). For the expanded
dataset of fish and invertebrates in the NW Atlantic,
which represents more trophic groups (Fig. 3), there
was a significant effect of both δ15N and δ13C on C:N
ratio (Table 1). Thus, there was a gradient of fat
content from low to high with increasing trophic levels,
as indicated by δ15N, and along the benthic–pelagic
continuum, as indicated by δ13C, e.g. Fig. 2. 

Adult grey seal stable isotope values

Overall, the isotope signatures of seals were within
the range of the prey carbon values (Fig. 3) and were
enriched in δ15N by a factor of 2 to 3‰ over potential
prey, reflecting higher trophic positions.
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Cross-sectional analysis

In spring and fall cross-sectional samples, neither
δ13C (F1, 35 = 0.53; p = 0.47) nor δ15N (F1, 35 = 1.88; p =
0.18) isotope ratios differed significantly among adult
males between seasons (Table 2; Fig. 4). Similarly for
females, spring and fall samples did not differ in δ13C
(F1, 35 = 2.42; p = 0.13) or δ15N (F1, 35 = 0.17; p = 0.68). In
the spring, males were significantly more enriched in
δ13C than females (F1, 39 = 9.70; p = 0.003); however,
δ15N values were similar (F1, 31 = 0.123; p = 0.73). In the
fall, males were also significantly more enriched in
δ13C than females (F1, 31 = 15.10; p = 0.001) while δ15N
values (F1, 31 = 2.66; p = 0.11) were similar.

On arrival at the breeding colony in January, spring-
sampled males had significantly lower δ15N values than
fall-sampled males (F1, 35 = 7.15; p = 0.011), while δ13C
values were similar (F1, 35 = 0.03; p = 0.865; Fig. 4). By
contrast, spring-sampled females had significantly lower
δ13C values than fall-sampled females (F1, 35 = 7.04;
p = 0.012), but their δ15N values were similar (F1, 35 = 3.34;
p = 0.076). Fall-sampled males were significantly more
enriched in δ13C (F1, 31 = 17.59; p <0.0001) and δ15N
(F1, 31 = 14.68; p = 0.001) than fall-sampled females
(Table 3). Spring-sampled males also were more en-
riched in δ15N at January recapture than females (F1, 39 =
5.12; p = 0.029); however, δ13C values (F1, 39 = 3.65; p =
0.064) were similar. 

Longitudinal analysis

We used longitudinal samples to evaluate differ-
ences between spring and winter and between fall
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ID Model df AICc Δi wi

1 δδ13C 40 4.68 0.00 0.341
2 δδ15N 40 4.88 0.20 0.308
3 Trophic guild 39 6.90 2.22 0.112
4 δ13C + δ15N 39 6.62 1.94 0.129
5 δ13C + trophic guild 38 8.64 3.96 0.047
6 δ15N + trophic guild 38 8.74 4.06 0.045
7 δ13C + δ15N + trophic guild 37 10.61 5.93 0.018

Table 1. Results from Generalised Linear Models (GLMs)
with stable isotopes and trophic guild as predictors of the fat
content in fish (n = 40). Akaike Information Criteria (AICc),
the delta AICc (Δi) and the Akaike weights (wi). Best fitting 

models given in bold print
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gic: d; benthic: s) and invertebrates (pelagic: z; benthic: y) 

from the Scotian Shelf

Sample Spring Fall Winter

δ13C δ15N δ13C δ15N δ13C δ15N

Adult males –15.73 17.09 –15.89 17.79 –15.73 17.81
(spring n = 17; (0.54) (2.66) (0.36) (1.78) (0.43) (1.64)
fall n = 19) 

Adult females –16.34 16.95 –16.58 17.08 –16.34 16.69
(spring n = 21; (0.25) (0.93) (0.12) (1.08) (0.43) (1.23)
fall n = 15)

Juvenile males – – – – –16.79 17.25
(n = 15) (0.21) (0.39)

Juvenile females – – – – –16.95 17.42
(n = 14) (0.31) (0.73)

Table 2. Halichoerus grypus. Mean (σ2) δ13C (‰) and δ15N
(‰) for adult male and female and juvenile grey seals sam-
pled in spring, fall and winter (mean values from Table 3

presented for adults)
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(juveniles j; adult females ; adult males ) from the NW
Atlantic and Gulf of St Lawrence. Values for fish and inver-
tebrates are from Scotian Shelf (present study), Grand
Banks (Sherwood & Rose 2005) and Gulf of St Lawrence 

(Lesage et al. 2001). Error bars are ± 1 SE
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and winter, both within and between sexes. Spring
and winter samples did not differ significantly within
males or within females in either δ13C (males: F1,18 =
0.018; p = 0.90 females: F1, 20 = 1.56; p = 0.23) or δ15N
(males: F1,18 = 0.39; p = 0.54, females: F1, 20 = 4.22;
p = 0.053). Similarly, fall and winter samples did not
differ significantly within males or within females
in either δ13 (males: F1,16 = 1.50; p = 0.24, females:
F1,14 = 0.49; p = 0.49) or δ15N (males: F1,16 = 4.46; p =
0.052, females: F1,14 = 0.001; p = 0.97). Males differed
significantly from females in δ13C (F1, 38 = 8.85; p =
0.005), but had similar δ15N values in spring and win-
ter (F1, 38 = 2.25; p = 0.14). By contrast, in fall and
winter, males differed significantly from females in
both δ13C (F1, 30 = 21.31; p < 0.001) and δ15N (F1, 30 =
9.32; p = 0.005). 

Juvenile grey seal stable isotope values

Juvenile males and females sampled in January did
not differ in either δ13C (F1, 28 = 0.721; p = 0.403) or δ15N
values (F1, 28 = 0.359; p = 0.554) (Table 2). However, δ13C
signatures of juveniles differed significantly from both
adult male (F1, 64 = 59.963; p < 0.001) and adult females
(F1, 64 = 12.34; p = 0.001) (Figs. 3 & 5) whereas δ15N
values of juveniles differed significantly from adult
females (F1, 64 = 7.11; p = 0.010) but not from adult males
(F1, 64 = 3.21; p = 0.078). 

Body size, rate of energy accumulation and
individual variation

Adult males were ca. 1.5× heavier than females in each
season (Table 4). Within individuals, there was a signif-
icant positive relationship between δ13C and body mass
(t = 2.54, p = 0.014) and a significant sex effect (t = 2.30,
p = 0.024), but no significant interaction between sex and
body mass (t = –0.32, p = 0.75) and no effect of season
(t = –1.52, p = 0.13). There was also a significant positive
effect of mass on δ15N (t = 2.48, p = 0.016), but no effect of
sex (t = 1.64, p = 0.11) or season (t = 0.86, p = 0.40). How-
ever, there was a significant interaction between sex and
mass (t = –2.377, p = 0.021), indicating that the relation-
ship with mass differed between males and females. This
is likely due to the fact that males and females had sim-
ilar δ15N in both the spring and fall but differed in winter.
Further, as the rate of change in mass differed between
males and females in both spring (F1, 27 = 4.66; p = 0.04)
and fall (F1, 25 = 15.31; p = 0.001), an effect of sex on the
relationship between body size and stable isotopes is
not unexpected.

We also examined the effect of body mass on stable
isotope signatures using cross-sectional data from winter
values only, so that juvenile data could also be included
in the analysis. There was a significant positive correla-

276

Sex Season January

δ13C δ15N

Males Spring –15.74 17.31
(n = 19) (0.36) (1.75)

Fall –15.71 18.37
(n = 17) (0.53) (0.99)

Females Spring –16.12 16.41
(n = 21) (0.42) (1.41)

Fall –16.66 17.08
(n = 15) (0.29) (0.80)

Table 3. Halichoerus grypus. Mean (σ2) of δ13C (‰) and δ15N
(‰) in January for spring- and fall-sampled adult male and 

female grey seals
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tion (Fig. 6) between body mass and δ13C
(F1, 73 = 11.26; p = 0.001), with no effect of
age class (F1, 73 = 1.12; p = 0.29) or sex
(F1, 73 = 0.049; p = 0.83). Body size in juve-
niles ranged from 37.5 to 71.0 kg. How-
ever, in contrast to adults, we found a sig-
nificant negative relationship between
juvenile body mass and δ15N (F1,15 = 6.77;
p = 0.02). 

There was no relationship between
the carbon signature and either the rate
of energy accumulation (F1, 24 = 1.32; p =
0.26) or fat content (F1, 24 = 0.40; p = 0.53)
of seals. However, there was a positive
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Sample Season n Mass Fat Mass Fat 
gain accumulation

Adult Spring 13 209.7 ± 11.4 13.1 ± 1.6 – –
male Fall 14 238.0 ± 8.1 22.4 ± 1.6 0.549 ± 0.067 0.320 ± 0.046

Winter 25 296.0 ± 7.9 28.7 ± 1.2

Adult Spring 15 135.0 ± 6.2 14.6 ± 1.4 – –
female Fall 11 165.9 ± 6.6 26.0 ± 2.3 0.191 ± 0.064 0.240 ± 0.050

Winter 23 196.8 ± 5.5 34.6 ± 1.8

Juveniles Winter 16 47.7 ± 2.1 – – –

Table 4. Halichoerus grypus. Mean ± SE mass (kg), fat content (%), growth rate
(kg d–1) and fat accumulation rate (kgfat d–1) for adult males and females in 

spring, fall and winter sampling periods
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effect of δ15N (F1, 24 = 5.69; p = 0.02) on the rate of fat
gain, but no sex effect (F1.24 = 0.27; p = 0.61) (Fig. 6).
There was also a positive relationship between δ15N
and the winter percent body fat content in males (F1,13 =
7.46; p = 0.02), although, this was not the case for
females (F1,10 = 1.25; p = 0.29).

Individuals differed by an average of 0.49 (abs ‰) in
δ13C (range: –1.07 to +2.13‰) and by 0.99 (abs ‰) in
δ15N (range: –3.63 to +2.37) between initial and final
capture. There was positive correlation between initial
and final values of carbon (Pearson’s r = 0.59, p < 0.001,
n = 72) and nitrogen (Pearson’s r = 0.50, p < 0.001, n =
72). Given that the sampling interval exceeded the iso-
tope turnover time, initial values should not have influ-
enced final values (Kurle & Worthy 2001, Lesage et al.
2001). Therefore, on average, changes in isotope val-
ues within individuals were relatively small. There was
a positive correlation between the change in δ13C and
the change in δ15N (F1, 53 = 18.44; p < 0.001; Fig. 6).
There was no effect of sex (δ13C: F1, 53 = 0.31; p = 0.58;
δ15N: F1, 53 = 2.57, p = 0.11) or sampling season (δ13C:
F1, 53 = 0.52; p = 0.48, δ15N: F1, 53 = 1.25; p = 0.27) on this
relationship. Conversely, the temporal change in iso-
tope values within individuals had no significant effect
on growth rate, whether calculated as a change in
overall mass (δ13C: F1, 53 = 0.58; p = 0.45; δ15N: F1, 53 =
0.41; p = 0.53) or a change in the amount of fat (δ13C:
F1, 53 = 2.13; p = 0.15; δ15N: F1, 53 = 0.23; p = 0.64). 

Niche breadth

Males (δ13C: σ2 = 0.43‰; δ15N: σ2 = 1.98‰) had
approximately a 1.5× greater niche breadth than
females (δ13C: σ2 = 0.32‰; δ15N: σ2 = 1.11‰), whether
considering δ13C (F1,142 = 38.02; p < 0.001) or δ15N
(F1,142 = 13.69; p < 0.001; Table 5). This difference was
observed in both spring and fall samples. Relative to

adults (see winter values, Table 2) niche
breadth for juvenile seals (δ13C: σ2 =
0.25‰; δ15N: σ2 = 0.52‰) was roughly
half for both δ13C (F2,101 = 28.05; p <
0.001) and δ15N (F2,101 = 9.69; p < 0.001). 

Within-population variance of δ13C
(males: F1,18 = 0.018; p = 0.90, females:
F1, 20 = 1.56; p = 0.23) and δ15N (males:
F1,18 = 0.39; p = 0.54, females: F1, 20 = 4.22;
p = 0.053) was less than the between
population variance (i.e. no significant
within-subject effects; Table 5) for
spring- and winter-sampled seals. Simi-
lar results were found in seal samples in
fall and winter for δ13C (males: F1,16 =
1.50; p = 0.24, females: F1,14 = 0.49; p =
0.49) and δ15N (males: F1,16 = 4.46; p =

0.052, females: F1,14 = 0.001; p = 0.97). Thus, diets of
individual seals changed less over time relative to the
total observed dietary space of grey seals.

DISCUSSION

Stable isotope values of fishes and invertebrates
from the Scotian Shelf suggest that taxa are organized
along a clearly defined axis where pelagic organisms
are more depleted in both δ13C and δ15N and benthic
organisms are more enriched in δ13C and δ15N. On
average, invertebrates were 3‰ lower than fish in
δ15N in each trophic guild, thereby reflecting trophic
positions of consumers. Sherwood & Rose (2005) and
Davenport & Bax (2002) also found that the baseline
of δ15N is more elevated for benthic systems, resulting
in higher overall δ15N values for equivalent trophic
positions of pelagic or benthic piscivores. Conse-
quently, a δ15N signature must always be interpreted
in the context of a corresponding δ13C signature.
Using the ratio of C:N as a proxy for lipid concentra-
tion, we found that, on average, pelagic fish at the
highest trophic levels have high concentrations of
lipid while benthic fish at the lowest trophic level
have low concentrations of lipid. 

Overall, the carbon isotope signatures of seals were
contained within the range of the prey carbon axis
(Fig. 3) and were enriched in δ15N by 2 to 3‰ over
potential prey, reflecting their higher trophic level.
The mean differences in δ13C and δ15N values sug-
gests that adult females fed on a greater proportion of
pelagic prey whereas adult males consumed a higher
proportion of benthic species. Juveniles had a carbon
signature even more deplete than adult female seals,
suggesting that their carbon was derived primarily
from pelagic sources. Thus, inferences about diets
of adult males and females are consistent with sex-
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Sex Spring Fall Winter Winter
(spring) (fall)

δ13C δ15N δ13C δ15N δ13C δ15N δ13C δ15N

Male Population 0.53 2.66 0.35 1.78 0.36 1.75 0.53 0.99
Within-spring 0.35 1.14 – – 0.35 1.14 – –
Within-fall – – 0.24 0.68 – – 0.24 0.68

Female Population 0.25 0.93 0.12 1.08 0.42 1.41 0.29 0.80
Within-spring 0.001 0.39 – – 0.001 0.39 – –
Within-fall – – 0.09 0.26 – – 0.09 0.26

Table 5. Halichoerus grypus. Between population level (population) and within
population level (within) variance (σ2) for δ13C (‰) and δ15N (‰) of adult male
and female seals in spring, fall and winter sampling periods. Winter values, as
well as the within population variance from repeated measures analysis for
spring-sampled (spring) and fall-sampled (fall) individuals are shown separately
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specific seasonal differences in diving behaviour (Beck
et al. 2003b). Indeed, the sex differences indicated by
stable isotopes are similar, both in a qualitative (Beck
et al. 2005) and quantitative (Bowen et al. 2006) man-
ner, to the results of fatty acid analyses. Males and
females had similar δ15N in the spring and fall but
differed in winter samples. As the baseline nitrogen
signature of prey changes relative to the position on
the carbon axis (our Figs. 1 & 3; Davenport & Bax
2002, Sherwood & Rose 2005), overlap in δ15N signa-
tures of seals with different δ13C signatures does not
necessarily imply convergent diets. The results here
suggest that, overall, adult males and females were
segregated with respect to diet, as were juveniles,
whether it is from consuming different prey items or
different proportions of the same prey items. This
segregation would operate along 2 lines, namely the
main carbon pool (pelagic/benthic systems) from
which energy is derived, and the trophic position
within that system. Thus, it is likely that this segrega-
tion in diet is a manifestation of spatial segregation
within the water column or geographic segregation
(Breed et al. 2006) and this may act to reduce intra-
specific competition. Similar results in spatial segre-
gation and inferred dietary segregation have been
found for other pinnipeds (Le Boeuf et al. 1993, 2000,
Field et al. 2005) and seabirds (Weimerskirch et al.
1997, González-Solis et al. 2000).

Sex differences remained significant across seasons.
Overall, males were more enriched in δ13C than
females in all seasons (Fig. 4). For δ15N, values were
similar in the spring and fall, but were more enriched
by winter in males. Within each sex, there were no sig-
nificant differences in isotope values between spring
and fall. However, in the winter there were significant
differences related to when seals were initially sam-
pled. Using satellite telemetry, Austin et al. (2004)
found that those individuals captured on Sable during
the spring moult were more likely to be long-ranging
directed travelers subsequently fanning out across the
Scotian Shelf and the Gulf of St Lawrence. In contrast,
the majority of seals captured and instrumented in the
fall tended to be residents, primarily foraging near
Sable Island. Sable Island Bank is a relatively shallow
(50 to 100 m) sandy region, which is a habitat for
species such as sand lance and capelin (Zwanenburg
et al. 2002). The remainder of the shelf and shelf edges
have greater habitat complexity and greater depth
ranges than the shallow banks. Consequently, a differ-
ent array of fish species are found there (Zwanenburg
et al. 2002). Furthermore, some prey species eaten by
grey seals also exhibit seasonal variation in distri-
bution and abundance (Bowen et al. 2006). These
seasonal changes in distribution but also seasonal
changes in prey presumably both contribute to differ-

ences in the final winter stable isotope values for the
spring and fall sampled individuals. 

Dietary niche breadth is a metric for measuring the
degree of specialization. Based on the variance in sta-
ble isotope values, dietary niche breadth was ca. 1.5 ×
greater in males than in females. On average, adult
grey seals had 2× higher niche breadth than juveniles.
It is often assumed that juveniles are limited in their
foraging ability relative to adults due to lack of experi-
ence and cognitive ability and that they presumably
have access to fewer or different types of prey, e.g.
Baker & Donohue (2000), Noren et al. (2005). In terres-
trial systems of sympatric predators, there is a positive
relationship between increasing body size and niche
breadth (Radloff & du Toit 2004) and the dietary niche
of smaller carnivores is nested within that of larger
carnivores (Sinclair et al. 2003). 

There were no significant changes in niche breadth
among adults between seasons, although sample
sizes were relatively small and more data is needed
to confirm this conclusion. However, our results indi-
cated that individual grey seals are relative special-
ists as diets change less for individuals over time rela-
tive to the total observed dietary space of the
population. On average, between initial capture in
the spring or fall, and recapture in the winter, indi-
viduals varied by <0.5‰ in δ13C and <1‰ in δ15N sig-
natures. There was no difference between sexes in
the degree of change, nor was there a consistent pat-
tern in the direction of change among individuals.
However, there was a high degree of individual vari-
ation in signatures (Fig. 5). This is not entirely unex-
pected as foraging behaviour in particular, as well as
movement and feeding frequency, have been found
to be highly variable among individual grey seals,
although a direct link with diet has not yet been
made (Beck et al. 2003b, Austin et al. 2004). Studies
estimating diet for individuals of other species of
marine mammals also demonstrate a high degree of
variation (reviewed in Bowen et al. 2002a), although,
with the exception of sea otters (Estes et al. 2003),
temporal consistency within individuals has not yet
been studied. 

Sex differences in foraging behaviour of pinnipeds
are assumed to reflect differences in sex-specific costs
of reproduction, body size or competitive abilities. To
that effect, 2 interesting results emerge from the sta-
ble isotope data. The first is that there is a high
degree of overlap in diet across sex and age-class and
a correlation for both δ13C and δ15N signatures with
body size across all age classes; that is, diet changes
with body mass. Our data suggest a shift from more
pelagic to more benthic diets as body size increases. It
is probable that δ15N of seals is shifting due to a
change in the main δ13C source of the diet, paralleling
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trends of the prey axis. Indeed, within individuals
there is a positive correlation between δ13C and δ15N.
The second result is that seals are achieving higher
rates of fat gain on diets which are at a higher trophic
level. An examination of potential prey data suggest
that this is possibly a higher quality diet, i.e. more
energy rich. The correlation of stable isotope values,
or diet, with body size and rate of energy gain sug-
gests that energetics are a parsimonious, underlying
mechanism in diet selection and ontogenetic diet
changes in grey seals. 

In adults, both sexes increase their rate of energy
storage during the 3 mo prior to reproduction, and it
has been assumed that they may forage more selec-
tively on a few high-quality prey species during the
fall/early winter period (Beck et al. 2005). Results of
the stable isotope analysis suggest that higher rates of
energy gain are indeed obtained through different
diets. However, based on the variance ratio test of sta-
ble isotope values between spring, fall and winter,
diets appear to be just as relatively diverse in all those
seasons. However, we found a positive relationship
between the rate of fat accumulation (kg d–1) over the
fall period and δ15N, such that seals with the highest
rates of fat gain had higher δ15N values. There was
also a positive relationship between the total amount
of fat (kg) or the percent body fat (%) and diet only in
males. Based on the stable isotope values and prey
quality, this suggests that seals are likely to have been
consuming prey of higher energy density, since both
benthic and pelagic fish at higher trophic positions
have higher fat concentration of prey. There was no
correlation between energy gain and the δ13C signa-
ture, suggesting that benthic-pelagic segregation is
not important but relative trophic position is. Thus,
prey selection appears to affect the efficiency with
which energy is gained in both males and females.

Lipid or energy concentration is simply one consider-
ation in diet selection and overall energy gain of a
predator. Other considerations include availability of
prey and the subsequent costs associated with pursuit,
capture, handling and digestion. In fish, diet shifts with
increasing body size are thought to reflect the limiting
factor of gap size and the increasing foraging cost of
consuming relatively smaller prey (Sherwood et al.
2002). That is, a shift in diet is made when the costs
outweigh the benefits of feeding on a particular prey or
prey-size class (e.g. Jones et al. 1994, Sherwood et al.
2002). This, in turn, leads to lower energetic demands,
with respect to minimizing time and activity costs
spent in burst swimming and pursuit of prey (Sher-
wood et al. 2002). Typically, this diet switch is made in
the direction of larger prey, but the underlying opera-
tive is decreased foraging costs. Therefore, with
respect to ontogeny and body size differences in diets

for greys seals, one hypothesis is that diet shifts
towards a larger fraction of benthic prey are made to
reduce foraging costs thereby maximizing gains, since
these are such a large fraction of the energy budget.
Foraging costs are likely reduced on more sedentary,
benthic prey despite their lower quality. The caveat
here is that the capacity to digest this prey comes with
larger body size (Ginnett & Demment 1997). 

Stable isotopes indicate representative trophic rela-
tionships related to functional patterns of feeding (i.e.
benthic–pelagic, higher–lower trophic level) rather
than an explicit taxonomic description of diet. In cer-
tain cases, functional feeding patterns provide more
meaningful insight into overall food web properties
and dynamics (e.g. Williams & Martinez 2000).
Through stable isotope analysis we found mean dif-
ferences in diet between adults and juveniles and
between adult males and females. The divergence
among these groups lends support to the idea of
dietary segregation in grey seals. The lack of sex dif-
ferences in the diet of juveniles is probably indicative
of the lack of dimorphism at that stage. Therefore, it is
unlikely that sex dimorphism is an important factor
until male and female body sizes diverge dramati-
cally. However, the data were characterized by a high
degree of variation and, in fact, grey seals were found
to be relative specialists in their diets. Although we
can make general inferences based on age-class or
sex, we essentially see a continuum of diets (along the
prey axis) across individuals, where overlap between
age-class and sex groups is correlated with body size.
The relative trophic position of the diet was seen to
affect the rate or efficiency with which energy was
stored in both adult males and females, and in the
case of males, diet had an influence on total fat con-
tent. However, position along the δ13C axis, or degree
of benthic feeding, had no effect on energy storage.
Thus, individuals are achieving similar endpoints by
exploiting different energy sources. It has previously
been found, as well, that mean differences between
sexes in foraging behaviour of grey seals are marked
by a high degree of individual variability. These 2
results lend further support for the idea of multiple
foraging strategies with convergent success (Bolnick
et al. 2003, Estes et al. 2003).
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