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Stable nitrogen and carbon isotope ratios in multiple
tissues of the northern fur seal Callorhinus ursinus:
implications for dietary and migratory
reconstructions
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ABSTRACT: We investigated changes in trophic level and feeding location over time in juvenile male
northern fur seals Callorhinus ursinus from the Pribilof Islands, Alaska, using stable nitrogen (3*°N)
and carbon (613C) isotope analyses of their fur, muscle, blubber, brain, liver, and kidney tissues.
Mean &'°N values were non-uniform between tissues and ranged from 14.9%. (fur) to 17.1%o. (lipid
extracted blubber). Mean &'3C values also varied with tissue type and ranged from —24.7 %o (non-lipid
extracted blubber) to —17.5%. (fur). Mean isotope values of tissues clustered into groups coincident
with their estimated protein and isotope turnover times, with fur representing the most remote incor-
poration of isotopic data, followed by muscle (8'°N = 15.1 to 15.6%0; 62C = —18.1%o), brain (3'°N =
17.0%o0; 8°C = —18.4 to —18.1%o), blubber (8N = 17.1%o; 2C = —19.7 %o to —18.1%o), kidney (3°N =
16.4%0; O13C = -18.5 to —18.2 %), and liver (3'°N = 16.0%o to 16.2%o; 8°C = —18.4 %o to —18.2%0). Mean
kidney and liver 8°N values (~16.3%0) indicated that juvenile males from St. Paul and St. George
Islands were feeding at the same trophic level during summer 1997. Mean kidney and liver 8°C val-
ues suggested that juvenile males from St. George Island (8'*C = —18.2%.) were feeding at the Bering
Sea shelf break, while juvenile males from St. Paul Island (3'3C = —18.5%.) were feeding more on the
continental shelf. Comparing 8'°N ratios of fur with 3'°N values from all other tissues allowed us to
estimate that juvenile males were at their lowest trophic level when they were at the youngest age
(~2 yr old) targeted in this study. Mean &'°N values from tissues collected opportunistically from
2 nulliparous females (8'°N values ranged from 16.1 %o for muscle to 18.0%. for blubber) and 2 post-
parturient females (8'°N values ranged from 16.1 %o for muscle to 18.9 %. for blubber) suggested that,
at all times, females were feeding at higher trophic levels than juvenile males. Lipid-extracted
blubber samples from juvenile males had much higher 8°N values (17.1%.) and &*C values (-19.7
to —18.1%.) than non-lipid extracted blubber (~16.0 and ~-24.7 %o, respectively), underscoring the
importance of lipid removal when analyzing tissues for stable isotopes.
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making inferences about the feeding ecology of wild
and captive animals (e.g. DeNiro & Epstein 1978, 1981,
Hobson et al. 1997, Burns et al. 1998, Kurle 1998, Kelly
2000, Kurle & Worthy 2001). Predator tissue usually
contains higher ratios of heavy to light nitrogen and
carbon isotopes than prey tissue due to isotopic frac-
tionation (Minagawa & Wada 1984, Ambrose & DeNiro
1986, Owens 1987, Schimel 1993, Michener & Schell
1994, Gannes et al. 1997), and this progressive *C and
15N enrichment with trophic level lends itself to the
analysis of food webs (e.g. DeNiro & Epstein 1978,
1981, Kelly 2000). The trophic levels mentioned herein
refer to 1 of the hierarchical strata of a food web char-
acterized by organisms which are the same number of
steps removed from the primary producers. The step-
wise enrichment of N between prey and predator
attributed to dietary fractionation is ~3 to 5% per
trophic level (Rau et al. 1983, Minagawa & Wada 1984,
Wada et al. 1987, 1991, Fry 1988, Hobson & Welch
1992, Hobson et al. 1994, 1996, Kurle 2002). The frac-
tionation of carbon between trophic levels in marine
vertebrates is very weak (0 to 1%o), thus limiting its use
as a trophic indicator (Rau et al. 1983, Wada et al.
1987, Fry 1988, Hobson & Welch 1992, France &
Peters 1997, Kelly 2000). However, variations in carbon
isotope ratios reflect sources of primary productivity
which, in turn, reflect foraging location, making it
possible to track movement and migration patterns
between isotopically distinct geographic regions (Mc-
Connaughey & McRoy 1979, Nakamura et al. 1982,
Rau et al. 1983, Hobson & Welch 1992, Hobson 1993,
Hobson et al. 1994, Smith et al. 1996, Minami & Ogi
1997, Gannes et al. 1998, Schell et al. 1998, Burton &
Koch 1999, Cherel et al. 2000, Kurle & Worthy 2001).

When analyzing isotope ratios to obtain dietary data,
it is important to consider the processes (or ‘secondary
fractionation effects’) that govern the assimilation of
nitrogen and carbon that can confound dietary analysis
(Gaebler et al. 1966, Tieszen 1978, Tieszen et al. 1983,
Macko et al. 1987, Owens 1987, Engel & Macko 1993,
Hobson 1993, Gannes et al. 1997, 1998, Focken &
Becker 1998). Secondary fractionation effects vary with
tissue type not only due to differences in metabolic
activity as mentioned below, but also because of differ-
ences in protein synthesis (Schoenheimer 1942, Welle
1999), and/or amino acid content (Lindstedt & Prockop
1961, Gaebler et al. 1966, Macko et al. 1983, 1986, 1987,
Hare et al. 1991, Engel & Macko 1993, Fantle et al.
1999). For instance, different amino acids make up
various proteins and there are large variations in indi-
vidual amino acid isotope ratios (Macko et al. 1987,
Hare et al. 1991, Fantle et al. 1999) which can lead to
isotope ratio differences between tissues. The degree to
which these processes affect isotope ratios is poorly un-
derstood, which leads to complications when interpret-

ing isotopic data as they relate to diet (see Kelly 2000).
However, despite these difficulties, data indicate that
analyzing a host of tissues from a particular subject can
be useful for analyzing feeding ecology over time. For
example, Hobson et al. (1996) showed fractionation fac-
tors for 8N between captive phocid seal tissues and
their diet that were +2.4%. (muscle, n = 2), +2.7 %o
(kidney, n = 1), +3.0%o (hair, n = 10), and +3.1 %o (liver,
n = 2). The mean &N fractionation factors between
captive northern fur seal red blood cells (n = 6), under-
fur (n =2), plasma (n = 6) and their diet were +4.1, +4.1,
and +5.2 %o, respectively (Kurle 2002 and unpubl. data).
The seals in both cases were held on known diets for a
considerable period of time, and these tissues showed
minimal isotopic variation. Hildebrand et al. (1996) de-
termined that stable isotope ratios from brown bear Ur-
sus arctos fur that grew while the animals had access to
spawning salmon were significantly enriched in N
and 3C over red blood cells that were collected before
the annual return of spawning salmon, when the
greater part of their diet contained isotopically lighter
terrestrial plants. The results from captive seals on
known diets suggesting low isotopic variability be-
tween some tissues, combined with the results from
Hildebrand et al.'s (1996) study indicate that, despite
possible complications introduced by the previously
mentioned secondary fractionation effects, analyzing a
suite of tissues from a group of wild animals can be use-
ful in studying foraging ecology over time.

Turnover of stable isotopes varies according to pro-
tein metabolic rate, so the analysis of multiple tissue
types from 1 individual allows for a more thorough
approach to feeding ecology studies by providing
trophic level and feeding location data over a range
of timescales (Tieszen et al. 1983, Schell et al. 1989,
Hobson & Clark 1992, Hobson & Welch 1992, Hilde-
brand et al. 1996, Hobson et al. 1996, 1997, Burton &
Koch 1999, Kelly 2000). Tissues with high rates of bio-
chemical turnover give dietary information assimilated
from recent feeding bouts, while slower turnover tis-
sues indicate feeding data from more remote periods of
time. Protein turnover rates, presented as percent pro-
tein synthesis per day from humans and other large
mammals (summarized in Welle 1999), approximate
the different speeds at which protein synthesis occurs
in different tissues. Kidney (20 to 42% d™!) and liver
(15 to 54 % d™!) have high protein turnover, with aver-
age protein half-lives of ~1.9 to 6.7 d. Brain (8% d!)
and adipose tissue (5% d!) have a slower turnover,
with average protein half-lives of ~12.5 and ~20 d,
respectively. Skeletal muscle (1.2 to 8% d!) has an
even slower turnover, with an average protein half-life
of ~12.5t0 83.3 d.

Protein turnover rates are thought to influence iso-
topic turnover rates (S. Welle, University of Rochester
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Medical Center, pers. comm.) which, in turn, reflect
the time period of isotopic incorporation (see also
Tieszen et al. 1983, Hobson & Clark 1992). Data indi-
cate that near-complete integration of diet into a par-
ticular tissue occurs after approximately 2 to 3 isotope
half-lives (Tieszen et al. 1983, Hobson & Clark 1992,
Hobson 1993, Hildebrand et al. 1996). The half-lives
for nitrogen and carbon stable isotopes refer to the
time it takes for the respective isotope ratios measured
in a specific tissue to shift from those derived from one
particular diet to another, and they vary depending
upon the metabolic rate of the tissue in question (see
Tieszen et al. 1983, Hobson & Clark 1992). Therefore,
isotope ratios reflect nutrients incorporated into a
particular tissue starting at a time period previous to
collection that is roughly 2 to 3 times longer than its
isotopic half-life. Metabolically inactive tissues such as
feathers and fur reflect isotopes incorporated during
their growth (Schell et al. 1989, Hobson & Clark 1992,
Gannes et al. 1998). For this study, we analyzed fur,
liver, kidney, brain, muscle, and blubber tissues from
juvenile male fur seals. They molt their fur every year,
beginning in late July/early August and continuing for
4 to 5 mo (Scheffer 1962, Scheffer & Johnson 1963). Fur
is not completely replaced every year, with an esti-
mated 25% retention of old-generation guard hairs
thought to persist following the molt (Scheffer & John-
son 1963). Thus, fur sampled during the summer re-
flected isotopes incorporated during the previous
year's molt, and, to a lesser extent, during earlier molts.
Liver and kidney isotope ratios provided short-term
trophic level information, and brain, blubber, and
muscle tissues provided intermediate dietary data.
Therefore, comparison of isotope ratios from different
tissues provided trophic level information, feeding
location, and migration data over a range of timescales.

It has been shown that stable isotope ratios of organ-
isms in marine and terrestrial systems vary geographi-
cally, allowing researchers to track animal movement
by analyzing animal isotope values (see review by
Hobson 1999). Carbon isotope ratios of organisms in a
marine trophic system are influenced by the phyto-
plankton at the base of the food web which, in turn, are
influenced by (among other things) phytoplankton
size, geometry, and growth rate (Laws et al. 1995,
Pancost et al. 1997, Popp et al. 1998), the occurrence of
phytoplankton blooms (Nakatsuka et al. 1992, Gervais
& Riebesell 2001), the amount of primary productivity
(Descolas-Gros & Fontugne 1990, Laws et al. 1995,
Bidigare et al. 1997, Schell 2000), and CO, concen-
tration and CO, uptake mechanisms (Burkhardt et al.
1999, Tortell et al. 2000). In addition, nitrogen and
carbon isotope ratios show predictable variation with
latitude and longitude. Nitrogen isotope ratios exhibit
an increasing gradient with longitude from west to east

in the Bering Sea that is probably due to differential
nutrient conditions, with higher nitrogenous nutrients
leading to lower zooplankton 3'°N values (see Schell et
al. 1998). Organisms from middle latitudes generally
have 8'°C values that are higher than those sampled in
high latitudes (Rau et al. 1982, 1989, Dunton et al.
1989, Hobson et al. 1997, Burton & Koch 1999). This is
thought to be due to an increase in dissolved CO,
concentration with decreasing temperature and with
increasing latitude (Rau et al. 1989, 1992, Gericke &
Fry 1994, Burton & Koch 1999) combined with the
differential uptake of '2C and *C caused by the bio-
logical and environmental differences mentioned
above. There is also a demonstrated increasing 83C
gradient with longitude from east to west across the
Alaskan and Canadian Beaufort Seas, the Chukchi
Sea, and the northern Bering Sea (Dunton 1985, Saupe
et al. 1989). Therefore, coupling-known spatial varia-
tion of carbon isotopes with tissue-specific temporal
variation allows researchers to track animal move-
ments (Chamberlain et al. 1997, Hobson & Schell 1998,
Burton & Koch 1999, Hobson 1999, Cherel et al. 2000).

Juvenile male northern fur seals are thought to
spend much of the year offshore in the North Pacific
Ocean (Bigg 1986, 1990). The majority of fur seals
move to the Pribilof Islands region in the eastern
Bering Sea by July, and, during an ~80 d breeding
season, juvenile males alternate between time spent
onshore fasting (an average of 3.1 visits ashore, each
lasting an average of 11.6 d), and time spent at sea
feeding (an average of 8.4 d per trip) (Baker et al. 1994,
Gentry 1998). It is difficult to estimate trophic position
and location of juvenile males, especially during their
migration. Their haul-out behavior during the summer
months makes them ideal candidates for multiple tis-
sue sampling, stable isotope analysis, and subsequent
estimations of trophic level and foraging location.

The primary objective of this study was to analyze
nitrogen and carbon isotope ratios in a variety of tis-
sues from a migratory, marine carnivore in order to
make inferences about trophic and geographic aspects
of its feeding ecology over time. We tested for isotopic
differences among tissue types, and between juvenile
male fur seals sampled on St. Paul and St. George
Islands. We included analysis of tissues from 2 nulli-
parous (having never borne offspring) and 2 post-
parturient (having borne offspring) females for com-
parison.

MATERIALS AND METHODS

Sample collection. Juvenile male fur seals were
sampled in July and August 1997 from 8 different
haul-out sites on St. Paul and St. George Islands,
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Alaska, in the eastern Bering Sea (Fig. 1). Tissue
samples from 3 yr old male fur seals (n = 70; age was
judged by counting growth layers on a canine tooth
extracted from each individual), nulliparous females
(n = 2), and post-parturient females (n = 1) were col-
lected in late July and early August 1997 from indi-
viduals killed in Aleut subsistence harvests. Juvenile
males are targeted in the harvests, and were therefore
the predominate sex available for sampling. One
additional post-parturient female that died giving
birth was sampled opportunistically. Samples of fur,
skin, brain, kidney, liver, blubber, and skeletal muscle
from the upper back were collected, frozen within 2 to
3 h of the seal's death, and transported to the labora-
tory for later analysis.

Sample preparation and analysis. As a pelt, all fur
was washed thoroughly with soap and distilled water;
sub-samples that included both under-fur and guard
hairs were then cut at random. Sub-samples of all
remaining tissues were taken from the centers of the
larger samples to avoid contamination, rinsed with dis-
tilled water, and freeze-dried for 24 h. Lipids were
extracted from all samples (except fur and a duplicate
set of blubber samples) with petroleum ether in a
Soxhlet extractor for 24 h (as recommended by Dobush
et al. 1985), and then dried at 60°C for 24 h to evapo-
rate any remaining solvent. The non-lipid-extracted
(NLE) blubber samples were sub-sampled and uni-
formly mashed. Remaining tissues were ground to
powder by hand. Aliquots (0.9 to 1.5 mg) of the
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Fig. 1. Study areas in the Bering Sea on St. Paul and St.

George Islands, Alaska; individual haul-out sites where tissue

collection occurred are identified along with sample sizes
from each site. The 200 m isobath is marked for reference

samples were sealed into 5 x 9 mm tin capsules and
analyzed using a Carlo Erba NA 1500 CHN combus-
tion analyzer interfaced to a Finnigan Delta C mass
spectrometer at the Stable Isotope/Soil Biology Labo-
ratory, University of Georgia Institute of Ecology,
Athens, GA. The average precision for these data was
0.09 %o for nitrogen and 0.13 %o for carbon.

The natural isotopic abundance of N or *C in a
sample is expressed in delta notation:

5X (%) = Teample = Raandara 453

Rstandard

where 80X is the parts-per-thousand (or 'per mil') differ-
ence in isotopic composition between the sample and
the standard, and Rimpie and Rgiandara are the heavy-
to-light isotope ratios of the sample and standard, re-
spectively (i.e. >N/*N and *C/!2C) (DeNiro & Epstein
1981, Owens 1987, Ehleringer & Rundel 1989, Boutton
1991).

General inferences about fur seal trophic levels
were made by comparing stable isotope ratios from
the fur seal tissue samples with those from prey taken
during the same time in the Bering Sea (Kurle &
Worthy 2001), and from prey taken between 1993 and
1996 from the inner shelf and shelf break in the
Bering Sea, and near Kodiak Island and the Alaska
Peninsula in the western Gulf of Alaska (Hobson et al.
1997, Hirons et al. 1998).

Statistical treatment of isotope ratio data. All data
collected from juvenile male fur seals were judged
to be sampled from normal distributions using fre-
quency distribution z-score histograms. Analysis of
variance (ANOVA) tests were used to determine
equality of tissues sampled from each island, and to
determine equality of tissues collected from different
haul-out sites on St. Paul Island. Unpaired t-tests
were used to determine differences in stable nitro-
gen and carbon isotope ratios between St. Paul and
St. George Islands for each tissue type, and to deter-
mine equality of tissues collected from 2 haul-out
sites on St. George Island (StatView for Windows:
Abacus Concepts, Berkeley, CA, 1992-1996). Signifi-
cance was tested at the a = 0.05 level. Agglomerative
hierarchical clustering was used to determine tissue
groupings based on tissue 8°N and &'°C values for
each island using squared Euclidean distance as the
measure of similarity between tissue types and an
average linkage type to compare cluster distances.
Logical spatial breaks between clusters were deter-
mined from output dendograms and used to group
tissue types (S-PLUS 2000 Professional Release 2:
MathSoft, Seattle, WA, 1988-1999). Due to small
sample sizes, the samples from females were not
analyzed statistically, but are included for com-
parison.
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RESULTS

There were no significant differences in
mean 8N and "3C values between haul-out
sites for any tissues on either island (St. Paul
Island, all p > 0.05, ANOVAs, St. George
Island, all p > 0.05, Student's t-tests), so they
were pooled as representative of their respec-
tive islands. There were significant differ-
ences in 8'°N values between some tissue
types (St. Paul and St. George Islands, p <
0.001; ANOVA). Mean 3"N of all tissues col-
lected on both islands ranked from lowest to
highest as follows (St. Paul Island values
listed first, St. George Island second): fur
(14.9%o, 14.8%0) < muscle (15.1%o, 15.6%0) <
NLE blubber (15.8%o, 16.0%o) < liver (16.2 %o,
16.0%0) < kidney (16.4%o0, 16.3%0) < brain
(17.0%0, 16.9%0) < lipid-extracted (LE) blub-

@
HEH

o
- —o—i Muscle
—X—
»

m St. Paul Island Juvenile Males

@ St. George Island Juvenile Males
X Nulliparous Females

<& Post-parturient Females

°
——X— }

o Brain

X1

@} LE Blubber
—X—

"} NLE Blubber
Ld } Liver

X

aal
HH

—X—

[
L

ber (17.1%o, 17.1%0) (Table 1, Fig. 2). Mean

8'°N values were the same for each given tis-
sue between islands (all p > 0.05; t-tests), with
the exception of muscle, where samples col-
lected from St. George were an average of
0.5%0 higher than those collected from St.
Paul (p = 0.03; t-test). Mean 8N values for
NLE blubber were significantly lower than
LE blubber by 1.3%. (p < 0.001; t-test). Fur
from both islands was significantly depleted in *N (all
p < 0.05; Fisher's protected least-significant difference,
PLSD) compared to other tissues, except for muscle
collected from St. Paul Island which was the same (p =
0.558; t-test). Agglomerative hierarchical clustering
was performed on the mean &'°N values from all tis-
sues except for NLE blubber, which was excluded due
to methodological differences in its preparation. Clus-
tering detected 3 major tissue groupings at the 0.7
level for St. Paul Island: (1) fur and muscle, (2) brain
and LE blubber, (3) kidney and liver; 4 major tissue
groupings were identified at the 0.6 level for St.
George Island: (1) fur, (2) muscle, (3) brain and LE
blubber, (4) kidney and liver.

o
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Fig. 2. Callorhinus ursinus. Mean (+SE) stable nitrogen isotope ratios
of multiple tissues from northern fur seals from the Pribilof Islands,
Alaska. Sample sizes are given in Tables 1 & 2. LE: lipid-extracted;

NLE: non-lipid-extracted

There were significant differences in 8°C between
some tissue types (tissues from St. Paul and St. George
Islands were tested separately, and for both p < 0.001;
ANOVA). Mean 8'3C values of all tissues collected on
St. Paul Island ranked from lowest to highest as fol-
lows: NLE blubber (-24.7 %0) < kidney (-18.5%o) < liver
(-18.4%0) < brain, LE blubber, muscle (-18.1%.) < fur
(=17.5%0). Mean *C values of all tissues collected on
St. George Island ranked from lowest to highest as fol-
lows: NLE blubber (-24.6 %0) < LE blubber (-19.7 %o) <
brain (-18.4%0) < kidney, liver (-18.2%.) < muscle
(-18.0%0) < fur (-17.9%o) (Table 1, Fig. 3). Mean &*C
for muscle was the same between islands (p = 0.55%;
t-tests), whereas 8C for liver and kidney were 0.2 and

Table 1. Callorhinus ursinus. Mean (+SE) 8'°N and 8'*C (%) in tissues from juvenile males collected in July-August 1997 from the
Pribilof Islands, Alaska. Values in parentheses: no. of samples; LE: lipid-extracted; NLE: non-lipid-extracted

Tissue type 3N values

St. Paul Island

St. George Island

8"C values
St. Paul Island St. George Island

Fur 14.9 + 0.2 (39) 14.8 + 0.1 (28)
Muscle 15.1 + 0.2 (38) 15.6 + 0.2 (30)
Brain 17.0 + 0.1 (39) 16.9 + 0.1 (29)
LE Blubber 17.1 + 0.1 (36) 17.1 + 0.1 (30)
NLE Blubber 15.8 + 0.2 (31) 16.0 + 0.2 (17)
Liver 16.2 + 0.1 (40) 16.0 + 0.2 (30)
Kidney 16.4 + 0.2 (37) 16.3 + 0.2 (26)

-17.5 + 0.1 (39) -17.8 £ 0.1 (27)
-18.1 £ 0.1 (37) -18.0 £ 0.1 (30)
-18.1 £ 0.1 (39) -18.4 £ 0.1 (29)
-18.1 + 0.2 (36) -19.7 + 0.4 (30)
—24.7 £ 0.1 (34) -24.6 +0.1 (19)
-18.4 + 0.1 (40) -18.2 £ 0.1 (30)
-18.5+ 0.1 (37) -18.2 0.1 (28)
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in its preparation. Three discrete tissue group-
ings were identified by cluster analysis at the
0.4 level for St. Paul Island: (1) fur, (2) muscle,
brain and LE blubber, (3) kidney and liver;
4 tissue groupings were identified at the 0.4
level for St. George Island: (1) fur and muscle,
(2) LE blubber, (3) brain, (4) kidney and liver.

Although sample sizes were not large
enough to allow statistical comparison, the tis-
sues from females on St. Paul Island provided
some interesting results (Table 2, Figs. 2 & 3).
All females, regardless of reproductive status,
had higher mean &N values (16.1 to 18.9%o)
than juvenile males (14.8 to 17.1%.) for all tis-
sues. Post-parturient females had higher mean
8N values than nulliparous females for LE
blubber, NLE blubber, and fur. Nulliparous
females had higher mean &N values than
post-parturient females for liver. The remain-
ing tissues (muscle, kidney, and brain) were

24 22 21 20 -19
33CValues (%o)

T
-26 -25

Fig. 3. Callorhinus ursinus. Mean (+SE) stable carbon isotope ratios of
multiple tissues from northern fur seals from the Pribilof Islands,

Alaska. Sample sizes are given in Tables 1 & 2

0.3%o higher, respectively, on St. George Island (p =
0.018 and 0.023, respectively; t-tests), and &'°C for
brain, fur and LE blubber were 0.3, 0.4, and 1.6 %o
higher, respectively, on St. Paul Island (p = 0.001,
brain; and p < 0.001, fur and LE blubber; t-tests). For
samples from both islands, NLE blubber was signifi-
cantly depleted in *C by 4.9 to 6.6 %, compared to LE
blubber (p < 0.001; t-test). 33C from brain, LE blubber,
and muscle were the same for seals from St. Paul Island
(p = 0.974; ANOVA), but not for seals sampled on
St. George Island (p < 0.001; ANOVA). Agglomerative
hierarchical clustering was performed on the mean
3C values from all tissues except for NLE blubber,
which was excluded due to methodological differences

not different between post-parturient and
nulliparous females. &°C values were the
same or nearly so for nulliparous females and
juvenile males from St. Paul Island for all
tissues except liver and LE blubber. 3'*C val-
ues of kidney and muscle in post-parturient
females were the same or very close to those of
St. Paul Island juvenile males and nulliparous females,
but all other tissues were different.

DISCUSSION

A change in diet and feeding location over time
appears to have occurred in northern fur seal males, as
indicated by the differences in isotope ratios measured
in a variety of tissues. Hierarchical analysis of mean
8'°N and &'3C values from all the tissues placed them
into groups that coincided with similarities in protein
turnover rates. Variability in the isotope ratios may be
partially attributable to other effects such as differ-

Table 2. Callorhinus ursinus. Mean (+SE) 8N and 8"C (%.) from nulliparous and post-parturient tissues of females collected
opportunistically in July-August 1997 from St. Paul Island, Alaska. Values in parentheses: no. of samples

Tissue type 8N values 313C values

Nulliparous Post-parturient Nulliparous Post-parturient
Fur 16.3 £0.8 (2) 17.4 (1) -17.6 £ 0.2 (2) -16.9 (1)
Muscle 16.1 £ 0.5 (2) 16.1 £ 0.3 (2) -18.3+0.2 (2) -18.2+0.3 (2)
Brain 17.9+0.1(2) 17.7 £ 0.2 (2) -18.3+0.2 (2) -17.8+0.2 (2)
LE blubber 18.0 £ 0.4 (2) 18.9 (1) -17.3+0.4 (2) -16.7 (1)
NLE blubber 16.5 £ 0.6 (2) 18.3 (1) -24.8+0.4 (2) -23.4 (1)
Liver 17.6 £ 0.0 (2) 16.8 £ 0.1 (2) -17.8 £ 0.1 (2) -17.8 £ 0.0 (2)
Kidney 16.9+£0.2 (2) 17.0£ 0.5 (2) -18.3+0.1 (2) -18.3+0.2 (2)
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ences in isotope assimilation in the individual tissue
types. Isotopic fractionation between diet and predator
tissue varies considerably among individual amino
acids (Macko et al. 1987, Hare et al. 1991, Fantle et al.
1999). Therefore, the most common proteins in a
specific tissue, and thus proportions of different amino
acids present, may vary at a rate significant enough to
directly influence a particular tissue's isotope ratio
(Hare et al. 1991). For example, while red blood cells
and fur from captive northern fur seals held on a known
diet exhibited &'°N fractionation values of +4.1%. (see
‘Introduction’) between their diet and their fur and red
blood cells, fur seal plasma and serum had a fractiona-
tion value that was 1.1%o. greater (+5.2%o0: Kurle 2002).
This was attributable largely to a difference in protein
content and, thus, amino acids between the tissues.
Finally, another source of variability may be intro-
duced by differences in the habitats utilized by the
prey. Prey feeding in different locations and being
eaten by fur seals could exhibit differences in isotope
ratios that are influenced by geography in addition to
trophic level. While it is important to consider the influ-
ence of secondary fractionation effects on the isotopic
variation between tissues, the comparison of a suite of
tissues such as those analyzed in this study is still use-
ful for the indication of trophic and migratory changes
over a rough time period.

Following their initial pup molts at 2 wk and at 2 mo
of age, northern fur seals molt annually, so isotope val-
ues from fur should reflect the diet incorporated pri-
marily during the most recent molt (Schell et al. 1989,
Gannes et al. 1998), with an unknown, smaller per-
centage of fur reflecting the diet incorporated during
previous molts (Scheffer & Johnson 1963). The mean
mid-date of molting for 2 yr old male fur seals is Sep-
tember 14, with the molt lasting from July to November
(Scheffer & Johnson 1963). Therefore, the 3'°N of fur
sampled in summer 1997 from 3 yr olds should largely
relate to feeding ecology from approximately July to
November 1996, when the sampled males were ~2 yr
old, and some fur may reflect feeding ecology from
their pup molt and their age 1 yr molt. Generally, 1 and
2 yr old males remain offshore in the eastern North
Pacific with only a few coming into the Pribilof Islands
region (Bigg 1990), and so fur grown during this period
will reflect time spent in the eastern North Pacific. Fur
samples from both islands were significantly depleted
in >N compared to other tissues (except for muscle col-
lected from St. Paul Island males). Thus, juvenile male
fur seals appear to have been feeding at a somewhat
lower trophic level compared to any other time in the
subsequent year. This supports previous findings on
harp seals that suggest that they also feed at higher
trophic levels with increasing age (Lawson & Hobson
2000). Availability of and/or access to prey in the east-

ern North Pacific during late summer-early fall (at the
time of their molting) may have been significantly dif-
ferent from that during other times of the year or when
juvenile males were near the Pribilof Islands. As our
data suggest that juvenile males feed at higher trophic
levels with increasing age, it is possible that 1 and 2 yr
old males were at a physiological and/or behavioral
disadvantage (e.g. diving capabilities were not as
strong) compared to 3 yr old males. This disadvantage
could have prevented them from foraging for higher
trophic level prey (see Horning & Trillmich 1997).

Fur from males on St. Paul Island had a slightly
higher mean &'C value than fur from males on St.
George Island, indicating that they may have been
feeding in separate areas of the eastern North Pacific
during that time. Slight, but distinct, differences in pri-
mary productivity, or varying latitude or longitude
between feeding areas, may have contributed to the
dissimilarity. For example, seals from St. George Island
may have been feeding in higher-latitude waters of the
North Pacific than those from St. Paul Island. However,
the difference is so minor that it may not warrant such
an interpretation and may be coincidental. Finally,
future studies utilizing fur for isotopic analysis should
consider separating guard hair and underfur and ana-
lyzing each portion independently in the event that
they grow or are replaced at different rates.

Isotope ratios from muscle tissue should illustrate
nitrogen and carbon assimilated up to many months
previous to collection, as muscle has a slower rate of
fractional protein synthesis per day than brain and fat
tissue (Waterlow et al. 1978, Welle 1999), and a slower
rate of carbon turnover than fat tissue (brain isotopic
turnover data unavailable: Tieszen et al. 1983). This
would reflect a time period beginning in late fall 1996,
which would correlate with early, mid-, and late migra-
tion, when juvenile males are thought to be primarily in
the eastern North Pacific, and then the Gulf of Alaska,
and finally the eastern Bering Sea (Bigg 1990). The
start of isotopic incorporation in muscle tissue probably
overlaps with the end of the time suggested by the fur
samples. Mean 8'°N in muscle tissue was higher for
samples collected on St. George Island than for those
collected on St. Paul, suggesting a slight difference in
trophic level between the 2 groups. This was the only
indication of a trophic level difference for the juvenile
males between the 2 islands. Further, the 3°N values
were the same for both fur and muscle for individuals
from St. Paul and only slightly higher for muscle over
fur for those from St. George, suggesting there was
little change in trophic level between the time periods
indicated by the protein turnovers in each tissue.

Brain and blubber have slower protein turnover rates
than kidney and liver (Welle 1999), so their isotope
ratios should indicate diet that was incorporated
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beginning several months prior to collection. In spring,
juvenile males are thought to move out of the eastern
North Pacific and into the Gulf of Alaska, then into
western Alaska and the Aleutian Islands in late spring-
early summer, and finally into the eastern Bering Sea
by June-July (Bigg 1990). Brain and LE blubber had
the highest 8'°N ratios, suggesting that they were feed-
ing at their highest trophic level during this time. Addi-
tionally, it has been demonstrated that 5'°N values of
particulate organic nitrogen increase as one moves
from the Bering Sea south through the Pacific Ocean
(Saino & Hattori 1987). This is likely to be reflected at
higher trophic levels (Hobson et al. 1997, Burton et al.
2001), and may have contributed to the higher &8N
values in the brain and blubber tissues.

Lack of differences in 8'C for muscle, LE blubber,
and brain tissue from seals on St. Paul Island suggests
that they occupied similar habitat areas during early,
mid-, and late migration. Observed differences in 3'*C
for the same tissues in males from St. George Island
suggest that these males may have fed in different
habitats throughout their migration. Muscle 8*C ratios
were the same between islands, suggesting that, at the
time in their migration to the Pribilof Islands indicated
by muscle protein turnover times, all juvenile males
were feeding in the same waters of the eastern North
Pacific. Lower LE blubber and brain &3C values from
St. George Island suggested they may have fed in dif-
ferent areas during mid- and late migration than the
males from St. Paul Island.

Kidney and liver tissues are related to recently con-
sumed diet due to their rapid and total protein turnover
(Schoenheimer 1942, Thompson & Ballou 1956, Water-
low et al. 1978, Tieszen et al. 1983, de la Higuera et
al. 1999). Mean 8N and 3'3C in the kidney and liver
should reflect foraging location and prey eaten by fur
seals during the previous month or less. Thus, liver and
kidney tissues from seals killed in the subsistence
harvests in late July through mid-August reflect prey
consumption during the breeding season from late
June to mid-July. Most juvenile male fur seals arrive at
the Pribilof Islands by early July. From their arrival
until September, juvenile males spend most of their
time at sea foraging, with the average males making
three 10 d visits to their respective islands (Gentry
et al. 1979). Foraging trips taken by satellite-tagged
juvenile males from St. Paul Island in summer/fall 1999
included movement of 680 km to the north, 544 km
east to Bristol Bay, and 1015 km southwest to the
Aleutian Islands (National Marine Mammal Labora-
tory unpubl. data), indicating that some of their forag-
ing may occur in and around the Bering Sea at great
distances from the Pribilof Islands. Mean 8'°N values
for kidney and liver sampled from both islands were
the same (p = 0.395; ANOVA), indicating that, regard-

less of feeding location, juvenile males from St. Paul
and St. George Islands were feeding at the same
trophic level.

Data derived from stomach contents and fecal analy-
ses indicate that the primary dietary components of
post-parturient female and a small number of juvenile
male fur seals feeding off the Pribilof Islands are juve-
nile and small-sized fishes and squid (Sinclair et al.
1994, 1996, Antonelis et al. 1997). Prey parts found in
scats thought to be from adult females indicate that the
most common prey types for females from both islands
were 0 to 2 yr old pollock Theragra chalcogramma and
small squid, with St. George Island scats containing
55.2% squid to 25% 0 to 2 yr old pollock, and St. Paul
Island scats containing 7% squid to 70.6% 0 to 2 yr
old pollock (Antonelis et al. 1997). Other prey such
as older pollock (3 to 5 yr old), Pacific sand lance
Ammodytes hexapterus, and northern smoothtongue
Leuroglossus schmidti also occurred, but with less
frequency (Sinclair et al. 1994, Antonelis et al. 1997).

8'°N for a particular tissue is a composite ratio for a
diet that is probably composed of a variety of species.
Specific prey items may fall close to a particular ratio,
but that does not guarantee that a particular prey item
is actually included within an animal's diet, and delin-
eation of exact prey for northern fur seals is impracti-
cal. However, using an approximate 3 %o fractionation
value between fur seal kidney and liver tissue and
their prey (Hobson et al. 1996), the data indicated that
1 to 2 yr old pollock (8°N = 12.7%0) and medium-sized
Pacific herring Clupea pallasii (3'°N value = 13.5 %o)
from the Bering Sea were probably a part of the fur
seals' diet. 8N values for 0-age pollock (3'°N = 10.8 %)
and squid (8N = 11.1 to 11.4%.) are too low for these
to be included. However, isotope values for a combina-
tion diet of older pollock (3'°N values 15.2 to 16.3 %)
and 0-age pollock and squid would sum up to an
isotopic average that would fall within the range of
prey suggested by the fur seals' liver and kidney
85N values (all prey values from Kurle & Worthy 2001).

Liver and kidney tissues were slightly more enriched
in 3C for individuals sampled on St. George Island
than for those from St. Paul Island. The difference in
3!3C between fur seals from the 2 islands supports the
previous hypothesis that individuals from each island
travel to different locations to feed (Antonelis et al.
1997). 83C from zooplankton in the Bering Sea show
variation with location on spatial scales easily traveled
by juvenile males on feeding trips from the Pribilof
Islands (Schell et al. 1998). For example, zooplankton
sampled in the Bering Sea to the east of the Pribilof
Islands generally have 33C values as much as 4 %o
lower (depending on the species) than zooplankton
from west of the islands. There is also evidence that
fur seal prey species from the inner continental shelf of
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the Bering Sea (east of the Pribilof Islands) consistently
have slightly lower 8'3C values than the same species
along the shelf break (west of the Pribilof Islands)
(Hirons et al. 1998, Schell et al. 1998). These observa-
tions are compatible with a higher primary productiv-
ity along the Bering Sea shelf edge (Springer et al.
1996) and a possible correlation between higher pri-
mary productivity and higher 83C (Descolas-Gros &
Fontugne 1990, Laws et al. 1995, Bidigare et al. 1997,
Schell 2000). Comparing our results with the isotopic
maps created by Schell et al. (1998), the 33C values
from liver and kidney tissues suggest that, during the
breeding season, juvenile males from St. George
Island were feeding more to the west of the islands or
at the continental shelf break (200 m isobath: see
Fig. 1), and those from St. Paul Island were feeding
more to the east or on the continental shellf.

Despite small sample sizes, the isotope ratios from
nulliparous and post-parturient females provided some
interesting observations. One post-parturient female
had "N values from LE blubber, NLE blubber, and fur
that were higher than for the 2 nulliparous females and
the juvenile males. Isotopes were primarily incorpo-
rated into the fur during the previous fall, when mature
females were on or around the Pribilof Islands and
immature fur seals were in the eastern North Pacific.
Adult females may have had access to higher trophic
level prey or their fur may have become "N-enriched
due to the nutritional stress of the fasting-feeding cycle
and lactation during the breeding season (see Kurle &
Worthy 2001). It appears that nulliparous and post-
parturient females were feeding at higher trophic lev-
els than juvenile males at all times throughout the
year, as female 8°N values were uniformly higher for
all tissues. This is consistent with previous results
reported for isotope analysis of northern fur seal skin
from juvenile males and parturient females (Kurle &
Worthy 2001). Finally, isotopic variation such as that
seen for zooplankton by Schell et al. (1998) could have
accounted for some of the isotopic differences in the fur
seals. Feeding in different locations around the Pribilof
Islands could have contributed to both the higher over-
all 3N values for the females and the higher levels for
the adult females over the nulliparous females.

The mean 8°C values from nulliparous females and
juvenile males were the same for all tissues except the
liver and LE blubber. Therefore, it appears that the
immature females were in the same area or regime as
juvenile males for much of the time between their molt
in the summer-fall 1996 and when they were sampled
in July-August 1997. This is consistent with previous
conclusions reached by Kurle & Worthy (2001). In
contrast, post-parturient females had 8'°C values that
were the same as or very close to the nulliparous
females only during times when both groups were on

and around the Pribilof Islands (kidney and liver tis-
sues) or thought to be in the North Pacific (muscle
tissue). The isotope results may be coincidental and
not directly related to fur seal foraging location; how-
ever, previous findings indicating specific times when
juvenile males, immature females, and adult females
do and do not overlap in their habitat usage (Bigg
1990) are supported by our data.

Previous studies have stressed that analyzing tissues
with intact lipids leads to significantly lower 8'3C ratios
(see Kelly 2000), but possible effects of lipid loads on
3N values have not been directly addressed in the
literature. Half of each individual fat sample collected
in this study was lipid-extracted, and half was left
intact. The NLE blubber was significantly depleted in
both N and *C compared to the LE blubber. Lipids
are made up of mostly carbon, hydrogen, and oxygen,
with little nitrogen except what is found in the pro-
teinaceous material in the cell walls and lipo-protein
membranes (Lehninger 1982). When lipids are ex-
tracted, the cellular components left behind are mostly
protein (Dobush et al. 1985). Therefore, NLE blubber
contained a higher ratio of lipid to proteinaceous mate-
rial, causing it to have lower 8'°N values than the blub-
ber with its lipid content removed. 8'°N might then be
a function of the ratio of protein to lipid per unit of tis-
sue. As petroleum ether removes very little non-lipid
material in the extraction process (Dobush et al. 1985),
it is unlikely that preferential removal of N with lipid
extraction occurred, leading to an enrichment of 5N in
the LE blubber. Further, intact and lipid-extracted
blubber samples from 1 post-parturient female were
analyzed, and the difference in 3N values between
the 2 was only 0.6 %o, while the mean difference for 2
nulliparous females was ~1.5%.. The parturient female
may have been using lipid stores for pup production
and/or for milk production (Costa & Gentry 1986),
leading to a lower ratio of lipid to proteinaceous mate-
rial in her blubber tissues than in the less energetically
challenged juvenile males and females, and thus a
smaller difference between her LE and NLE blubber
8'°N values. The dramatic difference in 3'°N values
seen in lipid-extracted and intact blubber tissue may
not be as evident in lower lipid tissues, but further
emphasizes the importance of not considering lipid
extraction in isotope analysis.

In summary, non-uniform stable isotope values were
evident across a range of tissue types from juvenile
male northern fur seals. The consideration of isotope
and protein turnover times in different tissues allowed
us to make inferences about feeding ecology and geo-
graphic movements by sampling multiple tissues from
the same individuals at one time. Juvenile males from
both St. Paul and St. George Islands were feeding at
the same trophic level during summer 1997. Mean
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8'3C values supported earlier studies indicating that
juvenile male fur seals from St. George Island were
feeding at the Bering Sea shelf break, while St. Paul
Island males were feeding more over the continental
shelf. Juvenile male trophic level appeared to increase
with age (from 2 to 3 yr old), and nulliparous and post-
parturient females seemed to feed at higher trophic
levels than juvenile males at all times of the year. NLE
blubber samples showed lower 8°N and &°C values
than LE blubber. This underscores the need to extract
lipid from tissues before isotope analysis to avoid mis-
interpretation of results.
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