Vol. 198: 273-281, 2000 MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published June 5
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ABSTRACT: We used stable-isotope analysis (SIA) to evaluate trophic relationships in an Antarctic
seabird community. We determined natural abundances of stable-nitrogen (8!°N) and stable-carbon
(83C) isotopes from blood samples (n = 283) from adults and chicks of 4 Antarctic fulmarine petrel spe-
cies (Fulmarus glacialoides, Thalassoica antarctica, Daption capense and Pagodroma nivea) during
2 consecutive breeding seasons, 1994/1995 and 1995/1996, and from representative prey items. Our
objectives were to use the isotope approach to infer trophic status and diet composition within and
between species, addressing interspecific and temporal variability within this seabird community, and
to investigate potential age-related differences in assumed trophic position within species. Prey 8'3C
values ranged from -26.8%. in amphipods to ~23.9%. in adult Antarctic silverfish. Seabird §'3C values
ranged from —25.3 % in Antarctic petrel chicks to ~23.8 % in cape petrel adults. Prey §'°N values ranged
from 4.0%. in euphausiids to 10.7 %, in adult Antarctic silverfish. Seabird §'°N values ranged from 8.4 %o
in Antarctic petrel adults to 12.0%. in snow petrel chicks. There was considerable interspecific overlap
in assumed trophic positions amongst the 4 petrel species, and we conclude all species consumed fish
and krill. Despite this apparent overlap, the range in 8'°N values for petrels corresponded to the equiv-
alent of 1 full trophic level, and estimated trophic level varied with both species and age. A simple
trophic level model, constructed based on the 8'°N data, predicted trophic levels ranging from 2.3 in
krill to 4.7 in snow petrel chicks. Snow petrels and Antarctic fulmars tended to have higher 8'°N values
than Antarctic and cape petrels, suggesting a higher proportion of fish in their diets. Petrel chicks con-
sistently had higher §'5N values than adults, which suggests trophic segregation between adults and
chicks. We discuss advantages of selectively provisioning chicks with higher trophic level prey. Exten-
sive overlap and a relatively narrow range of §'5N values are consistent with a food web comprised of
few trophic steps.
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INTRODUCTION

Trophic relations within Southern Ocean food webs
are of considerable interest, yet quantitative measures
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of trophic interactions remain poorly developed (Hem-
pel 1985, Kock & Shimadzu 1994). Most quantita-
tive characterizations of trophic structure in Antarctic
marine ecosystems have focused primarily on lower
trophic levels (Wada et al. 1987, but see Rau et al.
1992), with the role of upper-level predators such
as seabirds receiving relatively little attention. What
is known is largely based on conventional stomach-
sampling analysis which, alone, may provide biased
results (Hobson et al. 1994).
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In seabird or marine foodweb studies, stable-isotope
analysis (SIA) offers a number of advantages over con-
ventional diet-sampling methods (Tieszen et al. 1983,
Duffy & Jackson 1986, Hobson & Sealy 1991, Hobson
et al. 1994, Ben-David et al. 1997). Trophic structure
in the Antarctic marine ecosystem is amenable to SIA
because relatively few taxa provide key nutritional
and energetic links between primary producers and
upper-level consumers (Bonner 1984, Everson 1984).
For example, previous studies of Antarctic seabird
diets suggest that seabirds exploit a small number
of common food types comsisting primarily of meso-
pelagic and epipelagic fishes and zooplankton includ-
ing Euphausia spp. (krill), amphipods and copepods
(e.g. Whitehead 1991, Ainley et al. 1992, Rau et al.
1992).

We mveshgated trophic relallonsmps within an Ant-
arctic fulmarine petrel community using SIA. We in-
ferred relative trophic positions of both petrels and
representative prey species through analyses of nitro-
gen- and carbon-isotope ratios. Our objectives were
to compare trophic status derived from stable-isotope
analyses and diet composition within and between
species, addressing interspecific and temporal vari-
ability within this seabird community.

We were also interested in potential intraspecific dif-

ferences based on age, there being no good a priori

reason to expect diets of parents and offspring to be
the same. Indeed, nutritional requirements of adults
and growing chicks are different (Klasing 1998), and
this may translate into dietary differences. SIA pro-
vides a technique with which we can evaluate selec-
tive provisioning by adults and, when combined with
conventional dietary analyses, can represent a power-
ful analytical tool for investigating time-integrated pat-
terns of diet (Hobson 1993).

METHODS

We collected whole-blood samples on Hop Island
(68°50'S, 78°43' E), Rauer Island group, East Antarc-
tica from breeding adults and chicks of the following
species: Antarctic fulmar Fulmarus glacialoides, Ant-
arctic petrel Thalassoica antarctica, cape petrel Dap-
tion é:apense, and snow petrel Pagodroma nivea. The
Rauer Island group is one of 3 known areas in Antarc-
tica in which these 4 petrel species breed sympatri-
cally. We collected blood samples (20 to 50 pl) from
10 adults and 10 chicks of each species during each of
2 stages of the nestling period, early and late. Intervals
between sampling periods ranged from 20 to 28 d to
permit temporal comparisons of diets. After collection,
we separated samples into plasma and cellular frac-
tions using a hand centrifuge, and stored them in the

snow until they were transported to a freezer at Davis
Station. Combined sample sizes of breeding adults and
chicks in the 1994/1995 and 1995/1996 seasons were
123 and 160, respectively.

We analyzed frozen samples of Antarctic krill Eu-
phausia superba and juvenile Antarctic silverfish
Pleuragramma antarcticum collected by the Australian
Antarctic Division in 1993 and 1994 during marine
science cruises in Prydz Bay. We obtained samples of
a second krill species, Euphausia crystallorophias, of
adult Antarctic silverfish, and of amphipods Themisto
gaudichaudii from diet samples collected from adult
petrels using the water-offloading technique (Wilson
1984). We shipped frozen samples to Saskatoon,

Canada, for analysis.

Stable-isotope measurements. We freeze-dried the
ceilular fraction of the blood samples and powdered
them with a mortar and pestle. We used the same pro-
cesses of freeze-drying and powdering for prey sam-
ples, bu_t additionally removed lipids using a Soxhlet
apparatus with chloroform solvent; we acidified krill
and amphipod samples with 1 N HCI to remove car-
bonates before isotopic analysis. We then oven-dried
samples at 60°C and placed 1 mg of each sample into a
tin cup, crushed the cup into a pellet, and flash-com-
busted it at 1850°C in a Robo Prep elemental analyzer
interfaced with a Europa 20:20 continuous-flow iso-
tope-ratio mass spectrometer.

Stable-isotope concentrations are expressed in delta
(8) notation as parts per thousand (%), and were calcu-
lated as:

0X = [(Rsample/Rstandard) -1} x 1000 (1)

where X = N or 3C and R = the corresponding ratio
NN or BC:12C. Ryangara for *N and ¥C = atmo-
spheric N,. (AIR} and the PDB standard, respectively.
Based- on numerous measurements of organic stan-
dards, the analytical precision of these measurements
is estimated to be +0.3 and £0.1%. for nitrogen and
C}irbon; respectively (Hobson et al. 1994).

Isotopic models. Carbon is typically not a useful
indicator of trophic position in marine food webs (e.g.
Fry ‘1988, Hobson & Welch 1992) and, therefore, we
did not estlmate seabird trophic positions using §'*C
values. ‘However, the analysis of 2 stable isotopes
in consumer tissues may allow greater segregation of

species than the use of a single isotope (Peterson et al.
1985, Hobson 1993). Stable-carbon isotope ratios have
also been. used to infer inshore or benthically linked
feeding with offs_hore ‘or more pelagic feeding in sea-
birds (Hobson et al. 1994, France 1995). Therefore, we
measured 8'°C values in all blood samples to assess
neritic versus pelagic foraging grounds.

The abundance of stable isotopes in various bio-
chemical components of foods fractionates or changes
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when incorporated into consumer tissues according to
the following relationship:

Dy = Dg+ Aar )

where D, = isotopic abundance in consumer tissue,
Dy = the isotopic abundance in the diet, and Ay = iso-
topic fractionation factor between tissue and diet. The
isotopic signature of the average diet can be inferred
from the isotopic abundance measurement of the con-
sumer tissue once Ay, is known for a particular trophic
relationship (Tieszen et al. 1983). We used a §“N
trophic enrichment factor of 3.3 %. calculated by Wada
et al. (1987) for the Ross Sea.

In a simple system in which a consumer utilizes 2
dietary options that are segregated trophically, an esti-
mate of the relative contribution of each prey type to
the diet may be calculated by:

P, = (Dt - Db)/(Db -D,) (3)

where P, = proportion of diet derived from Prey
Source a, D, = the isotopic value of consumer tissue
measured, and D, and D, = consumer tissue isotopic
values corresponding to a diet exclusively comprised
of Prey Type b and a, respectively. We employed
this method to estimate the relative contributions of
krill and Antarctic silverfish to the diets of adult and
nestling petrels. We assumed that the diets were com-
prised solely of these 2 trophic levels based on results
from conventional diet sampling in which these 2 prey
species comprised 99.8% of the diet by mass (Hodum
unpubl. data).

To calculate the trophic level of a consumer (TL yn.
sumer), We assumed a trophic level of 2.3 for Antarctic
krill Euphausia superba (S. Nicol pers. comm.) and an
isotopic enrichment factor between trophic levels (TL)

of 3.3%o. The trophic level in the food web may be esti-
mated according to:

TLconsumer = 2.3 + (Deonsumer — Dkrill)/3-3%° (4)

where Dgonsumer = isotopic signature of the consumer
and Dy, = that of Antarctic krill.

Values are presented as mean + 1 SD. When ANOVA
results were significant (p < 0.05), comparisons were
made by a Tukey multiple-comparison test (p < 0.05).

RESULTS
Stable nitrogen isotope ratios

5N concentrations ranged from 4.0 + 0.2%. in Eu-
phausia superba to 12.0 + 0.4%. in snow petrel Pago-
droma nivea chicks (Tables 1 & 2, Fig. 1). Overall,
there were highly significant differences in §'°N values
among species and age groups (ANOVA: Fj; 3,5 =49.2,
p < 0.0001). Among prey species, Pleuragramma ant-
arcticum had significantly higher 8'°N values than
amphipods and both krill species. Amphipods differed
from E. superba and the 1 sample of E. crystallo-
rophias. 8'°N values also differed strongly between
petrel species (ANOVA: F; 15, = 9.5, p < 0.0001).

We compared 8'°N concentrations between years for
each species and age group. Antarctic petrel Thalas-
soica antarctica adults were the only group to show a
significant difference between years, with higher §°N
values in 1995/1996 (t;g = 3.16, p < 0.01). There were no
significant differences for any other group, although
there was a consistent but non-significant trend among
all 4 species and both age groups for 3'°N values to be
0.2 to 0.6 %0 higher in 1995/1996 (Table 2}.

Table 1. Stable carbon- and nitrogen-isotope concentrations (%o, mean = SD) of lipid-free muscle tissue of prey items from diet of

petrels and results of 1-way ANOVA tests for differences among species for each isotope. Trophic level estimated by Eq. (4).

Within columns, values sharing superscript letters do not differ statistically (Tukey's multiple-comparison test, p > 0.05); only
results of this study where n > 1 were included in comparison. na: not applicable

Prey species n 3N 88C  Derived trophic Study location Source
level
Euphausia superba 10 4.0+0.2° -250+0.3° 2.3 Prydz Bay This study
(Antarctic krill) 23 ca-29 ca 2.2 Weddell Sea Rau et al. (1991)
2.7 -29.3 1.7 Australian sector Wada et al. (1987)
na na’ 24 Weddell Sea Hopkins & Torres (1989)
Euphausia crystallorophias (krill) 1 5.1 -25.3 2.6 Prydz Bay This study
Themisto gaudichaudif 5 6.8+£0.9° -26.8+042 3.1 Prydz Bay This study
{amphipods) 1.8 -27.1 1.4 Australian sector Wada et al. (1987)
Pleuragramma antarcticum (juv.) 10 9.6+ 0.4 -24.3 +0.3%d 3.9 Prydz Bay This study
Pleuragramma antarcticum (ad.) 13 107 +1.29 -23.9+0.7% 4.3 Prydz Bay This study
4 109+9.2 -283+04 4.4 McMurdo Sound Burns et al. (1998)
ANOVA F533=117.8 Fs5 33=36.0
p <0.0001 p < 0.0001
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Table 2. Stable nitrogen (8'°N) and carbon isotope (8°C) concentrations

(%0, mean = SD) of cellular fractions of petrel blood as a function of age and year.

Derived trophic level (Eq. 4) and % euphausiids (Eq. 3) estimated from 3N

values. ANFU: Antarctic fulmar Fulmarus glacialoides; ANPE: Antarctic petrel

Thalassoica antarctica; CAPE: cape petrel Daption capense; SNPE: snow petrel
Pagodroma nivea; SIA: stable-isotope analysis

Seabird n Year Mean §°N Mean §'*C Derived Mean % eu-
species trophic level phausiid (SIA)
ANFU
Adult 21 1994-95 100x14 -24.1+09 4.1 61
20 1995-96 105+06 -24.3x+0.3 4.2 53
Chick 20 1994-95 10.7+0.7 -24.9+0.3 4.3 49
i 19 1995-96 11.2x+1.1 -247+0.5 4.4 40
ANPE
Adult 8 1994-95 8403 -252x04 3.6 89
20 1995-96 9.5+09 -248+04 3.9 70
Chick 20 1994-95 10.2+09 -2523x04 4.1 57
20 1995-96 108+1.0 -253+0.3 4.3 47
CAPE
Adult 13 1994-95 96+0.7 -238x06 4.0 68
20 1995-96 99+05 -246+0.3 4.0 64
Chick 16 1994-95 10.7+0.8 -249+0.6 4.3 49
20 1995-96 11.0+22 -247+0.5 4.4 44
“SNPE : ’
Adult 15 1994-95 9.7+1.0 -242+0.5 4.0 66
20 1995-96 99+14 -245x06 4.1 62
Chick 18 1994-95 11.7+06 -246=x0.5 4.6 31
20 1995-96 12.0+04 -24.7x0.2 4.7 26

Interspecific comparisons revealed differences in
8!5N values for. both adults and chicks in both years
(Table 2). We found interspecific differences between
adults in both 1994/1995 (ANOVA: F; 55 = 4.18, p =
0.01) and 1995/1996 (ANOVA: F; 39 =

-5.01, p < 0.001; chicks: 13 =-3.87,p=
0.001) and 1995/1996 (adults: t5 =
—-5.39, p < 0.001; chicks: tj3 =-4.07, p <
0.001). Antarctic petrel adults were
sampled only once during 1994/1995,
and could not be compared. In 1995/
1996 Antarctic petrel adults had com-
parable §°N values in both sampling
periods (t;g = 1.20, p = 0.24). Antarctic
petrel chicks showed no difference be-
tween periods in 1994/1995 (t;4 = 0.65,
p = 0.52) but had higher early-period
5N values in 1995/1996 (t; = 3.70, p =
0.002). Cape petrels Daption capense
showed little intraseasonal change, with
only 1994/1995 chicks (t;5 = -2.39, p =
0.03) differing between periods. Snow
petrel adults and chicks were consis-
tent between years: 8'°N values were
higher during the late period in both
1994/1995 (adults: tj4 =-2.84, p = 0.01;
chicks: t;; = -2.18, p = 0.04) and 1995/
1996 (adults: t;g = —11.87, p < 0.001;
chicks: t;g = -3.88, p = 0.001). Because
no consistent variation emerged within
a season, we pooled the data by season
for each species and age.

Adult and chick 8'°N concentrations differed for each
species (Table 2), with chicks generally having higher
values. In 1994/1995, Antarctic petrel (t,3 = 5.22, p <
0.001), cape petrel (t;5 = 3.86, p < 0.001), and snow

3.24, p = 0.03). In 1994/1995, adult Ant- 14
arctic fulmars Fulmarus glacialoides and ; zg;'g
snow petrels had a higher 8!°N concen- v  prey spp.
tration than Antarctic petrel adults. Ful-

mars also had higher 8°N values than
Antarctic petrel adults in 1995/1996. No
other species differed.

There were also interspecific differ-
ences in 8'N values for chicks in both
years (ANOVA: F; ;3 = 11.85, p < 0.0001
in 1994/1995; ANOVA: F;, = 3.01,
p = 0.04 in 1995/1996). 8!°N concentra-
tions for snow petrel chicks were signifi-
cantly higher than those for chicks of
the other 3 species in 1994/1995. In
1995/1996 8'°N values for snow petrel

v T. gau.

Mean 5'°N (%)

ANPE O

OSNPE

ANFU GO CAPE ¥ P. ant. (adult)

® ANFU

v E cry.

v E. sup.

chicks were higher than those for chicks
of Antarctic petrels.
We compared 8'°N values for early and

-26

-25 -24

Mean 5'*C (%/o0)

late sampling periods within seasons for
each species. Antarctic fulmar adults and
chicks had higher 8°N values later in the
season in both 1994/1995 (adults: t) =

Fig. 1. Mean 85N and §'3C values of petrels and prey species during
1994/1995 and 1995/1996 breeding seasons (error bars omitted for clarity).
Standard deviations given in Table 2. Petrel abbreviations as in Table 2; prey
abbreviations: E. sup. = Euphausia superba; E. cry. = Euphausia crystallo-
rophias; T. gau. = Themisto gaudichaudii; P. ant. = Pleuragramma antarcticum
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petrel (t; = 6.69, p < 0.001) chicks had significantly
higher 8'°N values than adults. Antarctic fulmar chicks
showed a similar pattern, but the difference was not
significant (4,9 = 1.93, p = 0.06). In 1995/1996, chicks
of all 4 species had higher §"°N concentrations than
adults (Antarctic petrel: tg = 4.25, p < 0.001; cape
petrel: g = 2.15, p = 0.04; snow petrel: tjg = 5.97, p <
0.001; Antarctic fulmar: o = 2.56, p = 0.01).

We tested the degree of dietary breadth using Bart-
lett's test for homogeneity of variances (Table 3). Ant-
arctic fulmars and Antarctic petrels showed no differ-
ence in dietary breadth between adults and chicks.
Cape and snow petrel adults and chicks, however, dif-
fered significantly in the degree of dietary variability.
The diet of snow petrel chicks was less variable than
that of adults (B = 1.41, p < 0.0001), while the diet
of cape petrel chicks was more variable than that of
adults (B = 1.54, p < 0.0001). Dietary breadth also
differed between species within a season and within
species between seasons, but no consistent patterns
were apparent (Table 3).

Stable carbon-isotope results

88C concentrations ranged from -26.8 = 0.4%
in amphipods to -23.8 + 0.6%. in cape petrel adults
(Tables 1 & 2, Fig. 1). Overall, species and age groups
differed significantly (ANOVA: Fj; 3 = 197, p <
0.0001), although a consistent pattern of trophic en-
richment in 8°C was not evident in this food web.
There were interspecific differences in §'*C concentra-
tions among petrel species (ANOVA: F; ;51 = 8.1, p <
0.0001); however, the similarity in §C values be-

Table 3. Interannual and interspecific comparisons of vari-

ability, expressed as coefficient of variation (CV), in dietary

breadth (3!°N) based on Bartlett's test for homogeneity of
variances (B = test statistic)

Seabird cv B p
species 1994/1995 1995/1996

Adult

ANFU 13.86 6.26 1.29 0.001
ANPE 4.18 9.54 1.28 0.01
CAPE 7.69 5.49 1.05 022
SNPE 10.69 14.88 1.06 0.17
B 1.33 1.36

p 0.002 <0.0001

Chick

ANFU 6.84 10.05 1.09 0.07
ANPE 9.12 9.30 1.00 076
CAPE 7.21 20.43 1.56  0.0001
SNPE 5.63 3.22 115 0.03
B 1.03 1.90

p 0.51 <0.0001

tween birds and pelagic prey and the overlap in values
among bird species suggest that all petrel species
foraged pelagically and not inshore.

DISCUSSION

The fulmarine petrel community breeding on Hop
Island and its constituent prey species showed typical
step-wise trophic enrichment of '*N from krill to sea-
birds (e.g. Hobson et al. 1994). Stable carbon-isotope
values did not show a similar enrichment nor did they
reveal a gradient indicative of inshore/offshore forag-
ing distributions (e.g. France 1995). Although §'°C val-
ues differed statistically between species, the values
were not sufficiently different as to suggest distinctive
foraging distributions. This is consistent with our ship-
and island-based observations that these petrel spe-
cies all forage offshore rather than inshore.

There was considerable interspecific overlap in §'°N
values, and thus relative trophic positions, amongst
the 4 petrel species. These results are consistent with
those of Rau et al. (1992), who found extensive overlap
in 8'°N values for seabirds in the Weddell Sea, in-
cluding the 4 species in this study. They concluded
that these higher consumers share a small number of
common food resources and trophic levels. These iso-
topic results suggest actual dietary overlap, but trophic
overlap does not necessarily indicate shared prey
types. It is possible that different petrel species con-
sumed different prey species with similar trophic posi-
tions. However, Ainley et al. (1992), using conventional
stomach-sample techniques, found considerable over-
lap in seabird diet within the confluence of the Scotia
and Weddell Seas (including the 4 species in this
study), regardless of species, habitat, or year. Addi-
tional results from conventional dietary studies are
also consistent with the notion of extensive dietary
overlap (Ridoux & Offredo 1989, Arnould & Whitehead
1991, Whitehead 1991). Thus, our results plus those of
the aforementioned studies lend support to the idea
that in the Antarctic food web petrels exploit a small
number of trophic levels and that a small subset of the
available prey species are disproportionately impor-
tant (Rau et al. 1992). Dietary overlap is influenced
by both prey availability and diversity (Diamond 1983).
Both of these considerations are relevant to this sys-
tem, since food for upper-level predators in Antarctic
marine ecosystems is generally considered to be super-
abundant locally but of relatively low diversity (Kock &
Shimadzu 1994). '

Despite extensive interspecific overlap among petrel
diets, the range in 8"°N values is equivalent to 1 full
trophic level (Fig. 2), and relative trophic level varied
with both species and age. Antarctic fulmars Fulmarus
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Trophic level ach oil by adults is not a confounding factor for our

2 3 4 5 8°N data.
SNPE chick | ey Few previous studies have evaluated the possible
ANFU chick - ° effect of age on diet-tissue isotopic fractionation in
CAPE chick | — e consumers. Minagawa & Wada (1984) found no differ-
P.ant ad. | f————| ence in stable nitrogen-isotope ratios of 2 mussel spe-
ANPE chick | —e— cies with different growth rates up to an estimated age
ANFU adult | —e—o of 7 yr. Rau et al. (1991) reported a positive correlation
SNPE adult | —.—— between $°N and body mass in a marine fish, but
CAPE adult —eo— this was also consistent with dietary change, an effect
P.ant juv - e found also for Arctic char Sylvelinus alpinus by Hob-
ANPE adult - —e— son & Welch (1995). The few data on mammals also
T.gau. i suggest dietary differences resulting in expected §'°N
oyt * shifts between adult and young. For example, Sutoh et
£ sup. e al. (1987) found no effect of age on 81N values of tis-
2 4 6 8 10 12 14 sues of cattle fed similar diets up to 10 yr of age. Ele-
= 515N (‘%o) - =phants in South Africa showed no association between

Fig. 2. Mean (+SD) stable nitrogen isotope values and derived

trophic levels for petrels and prey species during 1994/1995

and 1995/1996 breeding seasons. Abbreviations as in Table 2
v and legend to Fig. 1

glacialoides and snow petrels Pagodroma nivea tended
to have higher 8N values than Antarctic petrels Tha-
lassoica antarctica and cape petrels Daption capense,
suggesting a higher proportion of fish in their diets.
These results are consistent with those of Rau et al.
(1992). The results of previous studies also suggest that
snow petrels are the most piscivorous of the 4 seabird
species examined, whereas cape petrels consume
the highest proportion of krill, and Antarctic fulmars
and petrels are intermediate (Ridoux & Offredo 1989,
Arnould & Whitehead 1991).

Assessing potential trophic-level differences between
adults- and chicks using conventional diet-sampling
methods is virtually impossible. Although it is gen-
erally believed that adults provision chicks with the
same dietary items that they consume, Hobson (1993),
using SIA, found that nestling thick-billed murres and
black-legged kittiwakes in Lancaster Sound, Canada,
occupied higher trophic positions than their parents.
He found no such pattern in northern fulmars and
glaucous gulls, however. Diets of adults and chicks
could differ if adults provision themselves on the out-
ward trip and collect food for chicks on the return trip.

Chicks of all 4 petrel species in this study had higher
815N values than adults, which suggests trophic segre-
gation between adults and chicks. Chick diet was con-
sistently one-quarter to one-half a trophic level higher
than adults. This may indicate higher proportions of
fish in chick diets and zooplankton in adult diets, pro-
vided diet-tissue isotopic fractionation does not change
with age. We assume that isotopic fractionation does
not change with age, and that the production of stom-

813C values and age and only an extremely weak cor-
relation for §'°N (Tieszen et.al. 1989). In addition, the
isotope ratios in hair of modern Japanese are constant
across all ages (Minagawa 1992). The §!°N value of the
tissue of neonate mammals fed exclusively on mother's
milk is enriched relative to that of maternal tissue
(Fogel et al. 1989, Bocherens et al. 1995, Hobson &
Sease 1998), suggesting that dietary differences be:
tween adult and offspring can be detected isotopically.
We lack comparable experimental studies for seabirds,
but the most’ p:arsimonious explanation for relative
8'°N enrichment in chicks is that it reflects different
trophic levels between adults and chicks rather than a
systematic aQe-ielated difference in isotopic fractiona-
tion or any confounding effects of nutritional stress
(Hobson 1993, Hobson et al. 1993). The available evi-
dence from a variety of taxonomic groups thus sug-
gests that isotopic differences between adults and
young are related primarily to actual dietary or trophic
differences between these age groups (reviewed by
Schwarcz & Schoeninger 1991, Hobson & Welch 1995).

Further evidence for this argument is provided by
stable-isotope ratios in uric acid. In bird blood plasma,
uric acid can often reach the limits of solubility
(Skadhauge 1983). Both uric acid and urea are waste-
products of protein catabolism and are typically de-
pleted in *N relative to body proteins (Peterson & Fry
1987). Thus, one would expect elevated levels of urea
or uric acid in blood to relatively deplete blood 3N
(Bearhop et al. 2000). Previous studies have found that
plasma concentrations of urea and uric acid are higher
in growing chicks than they are in adults, a process
probably related to higher rates of protein synthesis in
growing birds (Alonso et al. 1991, see also Featherston
1969, Wolf et al. 1985). Therefore, all things being
equal, if chick bIood contained significantly more urea
or uric acid ‘than that of adults, we would expect
depleted 8!°N in chick blood relative to blood of adults
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(Bearhop et al. 2000). Although we only examined the
cellular fraction of blood, our findings that chick blood
was enriched in N compared with adult blood sug-
gest again that such an effect was probably due to
actual dietary differences between these age groups.

Stomach oil comprises only a small fraction of the
total food load provided by adult fulmarine petrels to
their chicks, typically less than 10 to 15% of diet-
sample volume (P.J.H. pers. obs.). Although we did
not measure stomach oil isotopically, we suspect that
it did not contribute significantly to the differences in
blood 8'°N content we observed between adults and
chicks, since it represents such a small proportion of
what is fed to chicks and is derived directly from the
food rather than secreted by the adult (reviewed in
Warham 1996). Thus, we feel reasonably confident that
the foraging inferences we have drawn in this study
are correct.

There are several possible explanations for selective
provisioning and higher proportions of fish in chick
diets. Antarctic fulmarine petrels experience but a
short season in which environmental conditions are
conducive to breeding. As such, nestlings grow rela-
tively rapidly, 50% quicker than predicted allometri-
cally (Croxall & Gaston 1988, Hodum 1999). Presum-
ably there are nutritional constraints connected with
rapid growth, and adults should provision offspring
with higher-quality food to facilitate this growth. Ver-
tebrate prey provide vertebrate consumers with a more
complete source of nutrients than invertebrates. Al-
though energy-density and protein values are reason-
ably similar for krill and fish, fish values are somewhat
higher (Clarke & Prince 1980). Calcium content and
the calcium to phosphorus ratio may be factors limiting
chick growth in birds (Houston 1978, Clarke & Prince
1980), and calcium content, a critical factor in nestling
growth, is much higher in fish than in krill (Clarke &
Prince 1980, Croxall 1984). Thus, from a nutrient and
energy perspective, fish are of higher quality than krill.

Krill and fish also differ in salt concentrations. Krill
are isosmotic with seawater, whereas fish have lower
salt concentrations. By provisioning nestlings primarily
with fish, adults decrease the salt load imposed on the
chicks. Increased salt loads reduce the growth rates of
white ibis Eudocimus albus and laughing gull Larus
atricilla chicks and possibly influence survival (John-
ston & Bildstein 1990, Dosch 1997). Even if chicks can
tolerate high salt loads, salt gland maintenance and
excretion of excess salt are energetically expensive
processes (Nystrom & Pehrsson 1988).

Digestion of wax esters present in krill may also be a
constraint for nestlings. Jackson (1986) demonstrated
that assimilation efficiencies for krill and fish were
similar for white-chinned petrels, but wax esters require
a slower rate of passage for digestion. This contrasts

with the relatively rapid rate of digestion for fish (Jack-
son & Ryan 1986).

The assumed trophic overlap between adult petrels
and Pleuragramma antarcticum, as inferred from our
stable-isotope model, suggests they share common
prey resources. Conventional diet studies indicate that
euphausiids and copepods are the dominant prey items
of P. antarcticum (Gorelova & Gerasimchuk 1981,

Williams 1985). Differences in 8!°N greater than 5.0 %o

between krill and P. antarcticum suggest a difference
greater than 1 trophic level. This implies that the krill
proportion of the P. antarcticum diet is supplemented
with prey from a higher trophic level (e.g. amphipods
and/or copepods). Our finding of similar relative trophic
levels for adult petrels and P. antarcticum is consistent
with results of other studies (Williams 1985, Ridoux &
Offredo 1989, Arnould & Whitehead 1991), and sug-
gests that euphausiids may be of primary importance
in their respective diets. Higher §!*N values in ful-
marine petrel chicks relative to P. antarcticum, as
found in this study, is consistent with a trophic model
in which chick diet is comprised to a significant degree
of fish.

We recognize that our trophic model is incomplete,
but our emphasis is on relative rather than absolute
trophic positions. We also recognize that factors other
than trophic position can influence 8N values in
marine systems (Michener & Schell 1994). Additional
work needs to be done to develop a more complete
trophic-structure model in this system. That said, our
model seems to fit nicely what is already known of this
system (e.g. Ridoux & Offredo 1989, Ainley et al. 1992,
Rau et al. 1992).

To construct our isotope-derived model of trophic
structure (Eq. 4), we made several assumptions, in-
cluding: (1) the 8N values for primary producers
remained spatially and temporally constant; (2) the
whole-organism !°N enrichment at each trophic step
remained constant; (3) the isotopic offset between
whole-organism and tissue 8N remained constant.
We acknowledge that these assumptions may well
lead to variability in the model, but we believe that the
time-integrative nature of our samples controls for
some of the potential variation attributable to the first
and second assumptions. These petrel species presum-
ably range over large distances to forage, and their.
blood averages several weeks of dietary integration
(Hobson & Clark 1993). Thus, much of the potential
fluctuation is likely to be evened out by the consumer.
Also, the goal of our model is to present relative trophic
positions, and thus any potential variability should
affect all species and age groups equally.

Contribution of different prey items to diet composi-
tion may also be evaluated through dietary breadth
indices. In our study (Table 3), dietary breadth varied
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between species for adults in both years and chicks in
1 year. Within species, dietary breadth of Antarctic ful-
mar and petrel adults and cape and snow petrel chicks
differed between seasons. One can assess the degree
of foraging specialization along a continuum from spe-
cialists to opportunists using a dietary-breadth index.
Dietary breadth of a species may be diagnostic, or it
may vary within and between years. In a more com-
plex food web with a correspondingly greater range of
utilized prey types, measures of dietary breadth might
provide insights into foraging plasticity.

Extensive overlap and a relatively narrow range of
3N values and trophic levels are consistent with a
food web comprising few trophic steps. In such food
webs, upper-level consumers tend to exploit a small
subset of disproportionately important potential prey
species. Rau et ‘al. (1992) similarly found that many
higher consumers in the Weddell Sea, including sea-
birds, seals, and some fish species, shared a small
nuinber of common food resources and trophic levels,
thereby lending support to the concept of a simple
trophic structure in Antarctic marine systems. Our
results and those of Wada et al. (1987) and Rau et al.
(1992) are consistent in suggesting that the trophic
structure of Antarctic marine ecosystems is relatively
simple at intermediate and upper trophic levels. The
suggestion of selective provisioning of petrel chicks by
adults certainly warrants further study. It is also a cau-
tion against the simple use of dietary data from chick-
provisioning adults to infer adult diet; in actuality, the
results.of such studies may only reflect chick diet while
breeding adults may provision themselves at different
trophic levels or with different prey species.
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