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Abstract.  Stable-nitrogen and carbon isotope ratios
(8'°N and 8"*C) were determined in liver tissue samples
from six species of Icelandic seabirds. Stomach con-
tents were primarily capelin (Mallotus villosus) in
north Iceland, and primarily sandlance (Ammodytes
sp.) in south Iceland. Stable isotope signatures also
were measured in a range of typical prey species, in-
cluding capelin and sandlance. Combined isotopic sig-
natures in seabirds exhibited significant inter-species
and inter-site variation. Similarly, combined isotope
signatures differed significantly between prey species.
The trophic relationships of the six seabird species dif-
fered between the two sites. Northern Fulmars (Ful-
marus glacialis) exhibited a relatively depleted mean
313C value in the north, but the reverse was true in the
south. We used a dual-isotope multiple-source mixing
model to estimate contributions of different prey spe-
cies to the diet of seabirds based on their isotope sig-
natures. Whereas the general patterns of proportions of
different prey in seabirds’ diets in the north and south
produced by the model supported conventionally-col-
lected dietary data, the importance of some relatively
rare prey species tended to be overestimated.
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Analysis of trophic relationships within a seabird com-
munity through conventional dietary assessment can
be potentially difficult and daunting (Sanger 1987).
Furthermore, conventional dietary assessment tech-
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niques, including analyses of stomach contents or of
indigestible prey remains in regurgitated or fecal pel-
lets, can introduce bias. Prey composition determined
by these methodologies will depend in part on the di-
gestibility of particular prey types, hard-bodied and
relatively indigestible prey often being over-estimated
compared to soft-bodied and easily digestible prey
(Duffy and Jackson 1986). However, studies of seabird
diet, and hence trophic structure, can yield valuable
information about fishery resources and oceanographic
fluctuations (Montevecchi 1993).

Complimentary to conventional dietary assessment
techniques, stable isotope analysis has been applied to
a number of investigations of seabird diet and trophic
relationships. This approach is based on the fact that
the ratios of the stable isotopes of nitrogen (N/“N,
conventionally expressed as 3'°N) and carbon (*C/2C,
33C) in consumer proteins reflect those in their prey
in a predictable manner (DeNiro and Epstein 1978,
1981, Peterson and Fry 1987).

In the case of nitrogen, 3'°N signature exhibits a
stepwise enrichment at each successive level within a
food chain (Hobson et al. 1994, Sydeman et al. 1997),
such that predators occupying relatively high trophic
positions have correspondingly elevated 8'"N values.
For carbon, 8°C values may also show a tendency to
increase with trophic level, but to a lesser degree than
to that of 8N (Fry and Sherr 1984, Hobson and Welch
1992). However, the 8!*C value can provide informa-
tion about the source of carbon entering a food chain,
for example distinguishing between marine and fresh-
water systems (Mizutani et al. 1990, Hobson and Sealy
1991, Smith et al. 1996), or discriminating between
inshore/benthic feeding and pelagic feeding in seabirds
(Hobson 1993, Hobson et al. 1994, Sydeman et al.
1997).

Multiple stable isotope analyses which have been
applied to investigations of entire seabird communities



have yielded important and novel insights into intra-
and inter-species trophic relationships, and have de-
fined trophic interactions on both spatial and temporal
scales (Hobson et al. 1994, Thompson et al. 1995).
Dual-isotope multiple-source mixing models have
been developed to quantify the proportions of various
prey in the diet of American martens (Martes ameri-
cana) (Ben-David et al. 1997) and Glaucous Gulls (La-
rus hyperboreus) (Schmutz and Hobson 1998), further
enhancing the role of stable isotope analysis in studies
of diet and community trophic structure.

Here we present nitrogen and carbon stable-isotope
data for seabird species from north and south Iceland.
Previous work, based on conventional methodologies,
demonstrated that the summer diets of these seabirds
differed markedly between these two regions and re-
flected differences in local prey availability. Sandlance
(Ammodytes sp.) predominated in the diet of most sea-
bird species in the south, whereas capelin (Mallotus
villosus) was the predominant prey of most seabird
species in the north (Lilliendahl and Solmundsson
1997). Specifically, we test whether stable isotope
analysis confirms the dietary patterns found using con-
ventional techniques (Lilliendahl and Solmundsson
1997), and we compare seabird diet measured conven-
tionally with the output of dual-isotope multiple-source
mixing models.

METHODS
SAMPLE COLLECTION AND PREPARATION

Seabirds analyzed in this study were collected from
north and south Iceland during the breeding season as
part of a large investigation into Icelandic seabird diets
as described by Lilliendahl and Solmundsson (1997).
Species analyzed were Common Murre (Uria aalge),
Thick-billed Murre (U. lomvia), Razorbill (Alca torda),
Atlantic Puffin (Fratercula arctica), Black-legged Kit-
tiwake (Rissa tridactyla), and Northern Fulmar (Ful-
marus glacialis). From the large sample of birds de-
scribed in Lilliendahl and Solmundsson (1997), 20 in-
dividuals (10 from the north and 10 from the south)
were selected at random and transported frozen to
Glasgow for further treatment. The only exception to
this was for Northern Fulmar, for which there were
nine individuals from the south. After thawing, liver
tissue was excised, dried to constant mass in an oven
at 50°C, then ground to an extremely fine powder using
an impactor mill operating at liquid nitrogen temper-
ature. Prior to stable isotope analysis, lipids were re-
moved from dried and ground liver samples in a
Soxhlet apparatus using refluxing chloroform as sol-
vent. Lipid-free liver samples were re-dried as de-
scribed above.

On the basis of previous conventional dietary stud-
ies of this group of seabirds, which revealed that in
general seabirds in north Iceland fed predominantly on
capelin and that seabirds in the south fed predomi-
nantly on sandlance (Lilliendahl and Solmundsson
1997), a representative selection of prey species were
obtained from research vessels and commercial fishing
operations. Whole fish species sampled were sand-
lance, from south Iceland, and capelin and redfish (Se-
bastes marinus) from the north. Additionally, intes-
tines were removed from cod (Gadus morhua) col-
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lected from a range of sites, and subsequently prepared
for stable isotope analysis as fish offal. Two species of
crustacean were sampled, northern shrimp (Pandalus
borealis) and the euphausiid Meganyctiphanes nor-
vegica mainly from north Iceland. Each whole indi-
vidual fish, or cod intestine, was treated as an individ-
ual sample, whereas for the two crustacean species,
some samples consisted of pooled individuals. For
northern shrimp, four samples consisted of relatively
large single individuals (3.3-7.8 g fresh mass), one
sample contained two individuals of approximately 1.7
g fresh mass each, and a further three samples were
each made up of four individuals of approximately 1.1
g fresh mass each. For Meganyctiphanes, each of three
samples contained 10 individuals of approximately 0.3
g fresh mass each.

All prey samples were dried to constant mass as
described above for seabird liver samples. Carbonates
were removed from crustacean samples with excess
IN hydrochloric acid until bubbling ceased, and then
re-dried. Dried prey samples were ground to a fine
powder as described above, lipids removed using a
Soxhlet apparatus with refluxing chloroform, and re-
dried.

STABLE ISOTOPE ANALYSIS

All isotopic measurements were determined by contin-
uous-flow isotope-ratio mass spectrometry (CF-IRMS)
using a Finnigan Tracer Matt mass spectrometer. Iso-
tope ratios are expressed conventionally as 8 values in
parts per thousand (%), relative to Peedee Belemnite
(8"3C) and atmospheric nitrogen (3'°N). All groups of
analyses included reference materials (internal labora-
tory carbon standard [graphite] and International
Atomic Energy Authority IJAEA-N-2 nitrogen stan-
dard) for routine quality control and drift correction.
All samples were determined in triplicate, with the out-
lying datum being discarded and the mean value cal-
culated from the remaining two data points (Godley et
al. 1998). Analytical precision was = 0.2%o for carbon
and * 0.4%. for nitrogen.

DUAL-ISOTOPE MULTIPLE-SOURCE MIXING MODELS

We incorporated the mean 3N and 3"*C signatures of
each of the three main prey species (sandlance, cape-
lin, and euphausiid; Lilliendahl and Solmundsson
1997) for the majority of seabirds into a dual-isotope
three-source mixing model based on that outlined in
Kline et al. (1993) and developed by Ben-David et al.
(1997), in order to estimate the contribution of each
prey to the diet of each individual seabird. Northern
Fulmars were excluded from this model because con-
ventional dietary information indicated that fish offal
and other prey were relatively important in this spe-
cies’ diet (Lilliendah] and Solmundsson 1997).

The model requires that prey have statistically dif-
ferent isotope signatures and that each individual sea-
bird consumes all possible prey types. Hence, relative-
ly rare or unimportant prey types will be overestimated
by the model, whereas relatively common or important
prey types will be underestimated. For this reason, the
output from the model represents an index of prey
types consumed by the seabirds, rather than actual pro-
portions of particular prey consumed. In order to cal-
culate corrected prey isotope values, we applied diet
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TABLE 1. Stable-nitrogen and carbon isotope signatures of liver tissue from Icelandic seabirds sampled in the
north and south of the island, and results of ANOVA tests for significant differences between species’ means
following an overall MANOVA. Superscripts having at least one letter in common indicate no significant dif-
ference, Scheffé range tests, P > 0.05. Each sample consists of 10 individuals, except for Northern Fulmar from

the south (9 individuals). Values are means * SE.

SN (%o) 313C (%0)

Species North South North South
Common Murre 14.0 = 0.1* 123 = 0.22 =19.5 = 0.22bc —19.3 + 0.22
Thick-billed Murre 12.6 * 0.2b¢ 13.6 = 0.2° —20.0 £ 0.23¢ -19.1 + 0.2
Razorbill 12.1 £ 0.2° 12.7 + 0.230 -19.1 £ 0.2° -179 £ 0.1°
Atlantic Puffin 13.0 £ 0.1° 12.2 * 0.22 ~19.2 £ 0.12® -18.8 £ 0.12°
Black-legged Kittiwake 14.2 * 0.1 13.2 = 0.33b -20.1 £ 0.1° —18.9 + 0.32
Northern Fulmar 14.0 + 0.2* 13.5 £ 0.1° —20.0 £ 0.2¢ -18.6 £ 0.22°
1-way ANOVA Fs5, = 284 Fs5,=173 Fs3 = 6.9 Fss5 = 6.1
P-value <0.001 <0.001 <0.001 <0.001

fractionation factors of +2.3%o. for nitrogen and
+1.3%o for carbon for sandlance and capelin, follow-
ing results in Mizutani et al. (1991), and +2.8%0 for
nitrogen and +1.9%o for carbon for euphausiid, follow-
ing results in Sydeman et al. (1997). Output from the
model was averaged for each species and region (north
and south) to produce overall mean percentage contri-
butions of each prey type.

Additionally, we constructed a dual-isotope six-
source mixing model to investigate dietary inputs in
Northern Fulmars only. Here, all prey species were
included in the model. All other aspects of the model
were as described above.

STATISTICAL ANALYSES

Variation in stable isotope signatures between seabird
species and locations and between prey species was
tested using MANOVA, ANOVA, with Scheffé range
tests, and Kruskal-Wallis tests. Differences in the pro-

portions of major prey species in the diets of seabirds
between the north and south, produced by the three-
source mixing model, were tested using ANOVA.

RESULTS

Stable isotope values (8N and 3'*C) for all seabirds
are presented in Table 1. Overall, there were significant
effects of both species (MANOVA: Wilks’ lambda,
Flo210 = 11.3, P < 0.001) and location (Wilks’ lambda,
F, ;s = 44.4, P < 0.001) on the combined stable iso-
tope signatures of Icelandic seabirds (Fig. 1). Gener-
ally, 8N values tended to be relatively enriched in
seabirds from the north (maximum mean 3N value,
14.2%o0 in Black-legged Kittiwakes) compared to sea-
birds in the south (maximum mean 8> N value, 13.6%¢
in Thick-billed Murres; Table 1). 8*C values tended
to be relatively enriched in seabirds from the south
(maximum mean 3'3C value, —17.9%0 in Razorbills)

OFFSHORE INSHORE
—_— —_—
14.5 - BLKI
comMu 1
w
14.0 1 #_{ + TBMU m  North >
NOFU O South -
NOFU Q
13.5 —— A
2
z [
0 130 ***—‘ BLKI
o TBMU 2
ATPU % @
<
12.5 comu ®
,ﬂj__r,_{ RAZ %]
=
12.0 4
ATPU
RAZ
1.5 T - T . . ,
-20.5 -20.0 -19.5 -19.0 -18.5 -18.0 7.5
s13¢

FIGURE 1.

Trophic structure of the Icelandic seabird assemblage. Points are means (%0) = SE. Species ab-

breviations: COMU, Common Murre; TBMU, Thick-billed Murre; RAZ, Razorbill; ATPU, Atlantic Puffin;
BLKI, Black-legged Kittiwake; NOFU, Northern Fulmar.



TABLE 2. Stable-nitrogen and carbon isotope signa-
tures of selected prey species of Icelandic seabirds.
Values are means * SE.

Species n 315N (%o) 313C (%o)
Sandlance 22 94 03 -188 £0.2
Capelin 16 108 £0.1 -21.3=*=03
Redfish 8 10401 -199=*0.1
Cod (intestines) 5 128+*05 -—184 09
Northern shrimp 8 11.0x01 -194=*0.1
Euphausiid 3 7602 -209=*0.1

& Each sample made up of between one and four individuals pooled.
b Each sample made up of 10 individuals pooled (see Methods section).

compared to the north (maximum mean §3C value,
—19.1%0 in Razorbills; Table 1).

There was no consistent pattern in isotope signatures
in seabird species between the two locations, with the
exception of Razorbills which exhibited the most en-
riched mean 8%*C values from both the north and the
south (see above, Table 1, and Fig. 1). For example,
Thick-billed Murres exhibited a relatively depleted
mean 8N signature from the north (12.6%c), but a
relatively enriched mean 8N value from the south
(13.6%0; Table 1 and Fig. 1).

Stable isotope values for prey species are presented
in Table 2. Overall, there was a significant effect of
species on the combined stable isotope signature of
prey (MANOVA: Wilks’ lambda, F,,,,, = 19.6, P <
0.001). Considered separately, 8'°N signatures varied
significantly between prey species (Kruskal-Wallis
one-way ANOVA: x* = 33.1, P < 0.001), as did 8'*C
signatures (x%s = 37.8, P < 0.001). Capelin had a more
enriched mean 3N signature (10.8%o) than did sand-
lance (9.4%o; Table 2). Conversely, capelin exhibited
a more depleted mean §'°C signature (—21.3%0) than
that in sandlance (—18.8%c; Table 2).

The mean percentage contributions of each of the
three main prey species to the diet of seabirds from
both locations, as produced by a dual-isotope three-
source mixing model, are presented in Table 3. For all
seabird species, the model indicated that capelin was
significantly more important in the diet of seabirds
from the north compared to seabirds from the south
(Fi90 = 38.1, P < 0.001). The reverse was true for
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sandlance (F,4 = 38.8, P < 0.001). The model pro-
duced relatively low contributions of euphausiids (15—
26%; Table 3) to the diet of all seabirds, with no clear
pattern between the two locations (F, g4, = 0.8).

The output from the model incorporating all six prey
species and Northern Fulmars as the only seabird re-
vealed that capelin was the most important prey spe-
cies in the north (39%), whereas northern shrimp was
relatively important in the south (38%). Redfish was
slightly more important in the south (22%) compared
to the north (16%), whereas sandlance (10% at both
north and south), euphausiids (5% at north, 8% at
south), and cod intestines (9% at north, 11% at south)
were of relatively minor importance at both locations.

DISCUSSION

TROPHIC STRUCTURE OF THE SEABIRD
ASSEMBLAGE

Combined stable isotope signatures of Icelandic sea-
birds presented here (Table 1 and Fig. 1) exhibited
significant inter-species and inter-site variation. The
trophic structures of the seabird assemblages at north
Iceland and south Iceland, as revealed by stable iso-
tope analysis, were different, and may indicate dietary
segregation not detected by conventional dietary as-
sessment. For example, given the marked dietary dif-
ferences between the two regions, in the north, Com-
mon Murres, Black-legged Kittiwakes, and Northern
Fulmars occupied relatively high trophic positions, as
indicated by relatively enriched mean 8N values,
whereas in the south, Thick-billed Murre replaced
Common Murre in this high trophic-level group. Ad-
ditionally, relatively depleted 3'*C values indicate pe-
lagic foraging in seabirds, and relatively enriched 8"*C
values indicate inshore or benthic feeding (Hobson
1993, Hobson et al. 1994, Sydeman et al. 1997). Here
again we found inter-site differences in the relative po-
sition on this pelagic-inshore scale as defined using
813C signature. For example, in the north, Black-legged
Kittiwakes, Northern Fulmars, and Thick-billed
Murres exhibited relatively depleted 3'*C signatures
and can be considered pelagic foragers (Table 1 and
Fig. 1). A recent study of Thick-billed Murres from
the northwest of Iceland confirmed that this species
forages relatively large distances (up to 168 km) from
the breeding colony (Benvenuti et al. 1998). However,

TABLE 3. Mean percentages (= SE) of each prey in the diet of Icelandic seabirds as produced using a dual-
isotope, three-source mixing model. Deviations from 100% are due to rounding.

Species Area Sandlance Capelin Euphausiid
Common Murre North 21 =27 64 = 4.0 15+ 14
South 29 £ 19 46 = 3.0 26 £ 2.8

Thick-billed Murre North 1913 62 =39 20 =28
South 26 £ 24 57 + 3.1 17 £ 12

Razorbill North 33 £ 31 40 * 3.3 26 £ 29
South 56 + 4.0 27 * 3.0 1712

Atlantic Puffin North 24 =29 61 = 4.0 15+ 1.2
South 41 £ 49 38 =47 21 £ 1.8

Black-legged Kittiwake North 20 0.5 63 * 0.7 17 £ 03
South 38 + 6.6 45 £ 6.2 17 = 1.1
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in the south, Common Murre replaced Northern Ful-
mar in this pelagic group. Perhaps the only similarity
in trophic structure between the two sites was found
in Razorbills, which exhibited the most enriched 3*C
signatures and relatively depleted 8N signatures at
both locations.

Lilliendahl and Solmundsson (1997) found that
sandlance predominated in the summer diet of Iceland-
ic seabirds in the south and capelin predominated in
the diet of seabirds in the north. The only notable ex-
ception to this general pattern was Northern Fulmar
which, in addition to capelin (north) and sandlance
(south), also consumed considerable amounts of fish-
ery discards, including fish offal, redfish, and northern
shrimp.

Because stable isotope signatures of liver tissue rep-
resent dietary information from a relatively short time-
scale, one or two weeks at most (Hobson and Clark
1992), the isotope data presented here for Icelandic
seabirds can be considered representative of breeding
season (summer) diet. However, it is possible that
some components of seabirds’ summer diets assessed
conventionally may have been under-represented, par-
ticularly those which varied temporally. Conventional
and isotopic dietary information may, therefore, have
spanned slightly different spatio-temporal scales. Nev-
ertheless, whereas conventional (Lilliendahl and Sol-
mundsson 1997) and isotopic assessments of Icelandic
seabird diet and trophic structure may have revealed
that pronounced dietary differences exist on a relative-
ly large spatial scale (inter-site), stable isotope analysis
has apparently refined the trophic relationships of these
seabirds on a spatial scale (within-site; Fig. 1). Further
research is required to understand fully these relatively
subtle trophic relationships.

DUAL-ISOTOPE MULTIPLE-SOURCE MIXING MODEL

As pointed out by Ben-David et al. (1997), the output
from a model of this type represents an index of a
predator’s diet, rather than actual proportions of spe-
cific prey consumed. This is mainly because the model
computes proportions of all prey types included in the
model in the diet of consumers, even if certain prey
are extremely rare or absent in the diet of a particular
consumer. With this in mind, the output from the dual-
isotope three-source mixing model presented here (Ta-
ble 3) generally supports the trends in conventional
dietary information (Lilliendahl and Solmundsson
1997). Based on the model output, capelin were al-
ways more important in the diet of seabirds from the
north compared to the south (Table 3), as would be
expected based on conventional dietary information
(Lilliendahl and Solmundsson 1997). The mean pro-
portion of capelin in the diet of seabirds from the north
produced by the model reached a maximum of only
64% in Common Murres (Table 3). In contrast, Lil-
liendahl and Solmundsson (1997) found over 90% cap-
elin in the diet of this species. Similarly, the model
found the proportion of sandlance to be consistently
and significantly higher in the south compared to the
north (Table 3), but in several cases the difference be-
tween south and north was relatively small and the
model found that the maximum mean proportion of
sandlance was only 56% in Razorbills (Table 3). Lil-

liendahl and Solmundsson (1997) found that the diet
of Razorbills and Atlantic Puffins was comprised al-
most entirely (> 95%) of sandlance in south Iceland.
These discrepancies between model output and con-
ventional data highlight the fact that mixing models of
this type produce an index of dietary importance.
However, stable isotope signatures combined with a
modeling approach are supportive of the general die-
tary patterns in seabirds from north and south Iceland.

The model found that euphausiids made up 15-26%
of seabirds’ diets (Table 3) and that for some species-
location combinations (for example, Atlantic Puffins
from the north) was in very close agreement with con-
ventional dietary data (Lilliendahl and Solmundsson
1997). For many cases, however, the model output for
euphausiids was likely to be an over-estimate.

Although the three-source dual-isotope model was
able to identify general dietary trends, compared with
stomach contents analysis, it under-represented the im-
portance of sandlance and capelin, and tended to over-
estimate the importance of euphausiids for many sea-
birds. Similarly, the output from the six-source model
used for Northern Fulmars (see Results) would appear
to under-estimate certain prey (for example, sandlance
and fish offal). Model outputs presented here tend to
confirm the prerequisite for very distinct isotope sig-
natures of prey, possibly through the incorporation of
additional isotope signatures, perhaps 3*S (Ben-David
et al. 1997, Schmutz and Hobson 1998), and further
highlight under- and over-estimation of relatively com-
mon and relatively rare prey, respectively. However,
the three-source mixing model used here was able to
confirm major dietary differences in seabirds from two
locations in Iceland, lending further support to this iso-
topic approach.
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