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ABSTRACT: Fatty acid signatures (FAS) were determined in plasma and adipose tissue of great
skuas Stercorarius skua from Shetland in order to test the applicability of this biomarker in estimat-
ing diets of wild scavenging seabirds. The plasma FAS were compared with those of captive herring
gulls Larus argentatus, which were fed typical Northeast Atlantic demersal and pelagic fish. The
individual fatty acids that showed the largest proportional changes in FAS due to changes of dietary
fish in herring gulls also varied the most in wild great skuas, suggesting a dietary origin of these
changes in FAS. Thus, great skuas that had recently been feeding largely on a demersal or terrestrial
diet were distinguished from individuals feeding mainly on a pelagic diet. Pronounced variation in
the plasma FAS of great skuas suggests either very flexible feeding behaviour or individual dietary
specialisation, which concurs with previous studies based on pellets. Individuals that regurgitated
pellets consisting only of demersal fish, bird or rabbit showed larger values of a specific polyunsatu-
rated fatty acid ratio (20:4n-6/18:3n-3+18:4n-3+20:5n-3) than birds whose pellets also contained
remains of pelagic fish. Although pellet data showed a clear dominance of demersal fish in the sum-
mer diet of the great skua, the large proportions of long-chain monounsaturated fatty acids (e.g.
20:1n-9 and 22:1n-11) in adipose tissue of the great skua suggest that a considerable part of fat
accumulated outside the breeding season comes from fatty pelagic fish.
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INTRODUCTION

Approximately 20 million tonnes of demersal fish are
discarded at sea each year (Alverson et al. 1994).
Populations of scavenging seabirds feed extensively
on fishery discards, and have increased dramatically in
many regions, such as the North Sea (Mitchell et al.
2004), Mediterranean Sea (Oro & Ruiz 1997), Barents
Sea (Anker-Nilssen et al. 2000), Atlantic Canada
(Chapdelaine & Rail 1997) and South America (Ber-
tellotti & Yorio 2000). Changes in seabird community
structure, with relative increases in numbers of large
scavenging seabirds, have been particularly strong
in areas where fishery discards are plentiful (Furness
2003, Mitchell et al. 2004). Within each seabird com-
munity, these large species compete effectively for
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discarded fish (Garthe et al. 1996, Bertellotti & Yorio
2000), which is likely to improve their overwinter
condition and breeding performance (Hippop &
Wurm 2000, Davis et al. 2005). However, in the North
Sea, declining stocks, changes in technical measures,
and the beginning of a recovery programme for cod
Gadus morhua have reduced the amount of discards in
recent years (Votier et al. 2004a). In addition to the
long-term changes in the availability of the discards,
the amounts discarded vary from year to year as a
result of large fluctuations in fish recruitment and con-
sequent changes in stock age-structure (Stratoudakis
et al. 1999). Short-term changes in food supply to long-
lived seabirds due to sudden reduction in discard rates
may result in breeding failures (Oro et al. 1996) or a
switch to feeding on smaller seabirds that may have
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severe impacts on other species (Oro & Furness 2002,
Votier et al. 2004b).

The largest colony of great skuas Stercorarius skua
in the world at Foula, Shetland (northern North Sea;
60°08'N, 2°05'W), and the smaller nearby colonies,
have been under intensive ecological study for de-
cades. At the population level, the great skua can be
characterized as a generalist predator, facultative
scavenger and a fisher on small pelagic fish (Furness &
Hislop 1981, Phillips et al. 1997, Votier et al. 2003). In
addition, its ability to switch prey has been found to
lead to increased Kkilling of small seabird species when
the rates of discarding and availability of shoaling
pelagic fish decrease (Votier et al. 2004a,b). To study
these interactions, accurate identification of the birds’
diet is needed. The composition of great skua diet has
been assessed using several sampling techniques.
Conventional methods include regurgitated indi-
gestible material in pellets, prey remains, spontaneous
regurgitates, observed feeds and water off-loading by
gastric lavage (Votier et al. 2003). Although these
methods provide broadly similar estimates of diet com-
position, the resulting proportions of different dietary
items are influenced by the method used. It is known
that the most frequently used methods, the collection
of pellets and prey remains, overestimate the propor-
tion and metabolic importance of the items that contain
mainly indigestible material (Votier et al. 2001, 2003).
In addition, in terms of metabolic energy obtained,
fatty pelagic fish will be more important than the same
mass of lean demersal fish. Stable isotopes of carbon
and nitrogen have been used to provide indications of
great skua diet, but typically reveal only broad pat-
terns of trophic level and oceanographic water mass
from which foods are taken (Bearhop et al. 2001).
Therefore, we report here on complementary bio-
chemical markers, fatty acid signatures (FAS), in the
predator tissues that have been developed to study the
relative importance of different dietary items in the
digested food. The stable isotopes and FAS can be
complementary, especially as they provide insights
about the diet of predators over different time scales
(Hobson & Clark 1992, Kakela et al. 2005).

FAS provide information on the ingested prey but
also on all the organisms of the food chain that have
metabolically contributed to the final FAS. The com-
puterised statistical treatments of the FAS data, con-
taining usually 30 to 70 easily detected components,
make this method very powerful. There are, however,
difficulties in interpreting the results from FAS.
Although the fatty acids are largely derived from the
dietary items, the fatty acid compositions of the prey
are not transferred intact (Dahl et al. 2003, Andersen et
al. 2004, Iverson et al. 2004). In addition to structural
modifications of fatty acids in tissues, the incorporation

of fatty acids into tissue lipids and their mobilization
from tissues are selective processes (Zhou & Nilsson
2001, Heath et al. 2003, Raclot 2003). Therefore, the
comparison of the FAS of the dietary items and preda-
tor tissues requires calibration. To provide a suitable
calibration we fed captive herring gulls Larus argenta-
tus with different demersal and pelagic fish and
recorded the consequent changes of FAS in the birds’
plasma (Kékela et al. 2005). The present study of FAS
in great skuas from Shetland uses this previous study
for calibration. Because the plasma FAS already show
large changes 5 d after a switch of diet (Kdakela et al.
2005), adipose tissue and muscle samples representing
longer time windows were collected from fresh car-
casses of dead great skuas. The turnover rates of fatty
acid composition of adipose tissues vary according to
metabolic status from a month to years, and are differ-
ent for different fatty acids (Foglia et al. 1994,
Herzberg & Skinner 1997, Katan et al. 1997). Thus, it is
likely that at least slowly turning over components of
adipose tissue FAS indicate winter diet of skuas, as
these birds lose mass during the breeding season, but
return to the colony in spring at heavy weights due to
storage of reserves over winter (Furness 1987, Phillips
& Furness 1997, Kalmbach et al. 2004). When polyun-
saturated fatty acids (PUFA) are known to be preferen-
tially mobilized from adipose tissues (Raclot 2003), the
muscles with high phospholipid (PL) and PUFA con-
tents preserve their PUFA better, still showing diet
induced compositional changes (Soriguer et al. 2000,
Newman et al. 2002).

After our previous calibration study of captive her-
ring gulls fed demersal or pelagic fish (Kdkeld et al.
2005), we aimed here to test the applicability and value
of the FAS approach for studying the foraging ecology
of a wild scavenging seabird species, the great skua
from Shetland. In addition to comparing the skua FAS
with the reference FAS of the gulls, the FAS were also
compared with the diet reconstructed from pellets col-
lected in the nest territories of the same individuals,
and from voluntary regurgitations of food by skuas
caught at Shetland colonies. The numerous plasma
samples collected allowed us to study whether there
were temporal differences in food between the years
2002 and 2003, and whether the individuals from
different colonies had differences in their diets.

MATERIALS AND METHODS

Sampling. Blood samples were taken (under Home
Office licence) from the metatarsal vein of breeding
adult great skuas Stercorarius skua. In spring 2002,
76 great skuas from the island of Foula were sampled
for fatty acid analysis. In spring 2003, great skua sam-
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Fig. 1. Stercorarius skua. Locations of the great skua colonies
of this study in Shetland

ples were collected from several locations: Foula (n =
47), Fair Isle (n = 17), Hermaness (n = 14) and Fetlar
(n = 15) (Fig. 1). To prevent blood clotting, EDTA was
added to the blood samples, which were then cen-
trifuged to separate plasma. In addition, subcutaneous
adipose tissue and muscle samples were collected from
fresh carcasses of great skuas found dead on Foula in
spring 2003 and 2004 (in these tissues no elevation of
free fatty acids or other signs of lipid oxidation were
found). The plasma and tissue samples were stored at
—80°C. The birds found dead had mostly died as a
result of territorial fighting with conspecifics, but some
may have starved for a few days before dying of their
injuries. The great skuas of Foula sampled for blood
were measured and weighed. Pellets were collected
within the nest territory of each individual and the lay-
ing date of the first egg was recorded. We can be con-
fident that pellets had been produced by territory own-
ers, as these birds are highly aggressive in excluding
conspecifics from their breeding territory. A small pro-
portion of chicks and a high proportion of adults regur-
gitate food when trapped and handled. We recorded
the type of food regurgitated by adults and chicks
caught at all of these colonies in Shetland between
1986 and 2003.

Lipid analysis. The lipid class composition of plasma
from the great skua of Foula sampled in 2002 and the

studied muscle and adipose tissue samples were
analysed wusing a thin-layer chromatography-FID
analyser (TLC-FID, latroscan new Mark V). The total
lipids were extracted with chloroform-methanol (2:1,
vol/vol) according to Folch et al. (1957) and separated
on chromarods using petrol ether-diethyl ether-formic
acid (67/2.2/0.75 by vol) as eluent. Two replicates were
analysed and the detector responses were calibrated
with authentic quantitative lipid standards (Sigma).
Fatty acid analysis. The plasma samples were
thawed and an aliquot of 200 pl was dried under ni-
trogen and immediately transmethylated by heating
with 1% H,SO, in methanol under nitrogen atmos-
phere. For this methylation step, 50 mg of muscle or
adipose tissue was used. The formed fatty acid methyl
esters (FAME) were extracted with hexane in 2 steps.
The dried and concentrated FAME of the total lipids
were analysed by a gas-liquid chromatograph using
both flame ionization (FID) and mass detection (6890N
network GC with FID and 5973 MSD, Agilent) and
DB-wax capillary columns (30 m, inner diameter
0.25 mm, film 0.25 pm, J&W Scientific). Helium was
used as a carrier gas (1.8 ml min™' for FID line and
1.0 ml min~! for MSD line). Automated 2 pl injections
and a split ratio of 1:20 were used. The injectors were
set at 250°C, and the FID and mass interphase were
at250 and 200°C, respectively. The initial oven temper-
ature of 180°C was maintained for 8 min, programmed
to rise 3°C min™! to final temperature of 210°C, which
was kept for 25 min. The FAME peaks (from FID) were
integrated and the mass spectra of each fatty acid
component were extracted using Agilent Chemstation
software. The identification of the FAME was based
on retention time, mass spectrum and comparisons
with authentic (Sigma) and natural standards of
known composition and published reference spectra
(W.W. Christie, available at www.lipidlibrary.co.uk/
masspec.html). The FID responses were used for quan-
tification and corrected according to the theoretical
response factors (Ackman 1992) and calibrations with
quantitative authentic standards. The proportions of
individual fatty acids were calculated as mol%.
Multivariate analysis of the fatty acid data. The rela-
tionships between the fatty acid compositions of total
lipids in different plasma samples were studied by
multivariate principal component analysis (PCA) using
SIRIUS 6.5 software package (Pattern Recognition Sys-
tems) (Kvalheim & Karstang 1987). The data were stan-
dardized (in order not to mask the systematic variance
in variables with small variances, each variable was
multiplied with the inverse of its SD. After this, every
variable has variance equal to 1), and the relative posi-
tions of the samples or variables plotted using 2 new
coordinates, the principal components PC 1 and PC 2,
which represent the largest and second largest vari-
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ance among the samples or variables. In addition, the
current fatty acid data of great skua plasma were
analysed together with data of plasma fatty acids of
captive herring gulls fed different Atlantic pelagic
(sardine Sardina pilchardus, mackerel Scomber scom-
brus and herring Clupea harengus) and demersal (flat-
fish sp.; mainly plaice Pleuronectes platessa, haddock
Melanogrammus aeglefinus and whiting Merlangius
merlangus) fish (Kékela et al. 2005). The FAS of adi-
pose tissues of the birds were compared with those in
the pelagic and demersal fish.

Pellet analysis and bird measurements. Pellets were
identified and classified into broad categories (sandeel
Ammodytes marinus, whitefish—haddock, whiting,
blue whiting Micromesistus poutassou and Norway
pout Trisopterus esmarkii— herring/mackerel, Goose-
barnacle Lepas sp., bird, mammal, egg) according to
Votier et al. (2001). Any otoliths present in pellets were
assigned to species using Harkonen (1986) and a refer-
ence collection of otoliths dissected from fish. In addi-
tion, a random sample of fish vertebrae was collected
from pellets during the breeding season and identified
using Watt et al. (1997). Pellets and remains of birds
were classified to the lowest possible taxon, on the
basis of feathers, as well as any limbs or skulls.

Standard biometrics were taken for all trapped
adults. We also measured pectoral muscle profile, and
used these biometrics to generate 2 measures of body
condition: pectoral muscle index and body mass index
(details in Kalmbach et al. 2004).

RESULTS
Plasma lipids

PL, cholesteryl esters (CE), cholesterol and triacyl-
glycerols (TAG) were the major lipid classes in the
plasma of great skua Stercorarius skua collected at
Foula in 2002 (Table 1). Males had significantly higher
plasma concentrations of PL and CE than females. The
individual variation in the lipid levels was consider-
able. The correlations between the plasma concentra-
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Fig. 2. Stercorarius skua. Plasma triacylglycerol (TAG) con-

centrations of the great skua (29 males, 39 females) from
Foula (2002) according to laying date

tions of PL, CE and TAG were positive with r?-values of
21 to 37 % in both sexes. The concentrations of plasma
lipids did not correlate significantly with the mass
(135 + 5 g, mean + SD; max. 160 g, min. 123 g), or body
measures, of these birds. Neither did the proportion of
pellets of demersal or pelagic origin collected in the
territory of the birds correlate with the plasma lipid
concentrations. However, the birds with early laying
dates (regardless of sex) had higher maximum levels of
plasma TAG than those laying late (Fig. 2). In the birds
laying during the first 2 wk of May, the maxima were
about 700 mg I TAG, but were <270 mg in those
laying at the start of June in both sexes.

Plasma FAS

The fatty acid compositions of the great skua plasma
contained 28 fatty acids that were present with at least
0.2 mol% in the samples collected from either Foula,
Fair Isle, Hermaness or Fetlar (Table 2). The FAS of the
individual great skuas varied considerably. The relative
variations of individual fatty acids in the FAS of the
great skua plasma were studied by dividing standard
deviations of mol% with their means (Fig. 3). The rela-
tive variations for individual fatty acids were very dif-

Table 1. Stercorarius skua. Concentrations of major lipid classes in plasma of male (n = 29) and female (n = 43) great skuas from
Foula sampled in 2002. NS = not significant

Males Females P
Mean = SD Range Mean + SD Range
Phospholipids (g 1) 6.3+1.8 (2.2-10.7) 54+14 (2.9-9.8) <0.05, t-test
Cholesteryl esters (g 17! 44+£22 (1.1-11.0) 3.1+1.0 (1.5-5.7) <0.01, Mann-Whitney
Cholesterol (g 17! 0.8+0.6 (0.2-2.8) 0.6 £0.2 (0.2-1.1) NS
Triacylglycerols (g 17! 0.18 + 0.20 (0.006-0.67) 0.14 £ 0.15 (0.02-0.72) NS
Fatty acids (mg 17! 81 +59 (14-229) 63 + 57 (4-270) NS
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Fig. 3. Stercorarius skua and Larus argentatus. Relative variation (SD/mean) in the proportions (mol%) of (A) individual fatty

acids in the fatty acid signatures of great skua plasma samples collected in Foula (2002 and 2003), Fair Isle (2003), Hermaness

(2003) and Fetlar (2003) and (B) the respective values in plasma samples of captive herring gulls fed demersal and pelagic fish
(details in Kakela et al. 2005)

ferent, and clearly orders of magnitude higher than
those arising for analytical reasons. It was revealed that
among saturated fatty acids 14:0 showed the highest
variation. In monounsaturated fatty acids (MUFA) the
largest variations were in the long chain MUFA 20:1n-
11, 20:1n-9 and especially 22:1n-11. In PUFA the varia-
tion was the largest in 18:4n-3, but all PUFA had, in
general, large variations. The data from wild great
skuas were compared with data calculated using our
earlier results for captive herring gulls fed controlled
demersal and pelagic fish diets (Kdkela et al. 2005). The
highest variations in great skua fatty acids were those
same fatty acids that varied in the calibration study due
to the different diet (Fig. 3).

The relationships of the main fatty acids in the pre-
sent data were compared with those in the herring gull
calibration data. In this respect, there was only one sig-
nificant difference in these 2 data sets. In the herring
gull data where the controlled diet contained only
demersal and pelagic fish, 18:2n-6 which was rich in
the pelagic fish, correlated positively with the other
PUFA characteristic to the pelagic fish (18:3n-3, 18:4n-
3 and 20:5n-3), and negatively with 20:4n-6 rich in
demersal fish. In contrast, in the great skua data 18:2n-
6 correlated negatively with the mentioned pelagic
PUFA and positively with 20:4n-6. Thus, in the great
skua 18:2n-6 was not of pelagic origin as in the calibra-
tion test. Therefore, in PCA of the combined data of

great skua and the herring gulls this fatty acid was not
included. The variation in the lipid composition of the
plasma samples did not affect in any significant
amount the ratios of the most important PUFA or other
major components of the FAS.

PCA of plasma FAS

When the FAS of the great skua plasma samples
were subject to PCA using 32 quantitatively most
important fatty acids, the formed axes PC1 and PC2
explained 31 and 20 % (next PC3 8 %, not shown) of the
variation, respectively (Fig. 4). The fatty acids that,
according to the previous calibration study of herring
gulls, were enriched in the plasma of the gulls fed
demersal fish (e.g. 18:1n-9, 20:4n-6, 18:0 and 18:1n-7)
were found on the upper left corner of the plot and
those characteristic to pelagic fish diet (e.g. long chain
MUPFA of zooplankton origin and 14:0) were found on
the right. The fatty acids with very low values on axis
PC2 were those characteristic of pelagic phytoplank-
ton. The phytoplankton feeding small sandeels were
rich in these PUFA but contained little long chain
MUFA, compared to the other pelagic fish studied
(Table 3).

In PCA aslight difference between the samples from
different colonies was found. The samples collected in
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compared to, for example, the skuas from
Fetlar, which may have been consuming
slightly more pelagic diet than most of
the skuas from Foula. In general, a
majority of the skuas are located on the
right of the plot, together with the her-
ring gulls fed only pelagic fish.

PC1 31.2%

18:2n-6
17:0

20:30-6 22:5n-6
0

20:4n-6 180

18:1n-9
17:1n-8

18:1n-7
+

16:1n-9
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22:6n-3

PC2 20.4%

22:5n-3 20:4n-3
16:4n-1
18:4n-1

Phytanate

20:5n-3

22:1n-9
24:1n-9
20:1n-11

16:1n-11
18:1n-5 14:0
18:3n-3

18:4n-3
16:1n-7

A\ 4

B Comparison of the results of FAS,
pellets, and regurgitates

Regression analysis of the proportions
of pelagic and demersal fish remains in
the pellets collected from territories of
birds in Foula and indicative fatty acid
ratios of plasma did not give statistically
significant correlations. However, those
individuals that had only demersal pel-
lets at their nest site had significantly
higher ratio of 20:4n-6 to (18:3n-3+18:4n-
3+20:5n-3) in plasma FAS (Fig. 6),
indicative of strong demersal influence
(Kéakela et al. 2005), than those that had
been consuming some pelagic fish.

15:0 22:1n-11
20:1n-9

PC1 31.2%

Fig. 4. Stercorarius skua. (A) Principal component analysis of great skua
plasma samples collected in Foula (2002 and 2003, n = 76 and 47, respec-
tively: @ and M, respectively), Fair Isle (2003, n = 17: O), Hermaness (2003, n
=14: ) and Fetlar (2003, n = 15: O). (B) The 32 quantitatively most important
fatty acids were used as loadings. The terrestrial/demersal fatty acids were
grouped into the upper left corner, phytoplankton fatty acids show low
values on PC2 axis, and the zooplankton fatty acids were to the right

(see 'Discussion’). Bold cross = origin

Foula contained more individuals with clear demersal
or terrestrial characteristics than those from Her-
maness, Fair Isle and Fetlar (Fig. 4). The samples with
clearest pelagic FAS were collected on Fetlar. In addi-
tion to the differences between colonies, the samples
collected in Foula during 2002 had lower values on
both PC axes, indicating higher percentages of sandeel
(small size) type fatty acids and smaller percentages of
herring/mackerel type fatty acids, than the samples
collected during 2003.

The fatty acid compositions in the great skua plasma
(Table 2) were compared with the compositions in the

v

Comparing among colonies, regurgi-
tates suggested that great skuas at the
most northerly colonies (Fetlar and Her-
maness) fed more on herring and mack-
erel than skuas from Foula or Fair Isle
(Table 4). Sandeels were more frequent
in regurgitates from Foula, while dis-
cards were a major part of the regurgi-
tates at all colonies. The FAS suggest a
higher importance of herring/mackerel at Fetlar, and
terrestrial/demersal foods at Foula, which accords well
with the regurgitate data.

Tissue FAS

The FAS of adipose tissue (73 to 84 % neutral lipid,
TLC-FID) and muscle (66 to 81% PL) samples from
fresh carcasses found on Foula in 2002 and 2003 were
studied (Table 5) and compared with those in demersal
and pelagic fish. Both the adipose tissue and muscle
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Table 3. Demersal (haddock Melanogrammus aeglefinus, whiting Merlangius merlangus, flatfish sp., mainly plaice Pleuronectes

platessa) and pelagic (herring Clupea harengus, sardine Sardina pilchardus, mackerel Scomber scombrus and sandeel

Ammodytes marinus) fish species from the North Sea. Major fatty acids (FA) in homogenates of whole fish (means of 6 individu-

als, except n = 11 to 12 for sandeel size classes). Sandeels were divided into 2 size groups according to the fishing device used: a

group caught in a Granton trawl (n = 12, 16 to 18 cm, 11 to 20 g = large) and a group caught in a sandeel dredge (n = 11, 10 to

18 cm, 3 to 13 g = small) in 2005. Fatty acids that exceeded on average 0.5 mol% in at least 1 species are listed. Except for sandeel
the data were adapted from Kédkela et al. (2005)

FA (mol%) Haddock Whiting Flatfish Herring Sardine Mackerel Sandeel (large) Sandeel (small)
14:0 3.2 1.2 2.9 5.4 8.9 7.4 7.5 4.2
15:0 0.8 0.6 0.9 0.5 0.8 0.7 0.5 0.5
16:0 15.2 17.9 15.8 20.5 19.4 15.9 18.5 224
16:1n-9 0.5 0.4 0.9 0.3 0.2 0.2 0.2 0.3
16:1n-7 4.9 3.0 6.2 3.5 10.2 5.3 6.4 4.5
16:2n-4 0.2 0.2 0.4 0.2 0.9 0.3 0.3 0.4
16:4n-1 0.1 0.1 0.4 0.2 0.9 0.4 1.7 0.5
17:0 iso 0.5 0.7 0.9 0.2 0.1 0.3 0.2 0.3
17:0 anteiso 0.3 0.6 0.8 0.1 0.1 0.1 0.1 0.1
17:0 0.6 0.9 0.9 0.3 0.6 0.5 0.3 0.4
17:1n-8 0.7 0.7 0.8 0.2 0.2 0.4 0.1 0.2
18:0 4.0 6.3 5.1 2.5 3.0 3.0 3.1 4.8
18:1n-13 0.2 0.9 1.4 Trace Trace Trace Trace Trace
18:1n-9+11 12.9 8.8 6.5 9.7 5.7 114 5.6 7.1
18:1n-7 3.7 4.8 5.2 2.8 2.4 2.3 1.8 2.3
18:1n-5 0.5 0.6 0.3 0.5 0.2 0.4 0.3 0.5
18:2n-6 1.6 0.5 0.6 1.7 1.3 1.6 1.6 1.5
18:3n-3 1.2 0.2 0.2 0.9 0.9 1.3 0.9 1.0
18:4n-3 2.4 0.3 0.5 1.4 1.7 3.8 3.3 2.0
20:1n-11 1.3 0.8 1.6 0.7 0.7 0.7 0.5 0.3
20:1n-9 2.6 1.1 0.9 5.2 5.1 8.0 8.5 3.4
20:1n-7 1.0 1.0 1.7 0.2 0.2 0.3 0.2 0.2
20:2n-6 0.6 0.4 0.4 0.2 0.2 0.3 0.2 0.2
20:4n-6 1.7 3.3 3.3 1.0 0.7 0.7 0.6 0.9
20:4n-3 0.7 0.5 0.5 0.6 0.7 1.1 0.5 0.5
20:5n-3 12.0 13.8 19.3 8.2 9.5 5.9 9.7 11.5
21:5n-3 0.3 0.3 0.6 0.2 0.3 0.3 0.3 0.3
22:1n-11 2.0 0.1 0.1 8.2 7.1 10.3 9.7 4.2
22:1n-9 0.3 0.2 0.1 0.4 0.5 0.9 0.8 0.3
22:4n-6 0.6 2.1 2.0 0.3 0.2 0.2 0.4 0.3
22:5n-6 0.4 0.5 0.5 0.3 0.3 0.3 0.1 0.2
22:5n-3 1.2 3.6 5.4 0.9 1.1 1.3 0.7 0.8
22:6n-3 16.7 17.4 6.7 18.7 11.4 9.1 9.6 18.3
24:1n-9 0.4 0.7 0.1 0.6 0.5 0.8 0.9 1.1
Total SFA 27.0 30.8 29.8 31.2 34.9 30.0 30.8 33.6
Total MUFA 32.0 24.3 274 33.3 33.7 42.1 36.9 26.7
Total PUFA 41.0 44.9 42.7 35.6 31.5 27.9 31.8 39.5

contained high proportions of long chain MUFA,
20:1n-9 and 22:1n-11 (7 and 10 mol% in muscle, and 10
and 18 mol% in adipose tissue, respectively), and thus
on the PCA plot the tissue sample FAS were located
near those of pelagic fish (Fig. 7).

DISCUSSION
Plasma lipids
The discovery that lipid levels were higher in male

skuas than in females was not anticipated. Great skuas
show sexual size dimorphism, and corresponding divi-

sion of labour while breeding. The larger female
remains on the territory most of the time, taking the
primary responsibility for guarding the eggs or chicks,
while the smaller male takes the primary responsibility
for foraging, providing food not only for himself and
the chicks, but also for the female (Furness 198%).
Since concentrations of all major lipid classes of bird
plasma reflect their nutritional status (Guglielmo et al.
2002), higher lipid levels in males may indicate more
frequent feeding and steadier lipid transport in circula-
tion, apparently due to their role as food provider for
the family. There are no data on the metabolic rates of
male and female great skuas while breeding, but it is
likely that male great skuas have a higher metabolic
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Fig. 5. Stercorarius skua and Larus argentatus. PCA plot of the relationships of
the great skua and captive herring gull plasma samples according to fatty acid
composition (A). Great skua samples were obtained from Foula (2002 and 2003,
@ and M, respectively), Fair Isle (O), Hermaness (<) and Fetlar (O) (2003). Her-
ring gull plasma samples are indicated by the name of the dietary fish species
and large black symbols. (B) A plot of the relationships of the individual fatty
acids in the plasma samples of the great skua and herring gulls. Fatty acids with
very small loadings (close to origin) are not shown. Bold cross = origin

v

lipids in birds that breed earlier may
reflect differences in quality/condition
between birds. Earlier breeding is one
of the best indices of individual qual-
ity or breeding performance, as the
breeding success of great skuas, as
with most birds, declines progressively
with laying date (Votier et al. 2004b).

Plasma FAS

Since fatty acyl moieties of all major
lipid classes of vertebrate plasma
reflect dietary input but with different
half-times of incorporation into the
lipids, the use of total lipid FAS of
plasma gives relevant information on
dietary fatty acid supply, but the time
window of total lipid FAS is longer
than when using the neutral lipid FAS
of animals in fattening state (Katan et
al. 1997). For example, in migrating
western sandpipers Calidris mauri,
large changes found in fatty acid com-
position of plasma PL were in many
respects similar to contemporaneous
fatty acid changes in adipose tissue
TAG (Guglielmo et al. 2002). It was
concluded that both the plasma con-
centration and fatty acid composition
of neutral lipids and PL reflected the
characteristics of dietary lipids. A
recent epidemiologic study showed
that whole blood is also a suitable bio-
marker of long-term fatty acid intake,
thus offering a potential choice, requir-
ing minimum sample processing, for
ecological studies with numerous sam-
ples (Baylin et al. 2005).

The total lipid FAS of great skua
plasma showed variation in relative
amounts of certain fatty acids and
rather little variation in amounts of

Table 4. Stercorarius skua. Regurgitated food from great skuas handled at

rate and thus larger rate of lipid trans-
port via circulation than females, since

different Shetland colonies between 1986 and 2003

the Qaily engrgy. eXpenditur.e of Colony n Herring or Demersal fish Sandeels  Birds
breeding seabirds is strongly influ- mackerel (%) (discards) (%) (%) (%)
enced by the amount of time spent
foraging (Ellis & Gabrielsen 2002), Fetlar 6 50 50 0 0
which is higher in males than in Hermaness 82 2 74 0 3
Foula 590 16 47 30 7
females (Furness 1987, Caldow & Fur- Fair Isle 20 5 75 5 15
ness 2000). Higher maximum levels of
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others (Fig. 3). Those fatty acids showing the greatest
variability between skuas were the same ones that
showed greatest change in the plasma of captive her-
ring gulls switched between demersal and pelagic
fish diets. This result indicates that the individual dif-
ferences in FAS between skuas are likely to relate to
dietary differences between skuas, with the same
physiological processes in skuas and gulls. Logically,

the principal products of the endogenous fatty acid
synthesis of a vertebrate, 16:0 and 18:0, had the low-
est deviations and were followed by their immediate
desaturation products 16:1n-7 and 18:1n-9. In the
case of 18:2n-6 the relationship with other fatty acids
was different between skuas and gulls, and we
excluded this fatty acid from further consideration.
Although 18:2n-6 is plentiful in pelagic fish it is also

PUFA ratio of plasma

the most important PUFA of terrestrial prey. In addi-
tion, feeding the captive herring gulls before the
1.0 feeding experiment for a long time with commercial

0.8 pellets of mainly terrestrial origin may have shifted

' p <0.05, r-test the plasma FAS of these gulls in a terrestrial/demer-
0.6 sal direction which is opposite to that of pelagic fish
04 (Fig. 5). The remaining data showed a pattern in wild

' skuas that corresponded to that in captive gulls, with
0.2 clear discrimination in a PCA loadings plot (Fig. 4,
0.0, lower panel) between fatty acids characteristic of ter-

restrial/demersal fatty acids (e.g. 20:4n-6, 18:0, 18:1n-
9) phytoplankton fatty acids (e.g. 20:5n-3, 18:4n-3,
20:4n-3, 16:4n-1, 18:4n-1) and zooplankton fatty acids
(e.g. 20:1n-9 and 22:1n-11) (Ackman et al. 1968, Saito
& Kotani 2000, Dalsgaard et al. 2003, Kakela et al.
2005). These results give us confidence
that the FAS of wild great skuas provide
a means of identifying the type of food
being taken by free-living skuas. The
plasma FAS of great skuas showed a
wide variation between individual skuas,
which is consistent with previous re-
search showing that these birds display

30-95% 100%

Fig. 6. Stercorarius skua. PUFA ratio 20:4n-6/(18:3n-3+18:4n-

3+20:5n-3) in plasma total fatty acids of great skua from Foula

(2002) that according to pellet analysis had fed 30 to 95% (n =

33) or 100% (n = 26) demersal or terrestrial dietary items
(means + SE, p < 0.05, t-test)

Table 5. Stercorarius skua and Fulmarus glacialis. Fatty acid composition

(FA) in subcutaneous adipose tissue (n = 13) and muscle (n = 17) obtained

from fresh carcasses of great skua from Foula, Shetland Islands, in 2003 to

2004. FA means >0.5% in one tissue were listed. Reference data of adipose

tissue triacylglycerols of northern fulmar (n = 5) from Spitsbergen feeding on

pelagic prey were added for comparison (adapted from Dahl et al. 2003).
NR = not recorded

both a wide spectrum of diets across a
FA Great skua Northern fulmar population, and considerable individual
o . . . .
(mol%) Me;\fluscles 5 A]Sfé);lje tlSSS]ge Al\(}llé);rfe t15;1]:1)e specialisation in diet (Furness & Hislop
1981, Phillips et al. 1997, Votier et al.
14:0 1.6 1.6 4.0 2.7 2.4 0.5 2003). Comparing FAS of great skuas
16:0 11.4 5.1 14.4 4.3 11.8 3.1 from different colonies in Shetland, we
}g:énq 120-43 ii iz 1‘; ;é 13 found a tendency for birds at Hermaness
18:1n-9(+n-11) 26.6 94 24.9 90 204 6.8 and Fe.tlar to have plasma FAS 1pd1§at1Ye
18:1n-7 1.8 0.5 1.9 0.4 4.7 1.2 of a higher proportion of pelagic fish in
18:2n-6 4.3 1.7 1.8 0.8 1.4 0.3 the diet. This trend is also evident in the
18:3n-3 0.7 0.4 0.5 0.4 0.6 0.3 data on regurgitated foods found at
18:4n-3 0.3 04 0.8 1.0 1.0 0.5 these colonies (Table 4), suggesting that
20:1n-11 4.5 1.9 2.2 1.0 NR NR h 1 FAS id ful
20:1n-9 7.2 2.1 105 3.0 18.1 86 the plasma > provides - a uselu
20:1n-7 0.2 0.1 0.4 0.2 0.5 0.4 method of identifying both individual
20:4n-6 6.1 4.9 0.3 0.2 0.2 0.2 dietary specialisations and differences in
20:5n-3 3.0 1.6 1.3 1.8 4.4 2.0 diet composition between colonies/popu-
22:1n-11 9.6 4.6 18.2 4.1 13.8 6.5 lations. However, obtaining plasma sam-
22:1n-9 13 07 17 04 04 06 tons. owever, obtaining pla
22:5n-3 04 0.2 0.5 0.3 13 0.3 ples can be easier than obtaining regur-
22:6n-3 2.2 1.3 2.5 2.4 6.2 1.6 gitates, especially from chicks, and so
24:1n-9 0.6 0.4 0.7 0.2 0.4 0.4 may provide not only a less biased, but
Total SFA 252 58 280 6.3 186 4.4 also a more convenient means of sam-
Total MUFA 55.8 8.6 59.6 12.1 65.8 9.0 i bird diet
Total PUFA 190 5.7 124 6.3 156 4.7 plng seabirc diet.
Interestingly, the FAS of plasma sam-
ples collected at Foula showed a temporal
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adipose tissue

A indicate this change in the available
fish diet and also suggest that the
skuas compensated for the decreased
availability of large shoals of small
sandeels by increasing their consump-
tion of herring/mackerel or larger
sandeels. It should be recalled that
both among- and within-species vari-
ability exists in the FAS of fish and
their food webs (Budge et al. 2002,
Iverson et al. 2002).

Comparison of FAS and pellets of
particular pairs of great skuas at Foula
showed a difference in FAS between
birds with only demersal fish in the
pellets and those taking some pelagic
fish, but failed to show a clear correla-
tion between FAS and the proportion

Flatfish sp.
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of pelagic fish pellets present. Possibly
it may be more difficult to discriminate
between birds with higher and lower
B proportions of pelagic fish in the diet,
given that pelagic fish usually have a
much higher lipid content than demer-
sal fish (Iverson et al. 2002), so that
even with a relatively small proportion
of pelagic fish being eaten, most of the
fatty acids will derive from the pelagic
fish rather than from the demersal fish.
In this respect, FAS may be more
effective at identifying individuals
that do not eat pelagic fish rather than
identifying individuals that eat differ-
ent proportions of pelagic fish. Thus in
this work we have kept our examina-
tion at qualitative or at best at semi-

PC1 40.2%

Fig. 7. Stercorarius skua. PCA plot of the relationships of the FAS in great skua

adipose tissue samples collected on Foula in 2003 and 2004 and in the potential

demersal and pelagic prey (see Table 3). (A), (B) = relationships of samples
and fatty acids, respectively; bold cross = origin

shift towards larger values of long chain MUFA and
smaller values of phytoplankton type PUFA from 2002
to 2003. The long chain MUFA are characteristic for
herring and mackerel and originate from pelagic zoo-
plankton, whereas the main fish species representative
for the phytoplankton type PUFA without the long
chain MUFA in the diet of North Sea seabirds is small-
size sandeel (Table 3). The year 2003 was exceptional
in Shetland as the population of sandeels collapsed to
the lowest level on record (Fisheries Research Service
survey data, P. Kunzlik unpubl. data, Mavor et al.
2004). It is possible that the FAS of great skua plasma

quantitative level. To produce reliable
quantitative estimates of the diets of
the opportunistic great skuas down to
the species level, a large reference
material that covers FAS variation due
to geographic, temporal and biological
factors must be collected and analysed
(see Iverson et al. 2004). In addition, feeding experi-
ments with mixed diets containing fish with different
FAS and lipid contents are needed to test the additivity
of FAS after assimilation and in a particular tissue.
FAS, pellet and regurgitate data showed consistent
differences in great skua diet between colonies, with
birds from northern Shetland (Fetlar and Hermaness)
feeding more on herring and mackerel. However,
these data also indicate some limitations of the use of
regurgitates and pellets. In order to acquire satisfac-
tory sample sizes it was necessary to pool data col-
lected over many years. This is especially true of regur-

v
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gitate data, as only about 2 to 5% of chicks regurgitate
food when handled. It is known that there have been
large changes in the abundance of sandeels and of dis-
carding rates in Shetland over recent years (Votier et
al. 2004b), but the small numbers of regurgitates and
pellets that can be obtained from short visits to several
colonies preclude analysis of such patterns. It is reas-
suring that despite these limitations, the FAS, pellet
and regurgitate data all show similar geographical pat-
tern in diet composition. Of the 3 methods, obtaining
plasma from chicks for FAS provides the simplest way
to get large sample sizes from several colonies in a
single season, so has clear advantages over collection
of regurgitates or pellets.

Tissue FAS

The diets of great skuas in winter are not known.
These birds leave the breeding colony in late summer,
and migrate to winter quarters at sea over the conti-
nental shelf from the Bay of Biscay to the western
Mediterranean and north-west Africa (Wernham et al.
2002). It is possible that great skuas feed on fishery dis-
cards during winter, or on small pelagic fish or seabirds
killed at sea (Furness 1987). It is common to see great
skuas in their winter quarters following fishing vessels,
and so a diet including discarded demersal fish seems
likely. However, accumulation of fatty acids character-
istic for pelagic fish in the tissue FAS of the great skua
suggests that pelagic fish are an important source of
lipids and metabolic energy in the winter diet.

Adipose tissue of great skua showed FAS rather sim-
ilar to that found previously in northern fulmars Ful-
marus glacialis from Svalbard which were thought to
be feeding on pelagic prey (Dahl et al. 2003) (although
fulmars of the North Sea feed extensively on waste
from trawl fisheries). The FAS of great skua adipose
tissue with strikingly high percentages of 20:1n-9 and
22:1n-11 appeared to be much closer to the FAS of
pelagic fish than to the FAS of demersal fish (Fig. 7).
These long chain MUFA known to originate from zoo-
plankton wax esters (Saito & Kotani 2000, Dalsgaard et
al. 2003) were present with high percentages also in
the muscle samples of the great skua. Although in the
case of king penguins Aptenodytes patagonicus the
FAS of subcutaneous adipose tissue was reported to be
identical to that of the diet (Raclot et al. 1998), this may
not apply to scavenging seabirds of the North Sea.
There is the possibility that FAS of adipose tissue alters
in starvation or during continuous cycles of fat mobi-
lization and deposition. In mammals, the mobilization
of fatty acids is selective, and favours short-chained
and highly unsaturated fatty acids (Raclot 2003). Con-
sequently the relative amounts of long chain MUFA

increase during starvation. Thus, FAS from adipose tis-
sue may also alter according to the nutritional history
of individual birds. Within the North Sea, scavenging
seabirds tend to feed more on discards in winter than
in summer (Garthe et al. 1996), but this pattern largely
reflects the fact that sandeels remain unavailable to
surface-feeding seabirds during winter, but are avail-
able in summer when they come to feed on plankton in
the upper layers of the sea (Furness 2002). In their win-
tering areas, however, great skuas would probably not
feed on sandeels, but rather on sardines, anchovies or
possibly horse-mackerel Trachurus trachurus, fatty
pelagic species that do not show the strong seasonal
availability to surface-feeding seabirds that is charac-
teristic of sandeels. This would be consistent with the
strong signal of the long chain MUFA of pelagic origin
in the tissue FAS of the great skuas.

Given the possibility to identify the kinds of foods
taken by seabirds during winter by analysis of adipose
tissue sampled at other times of year (most easily dur-
ing the breeding season when birds can be caught at
the colony), it will be important to test the assumption
that adipose tissue is primarily deposited during winter
in seabirds. Given the strong seasonal variation in
body mass, with most breeding seabirds losing consid-
erable body mass during the breeding season (Phillips
& Furness 1997, Kalmbach et al. 2004), it seems likely
that the adipose tissue FAS of the birds returning to the
breeding colony show signs of the winter diet (Foglia
et al. 1994, Herzberg & Skinner 1997, Katan et al.
1997). However, it could be tested by sampling FAS in
the adipose tissue of species of birds that are known to
switch between completely different diets in summer
and winter. Nevertheless, this approach has the poten-
tial to provide unique information about winter diets of
seabirds.
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