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ABSTRACT: Northern fulmars Fulmarus glacialis in the North Pacific Ocean are opportunistic, gen-
eralist predators, yet their diets are poorly described; thus, relationships of fulmars to supporting food
webs, their utility as indicators of variability in forage fish abundances, and their sensitivity to ecosys-
tem change are not known. We employed fatty acid (FA) signature analysis of adipose tissue from
adults (n = 235) and chicks (n = 33) to compare spatial, temporal, and age-related variation in diets of
fulmars breeding at 3 colonies in Alaska. FA signatures of adult fulmars differed between colonies
within years, and between seasons at individual colonies. Seasonal and spatial differences in signa-
tures were greater than interannual differences at all colonies. Differences in FA signatures reflect
differences in diets, probably because the breeding colonies are located in distinct ecoregions which
create unique habitats for prey assemblages, and because interannual variation in the physical envi-
ronment affects the availability of forage species. Differences between FA signatures of adults and
chicks in 2003 and 2004 suggest that adults fed chicks different prey than they consumed themselves.
Alternatively, if adults relied on the same prey as those fed to chicks, the differences in signatures
could have resulted from partial digestion of prey items by adults before chicks were fed, or direct
metabolism of FAs by chicks for tissue synthesis before FAs could be deposited into adipose tissue.
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INTRODUCTION

Northern fulmars Fulmarus glacialis are abundant
seabirds in the northern North Pacific Ocean and are
opportunistic, generalist predators. They are generally
known to feed on cephalopods, zooplankton, lantern
fishes (Myctophidae), Scyphozoan jellyfish, juveniles
of commercial fish species, e.g. walleye pollock Thera-
gra chalcogramma, and other forage fishes that are
critical to pelagic food webs and sensitive indicators of
environmental change, e.g. capelin Mallotus villosus
and Pacific sand lance Ammodytes hexapterus (Hatch
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& Nettleship 1998). Fulmars also follow fishing vessels
for offal (Hatch & Nettleship 1998). Nevertheless, ful-
mars are effective samplers of prey populations and
their diets can provide information about forage popu-
lations and ecosystem change. However, diets of ful-
mars at nesting colonies during the summer breeding
season have not been quantified. Thus, possible long-
term changes in fulmar diets, relationships of fulmars
to supporting food webs, and the sensitivity of fulmars
to ecosystem variability, such as that driven by a
changing climate or by commercial fisheries, also are
highly uncertain.
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The population of fulmars in the North Pacific is esti-
mated at 2.1 million individuals, with 70 % occurring in
Alaska (Hatch & Nettleship 1998). Fulmars are monog-
amous and lay one egg during the breeding season.
The adults share incubation almost equally and they
both care for the chick —while one parent is brooding,
the other is usually foraging, and both parents feed the
chick (Hatch & Nettleship 1998). There are 4 major
breeding colonies in Alaska: (1) Chagulak Island
(52°35'N, 171°10' W), located in the central Aleutian
Archipelago adjacent to the deep oceanic basin, has a
population estimated at 500 000; (2) the Pribilof Islands
(566°35"N, 170°35' W), located on the outer continental
shelf near the shelf edge in the southeastern Bering
Sea, have approximately 80000 individuals; (3) St.
Matthew and Hall Islands (60°25'N, 172°45'W),
located in the middle of the broad continental shelf in
the central Bering Sea, have approximately 450000
individuals; and (4) the Semidi Islands (56°05'N,
156°45"' W), located on the narrow shelf in the western
Gulf of Alaska, where the local oceanography is pri-
marily influenced by the Alaska Coastal Current and
the Alaska Stream, have approximately 440000 indi-
viduals (Hatch & Hatch 1983, Hatch 1993) (Fig. 1).
Because the colonies are located in distinct oceano-
graphic habitats or ecoregions (Piatt & Springer 2007),
the birds nesting at them are likely supported by prey
assemblages and food webs characteristic of each
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region. By understanding the foraging ecology and
diets of fulmars and other marine birds in diverse habi-
tats, predator—prey relationships and foraging patterns
can be used in comparative ways to measure the
impact of environmental variation on the birds and the
ecosystem (Piatt et al. 2007).

Several well-known problems and biases associated
with traditional methods of estimating seabird diets
have been reviewed thoroughly (see Barrett et al.
2007). An alternative method that overcomes many of
these problems is the use of fatty acid (FA) signatures to
infer the diets of predators (Iverson 1993). In seabirds,
the analysis of FAs in lipids from adipose tissue, stom-
ach oil, and plasma has been used to infer trophic lev-
els, spatial and temporal patterns in foraging behavior,
and the relative importance of specific prey in their di-
ets (Raclot et al. 1998, Dahl et al. 2003, Connan et al.
2005, Kakela et al. 2005, 2006, 2007, Connan et al.
2007a,b, Iverson et al. 2007, Williams et al. 2008).

Knowledge of spatial, temporal, and age-related
sources of variability in diet is essential for determining
if fulmars can be used as indicator species in marine
ecosystems. The objectives of the present study were to
assess spatial (between colonies), temporal (seasonal
and interannual), and age class (adult— chick) variabil-
ity in the diets of fulmars at 3 of the 4 colonies in
Alaska— Chowiet Island (Semidi Islands), St. George
Island (Pribilof Islands), and Chagulak Island. We pre-
dicted that the diets would: (1) differ among
colonies because they are located in distinct
ecoregions with different prey assemblages;
(2) differ interannually because of variability
in the physical environment and the produc-
tion and availability of prey; (3) differ season-
ally due to availability of prey whose pres-
ence and abundance respond to seasonal
physical and biological cycles; and (4) not dif-
fer between adults and chicks because previ-
ous studies showed similarities between adult
and chick diets during the chick-rearing pe-
riod (Hobson 1993, Hatch & Nettleship 1998).
Our results are the first characterization of di-
etary variability of nesting fulmars in Alaska
and provide a basis for using these generalist
predators as indicators of environmental
change in the North Pacific.

MATERIALS AND METHODS
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Fig. 1. Fulmarus glacialis. Locations of the 4 major colonies in Alaska.

Semidi Islands (566° 05" N, 156°45' W) in the western Gulf of Alaska; Chag-

ulak Island (52°35'N, 171°10" W) in the eastern Aleutian Islands; Pribilof

Islands (56°35'N, 170°35' W) in the eastern Bering Sea; and St. Matthew

and Hall Islands (60° 25" N, 172° 45" W) in the northern Bering Sea. Studies
were not undertaken at the latter site

Sample collection and analysis. Fulmars
were captured either by using a modified dip
net or a noose-pole, or by hand at their nests.
Samples of synsacral adipose tissue were col-
lected by live biopsy (Iverson et al. 2007) from
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adult birds on Chowiet Island during the pre-incubation
stage in May 2003 (n = 30) and 2004 (n = 25), and during
the chick-rearing stage in August 2003 (n = 27) and 2004
(n=31); on St. George Island during incubation in June
2003 (n = 29) and 2004 (n = 28), and during the chick-
rearing stage in August 2003 (n = 9) and 2004 (n = 26);
and on Chagulak Island during incubation in July 2004
(n = 30). Samples of adipose tissue were collected from
chicks and one respective parent on Chowiet Island dur-
ing August 2003 (n = 8 pairs) and 2004 (n = 25 pairs).
Samples were not collected on the same dates at the 3 is-
lands due to logistical constraints. Samples were stored
frozen until analyzed for FA composition as described by
Iverson et al. (2007) and Budge et al. (2006). Stomach oil
samples were also taken from some birds in the present
study to compare stomach oil and adipose tissue FAs;
those results were reported in Wang et al. (2007).

Morphometric measurements were taken from all
individuals. Wing length and mass were used to esti-
mate the ages of chicks (Hatch 1979). All birds were
released within 10 to 55 min after being captured and
processed. It is unknown if nests were successful.

Lipids from adipose tissue samples were quantita-
tively extracted using a modified Folch technique
(Folch et al. 1957, Iverson et al. 2001). FA methyl esters
(FAMEs) were prepared from <100 mg of the lipid
extracts using 3.0 ml Hilditch Reagent (0.5 N H,SO, in
methanol) in 1.5 ml methylene chloride with butylated
hydroxytoluene, capped under nitrogen and heated at
100°C for 1 h (Budge et al. 2006). FAMEs were then
extracted into hexane, concentrated, and brought up to
volume (50 mg ml™!) with high purity hexane. FAMEs
were quantified using temperature-programmed gas
liquid chromatography on a Perkin Elmer Autosystem
II Capillary FID gas chromatograph fitted with a 30 m
X 0.25 mm (inner diameter) column coated with 50 %
cyanopropyl-methylpolysiloxane (DB-23) and linked to
a computerized integration system (Turbochrom 4 soft-
ware, PE Nelson). All sample chromatograms and FA
identifications were individually checked, corrected,
and reintegrated as necessary.

Statistical analysis. Sixty-nine FAs were routinely
identified in fulmar adipose tissue. In our data analy-
ses, we used 18 FAs that had the largest overall vari-
ance, an overall mean of >0.2% by mass, and were
known to reflect dietary intake (Iverson et al. 2004).
Together these FAs accounted for 90.4 % by mass of
the total. Percentages of the 18 FAs were renormalized
over 100% and then transformed into log ratios
according to the following: Xya,s = In(x/c;) where x; is
the percentage of a given FA, Xyans is the transformed
FA, and ¢, is 18:0, a reference FA (Budge et al. 2006).
Transformation of raw percentages into log ratios was
done to break the constraint that each observation
must sum to a constant (Aitchison 1986).

The relationships between the FA signatures in dif-
ferent adipose tissue samples were analysed by princi-
ple components analysis (PCA). The relative positions
of the samples or variables were plotted using 2 new
coordinates, principal components PC1 and PC2,
which represent the largest and second largest vari-
ance among the samples, respectively. To examine dif-
ferences between individual FAs among groups, we
conducted univariate analyses on the selected 18 FAs
using analysis of variance (ANOVA) on ranked data
followed by the Newman-Keuls test with alpha
adjusted using Rice's sequential Bonferroni correction
to correct for multiple tests of the same dataset (p; <
0.05/18 = 0.0028, Rice 1989). Chick age (d) was esti-
mated from wing length (mm) using a logarithmic
curve fitted to changes in length with age from a sam-
ple of known-age chicks (Hatch 1979). All statistical
analyses were performed using SAS (SAS Institute).

RESULTS
Differences among adults

The most abundant FAs were generally similar
across sampling groups, although levels of individual
FAs varied greatly among colonies and over time
(Table 1). All adults exhibited high levels of 20:1n-11
(9.4 to 29.6 %) and 22:1n-11 (10.1 to 31.3%) (Table 1).
Levels of 20:1n-9 (6.5 to 7.0%) in adults on Chowiet
Island in May 2003 and 2004 were higher than the
mean of all adults, and in May 2004 these birds were
characterized by a unique signature, having levels of
20:5n-3 (0.2 %) and 22:6n-3 (1.2 %) significantly lower
than the overall mean. FA 18:1n-9 (6.9 to 9.1%) was
lowest in fulmars from Chowiet Island in August 2004
and St. George Island in June 2003 and 2004 (Table 1).

The PCA produced 4 eigenvalues >1.0. In combina-
tion, these PCs explained 84.1 % of the variance (PC1:
40.0%; PC2:20.2%; PC3: 14.2%; PC4: 9.7 %). A plot of
the mean scores + SE on PC1 and PC2 shows separa-
tion between sampling groups, with PC1 separating all
adults from Chowiet Island from adults on St. George
and Chagulak Islands, and PC2 separating adults from
Chowiet Island in August 2003 and 2004 and St.
George Island in August 2003 from all other sampling
groups (Fig. 2a). Overall, FA signatures from Chowiet
Island were different than those on St. George Island
(Fig. 2a). The PCA also demonstrated the interannual
similarities in FA signatures among individuals from
Chowiet Island in May and August 2003 and 2004, and
individuals from St. George Island in June and August
2003 and 2004. FA signatures were similar among indi-
viduals from Chagulak Island in July and St. George
Island in June 2004. Based on the FA loadings along
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Table 1. Fulmarus glacialis. Fatty acid (FA) composition of adipose tissue of adult northern fulmars on Chowiet Island in May and

August 2003 and 2004; St. George Island in June and August 2003, 2004; and Chagulak Island in July 2004. Values are mean (SD)

weight percentage. Means with no common superscripted letter differ at p < 0.0028 (ANOVA on ranked data, Newman-Keuls
test, Rice's sequential Bonferroni); *: largest mean. Only 18 of 69 FAs are shown

Chowiet 2003 Chowiet 2004 St.George 2003 St.George 2004 Chagulak 2004
FA May August May August June August June August July
14:0 1.834 1.94¢d 1.744 2.52b¢ 5.69% 2.62b¢ 7.522 3.40° 2.99°
(0.43) (0.84) (0.45) (0.63) (1.94) (0.94) (2.29) (1.08) (1.14)
16:0 5.81¢ 7.55b¢ 5.41¢ 7.32b¢ 8.74% 11.45° 8.43% 8.97 7.98P
(1.66) (3.68) (1.74) (2.57) (2.01) (2.43) (1.61) (2.11) (2.66)
16:1n-7 1.88¢ 2.31°¢ 1.94¢ 2.11¢ 3.08P¢ 4.82° 2.81P¢ 3.87 3.08
(0.90) (1.56) (1.02) (0.86) (1.55) (1.31) (0.97) (1.32) (1.49)
17:0 0.31P 0.51° 0.16°¢ 0.43% 0.21¢ 0.17d 0.11de 0.14¢ 0.09¢
(0.18) (0.23) (0.06) (0.21) (0.11) (0.13) (0.07) (0.05) (0.04)
18:0 2.24d¢ 2.90Pcd 2.03¢ 3.67% 2,77 4.48 2.48d¢ 3.250b¢ 2.70%d
(0.46) (0.85) (0.32) (0.99) (0.84) (1.00) (0.70) (0.62) (0.71)
18:1n-9 12.62P¢ 11.91Pcd 13.19° 9.05¢de 8.10d 19.19° 6.91° 12.65° 12.28P¢
(3.82) (5.61) (2.94) (5.44) (4.02) (4.23) (3.07) (3.32) (4.37)
18:1n-7 1.554 2.69Pcd 1.414 1.88¢d 2.37 5.66% 1.604 3.52ab 2.73P¢
(0.65) (1.62) (0.35) (0.98) (1.58) (1.63) (0.92) (1.12) (1.21)
18:2n-6 1.012 0.85P 0.97 1.042 0.63¢ 0.88" 0.66°¢ 0.95%° 0.942°
(0.13) (0.18) (0.14) (0.28) (0.33) (0.05) (0.15) (0.20) (0.19)
18:4n-3 0.46° 0.76° 0.14¢ 0.89%° 0.79° 0.88% 0.88% 1.88% 1.14%>
(0.22) (0.53) (0.06) (0.38) (0.57) (0.55) (0.53) (0.96) (0.81)
20:1n-11 18.91¢d 14,954 23.63% 18.42¢d 26.00%° 9.44¢ 29.592 17.67¢ 20.37"¢
(3.39) (4.87) (3.34) (4.38) (9.52) (4.80) (6.80) (4.50) (4.63)
20:1n-9 6.96° 5.26° 6.51° 4.03bc 4.09"¢ 4.48¢ 3.81°¢ 3.58¢ 4.11bc
(0.67) (1.91) (0.25) (0.83) (0.53) (3.07) (0.73) (0.74) (0.76)
20:1n-7 0.55%b¢ 0.65% 0.424 0.73? 0.52bcd 0.682" 0.54Pcd 0.47¢ 0.47¢
(0.10) (0.20) (0.06) (0.18) (0.22) (0.25) (0.27) (0.19) (0.12)
20:4n-6 0.38% 0.52° 0.274¢ 0.61° 0.26¢ 0.52° 0.22¢ 0.33P¢ 0.25%¢
(0.08) (0.19) (0.04) (0.27) (0.11) (0.13) (0.08) (0.11) (0.05)
20:5n-3 1.044 3.02P¢ 0.21¢ 2.41P¢ 3.56°b¢ 5.95° 1.924dc 4.71°° 2.33d¢
(0.71) (2.72) (0.13) (1.38) (2.45) (2.69) (1.21) (2.40) (1.63)
22:1n-11 30.32%>  27.342b¢ 31.34° 26.522bc 19.99< 10.05° 21.11¢ 17.850 25.03Pcd
(5.36) (10.75) (4.02) (7.48) (5.89) (6.12) (3.94) (7.66) (9.43)
22:1n-9 2.762 2.502 2.432 1.48 1.34b¢ 1.03¢ 1.21b¢ 1.16%¢ 1.63
(0.41) (1.00) (0.27) (0.41) (0.31) (0.44) (0.37) (0.51) (0.60)
22:5n-3 1.15¢ 1.66"¢ 0.43¢ 2.552 1.47¢ 1.95% 1.34¢ 1.33¢ 1.18¢
(0.49) (0.68) (0.20) (0.76) (0.76) (0.56) (0.60) (0.45) (0.36)
22:6n-3 2.854 4.92b¢ 1.16° 5.68" 3.93 8.602 2.874 6.53% 3.79<
(1.52) (2.12) (0.49) (1.81) (2.13) (1.97) (2.03) (2.08) (1.71)
n 30 27 25 31 29 9 28 26 30

PC1, the separation of sampling groups was due
mainly to the combination of differences in levels of
18:4n-3, 20:1n-11, 20:1n-9, 20:1n-7, 20:5n-3, 22:1n-9,
22:1n-11, and 22:6n-3 (Fig. 2a,b). FA loadings along
PC2 show that differences in levels of 14:0, 16:0, 16:1n-
7, 17:0, 18:1n-9, 18:1n-7, 18:2n-6, and 22:5n3 also con-
tributed to the separation among adults (Fig. 2a,b).

Differences between adult males and females

We found no differences in FAs between males
and females on Chowiet Island in May and Au-

gust, and St. George Island in June 2003 (ANOVA
on ranked data, Newman-Keul's test, Rice's se-
quential Bonferroni, p; > 0.05/18 = 0.0028).

Differences between adults and chicks

The estimated ages of chicks sampled on Chowiet
Island in 2003 and 2004 differed between years: 14 +
5.8 d (range = 9 to 25) and 21 + 5.9 d (range = 13 to
32), respectively (t-test, p = 0.003). FA composition
varied between adults and chicks from Chowiet
Island in both years (Table 2). For samples from
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Table 2. Fulmarus glacialis. Fatty acid (FA) composition of

adipose tissue of adult and chick northern fulmars on Chowiet

Island in August 2003 and 2004. Values are mean (SD) weight

percentage. Means with no common superscripted letter dif-

fer at p < 0.0028 (ANOVA on ranked data, Newman-Keuls

test, Rice's sequential Bonferroni); *: largest mean. Only 18 of
69 FAs are shown

4
A\st. George LI Chagulak O Chowiet
H@H
2 m
June 04 May 04
August 04 July 04
04 A I +@H May 03
¥ June 03
) August 03 +—QO— August 03
'-@-' August 04
a
-4 : . ,
PC140.0%
0.4 -
16:0 18:1n-9
16:1n-7
18:1n-7 14:0 18:2n-6 .
2] 20:125 "
22:1n-9
22:1n-11
001 18:4n-3
20:5n-3 - S
027 22:6n-3
20:4n-6
b En.
-0.4 , 22:5n-3 .
04 -0.2 0.0 0.2 0.4
PC1 loadings

Fig. 2. Fulmarus glacialis. (a) Plots of mean (+ 1 SE ) scores for

principle components analysis of northern fulmar adipose

tissue samples for birds from Chowiet, Chagulak, and St.

George Islands. Shading represents sampling groups (black:

May/June; grey: August; no shade: July). (b) PC1 and PC2
loadings of 17 FAs used in analysis

2003, 6 FAs differed between adults and chicks: FAs
16:0, 16:1n-7, 18:1n-9, and 18:2n-6 were higher in
chicks, while 22:1n-11 and 22:1n-9 were higher in
adults (Table 2). In 2004, 10 FAs differed between
adults and chicks: FAs 16:0, 16:1n-7, 18:1n-9, 18:1n-
7, and 18:2n-6 were higher in chicks, while 17:0,
20:1n-7, 20:4n-6, 22:1n-11, and 22:5n-3 were higher
in adults (Table 2). The PCA produced 4 eigenvalues
>1.0, which in combination accounted for 85.7% of
the variation (PC1: 33.7%; PC2: 31.9%; PC3: 13.7 %;
PC4: 6.4%). A plot of the mean scores + SE on PC1
and PC2 showed a clean division between adults and
chicks (Fig. 3a). Separation between adults and
chicks along PC1 was mainly due to differences in
levels of 16:0, 16:1n-7, 18:1n-9, 18:1n-7, 20:1n-7,
20:4n-6, 22:1n-11, and 22:5n-3 (Fig. 3a,b).

2003 2004
FA Adult Chick Adult Chick
14:0 1.81 2.40 2.50 2.41
(0.51) (0.79) (0.67) (0.49)
16:0 6.77° 10.65° 7.12P 9.542
(2.17) (2.38) (2.71) (1.86)
16:1n-7 1.79P 3.20° 2.08° 3.69%
(0.59) (0.94) (0.86) (0.93)
17:0 0.512 0.37%° 0.462 0.29°
(0.19) (0.05) (0.21) (0.05)
18:0 2.94 3.63 3.60 2.92
(0.92) (0.95) (1.08) (0.53)
18:1n-9 10.20° 19.85° 8.54P 18.232
(4.15) (2.63) (5.43) (3.09)
18:1n-7 2.17% 3.41° 1.72P 3.03°
(0.83) (1.21) (0.83) (0.96)
18:2n-6 0.91P 1.292 1.05° 1.30°
(0.15) (0.08) (0.31) (0.10)
18:4n-3 0.75 0.76 0.88 0.54
(0.38) (0.55) (0.40) (0.29)
20:1n-11 15.58 13.13 18.86 17.39
(3.47) (4.79) (4.52) (4.09)
20:1n-9 5.38% 4.80% 3.95° 5.09%°
(0.96) (1.00) (0.84) (0.71)
20:1n-7 0.702" 0.60°" 0.73% 0.51P
(0.21) (0.10) (0.19) (0.08)
20:4n-6 0.65° 0.512 0.62° 0.32P
(0.24) (0.20) (0.29) (0.13)
20:5n-3 2.45 2.95 2.36 1.75
(1.20) (2.28) (1.45) (1.05)
22:1n-11 29.16° 14.86° 27.272 18.44P
(7.28) (4.76) (7.64) (4.18)
22:1n-9 2.602 1.43° 1.48° 1.37°
(0.78) (0.31) (0.42) (0.27)
22:5n-3 1.942 1.54%P 2.53% 1.26P
(0.88) (0.41) (0.81) (0.48)
22:6n-3 5.42 6.95 5.53 4.61
(2.27) (2.20) (1.86) (1.30)
n 8 8 25 25
DISCUSSION

Differences in FA signatures of adult fulmars at the 3

locations within years and between seasons at individ-
ual colonies strongly supported our predictions that
fulmar diets would differ between colonies and diets
would differ between seasons within colonies. How-
ever, results only weakly supported the prediction that
diets would differ between years within colonies. Sig-
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Fig. 3. Fulmarus glacialis. (a) Plots of mean (+ 1 SE) scores for
principle components analysis of adults (black symbols) and
chicks (non-shaded symbols) on Chowiet Island in 2003 and
2004. (b) PC1 and PC2 loadings of 17 FAs used in analysis

natures of chicks differed significantly in both years
from those of adults, which did not support prediction
that diets of adult fulmars and their chicks would be
similar. However, the comparison of adult and chick
signatures is complex and is addressed further in the
discussion.

Differences among adults

FA profiles of fulmars varied among the 3 colonies.
Chowiet Island, on the narrow continental shelf of the
western Gulf of Alaska, differed conspicuously from
St. George Island near the edge of the broad shelf of
the eastern Bering Sea. Chagulak Island, in the Aleut-
ian Archipelago separating the basins of the Bering
Sea and the Gulf of Alaska, lay midway between the

other 2 sites. Seasonal differences were pronounced at
both Chowiet and St. George Islands. We also found
interannual differences at Chowiet and St. George
Islands, but the variation was much less pronounced
than the spatial differences between colonies or sea-
sonal differences between the 2 islands.

Northern fulmars forage close to their breeding
colonies compared to some other members of the fam-
ily Procellariiformes. Observations on the daily activity
of adults indicate that most foraging during the chick-
rearing stage occurs within a radius of 100 km,
whereas Atlantic fulmars are known to range as far as
1000 km before egg-laying and 40 to 200 km during
incubation (Furness & Todd 1984, Hatch & Nettleship
1998). In Alaska, the greater the distances over which
fulmars forage, the more ecoregions they would
encounter, and thus the greater the array of prey.
Because foraging ranges of fulmars may differ greatly
between breeding stages, the suites of prey available
to fulmars may differ accordingly.

Studies compiled by Hatch & Nettleship (1998) have
shown seasonal and annual shifts, as well as longer-
term variation, in the diets of northern fulmars in the
Atlantic and Pacific. Those patterns are similar to the
seasonal changes in FA signatures we found at
Chowiet and St. George Islands. The differences we
found in FAs, and thus implied differences in diets, are
also consistent with variable assemblages of prey spe-
cies in the Western Gulf of Alaska, Bering Sea, and
Aleutian Islands and the trophic dependencies of
seabirds in those regions. For example, squids are
abundant and widespread throughout the North
Pacific, and are known to be consumed by fulmars and
many other species of seabirds that feed at the edge of
and off the continental shelf; however, they are much
less important for species and individuals foraging
over the shelf (DeGange & Sanger 1986, Sanger 1987,
Hills & Fiscus 1988, Hatch & Nettleship 1998). Capelin
is a common and important forage species of piscivo-
rous seabirds in the Gulf of Alaska, but is much less
common at the Pribilof Islands and rare in the Aleutian
Islands (Hunt et al. 1981, Sanger 1983, DeGange &
Sanger 1986, Sanger 1987, Springer & Byrd 1989,
Hatch & Sanger 1992, Springer et al. 1996). Similarly,
most piscivorous seabirds at the Pribilof Islands con-
sume large numbers of juvenile walleye pollock, the
most abundant forage fish on the eastern Bering Sea
shelf (Plan Team 2007). Additionally, fulmars are the
most commonly observed species following longline
vessels in the Bering Sea and the Aleutian Islands in
which the offal discarded (mainly from pollock) is
made available to scavenging seabirds (Furness et al.
2007). Diet studies of fulmars have also found a lower
diversity of fish prey in high-arctic waters than in low-
arctic or boreal zones, and higher diversity in the
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northeast Pacific than elsewhere (Hatch & Nettleship
1998). This supports our finding of spatial differences
in FA signatures at the 3 sampled Alaskan breeding
colonies.

Additionally, the results from the present study are
similar to those found by Dahl et al. (2003). Levels of
total saturated, monounsaturated, and polyunsatu-
rated FAs for fulmars in the present study were 14.2 +
4.6, 68.7 £ 9.9, and 10.4 + 5.8 %, respectively. Dahl et
al. (2003) reported similar amounts: 18.6 + 4.4, 65.8 +
9.0, and 15.6 + 4.7 %, respectively. However, the major
FAs in fulmar adipose tissue in the present study differ
from those in Dahl et al. (2003). The major FAs in ful-
mar adipose tissue in the present study were 22:1n-11
(24.4%), 20:1n-11 (20.7 %), 18:1n-9 (11.1%) and 16:0
(7.7 %); in Dahl et al. (2003) they were 18:1n-9 (20.4 %),
20:1n-9 (18.1%), 22:1n-11 (13.8%), and 16:0 (11.8%).
Overall, the level of 20:1n-9 (4.8%) in the present
study was much lower than that found in Dahl et al.
(2003). The present study was conducted in Alaska
while Dahl et al. (2003) collected fulmars from Spits-
bergen. We speculate that these differences in FAs are
due to differences in fulmar diet in the 2 studies.

Differences between adults and chicks

FA signatures of adult fulmars differed from those of
their chicks in both years. Two explanations for con-
trasting FA signatures in adults and chicks are possi-
ble: (1) adults fed their chicks a different diet than they
relied on themselves, or (2) diets were the same, but
FA signatures of ingested prey were altered by partial
digestion before chicks were fed, and/or chicks differ-
entially metabolized FAs directly from the diet to fuel
non-adipose tissue synthesis, leaving an altered suite
of FAs to be deposited into their adipose tissue.

Regarding the first possibility, Weimerskirch et al.
(1994) suggested that adults of 4 species of Procellari-
iformes used short trips almost exclusively to gather
prey for their chicks, while longer trips were used to
replenish energy consumed during foraging for chick
meals. If fulmars behave similarly, adults in the present
study could have fed chicks different prey items than
they consumed for themselves —there is evidence that
this occurs in some seabird species, including other
Procellariiformes (Hobson 1993, Hodum & Hobson
2000).

Regarding the second possibility, Hatch & Nettleship
(1998) reported that adult and chick diets estimated
from stomach contents and regurgitations were similar
during the chick-rearing period. Hobson (1993) also
reported no significant differences in trophic position
between fulmar adults and chicks based on stable iso-
tope analyses. Additionally, Bishop et al. (1983)

reported that adult and chick diets of another Procel-
lariiform, the short-tailed shearwater Puffinus tenui-
rostris, were the same despite large differences in 4
adipose tissue FAs (16:0, 18:1, 20:5, and 22:6). We
found some similarities in our data, e.g. large differ-
ences in 16:0 and 18:1 isomers (data not shown); but no
similarities with previous studies in terms of the levels
of these 4 FAs. Bishop et al. (1983) considered a model,
based on modes of existence, to explain how FAs in
adults and chicks could differ even with the same diet.
Adult shearwaters, for example, have a higher
turnover rate of adipose tissue FAs: during chick-rear-
ing they forage more or less continuously and dietary
FAs are deposited into the adipose tissue to a limited
extent. In contrast, growing chicks use essential and
other FAs for tissue growth and accumulate large
quantities of adipose tissue as an energy reserve and to
fuel tissue synthesis. Differences in selective mobiliza-
tion of adipose tissue FAs between adults and chicks
could also affect FA compositions.

In addition, there is variability between stomach
content, stomach oil, and adipose tissue signatures
(Bishop et al. 1983, Wang et al. 2007). Bishop et al.
(1983) suggested that the digestibility of prey, and the
amount of time it remains in the stomach of the adult
before it is fed to a chick, affects the lipid composition
of the meal. That is, if adults collect food a considerable
distance from the colony, some digestion will occur in
the stomach prior to the chick being fed. Partial diges-
tion of food items could explain the differences in sig-
natures even if adults fed their chicks from the same
meal they had consumed.

Finally, stomach oil is a source from which FAs can
be mobilized directly. Storage of lipids in the proven-
triculus has energetic advantages for seabirds that fre-
quently experience periods of fasting, because it
reduces the need to synthesize fat reserves from assim-
ilated FAs and later remobilize, at a metabolic cost,
those stores during fasting (Roby et al. 1989, Roby et al.
1997). Chicks at the nest may preferentially use FAs
from their stomach oil before accessing FAs stored in
their adipose tissue, and that could influence which
FAs are deposited into the adipose tissue. Because of
this possibility, and partial digestion of prey by food-
provisioning adults, the comparison of adult and chick
FA signatures remains open to several interpretations.

We have demonstrated the potential of FA signa-
tures as a useful technique in determining changes in
fulmar diets and foraging patterns. Further work is
being done to estimate quantities of prey species in ful-
mar diet using quantitative fatty acid signature analy-
sis (Iverson et al. 2004, 2007). Such detailed informa-
tion will provide more insight about fulmar diets and
food webs in ecoregions that fulmars and other marine
birds occupy.
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