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Abstract Southern rockhopper penguins (Eudyptes
chrysocome chrysocome) have experienced severe popula-
tion declines across their distribution area, potentially in
response to bottom-up effects following elevated sea surface
temperatures, changes in the food web and prey availability.
We conducted stable isotope analysis to compare trophic
levels and distribution patterns in the non-breeding period
over three consecutive years, and between males and
females, using egg membranes, blood cells and feathers of
parent birds. Tissues representing the non-breeding season
had lower 6'*C values than prey sampled around the Falk-
lands and red blood cells from breeding rockhopper pen-
guins. In contrast, '°N values were higher in red blood cells
from the end of winter compared to those from the breeding
season and compared to feathers. This indicated that rock-
hopper penguins left the Falkland Island area in the non-
breeding season and foraged either around Burdwood Bank
further south, or over the Patagonian Shelf. In winter, only
males took more prey of higher trophic level than females.
Inter-annual differences in isotopic values partly correlated
with sea surface temperatures. However, as prey isotope
samples were collected only in 1 year, inter-annual differ-
ences in penguin isotopic values may result from different
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foraging sites, different prey choice or different isotopic
baseline values. Our study highlights the potential for stable
isotope analyses to detect seasonal and gender-specific
differences in foraging areas and trophic levels, while stress-
ing the need for more sampling of isotopic baseline data.
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Introduction

One of the main impacts of global climate change is the
alteration of marine ecosystems by water temperature
increase and ocean acidification (Behrenfeld et al. 2006;
Beardall et al. 2009; Iglesias-Rodriguez et al. 2008). While
ocean acidification primarily affects calcification processes
and has only secondary effects on the phytoplankton com-
position and food (e.g. Riebesell et al. 2000), elevated sea
surface temperatures influence the marine ecosystem
directly. In warm surface waters, macronutrients are
depleted and primary productivity decreases, leading to a
lower carrying capacity of oceans with consequences for
predators like seabirds (Schell 2000; Hirons et al. 2001;
Weimerskirch et al. 2003; Jenouvrier et al. 2005; Jaeger
and Cherel 2011). The southern ocean around the western
Antarctic Peninsula undergoes one of the fastest changes
worldwide (Clarke et al. 2007). Warming of the Antarctic
circumpolar current may also affect marine ecosystems fur-
ther north. The cold Falkland current originates from the
Antarctic circumpolar current and transports nutrient-rich
waters to the Patagonian Shelf and the Falkland Islands
(Peterson and Whitworth 1989; see Fig. 1 for an overview
of the area). Thus, changes in temperature or strength of
this current may influence the food web in this productive
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Fig.1 Map showing the loca-

tion of the Falkland Islands and
the study colony New Island
(arrow) in relation to the Patago-
nian Shelf, Burdwood Bank and
the Antarctic Polar Front
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marine area, as reflected in food availability to marine pre-
dators (Quillfeldt et al. 2007).

In this context, stable isotope analysis can be used as a non-
invasive method to study food webs and the foraging behav-
iour of predators at the end of the food chain, e.g., in predatory
seabirds (e.g. Quillfeldt et al. 2005, 2008b; Cherel et al. 2006;
Gladbach et al. 2007). The use of stable isotope analysis in
food web studies is based upon the assumption that the isoto-
pic composition of prey items matches the consumer tissues
with a predictable discrimination factor. Isotopic discrimina-
tion, i.e., the accumulation of heavy in relation to light iso-
topes from prey to predator during enzymatic metabolic
processes, leads to an increase in nitrogen isotope ratios
(6"N) by 3-5%0 per trophic level (Minagawa and Wada
1984; Owens 1987). Thus, nitrogen isotopes can be used to
assess the trophic level. In contrast, carbon isotope ratios
(613C) are less affected by isotopic discrimination, but instead
can be used to assess the origin of seabird prey because base-
line 9'3C varies from the benthic to the pelagic and also along
latitudes (reviewed in Rubenstein and Hobson 2004).

Moreover, different tissues integrate over different time
intervals. Feathers, as metabolically inert keratinous prod-
ucts, are similar in isotopic composition to the food that
was taken up during moult. However, penguins fast during
moult, and therefore, feathers reflect the diet within the last
weeks prior to moult (Cherel et al. 2005a). Egg membranes
also remain metabolically inert (Oppel etal. 2009) and
therefore match in isotopic composition with the diet prior
to or during egg formation (Quillfeldt et al. 2009). Addi-
tionally, compared to other egg components such as albu-
men, egg membranes can be obtained non-invasively
(Quillfeldt et al. 2009). Red blood cells that are constantly
renewed by the organism have an isotopic half-life of
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12-20 days and therefore reflect the diet of the last weeks
prior to sampling (Hobson and Clark 1992; Hobson 1999,
2007). As a consequence, stable isotope analysis can be
used to determine the importance of certain prey types and
the trophic level within the food web, but also provide an
estimate of foraging areas at different times. However, as
isotopic values of most tissues reflect the diet of several
weeks, this value does not necessarily reflect an isotopic
equilibrium, but could also integrate more than one forag-
ing area when the animal moves through an isoscape (e.g.
Hobson 1999, 2008).

The southern rockhopper penguin (Eudyptes chrysocome
chrysocome) inhabits the southern Atlantic Ocean around
the tip of South America including the Falkland Islands
(Malvinas). In the last decades, the population has experi-
enced a stepwise decline to less than 20% of its original size
on the Falkland Islands, but also in other areas (Piitz et al.
2003a and literature therein). Elevated sea surface tempera-
tures and their consequences are one of the factors that have
been discussed as a reason for the decline (Birdlife Interna-
tional 2010). Hilton et al. (2006) found evidence for a
decrease in primary productivity and a negative correlation
between sea surface temperatures and trophic level, using
stable isotope analysis of feather samples dating back to
1861. These data reflect a long time series. However, visible
mortality in rockhopper penguins during the past decades
occurred periodically during periods of unfavourable condi-
tions (e.g. Lyster 1986; Cunningham and Moors 1994;
Keymer et al. 2001;Huin 2003). Among the diving seabirds
breeding in the Falkland Islands, rockhopper penguins
occupy the lowest trophic level (Weiss et al. 2009, Masello
et al. 2010), such that this species is likely to be directly and
rapidly affected by changes at the base of the food webs.
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Southern rockhopper penguins have a strongly syn-
chronised breeding cycle and come ashore only to breed
(September—February) and to moult (March—April) (Strange
1982; Williams 1995). Prey species and foraging areas
during the breeding season are relatively well known
(Boersma etal. 2002; Piitz et al. 2003b; Raya Rey and
Schiavini 2005; Raya Rey et al. 2007b; Masello et al. 2010)
but less data are available for the inter-breeding season
between April and September (Piitz et al. 2002, 2006b;
Raya Rey et al. 2007a). Seabirds at sea surveys from ves-
sels revealed none or only few observations of rockhopper
penguins around the Falkland Islands during the non-breed-
ing season (White et al. 1999, 2001). Southern rockhopper
penguins from the Falklands equipped with satellite trans-
mitters dispersed mainly west and north along the Patago-
nian Shelf and less frequently towards Burdwood Bank
south of the Falklands (Piitz etal. 2002). Inter-annual
differences in these distribution patterns are thought to be
related to sea surface temperatures and food availability,
while there were also differences in the directions of satel-
lite tracks of birds equipped in different colonies (Piitz et al.
2002). However, these satellite data only covered the first
3 months after moult (i.e. April-June), leaving a gap of
about 3 months until the start of the next breeding season in
October. A stable isotope study of adults arriving to breed
in the Crozet Islands indicated that eastern rockhopper pen-
guins (Eudyptes chrysocome filholi) spent the last weeks of
winter in oceanic waters north of their breeding grounds
(Cherel et al. 2007). Focussing on the Falkland Island pop-
ulation of southern rockhopper penguins, the present study
aimed at collecting more information about foraging
grounds and prey in the non-breeding period and the
relationship with sea surface temperatures. In detail, we
focussed on:

— the end of summer, namely the weeks prior to moult (i.e.
feathers of adults) and

— the last months of winter, by using tissues that were built
at the end of winter or from resources that were accumu-
lated during that time (i.e. red blood cells at the begin-
ning of the breeding period and egg membranes).

As rockhopper penguins exhibit some sexual size dimor-
phism (e.g. Williams 1995; Poisbleau etal. 2010) that
might influence their foraging behaviour and prey choice
(Forero et al. 2002; Kato et al. 2000), we also analysed sex-
ual differences in stable isotope ratios.

Materials and methods
Fieldwork was conducted in the ‘Settlement Colony’ on

New Island, Falkland Islands (51°43’S, 61°17'W) as part of
an ongoing study on southern rockhopper penguins (e.g.

Poisbleau et al. 2008, 2009). New Island, in the western-
most part of the Falkland Island archipelago, is situated
close to the western branch of the Falkland current.

Sample collection

An overview of samples and sample sizes is given in
Table 1. In the season 2005/06, we randomly collected egg-
shells in the colony after chicks had hatched. In 2006/07
and 2007/08, eggshells were collected from study nests
once the chicks had hatched.

Red blood cells and feathers were taken from adults of
study nests in the breeding seasons 2006/07 and 2007/08.
Birds were captured by hand from their nests at the begin-
ning of the incubation period. Blood samples were taken
from the brachial vein within 3 min after capture (heparin-
ised syringe, 23-gauge needle). Feathers were gently pulled
out of the skin (2 black and 2 white feathers per individual).
Blood samples were centrifuged, and plasma was removed
for hormone analysis. Red blood cell samples were subse-
quently frozen (—20°C) and later dried in a drying furnace
(60°C).

Additional prey samples

The Falkland Islands Fisheries Department kindly provided
samples obtained during a survey cruise in February 2006 by
bottom and plankton trawling close to the Falkland Islands
(P. Brickle, personal communication). We grouped these
samples in fish (muscle of southern blue whiting Microme-
sistius australis, hoki Macruronus magellanicus, pike icefish
Champsocephalus esox, yellowfin rockcod Patagonotothen
guntheri and Patagonian rockcod Patagonotothen ramsayi),
squid (muscle samples of Argentine shortfin squid Illex
argentinus, great hooked squid Moroteuthis ingens and Pata-
gonian longfin squid Loligo gahi) and krill (Euphausia
lucens and Thysanoessa macrura). All these species are
abundant in Falkland waters and have been identified as
major prey species for rockhopper penguins by conventional
diet analysis (e.g. Croxall et al. 1985; Thompson 1989).

Sea surface temperatures

Sea surface temperature anomaly (SSTA) data in the Falkland
current area (50-52°S, 61-63°W) were downloaded from
http://ingrid.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.
EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.weekly/.ssta/.
Stable isotope analysis

Stable isotope analysis of penguin tissues was carried out at

the Leibniz Institute for Zoo and Wildlife Research, Berlin,
Germany. We used stainless steel scissors and scalpels to
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Table 1 Stable isotope values for different tissues of rockhopper penguins presented in the study and the time of accumulation of these tissues

Tissue description sl 5N C/N mass ratio N Accumulated in ~ Sampled in
Mean £+ SD Mean &= SD  Mean + SD

Egg membrane 05/06 —16.44 £042 15.75+£0.64 3.37=+0.10 4 Sept.—Oct. 05 Dec. 05

Adult feathers 06/07—males —18.59 £046 13.58£1.01 3.20£0.05 12 Feb.-Mar. 06 Nov. 06-Jan. 07

Adult feathers 06/07—females —18.54+£045 13.52+0.78 3.21 £0.05 12 Feb.—Mar. 06 Nov. 06-Jan. 07

Egg membrane 06/07 —16.95£0.33 15.66 £0.38 3.20 £ 0.06 21 Sept.—Oct. 06 Dec. 06

Adult RBC 06/07—males —1843 £0.15 15.69+£025 3.25+0.08 6 Sept.—Oct. 06 8.-17.11/.06

Adult RBC 06/07—females —18.44 £0.14 15.06 £0.50 3.23 £0.02 7 Sept.—Oct. 06 8.-17.11/.06

Adult feathers 07/08—males —18.24 £ 041 1449+0.74 3.25+0.04 12 Feb.—Mar. 07 Nov. 07-Jan. 08

Adult feathers 07/08—females —18.18 £044 1477£0.55 3.25+0.07 12 Feb.—Mar. 07 Nov. 07-Jan. 08

Egg membrane 07/08 —17.56 £0.62 14.44+£128 3.21=+0.10 26 Sept.—Oct. 07 Dec. 07

Adult RBC 07/08—males —18.81£0.27 1524+£092 3.29+0.09 10 Sept—Oct. 07 10.11-18.11/.07

Adult RBC 07/08—females —1897£0.62 1424+£1.05 330=+0.16 10 Sept.—Oct. 07 10.11-18.11/.07

Adult RBC breeding season 06/07—males* —1759 £0.15 13.80£ 040 3.24 +0.03 5 Dec. 06-Jan. 07  3.1.-9.2/.07

Adult RBC breeding season 06/07—females* —17.56 £0.36 13.48 +£0.79 3.22 £ 0.05 Dec. 06-Jan. 07  3.1.-9.2/.07

Fish samples 05/06 —17.74 £027 13.21£0.55 3.224+0.04 18 Feb. 06

Squid samples 05/06 —1728 £0.25 1048 £1.00 3.39+0.10 12 Feb. 06

Crustacean samples 05/06 —19.00 £0.01 1,051 £0.33 3.43£0.01 2-5 Feb. 06

RBC stands for red blood cells
* For comparison purposes only

cut small fragments of feathers and egg membranes. Both
tissue types were free from any obvious contamination. As
feather tips are synthesised already at sea and might differ
in 8'3C and §'°N compared to the rest of the feather (Cherel
et al. 2005a), we only used the proximal parts of the barb
for stable isotope analysis. Dried red blood cells were
homogenised and ground to a fine powder. Stable carbon
and nitrogen isotope analyses were carried out on 0.35 mg
aliquots, weighed into tin cups. Stable carbon and nitrogen
isotope ratios were measured simultaneously by continu-
ous-flow isotope ratio mass spectrometry using a Flash Ele-
mental Analyser (Thermo Finnigan, Bremen, Germany)
linked to a Delta V Advantage Isotope Ratio Mass Spec-
trometer (Thermo Finnigan, Bremen, Germany). Two labo-
ratory standards were analysed for every ten unknown
samples, allowing any instrument drift over a typical 14-h
run to be corrected. Stable isotope ratios were expressed in
J notation as parts per thousand (%) deviation from the
international standards V-Pee Dee Belemnite (carbon) and
AIR (nitrogen), according to the following equation
0X = [(Ryymple/ Rytandard) — 11 % 1,000 where X is "N or °C
and R is the corresponding ratio ’N/'*N or *C/2C. Based
on internal standards (N =165, tyrosin; Roth, Germany),
the analytical precision (1 SD) equalled £0.16%¢ and
+0.29%o for 5'°N and 0'3C, respectively.

Feather stable isotope samples contained black and
white parts in varying amounts, as we were not aware of
possible differences in stable isotope values between black
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and white feathers caused most likely by melanin (Michalik
et al. 2010). However, the described differences between
black and white feathers of the same individual ranged only
from 0.2 to 0.7 for '°C and —0.3 to 0.3 for 6'N (Michalik
et al. 2010). Applied to our data, this small range should not
have a significant effect on the results, as the range is
smaller than the standard deviation of the groups that were
compared with each other.

All prey samples were fat extracted using a Soxhlet appa-
ratus with a methanol-to-chloroform 2:1 solvent. Crustacean
samples were additionally acid washed with HCI and ana-
lysed at the NERC Life Sciences Mass Spectrometry Facil-
ity, Glasgow, as described earlier (Weiss et al. 2009).

Statistics

Statistical testing was carried out using SPSS 16.0. Data
were tested for normal distribution with Kolmogorov—
Smirnoff tests and for homogeneity of variances with
Levene’s tests. Adult blood data from the season 2006/07
did not show homogeneity of variances, and sample sizes
were small; therefore, we tested these groups non-paramet-
rically with Mann—Whitney U tests, but not with A-Wilk
tests.

To compare blood and feathers with each other and with
prey types, we corrected our measured stable isotope
values, using isotopic discrimination factors. Cherel et al.
(2005b) presented discrimination factors for captive
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Fig. 2 Stable nitrogen and carbon isotope ratios (%o) in feathers of

adult rockhopper penguins (means + SD)

rockhopper penguins that were on a constant diet of herring
and capelin and suggested to use these discrimination fac-
tors with care and rather to apply them to wild fish-eating
birds. However, rockhopper penguins in the wild mainly
feed on pelagic crustaceans, squid and small fish (e.g.
Cooper et al. 1990; Thompson 1994; Raya Rey and Schiavini
2005). Moreover, due to changes in metabolism, body size
and activity, discrimination factors obtained in captive
individuals might differ from those in free-living animals
(Carleton and de Rio 2005; Tierney et al. 2008 and literature
therein). Therefore, we used mean isotopic discrimination
rates of marine birds for blood (reviewed in Caut et al. 2009)
that presumably had a mixed diet not only consisting of fish:
ABC gieibiood = 0:6%0, APNyioy hjooq = 2%0. For feathers, we

Fig. 3 Stable nitrogen and car-
bon isotope ratios (%o) in egg
membranes and red blood cells
(RBC) of adult rockhopper pen-
guins (means + SD)
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applied the discrimination factors obtained by Bearhop
et al. (2002) for skuas (Catharacta skua): AC i foathers = 2%05
APN diet-feathers = 4%o.

Results
End of summer—feathers

Stable isotope values from feather samples of adult birds
differed significantly between the years (Fig.2; Wilk’s
2. =0.625, P<0.001). 6"*C and 6'N were significantly
lower in 2006/07 compared to 2007/08 only (f tests: 5'3C:
t=-35, df=45 P=0.001; 6"N: r=—-49, df=45,
P <0.001). TIsotopic values in feathers did not differ
between the sexes (¢ tests within seasons: all P > 0.3).

End of winter
Red blood cells

Red blood cell stable isotope values differed between years
and sexes (Fig. 3).

For the year 2006/2007, 6'°N values were higher in
males compared to females, and the same trend was found
in 2007/08, although not significant (Mann—-Whitney U
tests for 2006/07: U =4.0, P =0.014; 2007/08: U =24.0,
P =0.052). In contrast, in both years, 513C values did not
differ between the sexes (Mann—Whitney U tests for 2006/
07: U=20.0, P =0.945; 2007/08: U = 40.0, P = 0.481).

In 2007/08, adults of both sexes had lower 6'°C values
compared to the previous year (Fig. 3), while 6'"°N values
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Fig. 4 Corrected stable nitrogen and carbon isotope ratios (%o) of prey
and rockhopper penguin red blood cells and feathers (means £ SD).
We corrected for the discrimination of '3C and "N in the tissue
compared with prey values by subtracting the discrimination factors
described for seabird tissues in the literature. The friangular-shaped

did not differ significantly (Mann—Whitney U tests: 6'°C
for males U=6.0, P=0.007 and females U =13.0,
P =0.033; 6"°N for males U = 24.0, P = 0.562 and females
U=16.0, P=0.070).

Egg membranes

We found differences in stable isotope values of egg mem-
branes among the 3years (Fig.3; Wilk’s A=0.408,
P <0.001; ANOVA: §"°C: Fy ,=26.5, P<0.001; 6"N:
Fig ,=92, P<0.001). Egg membranes in 2007/08 had
lower 6"°C values than in 2005/06 and 2006/07, but §"°N
values differed only between 2006/07 and 2007/08 (Bonferroni
post hoc tests) and not between 2005/06 and 2006/07
(Bonferroni post hoc tests).

Comparison of rockhopper tissues and their prey

Stable isotope values of blood cells and feathers from
the non-breeding season that were corrected for trophic
discrimination had lower §'°C values than prey species
around the Falklands (Fig.4). For comparative pur-
poses, we added a red blood cell sample of adults col-
lected during créeche (end of the breeding season; taken
in January 2007; see Table 1). These samples had higher
8'3C values compared to the non-breeding season sam-
ples and were in the range of isotope ratios recorded in
prey species. Thus, rockhopper penguin tissues that
were formed in late winter and late summer had lower
013C values than tissues formed during the breeding
season.
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lines connecting stable isotope ratios of potential prey give the isotopic
range that would reflect foraging areas and prey around the Falklands.
To better compare with the breeding season, we added a red blood cell
sample from the breeding season 2006/07. RBC stands for red blood
cells

Discussion

In the present study, the stable isotope ratios of rockhopper
penguin tissues differed among the study years. Inter-
annual changes were found for two time periods, the end of
winter and end of summer. Moreover, we found sexual
differences in nitrogen isotope ratios of red blood cells of
birds returning to breed, indicating that, at the end of the
winter 2006, males foraged on prey of higher trophic level
than females. For the winter 2007, we found the same
trend, but low sample sizes might have precluded finding
significance. At the end of summer, feather samples
revealed no differences in isotopic composition between
foraging areas or trophic level of males and females. All
rockhopper penguin tissues from the non-breeding season
were less enriched in *C than the prey species sampled
around the Falklands and also than rockhopper penguin red
blood cells that represented the breeding season. Our values
for red blood cells from the end of winter were similar to
isotopic values of rockhopper penguin muscle tissue
collected in breeding colonies on the Patagonian Shelf
(Ciancio et al. 2008; see Table 2). In contrast, rockhopper
penguins from the Crozet Islands had similarly depleted
4"3C values, but much lower 6'°N values in blood through-
out the year, while feathers had both lower 513C and 6PN
values compared to our data (Cherel et al. 2007; Jaeger and
Cherel 2011; see Table 2). The difference in SN values
between the Crozet Islands and the Falkland Islands/Pata-
gonian Shelf might indicate that rockhoppers from the Cro-
zet archipelago feed predominantly on crustaceans, i.e., on
a lower trophic level. However, within the Falkland Island
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Table 2 Stable isotope values (mean and SD) of rockhopper penguins and prey species from other locations

o3¢ SN Location Citation

Rockhopper penguin—Eudyptes chrysocome

Arriving adults—blood —19.7+£0.5 7.6£03 Crozet Islands Cherel et al. 2007

Breeding adults—blood —19.4+£05 7.1£0.8 Crozet Islands Cherel et al. 2007

End of summer—feathers from adults —21.24+0.3 92+04 Crozet Islands, 2006 Jaeger and Cherel 2011

End of summer—feathers from adults —21.1+£02 89+04 Crozet Islands, 2007 Jaeger and Cherel 2011

Chicks during breeding season—breast muscle —19.4 4+ 0.6 1524+0.3 Patagonian Shelf Ciancio et al. 2008
Euphausiid—Euphausia lucens —19.8 £ 0.7 7.33+£0.8 Patagonian Shelf Ciancio et al. 2008
Amphipods—Themisto gaudichaudii —-209+ 1.5 105+ 1.8 Patagonian Shelf Ciancio et al. 2008
Patagonian sprat—=Sprattus fuegensis —202+£1.0 13.1£0.9 Patagonian Shelf Ciancio et al. 2008
Notothenoids—Patagonotothen ramsayi —193+0.6 148+ 1.0 Patagonian Shelf Ciancio et al. 2008
Patagonian longfin squid—Loligo gahi —19.0£ 0.6 13.6 £ 0.7 Patagonian Shelf Ciancio et al. 2008
Argentine shortfin squid—I/llex argentinus —18.1+£0.3 13.1 £ 0.9 Patagonian Shelf Ciancio et al. 2008
Great hooked squid—Morotheuthis ingens —187+£04 135+ 1.1 Patagonian Shelf Ciancio et al. 2008

penguin assemblage, the rockhopper penguin clearly had
the lowest trophic level during the breeding season, indicat-
ing that crustaceans had a higher proportion in the rockhop-
per penguin diet compared to Magellanic (Spheniscus
magellanicus) and gentoo penguins (Pygoscelis papua)
(Weiss et al. 2009; Masello et al. 2010). The diet of rock-
hopper penguins in the non-breeding season is unknown,
and at this point, a higher dependence on fish such as
sardines (see e.g. Raya Rey and Schiavini 2005 for diet in
Patagonia) cannot be excluded. However, the strong differ-
ences in rockhopper penguin isotopic ratios between the
Falkland Islands/Patagonian Shelf versus Crozet Islands
could also be related to the oceanographic conditions: while
the Crozet Islands are located in the middle of the Polar
Frontal Zone, just north of the Polar Front, the Falkland
Islands are located about 300 km north of the Polar Front
(see Fig. 1). The southern ocean, south of the Antarctic
Polar Front, is marked by depleted 6'°C values (see Quillfeldt
et al. 2010 for isoscape) as well as a crustacean-based food
chain (Knox 2006).

Distribution in the non-breeding period

In comparison with prey and red blood cells from the
breeding season 2006/07, lower 83C values indicate that
rockhopper penguins from New Island foraged during win-
ter in different areas than during the breeding season. Quill-
feldt et al. (2010) published an isoscape for the area around
the Falkland Islands, based on isotopic values of phyto-
plankton. A comparison of our results with this map indi-
cates two alternative foraging areas for rockhopper
penguins from New Island during the non-breeding season:
(1) the Patagonian Shelf in the west of the Falklands or (2)
the Burdwood Bank, a shallow part of the Scotia Ridge,
about 200 km south of the Falklands. Both areas would

agree with the high 6N values in rockhopper penguin
blood and feathers that indicate productive neritic foraging
areas.

While isotopic values from potential penguin prey spe-
cies are not available for the Burdwood Bank, Ciancio et al.
(2008) published values from breeding rockhopper pen-
guins and prey species from the Patagonian Shelf (see
Table 2). Potential rockhopper penguin prey on the Patago-
nian Shelf had comparatively lower 6'*C values than prey
around the Falkland Islands and could therefore explain the
isotopic values in rockhopper penguins from the Falklands
at the end of the winter.

Our results of neritic foraging areas, most likely on the
Patagonian Shelf or around the Burdwood Bank, agree with
the satellite tracking data of rockhopper penguins from the
Falkland Islands, obtained by Piitz et al. (2002) for the
beginning of the winter distribution. Rockhopper penguins
from different breeding populations in the Falkland Islands
foraged mainly on the Patagonian Shelf west and north of
the Falkland Islands, although some individuals also went
south towards the Burdwood Bank or to more easterly loca-
tions on the Falkland Shelf during their winter distribution
(Piitz et al. 2002). Combining these results with our find-
ings, rockhopper penguins from the Falkland Islands seem
to use neritic waters as foraging ground throughout the win-
ter. Moreover, it seems that the population from New Island
in the westernmost part of the archipelago of the Falklands
used more westerly or southerly foraging grounds either for
the whole winter, or only for the end of winter, compared to
conspecifics from other breeding colonies on the Falklands,
that also went north along the Patagonian Shelf. Further-
more, our findings indicate that rockhopper penguins from
New Island could use the same foraging areas in winter as
during the breeding season (Boersma et al. 2002; Ludynia
et al. unpublished data). These foraging areas overlap

@ Springer



1770

Polar Biol (2011) 34:1763-1773

marginally with those of rockhopper penguins breeding
on Staten Island, Argentina, during winter as well as during
incubation trips (Piitz etal. 2006a, b; Raya Rey etal.
2007a).

After correction for trophic discrimination, feathers had
05N values that were 2-3%o lower than those of red blood
cells, i.e., nearly a whole trophic level (e.g. Minagawa and
Wada 1984; Ogden et al. 2004; Weiss et al. 2009). s13¢C
values of feathers were also lower than those of red blood
cells, yet, only in the range of 1-1.5%c. Across species,
feathers are enriched in N and '*C in relation to blood
cells integrating the same time of assimilation (Quillfeldt
et al. 2008a). In our data, however, the uncorrected values
of red blood cells were already higher in §'°N compared
with uncorrected values of feathers. Thus, even though the
discrimination factors that we used were not previously
applied to rockhopper penguins, our data still suggest a
strong difference in the isotopic composition of prey at the
end of winter compared to end of summer. The lower §'°N
values in feathers indicate that rockhopper penguins prior
to moult took prey of lower trophic levels (i.e. more crusta-
ceans) than at the end of winter. The difference in 4'°C val-
ues between feathers and red blood cells was not strong
enough to reflect large-scale differences in foraging areas
(compare with isoscape in Quillfeldt et al. 2010). However,
the low 6'°C values in feathers suggest that foraging areas
were less productive at the end of summer compared to the
end of winter, as 5'C tends to decrease when cell growth,
e.g., of phytoplankton, takes place slowly (Hilton et al.
2006 and literature therein). This would also explain the
lower trophic level of food, indicated by lower §'°N values
prior to moult.

Sexual differences

We found gender-specific differences in the stable isotope
ratios of red blood cells, but not in those of feathers. Incu-
bating males had 6'°N values, which were 0.5-1.0%o higher
than those of females, while '>C was similar in both sexes.
These results indicate that foraging grounds were similar
for both sexes in all studied time periods, and males for-
aged on a higher trophic level than females only during
winter, but not during the feed up to moult. Rockhopper
penguin males are larger than females (Williams 1995;
Poisbleau et al. 2010), and their longer and wider bill is
likely to enable males to hold larger prey items. Even more
important, however, in penguins as in other seabirds, body
mass is correlated with diving capacity (Schreer and
Kovacs 1997), and larger penguin species spend more time in
deeper depths (Wilson et al. 1991). Thus, rockhopper pen-
guin males can dive deeper and longer (e.g. see Piitz et al.
2006a and literature therein) and handle larger prey speci-
mens than females. As larger fish are generally higher in
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trophic level (e.g. Fig. 6 in Jennings et al. 2001), this can
explain the observed differences in trophic positions
between male and female rockhopper penguins at the end
of winter. Another possible explanation would be that male
rockhopper penguins reach bottom prey that is known to
have different isotopic values then prey of the pelagic food
chain (Rubenstein and Hobson 2004). However, penguins
tend to feed on schooling prey (Davis and Renner 2003;
Wilson 1995), and water depths in foraging areas reach up
to 200 m (see Fig. 1). As mean diving depths of male rock-
hopper penguins in the Falklands during the breeding sea-
son averaged 21 m (Piitz et al. 2006a), it is unlikely that
male rockhopper penguins dive to the bottom to forage on
benthic prey regularly.

Sexual differences in stable isotope values have also
been described for Adélie (Pygoscelis adeliae), gentoo and
Magellanic penguins (Forero et al. 2002; Bearhop et al.
2006; Beaulieu et al. 2010). In all three species, males had
higher 6°N values than females, reflecting prey of higher
trophic levels, and male Adélie penguins also foraged fur-
ther offshore than females. In macaroni penguins (Eudyptes
chrysolophus) from South Georgia, Bearhop et al. (2006)
found two alternative foraging strategies in females, lead-
ing to a higher variation in §'*C values compared to males.
Male isotopic values differed significantly from those of
females that did short foraging trips (Bearhop et al. 2006).
For the Crozet Islands, however, Cherel et al. (2007) did
not find significant differences between male and female
isotope signatures in macaroni penguins, nor for rockhop-
per penguins.

Yet, we did not find sexual differences in stable isotope
samples of rockhopper penguins prior to moult, i.e., at the
end of summer. Foraging areas of rockhopper penguins
during this period seemed to be less productive, and pen-
guins took food of lower trophic levels compared to the end
of the winter. Under these changed and most likely less
optimal foraging conditions, males and females obviously
took similar prey, resulting in similar stable isotope values
for both sexes.

Inter-annual differences

Our results for all analysed tissues revealed inter-annual
differences in stable isotope values. For logistical reasons,
however, our prey samples were collected during the
breeding season around the Falkland Islands only in
1 year. Thus, inter-annual changes may have different
possible explanations. Differences in rockhopper penguin
tissue isotopes may result from changes in prey, changes
in foraging areas or changes in prey isotope values caused
by isotopic baseline changes with environmental condi-
tions. We discuss these scenarios in the following para-
graph.
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Fig. 5 Sea surface temperature anomaly data from January 2005 until
December 2007 for the Falkland current area adjacent to the Falkland
Islands (50-2°S, 61-63°W). Black-labelled periods correspond with
the time prior to moult and light-grey-labelled periods mark the last
months of winter, prior to the start of the breeding season

End of summer

Feather samples from the season 2006/07 had lower 5'°N
and 6'3C values than those from the following season. This
result suggests that penguins used either slightly different
foraging areas or that primary productivity was lower in the
foraging grounds prior to moult in 2006. During this time,
February to March 2006, sea surface temperatures were ele-
vated (Fig. 5), which could have led to a decrease in pri-
mary productivity of ocean water. In contrast, the time prior
to moult in 2007 was characterised by lower sea surface
temperatures, which might have enhanced primary produc-
tivity, thus leading to higher 6'*C values and the possibility
of foraging in higher trophic levels. Therefore, our results
are in line with the expectation that elevated sea surface
temperatures lead to lower primary productivity and
changes in the food composition for penguins. Yet, we do
not know prey isotopic values from 2007/08 and thus can-
not exclude the possibility that the geographic distribution
of isotopic signatures differed with altered current condi-
tions, and this was reflected at higher trophic levels.

End of winter

Stable isotope signatures of egg membranes and red blood
cells of adults differed among the seasons and both tissues
showed the same general pattern: 6'°N and 6'°C were
higher in the season 2006/07 than in the following year.
Egg membrane isotopic signatures did not differ between
the seasons 2005/06 and 2006/07.

Sea surface temperatures (Fig. 5) in the austral winter
prior to the breeding season 2005/06 and 2006/07 were

warmer compared with 2007/08. This can explain first of
all, why egg membrane isotopic signatures were similar
in 2005/06 and 2006/07. The season 2007/08 was char-
acterised by a cold influx of more southerly waters,
caused by a strong Falkland current. The low 6'3C val-
ues from tissues grown in the austral winter 2007 are
consistent with a shift of southern water masses further
to the north.

Future studies should, therefore, include prey isotope
samples of different areas and time periods. A combination
with geolocation data recording positions of penguins dur-
ing the winter would also be able to greatly enhance our
knowledge on winter distribution and foraging ecology,
especially in combination with stable isotope analyses (e.g.
Bost et al. 2009).

Conclusion

Our data suggest that rockhopper penguins from New
Island spend the inter-breeding season in neritic waters,
west or south of the Falklands. We found a difference in
isotopic values between feathers (end of summer) and
red blood cells (end of winter), indicating that foraging
grounds at the end of summer were less productive. In
comparison with previously described winter distribu-
tions of the species, our results reinforce previous find-
ings that rockhopper penguin populations from the
Falklands utilise the Patagonian Shelf or the Burdwood
Bank to forage.

We found sexual differences in stable isotope ratios from
the end of the winter, indicating that males take more prey
of higher trophic level in winter than females. The interpre-
tation of inter-annual differences was partly impaired by the
lack of baseline prey isotopic values of the different years.
Thus, our study highlights the potential of stable isotope
analyses to detect differences in foraging areas and trophic
levels, while stressing the need for more detailed sampling
of isotopic baseline data.
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