OPEN 8 ACCESS Freely available online

© pLos one

Isotopic Investigation of Contemporary and Historic
Changes in Penguin Trophic Niches and Carrying
Capacity of the Southern Indian Ocean

Audrey Jaeger*, Yves Cherel

Centre d’Etudes Biologiques de Chizé, Centre National de la Recherche Scientifique, Villiers-en-Bois, France

Abstract

A temperature-defined regime shift occurred in the 1970s in the southern Indian Ocean, with simultaneous severe
decreases in many predator populations. We tested a possible biological link between the regime shift and predator
declines by measuring historic and contemporary feather isotopic signatures of seven penguin species with contrasted
foraging strategies and inhabiting a large latitudinal range. We first showed that contemporary penguin isotopic variations
and chlorophyll a concentration were positively correlated, suggesting the usefulness of predator 3'3C values to track
temporal changes in the ecosystem carrying capacity and its associated coupling to consumers. Having controlled for the
Suess effect and for increase CO, in seawater, 3'3C values of Antarctic penguins and of king penguins did not change over
time, while §'3C of other subantarctic and subtropical species were lower in the 1970s. The data therefore suggest a
decrease in ecosystem carrying capacity of the southern Indian Ocean during the temperature regime-shift in subtropical
and subantarctic waters but not in the vicinity of the Polar Front and in southward high-Antarctic waters. The resulting
lower secondary productivity could be the main driving force explaining the decline of subtropical and subantarctic (but
not Antarctic) penguins that occurred in the 1970s. Feather 5'°N values did not show a consistent temporal trend among
species, suggesting no major change in penguins’ diet. This study highlights the usefulness of developing long-term tissue
sampling and data bases on isotopic signature of key marine organisms to track potential changes in their isotopic niches

and in the carrying capacity of the environment.
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Introduction

The warming of Earth’s climate since the 1970s has been at a
rate greater that at any other time in the last thousand years,
producing sharp biological and ecological consequences [1].
Biodiversity is currently being lost at unprecedented rates due to
human activities and climate change, with ~25% of mammals and
~12% of birds being globally threatened [2]. Sphenisciformes and
Procellariiformes are among the world’s most endangered orders
of birds [2], with many penguin, petrel and albatross populations
declining in the Southern Ocean over the last decades [3,4,5].
Concurrent temporal variations of different southern seabird
populations with contrasted foraging ecology (diving and flying
predators) and living at different localities (from subtropical to
Antarctic waters) suggest common environmental driving causes.
These population variations coincided with an atmospheric
temperature-defined regime shift in the 1970s in the southern
Indian Ocean [4,6], probably in response to a change in
meridional atmospheric circulation [7]. The underlying causes of
the population changes remain however unknown, because of the
lack of long-term data sets on oceanic physical and biological
parameters during that period [6,8]. The links between demo-
graphic, ecological and environmental variables remain therefore
elusive.
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The usefulness of stable isotope analysis to reconstruct the
ecological history of top predators has been highlighted when applied
on a long-term series of biological samples [9,10,11,12]. Since
feathers can be safely collected on both live birds and museum
specimens, feather isotopic signatures were used to depict long-term
changes in birds’ feeding ecology [13,14,15]. The basic underlying
principle is that the isotopic composition of feathers reflects feeding
ecology during moult because keratin is metabolically inert after
synthesis [16]. In the marine environment, the isotopic signature of
seabird tissues is a powerful tool to investigate their trophic niche
along two dimensions, with §'°C and §"N values reflecting the
consumers’ foraging habitat and trophic level, respectively [17]. 8'°C
values of predators were also used as a proxy for ecosystem primary
productivity (carrying capacity, [18]), thus allowing investigating
long-term ecosystemic changes using museum specimens [10,15].

The main objective of the present study was to use the stable
isotope method to depict possible changes in the feeding ecology of
southern seabirds and/or in their foraging environment that could
be linked to the 1970s atmospheric regime shift in the Southern
Indian Ocean [4]. In agreement with an ecosystemic explanation,
we expected a common isotopic pattern among species when
compared samples collected before, during and after the regime
shift. For doing this, we sampled archived museum specimens
(historic records) together with living animals in the field
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(contemporary records). We focused on adult penguins for several
practical and ecological reasons:

1. Unlike large Procellariiformes and penguin chicks, specimens
of adult penguins are relatively numerous in museums [15].

2. Adult penguins moult immediately before or after breeding,
during the productive austral summer, and not during the less
productive austral winter as most flying birds do.

3. Moult is the most critical period of the penguin cycle, because
energetic constraints preclude them moulting at sea [19].
Penguins renew their plumage while fasting on land.
Consequently, their feather isotopic signature reflects the
penguin isotopic niche during a well-defined temporal and
spatial window, i.e. the restricted pre-moult feeding period
during which they cannot disperse over wide marine areas.

4. Penguin species have contrasted foraging strategies and they
live from Antarctica to the subtropics (e.g. [20,21]). Concurrent
sampling of different species living in different marine
environments therefore make penguins ideal models to trace
ecosystemic changes at various spatial scales.

5. Penguin moult involves two distinct processes, new feather
synthesis and old feather loss that overlap in mid-moult [19].
We therefore collected both new and old feathers from the
same individual penguins to test the assumption that the §'*C
value of predators is a good proxy for ecosystem primary
productivity (carrying capacity [18]). For doing this, we
compared inter-annual differences in 8'°C feather values to
inter-annual changes in surface chlorophyll a (Chl a)
concentrations (a proxy of primary productivity in the pelagic
ecosystem, [22,23]).

Materials and Methods

Ethics statement

Animals in this study were cared for in accordance with the
guidelines of the ethics committee of the French Polar Institute
(Institut Paul Emile Victor — IPEV) that approved all our fieldwork
(program n° 109).
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Feather samples

Field study was conducted on the seven penguin species
inhabiting the Terres Australes et Antarctiques Francaises: the
emperor (EP, Aptenodytes forster)) and Adélie (AP, Pygoscelis adeliae)
penguins breeding in Adélie Land (Antarctica, 66°4°S, 140°0’E);
the king (KP, Aptenodytes patagonicus), gentoo (GP, Pygoscelis papua),
macaroni (MP, Eudyptes chrysolophus) and southern rockhopper
(SRP, Eudyptes chrysocome filholi) penguins breeding at Possession
Island (Crozet archipelago, 46° S, 52° E); and the northern
rockhopper penguin (NRP, Eudyptes moseleyr) breeding at Amster-
dam island (37°5°S, 77°3’E). Amsterdan Island is located north of
the Subtropical Front (STF) in the Subtropical Zone (STZ), Crozet
Islands lay between the STF and Polar Front (PF) within the
Subantarctic Zone sensus lato (SAZ) and Adélie Land is positioned
further south, in the high-Antarctic waters of the Antarctic Zone
(AZ) (Fig. 1, [24]).

Contemporary feathers (old and new) were collected on live
moulting adult penguins (Table 1). Old and new feathers refer to
moults that occurred during the 2005-2006 and 2006-2007
austral summers (here called 2006 and 2007), respectively. Since
EP moults in remote icy areas, this species was sampled during the
2007 breeding (not moulting) period. For both NRP and SRP, 30
additional contemporary samples collected in 2000 on live
penguins were added to the data set for long-term analyses only
(Tables 2 and 3). Historic feather samples (from 1875 to 1977)
were obtained from specimens held in the ornithological collection
of the Muséum National d’Histoire Naturelle of Paris (France).
Feathers were taken only when complete capture information was
present with a particular study specimen (N =111). As colour (e.g.
melanin) of feathers modifies slightly their stable isotopic ratios
[25], only white breast body feathers were analysed in the present
study.

Stable isotope analysis

Prior to isotopic analysis, the tip (oldest part) of each feather was
cut and discarded, because penguin feather synthesis begins at sea
(review in [19]), and the use of dietary inputs vs. endogenous
reserves influences feather 8'°N values [26]. Two feathers of each
individual penguin were cleaned of surface lipids and contami-
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Figure 1. Map of the southern Indian Ocean with the main islands, oceanic fronts and zones. In black, sampling localities, with the
sampled penguin species in parentheses. Abbreviations: NRP, northern rockhopper penguin; SRP, southern rockhopper penguin; MP, macaroni
penguin; KP, king penguin; GP, gentoo penguin; EP, emperor penguin; AP, Adélie penguin; STF, Subtropical Front; SAF, Subantarctic Front; PF, Polar
Front; STZ, Subtropical Zone; SAZ, Subantarctic Zone; AZ, Antarctic Zone [24].

doi:10.1371/journal.pone.0016484.g001
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two years.

Historic and Actual Isotopic Niches of Penguins

Table 1. Feather isotopic signatures of seven penguin species in 2006 and 2007, and pair-wise isotopic differences between the

3"3C (%o0)

8"°N (%o)

penguin

N per year 2006 2007 2007-2006  p value 2006 2007 2007-2006  p value
Emperor penguin 17 - —23.1£03 - - - 12.1+0.3 - -
Adélie penguin 10 —24.2*04 —234+04 0.8+0.5 0.001 9.4+0.4 10.7+0.6 1.3*0.5 <0.0001
King penguin 12 —22.0+0.5 —20.7*+0.6 1.3*0.6 0.0001 11.4+0.3 11.3%0.5 —0.1£04 0.557
Gentoo penguin 12 —19.5*£0.5 —19.1£0.2 0.4+0.2 0.002 104%1.0 11.3+0.9 0.9+0.4 0.0001
Macaroni penguin 12 —21.4%+0.3 —21.1x0.3 0.3*03 0.006 9.8+£0.3 9.7*x03 —0.1£0.3 0.720
Southern rockhopper 12 —21.2+0.3 —21.1+0.2 0.1£0.2 0.110 9.2*x04 8.9+04 —0.3%04 0.099
penguin
Northern rockhopper 12 —18.4+0.3 —17.9%+0.2 0.5*+03 0.0002 10.3+0.3 11.3x0.4 1.0+04 <0.0001

[CO,],q effects.
doi:10.1371/journal.pone.0016484.t001

nants using a 2:1 chloroform:methanol solution during 2 min
following by two successive methanol rinses. They were then air
dried and homogenised by cutting them into small fragments. Sub-
samples were weighed (~0.4 mg) with a microbalance, packed in
tin containers, and nitrogen and carbon isotope ratios were
subsequently determined by a continuous flow mass spectrometer
(Micromass Isoprime) coupled to an elemental analyser (Euro
Vector EA 3024). Stable isotope concentrations were expressed in
conventional notation (80X = [Reampie/ Rytandara) —1] x 1000)
where X is '*C or "N and R is the corresponding ratio '*C/'2C
or N/MN. Riandara are PeeDee Belemnite and atmospheric Ny
for 8'C and 8N, respectively. Replicate measurements of
internal laboratory standards (acetanilide) indicated measurement
errors <0.15%o and <0.20%o for 8'°C and 8'°N, respectively.

Values are mean = SD. P values correspond to paired t-tests performed between the two years. Carbon isotopic values were not corrected for Suess and increase

Data analysis

Differences in the 8'°C and 8"°N values of penguin feathers
over the short term (2006 and 2007) were assessed using paired
l-tests, because data followed Gaussian distributions (Table 1). A
possible effect of ecosystem carrying capacity on penguin 8'°C
values was tested by looking at surface Chl a concentrations
measured by satellite and provided by NASA (http://reason.gsfc.
nasa.gov/Giovanni/) during both 2006 and 2007. For each year,
Chl a concentration data were extracted and averaged from a
square centred on the islands (10° longitude per 10° latitude) and
for a period of two months before the initiation of the moulting fast
on land (Table S1). The correlation between individual inter-
annual differences in 8'°C and Chl a was subsequently assessed
using a Pearson’s correlation test (Fig. 2).
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Table 2. Historic (1900s, 1950s, 1970s) and contemporary (2000s) carbon isotopic signatures of penguin feathers.
1900s 1950s 1970s 2000s
N 8"3C (%) N 3"3C (%) N 3"3C (%) N 3"3C (%)
Emperor penguin 1 —23.1+04° 3 —23.2+02° 17 —229+03°
—23.2(—23.7--223) —23.2 (—235--23.1) —22.9 (—234--223)
Adélie penguin 5 —242+04° 3 —239+1.1° 20 —23.6 *£0.5°
—24.4 (—245--23.7) —24.1 (—24.8-—22.6) —23.6 (—24.6-—22.8)
King penguin 16 —20.5+06 ° 24 —20.7+09 °
—20.6 (—21.3-—19.5) —20.6 (—22.0-—19.0)
Gentoo penguin 12 —19.2+1.2° 24 —185+04 °
—19.6 (—20.6-—17.6) —18.4 (—19.6-—17.8)
Macaroni penguin 18 —20.8+06 ° 24 —20.5+04 °
—20.9 (—21.5-—20.0) —20.5 (—21.0-—19.3)
Southern rockhopper 2 —20.4 and —19.8 19 —20.9+05 ° 54 —20.5+04°
penguin
—20.9 (—21.9--20.3) —20.5 (—21.0-—19.2)
Northern rockhopper 8 —17.4+06° 2 —183 and —17.8 12 -189+1.0° 54 —17.6+05 °
penguin
—17.3 (—18.4-—-16.5) —19.1 (=20.1--17.2) —17.6 (—18.7-—16.5)
First line: values are mean =+ SD; second line: median, minimum and maximum values. Values in the same line not sharing a common superscript letter are significantly
different (p<<0.05; see text). Carbon isotopic values were corrected for Suess and increase [CO,l,q effects.
doi:10.1371/journal.pone.0016484.t002
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Historic and Actual Isotopic Niches of Penguins

Historic samples were not regularly collected over time, with most
of the penguins sampled in the 1950s and 1970s, a few in the 1900s
and none between those years. Samples were therefore pooled in 4
groups of years: 1900s, 1950s, 1970s and 2000s (Tables 2 and 3).
There was no significant trend within those groups (Pearson’s
correlations, all p>0.05), except for feather NRP 8'°C values that
decreased in the 1970s (p=0.004). Long-term changes were then
mvestigated by non-parametric comparisons of groups (a Kolmo-
gorov-Smirnov test and multiple comparison tests of mean ranks,
the groups being non-equilibrated and variance non homogenous).
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Figure 2. Correlation between inter-annual differences in
penguin feather 3'3C values and in sea-surface Chl a (corre-
sponding years). Values are mean = SE. Numbers in parentheses
indicate sample sizes (N=70). Solid line represents the linear regression
(y=20.87x+0.20, r=0.354 and p=0.003). Abbreviations: AP, Adélie
penguin; GP, gentoo penguin; KP, king penguin; MP, macaroni
penguin; NRP and SRP, northern and southern rockhopper penguins,
respectively.

doi:10.1371/journal.pone.0016484.g002
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Table 3. Historic (1900s, 1950s, 1970s) and contemporary (2000s) nitrogen isotopic signatures of penguin feathers.
1900s 1950s 1970s 2000s
N 8"°N (%o) N 3"°N (%o) N 3"°N (%o) N 3"°N (%o)
Emperor penguin 1 126*05 *° 3 13.0+03° 17 12103 °
12.6 (11.4-13.2) 13.0 (12.7-13.2) 12.0 (11.6-12.7)
Adélie penguin 5 101167 3 10.5+1.3° 20 10.1£0.8 *
9.3 (8.5-12.1) 10.3 (9.2-11.8) 9.9 (8.5-11.3)
King penguin 16 11.5+04 ° 24 11.3+04 °
11.6 (10.4-12.0) 11.3 (10.7-12.3)
Gentoo penguin 12 109+1.0°2 24 10.8+1.0°
11.0 (9.4-12.3) 10.9 (9.0-12.4)
Macaroni penguin 18 10.2+0.7 ® 24 9.8+03°
10.2 (8.7-11.5) 9.8 (9.1-10.2)
Southern rockhopper penguin 2 10.9 and 10.7 19 9.2+06° 54 9.0+0.5 ?°
9.0 (8.4-10.4) 9.0 (7.8-10.0)
Northern rockhopper penguin 8 10.6+0.9 ° 2 11.2 and 10.3 12 11.1+06 54 11.0+05 °
10.8 (8.7-11.7) 11.1 (10.2-12.2) 11.1 (9.8-12.0)
First line: values are mean = SD; second line: median, minimum and maximum values. Values in the same line not sharing a common superscript letter are significantly
different (p<<0.05; see text).
doi:10.1371/journal.pone.0016484.t003

In our long-term analyses using historic and contemporary samples,
the raw 8'*C values of penguin feathers were adjusted following [15] to
take into account the two effects due to the increase in atmospheric
COy in response to human fossil fuel burning. Firstly, the resulting
higher [COgylaq increases in turn phytoplankton fractionation, thus
reducing its 8"°C isotopic values [27]. Secondly, fossil carbon
introduced into the atmosphere has a lower 8'°C than background
carbon, thus inducing an accelerating decrease in 8'*C in the biosphere
(the Suess effect, [28]). Importantly, some aspects of our results rely on
the appropriate use of these correction factors. Although there are
some attempts to quantify and adjust for both these factors, there is
considerable uncertainty about the magnitude and spatial variations of
both effects [15]. While the model of [CO,].q increase effect is low with
a maximum correction factor of 0.16%o for the period from 1850 to
2007, the Suess effect model might potentially impact the overall
temporal trend with a maximum effect of 0.81%o. Suess effect
correction factors added to penguin feather 8'*C values for each
species and groups of years were presented in Table S2. The influence
of Suess effect correction factors on our long-term analyses depend on
the year groups considered. Since these positive correction factors were
added to modern values, long-term unadjusted 8'°C: values exhibited a
similar and even greater tendency (i.e. decreasing) than adjusted 8'°C
values in the comparison between old (1900s) and more recent values
(1970s and 2000s). Conversely, the 3"°C differences between 1970s
and 2000s samples might be exacerbated by the addition of Suess
correction factors. We cannot rule out that the true effects are precisely
evaluated, but there are increasing evidences of a strong effect of
human fossil fuel burning on marine carbon isotopic ratios [29,30,31].
No correction factor was used in the short-term analyses, because the
calculated 8"°C change between 2006 and 2007 due to both Suess and
aqueous CiOy effects was negligible (~0.01%o).

Results

Short-term isotopic variations
All penguin species, but one (SRP) showed distinct inter-annual
moulting isotopic niches (Table 1). Depending on species, §'°C
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values were 0.1-1.3%o higher in 2007 than in 2006. Surface Chl a
concentrations were also 5-19% higher in 2007 than in 2006 in
the different water masses of the southern Indian Ocean (from
high-Antarctica to the subtropics), as indicated by the positive
differences in Chl a concentration between 2007 and 2006 (Fig. 2).
Interestingly, individual inter-annual differences in penguin
feather 8"°C values were positively correlated with inter-annual
differences in surface Chl a concentrations (Fig. 2, Pearson’s
correlation, r=0.354 and p=0.003).

Feather 3'°N values of three penguin species (AP, GP and NRP)
were significantly ~1%o higher in 2007 than in 2006, while the
three remaining species (KP, MP and SRP) did not show any
significant inter-annual differences in their feather nitrogen
signatures (Table 1).

Long-term isotopic variations

Corrected feather 8'°C values of subtropical (NRP) and three
out of four subantarctic species (GP, MP, SRP) had lower feather
8'%C values in the 1970s than in the 2000s (Table 2; Kolmogorov-
Smirnov tests, both p<<0.005; multiple comparison tests of mean
ranks, p=0.004 and 0.001, respectively). Older historic NRP
samples (1900s) showed higher §'°C values than in 1970s (multiple
comparison tests of mean ranks, p=0.003) and no significant
difference with contemporary (2000s) samples (multiple compar-
ison tests of mean ranks, p=1.000). For SRP, only two samples
were available in 1900s but they confirmed latest analyses. In
contrast, the two Antarctic species (EP and AP) and KP did not
show significant temporal change between 1950s and 2000s (EP
and AP: multiple comparison tests of mean ranks, p>0.5; KP:
Kolmogorov-Smirnov test, p=0.100).

In order to perform a global analysis including all subantarctic
(except KP) and subtropical species, we calculated 8'*C anomalies
from 8"3C values, i.c. the mean feather 8'°C value was subtracted
from cach 8'°C valuc for a given penguin specics. Latitudinal
effect on 8"C value [32,33] was consequently blurred and all
species can be compared in a single analysis. Anomalies were
significantly lower in the 1970s (—0.5%0.5%o) than in the 1900s
(0.4%0.8%o) and 2000s (0.1£0.4%o) (multiple comparison tests of
mean ranks, p<<0.0001 and p<<0.001, respectively) (Fig. 3).

Anomaly of s13¢c (%o0)

|

.2 " " L s N L

1900 1920 1940 1960 1980 2000

Figure 3. Long-term trend in anomalies of feather §'3C values
(corrected by Suess and phytoplankton fractionation effects).
Anomalies were calculated independently for each subantarctic and
subtropical penguin species (except the king penguin, see text for
details). In the 1970s, 3'3C anomalies were significantly lower than in
the 1900s and 2000s (p<<0.0001 and p<0.001, respectively).
doi:10.1371/journal.pone.0016484.g003
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Historic feather 8N values were significant higher than
contemporary samples for EP (in the 1950s and 1970s) and MP
(in the 1970s) penguins (EP: multiple comparison tests of mean
ranks, p=0.049, 0.016 and 0.042; MP: Kolmogorov-Smirnov test,
$<<0.025). The five other penguin species did not present
significant change in their feather 8"°N values over time (statistics
not shown; Table 3).

Discussion

In a first methodological step, we investigated short-term
(contemporary) isotopic variations of penguin feathers and showed
for the first time concurrent variations in consumer 3'*C values
and surface Chl a concentration, a proxy of marine primary
productivity. In a second exploratory step, historic changes in
penguin isotopic niche were investigated and the relationship
relating penguin §'°C values to ecosystem productivity used to
depict long-term trends in the pelagic ecosystem of the southern
Indian Ocean.

Short-term isotopic variations

Little is known about the penguin biology during the pre-moult
period, because birds spend 2-3 weeks away at sea to build up
energy reserves, hence, the use of indirect methods to investigate
their feeding ecology at this time [34,35,36]. Overall, the isotopic
niches of moulting penguins agree well with previous blood isotopic
investigations and birds’ foraging areas and diets during the
breeding period. Species differences in feather 8'*C values reflect
the oceanic 8'°C latitudinal gradient at the base of the food web.
The low 8'°C values of EP and AP, intermediate values of KP, MP
and SRP, and high value of NRP are representative of Antarctic,
subantarctic and subtropical waters, respectively [32,33]. Other-
wise, the high carbon signature of GP is related to its coastal habits,
and thus illustrates the inshore-offshore gradient in organism §'°C
values [33]. Species differences in feather 8'°N values reflect mainly
their dietary habits, with EP, KP and GP preying primarily upon
fish, and thus higher in the food web than AP, MP and SRP that
feed on both fish and crustaceans [20,21]. Finally, the high nitrogen
signature of NRP results from the higher §'°N value characterizing
the baseline level in warm subtropical waters [32,33].

Carbon and nitrogen isotopic signatures of penguin feathers
presented substantial inter-annual variations. Such short-term
variations were rarely investigated and they were generally
mterpreted in terms of changes in the birds’ feeding ecology
[35]. We think that this explanation (ie. changes in foraging
locations) can be rejected for penguin §'*C values for two reasons.
Firstly, penguins are spatio-temporally constrained in the vicinity
of their colonies during the pre-moulting foraging period, because
they have to moult ashore at their breeding sites afterwards.
Secondly, the same trend in feather 8'*C values was found in 3
penguin species (that span a large geographical range), thus
strongly suggesting a broad-scale explanation rather than species-
specific changes in foraging habitats. Indeed, surface Chl a
concentration was higher in 2007 than in 2006 over a broad
latitudinal gradient that includes high-Antarctic, subantarctic and
subtropical waters, therefore indicating that the carrying capacity
of the southern Indian Ocean was higher in 2007 than in 2006. A
major finding of the present work is that the inter-annual
differences in penguin feather §'°C values and surface Chl a
concentrations were positively correlated.

Phytoplankton carbon fractionation is an inverse function of cell
growth rate. Hence, as phytoplankton grows more rapidly, its 8'°C
values increase [37]. Since any change affecting the carbon
1sotopic baseline level is subsequently carried out throughout the

February 2011 | Volume 6 | Issue 2 | 16484



food web [32,33], 8'*C values of top predators have been used as
bio-indicators of ecosystem productivity [18]. Our data reinforce
this approach by suggesting a causal link between 3"*C values of top
predators and productivity of the pelagic ecosystem. Our analysis
was performed on a significant number of penguin species, but
during a relatively short temporal window (two consecutive years
only). Clearly, the relationship between penguin 8'°C value and
surface Chl a concentration needs to be investigated during a longer
period. Also, the higher inter-annual change of king penguin 8'°C
values (Fig. 2) suggests possible inter-species variations in the
penguins’ responses to change in marine productivity that also call
for further investigations. Hopefully, feathers can be easily collected
year after year in the field on different species with a minimum
disturbance of the birds. Hence, 8'*C values of penguin feathers
have therefore the potential to be used to monitor the carrying
capacity of the Southern Ocean over the long term.

Long-term isotopic variations

The southern Indian Ocean was marked by a temperature
regime shift in the 1970s associated with population changes of
predators, including penguins [4]. A change in atmospheric
circulation during the 1970s brought warmth and moisture until
Antarctic coast [7] that probably explain the air temperatures
increase between the mid 1960s and mid 1980s at various
localities, including Adélie Land, Crozet and Amsterdam Islands
[4,6]. In the present work, penguin historic collection was not
continuous over the last decades, but feather isotopic data illustrate
key time-periods, with sampling in the 1970s reflecting the
dynamic period of temperature decrease, while older (1900s and
1950s) and contemporary (2000s) samples correspond to the pre-
and post- regime shift periods, respectively. Overall, isotopic
niches of penguins did not change drastically over time, and
segregating mechanisms operating in historic times were the same
than those operating today [20,21]. Some consistent isotopic
changes were however depicted and they can be related either to
species (8'°N) or broad geographical areas (5'°C).

Two penguin species (EP and MP) showed long-term temporal
changes in their feather 8'°N values. Feather §'°N changes were
species-specific, suggesting temporal variations in penguin diet rather
than in ecosystem baseline 8N levels. Short-term 3'°N changes
were previously observed in AP. They were interpreted as varying
proportions of fish and krill in their diet, with the higher 8"°N value of
fish over krill inducing a corresponding increase in predator §'°N
signature [21,35]. Our data therefore suggest that EP and MP fed less
on fish and more on crustaceans in 2000s than in historic times.

A main finding of the present work is that feather 8'*C values of
Antarctic penguins did not change over time, while the carbon
1sotopic signature of subantarctic and subtropical species presented
lower values in the 1970s during the temperature regime shift.
Similarly to short-term variations, long-term variations in §"*C
values can be explained in two ways, a change in penguin foraging
location and/or in primary productivity of the environment. The
consistent 8'*C changes over species and localities strongly support
the latter hypothesis. The ecosystemic explanation includes no
major changes in the carrying capacity of high-Antarctic waters in
the vicinity of Adélie Land. By contrast, historic and contemporary
penguin §'°C values suggest a lower carrying capacity of the pelagic
ecosystem in both subantarctic (Crozet) and subtropical (Amster-
dam) waters in the 1970s when compared to older and present
times. Such a trend was also observed from feather 8'*C values of
SRP from Kerguelen Islands, i.e. another subantarctic locality from
the southern Indian Ocean (data from [15]). Unfortunately, no
information is available on changes in primary productivity of the
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southern Indian Ocean over the last decades, thus precluding any
comparison with previous oceanographic investigations.

Penguin 8'°C values therefore suggest that the decrease in
carrying capacity of the southern Indian Ocean could be the
underlying cause linking the temperature regime shift and the
predator population declines in the Subtropical and Subantarctic
zones. Within that context, how to explain the population
decreases of Antarctic penguins in Adélie Land, while their §'*C
values suggest no major change in primary productivity? In Adélie
Land, warming in the 1970s was associated with a regional
transient decrease in sea ice extent [38], which is known to
negatively impact the population of Antarctic krill, a keystone
organism in the pelagic food web [39]. Since AP feeds mainly on
krill and EP on krill-eating prey [21], lower krill biomass is the
likely explanation of the declines in penguin populations in Adélie
land. Overall, the study therefore suggests that a lower secondary
productivity, and thus a decrease in food availability, was the main
driving force explaining penguin population declines in various
localities of the southern Indian Ocean during the regime shift. In
contrast to other penguins, KP increased its population at Crozet
(and elsewhere) at this time, probably a long-term response from
the cessation of past exploitation during the nineteenth century
[40]. Feather 8'*C and 8"°N values of KP did not show temporal
variations, suggesting neither species-specific nor ecosystemic
change during the study period for this highly specialized penguin
that forages on myctophid fish at the Polar Front [41,42].

The decrease in ecosystem productivity in subantarctic and
subtropical zones infer from penguin isotopic data was probably also
mvolved in population changes of pinnipeds, albatrosses and petrels
that occurred during the regime shift [4]. However, more work is
needed before extrapolating an ecosystemic explanation to Procellar-
iiformes, because firstly they are very wide-ranging organisms when
compared to penguins, and secondly their populations are not only
impacted by climatic changes, but also by anthropogenic factors, such
as positive and negative effects due to fisheries [43]. The present study
illustrates the usefulness of the isotopic tool to help disentangling among
multi-factors affecting predator populations. It highlights the need of
mvestigating several species spanning broad geographic areas and the
utility of developing long-term tissue sampling and data bases on
isotopic signature of key marine organisms.
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