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Abstract: Seabirds have been used extensively as bioindicators of mercury (Hg) 

contamination in the marine environment, although information on flightless species 

like penguins remains limited. In order to assess the use of penguins as bioindicators of 

Hg contamination in subantarctic and Antarctic marine ecosystems, Hg concentrations 

were evaluated in the feathers of the four species that breed on the Kerguelen Islands in 

the southern Indian Ocean. Compared to other seabirds, adult Kerguelen penguins had 

low to moderate feather Hg concentrations, with an average ranging from 1.96 ± 0.41 

µg∙g
-1

 dry weight in the southern rockhopper to 5.85 ± 3.00 µg∙g
-1

 dry weight in gentoo 

penguins. The species was a major determinant of Hg contamination, with feather Hg 

concentrations being lower in the oceanic species (king and crested penguins) than in 

the coastal ones (gentoo penguins). In all species however, feather Hg concentrations 

were higher in adults than in chicks, reflecting the different periods of Hg 

bioaccumulation in the internal tissues of the two age classes. The relationship between 

adult penguin trophic ecology and Hg burdens was investigated using stable isotopes. 

Feeding habits (reflected by δ
15

N values) had a greater effect on adult feather Hg 

concentrations when compared to foraging habitats (reflected by δ
13

C values), 

indicating Hg biomagnification in Kerguelen neritic and oceanic waters. Dietary 

preferences were crucial in explaining individual feather Hg concentrations, as 

highlighted by intra-specific variation in Hg levels of gentoo penguins sampled at two 

different breeding sites of the Archipelago. Penguins appear to reflect Hg bioavailability 

reliably in their foraging environment and could serve as efficient bioindicators of Hg 

contamination in the Southern Ocean on different spatial and temporal scales. 

 

Key words: Antarctica; Indian Ocean; seabird; trace element; metal; stable isotopes. 
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1. Introduction 

 

While occurring naturally, mercury (Hg) is a pervasive environmental contaminant that 

negatively impacts humans and wildlife (Bond and Diamond, 2009; Scheuhammer et al., 

2007). Over centuries a vast range of human activities have increased emissions to the 

atmosphere, modifying the cycling of Hg on the world scale (Fitzgerald et al., 2007; 

Selin, 2009). Aquatic environments, including marine ecosystems, are major 

repositories of natural and anthropogenic Hg. Hence, Hg is widely distributed in the 

World Ocean as a consequence of both long-range atmospheric transport and deposition 

(Ebinghaus et al., 2002; Fitzgerald et al., 1998). Despite being free of industrial sources 

of contamination and scarcely affected by local anthropogenic pollution, the Southern 

Ocean presents some unique features in the distribution of the different Hg species 

(Cossa et al., 2011), including elevated levels of contamination in some biota, especially 

top predators (Anderson et al., 2009; Bargagli et al., 1998; Muirhead and Furness, 1988). 

Indeed, Hg is known to bioaccumulate in the tissues of living organisms and to 

biomagnify within food webs, leaving top predators at risk of high contamination levels 

through food intake (Furness and Camphuysen, 1997; Morel et al., 1998). Top 

consumers include seabirds that have been identified as effective Hg sentinels in the 

marine environment (e.g., Burger and Gochfeld, 2004; Furness, 1993). In this context, 

seabird feathers have proved to be a valuable tissue, as they represent the main route of 

Hg excretion in birds (e.g., Braune and Gaskin, 1987; Monteiro and Furness, 1995) and 

can be easily collected during nesting from both chicks and breeding adults. 

Previous investigations on Hg contamination of seabirds from the Southern Ocean 

essentially focused on flying species, mainly of the order Procellariiformes (Anderson 

et al., 2009; Becker et al., 2002; Bocher et al., 2003). By contrast, very little is known 
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about the Hg exposure of diving seabirds like penguins (Bargagli et al., 1998; Becker et 

al., 2002; Scheifler et al., 2005). Penguins are less Hg contaminated than some other 

seabirds, but they present interesting ecological and practical advantages over flying 

species to investigate Hg contamination within Antarctic and subantarctic food webs. 

Firstly, unlike most albatrosses and petrels that disperse in northern waters during the 

nonbreeding period (BirdLife International, 2004), Antarctic and subantarctic penguins 

are restricted to the Southern Ocean all year long (Ballard et al., 2010; Thiebot et al., 

2012, 2011a, 2011b). Penguins are thus truly representative of the level of 

contamination of Antarctic and subantarctic ecosystems. Secondly, depending on 

species, penguins forage at different depths of the water column, namely the epi-, meso-

pelagic and benthic zones that are known to present heterogeneous Hg concentrations 

and Hg species distributions (Cossa et al., 2011; Fitzgerald et al., 2007; Thompson et al., 

1998). Thirdly, penguins renew their whole plumage annually over a 2-4 wks period on 

land (Adams and Brown, 1990; Cherel et al., 1994), thus contrasting with most other 

birds that present a prolonged, sequential moult leading to higher Hg concentrations in 

the earlier than in the later growing feathers (Furness et al., 1986). Hence, penguins 

appear to be good models to evaluate Hg contamination in their foraging environment, 

but this has yet to be proved conclusively. 

The main objective of the present study was to assess the use of penguins as 

bioindicators of Hg contamination in marine ecosystems of the Southern Ocean. The 

following predictions were tested on the penguin assemblage from the subantarctic 

Kerguelen Islands where four species live in sympatry. 

1) As already depicted in other seabirds (Anderson et al., 2009; Becker et al., 

2002; Blévin et al., 2013), the diet and foraging ecology of penguins should play an 

important role in explaining feather Hg levels, because ingestion of food is the main 
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route of Hg exposure in birds. As Kerguelen penguin species display contrasted feeding 

ecology (Table 1), feather Hg concentrations should show important inter-specific 

differences. The respective effects of habitats and diets were tested by using the isotopic 

niche as a proxy of the trophic niche of the species, with the ratios of stable isotopes of 

carbon (δ
13

C) and nitrogen (δ
15

N) reflecting their foraging habitats and trophic positions, 

respectively. The isotopic method was already validated in the area, with seabird δ
13

C 

values indicating their latitudinal foraging grounds and depicting offshore versus 

inshore consumers and their δ
15

N values increasing with trophic level (Cherel and 

Hobson, 2007; Cherel et al., 2010; Cherel et al., 2007; Jaeger et al., 2010). Taking into 

account the penguins’ foraging ecology (Table 1), we make the following predictions. 

Firstly, feeding habitat (
13

C) should shape seabird Hg contamination, because Hg is not 

homogeneously distributed in marine ecosystems (Cossa et al., 2011; Hammerschmidt 

and Bowman, 2012). For example, benthic foragers should have higher feather Hg 

concentrations than pelagic foragers in relation to the substantial production of Me-Hg 

in coastal marine sediments (Fitzgerald et al., 2007). Secondly, penguins with the 

highest trophic positions (
15

N) should show the highest feather Hg concentrations, 

because Hg biomagnifies within marine food webs (e.g., Selin, 2009). 

2) Between-year variation of Hg levels is an issue rarely investigated in seabirds. 

Taking into account that (i) penguin feeding habits are comparable in the breeding and 

non-breeding seasons (Thiebot et al., 2012, 2011a, 2011b); (ii) penguin feather Hg 

temporal integration is constant (one year); and (iii) the Kerguelen Islands are removed 

from point anthropogenic Hg sources; no variation in feather Hg levels should be 

detected on a short temporal scale (two following years). 

3) As already found in birds (Burger, 1993), feather Hg concentrations should be 

higher in adult penguins than in chicks at fledging, mainly because: (i) the time interval 
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of Hg accumulation is longer in adults than in chicks (~12 months of inter-moult period 

for adults and the 3-9 months of rearing period in chicks, depending on species) and (ii) 

Hg can bioaccumulate in internal tissues of long-lived animals over their whole life 

span.  

The present article is the first exploratory step of a wider investigation on penguins as 

bioindicators of Hg contamination in the Southern Ocean. In the second step, we will 

focus on penguins breeding at different locations in order to highlight potential 

geographic variation of Hg levels over a large latitudinal gradient, from the subtropics 

to Antarctica. In the third and final step, we will assess historical trends of penguin Hg 

contamination by comparing actual feather concentrations with those of museum 

specimens dating as far back as the 1950s. 

 

2. Materials and methods 

2.1. Study site, species and field collections 

Fieldwork was carried out during the 2006–2007 austral summer on the Kerguelen 

Islands (49°21’S, 70°18’E), which are located in the southern part of the Polar Frontal 

Zone, in the immediate vicinity of the Polar Front (Park and Gamberoni, 1997). The 

Kerguelen assemblage of penguins is composed of four species, namely the king 

Aptenodytes patagonicus (KP), macaroni Eudyptes chrysolophus (MP), southern 

rockhopper Eudyptes chrysocome filholi (SRP) and gentoo penguins Pygoscelis papua 

(GP) (Table 1). Sampling was conducted at different locations of the archipelago, 

depending on the species breeding sites. Since GP have different foraging strategies 

depending on the colony location, they were sampled in two contrasting marine 

environments, an enclosed bay (Penn Island, located in the large Baie du Morbihan) and 

an open water site (Estacade) (Table 1). 
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Penguin moult involves two distinct processes, with new feather synthesis and old 

feather loss overlapping in mid-moult (Cherel et al., 1994). Thus both new and old 

feathers from the same individual adult penguins were collected in mid-moult, in order 

to evaluate potential inter-annual variation of adult penguins Hg exposure at the 

individual scale. Old and new feathers refer to moults that occurred during the 2005–

2006 and 2006–2007 austral summers (hereafter called 2006 and 2007), respectively. 

Feathers (2007 moult) were also sampled from chicks at fledging (i.e. at the end of the 

breeding season) and, for KP only, from moulting immature birds (i.e. young birds after 

their first year at sea). Between 6 and 10 body feathers per individual were pulled out 

and then stored dry in sealed plastic bags until analysis at the University of La Rochelle, 

France.  

 

2.2. Sample analyses 

Prior to chemical analysis, feathers were cleaned to remove surface lipids and 

contaminants using a 2:1 chloroform:methanol solution followed by two successive 

methanol rinses. After cleaning, body feathers were oven dried for 48 hours at 50°C. In 

a first step, an individual feather per penguin was analysed for total Hg in an Advanced 

Mercury Analyzer spectrophotometer (Altec AMA 254) following Blévin et al. (2013). 

Since almost all Hg is under organic form in feathers, total Hg approximates the amount 

of feather methyl-Hg (Bond and Diamond, 2009; Thompson and Furness, 1989). All 

analyses were repeated 2-3 times until having a relative standard deviation < 10%. 

Accuracy was checked using a certified reference material (Tort-2 Lobster 

Hepatopancreas, NRC, Canada; certified Hg concentration: 0.27 ± 0.06 µg∙g
-1

 dry mass). 

Our measured values were 0.226 ± 0.003 µg∙g
-1

 dry mass, n = 7. Blanks were analysed 
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at the beginning of each set of samples and the detection limit of the method was 0.005 

µg∙g
-1

 dry mass. Data of Hg concentrations are presented relative to the dry weight (dw). 

In a second step, an individual feather per adult penguin was homogenized by cutting it 

with scissors into small fragments, weighed (~0.3 mg) with a microbalance and packed 

into tin containers. The relative abundance of carbon and nitrogen isotopes were 

determined with a continuous flow mass spectrometer (Thermo Scientific Delta V 

Advantage) coupled to an elemental analyzer (Thermo Scientific Flash EA 1112). 

Results are presented in the usual  notation relative to Vienna PeeDee Belemnite and 

atmospheric N2 for δ
13

C and δ
15

N, respectively. Replicate measurements of internal 

laboratory standards (acetanilide) indicated measurement errors < 0.15 ‰ for both δ
13

C 

and δ
15

N values. 

 

2.3. Statistical analysis  

Statistical tests were performed using R 2.7.1 (R Development Core Team, 2008) 

mainly following Crawley (2007). In univariate analysis, all data were first checked for 

normality and homogeneity of variances by means of Shapiro-Wilk and Bartlett tests, 

respectively. Depending on the results, parametric or non-parametric tests were used 

and followed by multiple comparisons tests. Relationships between feather Hg 

concentrations and continuous explanatory variables (feather δ
13

C and δ
15

N values) 

were tested using Pearson or Spearman correlation rank tests. 

Multivariate analyses were used to test multiple alternative hypotheses on the influence 

of species, foraging habitat and trophic level (inferred from feather δ
13

C and δ
15

N values, 

respectively) on feather Hg concentrations. Generalized linear models (GLM) with a 

normal distribution and an identity-link function were constructed as follows: log-

transformed Hg concentrations as the response variable, species as a categorical 
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explanatory variable and feather δ
13

C and δ
15

N values as continuous explanatory 

variables. Biologically relevant models were constructed incorporating the different 

variables and their interactions. Continuous variables (δ
13

C and δ
15

N) that were 

significantly correlated were not included in the same models. Model selection was 

based on Akaïke’s Information Criteria adjusted for small sample sizes (AICc). The 

model with the lowest AICc value was considered to be the most accurate. Models with 

AICc values differing by less than 2 have a similar level of support in the data, and the 

model including the least number of parameters was regarded as the most accurate, 

according to the principle of parsimony (Burnham and Anderson, 2002). Overall model 

support was assessed using Akaïke weights (wi), following Johnson and Omland (2004) 

and model fit was checked by residual analysis. 

A significance level of α < 0.05 was used for all tests, both in univariate and 

multivariate analysis. Values are means ± SD. 

 

3. Results 

 

3.1. Influence of species and foraging ecology on Hg concentrations in adult penguins 

In a first step, univariate analyses were used to test interspecific differences in feather 

Hg concentrations and stable isotopes signatures and their relationships in adult 

Kerguelen penguins. Feather Hg concentrations of adult penguins were significantly 

different between species in 2007 (Kruskal-Wallis, H = 17.6, p = 0.001, n = 48). KP, 

MP and SRP presented similar feather Hg levels, whereas GP were significantly more 

contaminated and showed a much higher variance (Table 2). Feather δ
13

C and δ
15

N 

values varied significantly within the penguin community (Kruskal-Wallis, H = 35.5 

and H = 36.5 for δ
13

C and δ
15

N, respectively, both p < 0.0001, n = 48), defining three 
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non-overlapping isotopic niches, with identical isotopic signatures of the closely-related 

MP and SRP (Table 2). 

When individual data from the four penguin species were pooled (data not shown), 

feather Hg concentrations were significantly and positively correlated to both feather 

δ
13

C and δ
15

N values (Spearman correlation, ρ = 0.42 and 0.50, p = 0.003 and 0.0003, 

respectively, both n = 48). Feather δ
13

C and δ
15

N values were also significantly and 

positively correlated (Pearson correlation, r = 0.79, p < 0.0001, n = 48).  

In a second step, multivariate analyses were used to disentangle the influence of species, 

foraging habitat (δ
13

C) and trophic level (δ
15

N) on feather Hg concentrations of adult 

penguins. Since feather δ
13

C and δ
15

N values were correlated, models including both 

variables were not included in the set of candidate models (Table 3). Models including 

feather δ
15

N values as covariate presented a better fit to the data than those including 

feather δ
13

C values. Two models, Log Hg = δ
15

N and Log Hg = δ
15

N + species, had a 

similar level of support in the data, the most accurate being Log Hg = δ
15

N according to 

the principle of parsimony. 

 

3.2. Influence of year and age-class on feather Hg concentrations  

Feather Hg concentrations in adult penguins were not significantly different between the 

two consecutive years, with every species exhibiting similar levels in 2006 and 2007 

(Fig. 1). Interestingly, feather Hg concentrations were highly and positively correlated 

between the two years at the individual level (pooled data from the four species) 

(Pearson correlation, r = 0.89, p < 0.0001, n = 48, Fig. 2). 

Chicks showed significantly lower feather Hg concentrations than adults for all the four 

species (Fig. 1). Moreover, KP chicks were significantly less contaminated than 

immature birds (pairwise Wilcoxon comparisons with Bonferroni correction, p = 0.005, 
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n = 36; Table 2), while feather Hg concentrations of immature and mature birds were 

not significantly different (pairwise Wilcoxon comparisons with Bonferroni correction, 

p = 0.220, n = 36; Table 2). Finally, chick feather Hg concentrations differed 

significantly between species (Kruskal-Wallis, H = 41.16, p < 0.0001, n = 48), in the 

decreasing order GP > KP > MP > SRP (Table 2) 

 

3.3. Spatial and individual variation of feather Hg concentrations: the case study of 

adult GP 

In 2007, feather Hg concentrations of adult GP differed according to the colony of 

origin, with individuals breeding in an enclosed bay (Penn Island) being significantly 

less contaminated than those breeding at an open-sea location (Estacade) (Wilcoxon, W 

= 137, p < 0.0001, n = 24). Unlike Penn GP, Estacade birds showed a high variance in 

their feather Hg concentrations, and also in their δ
13

C and δ
15

N values (Table 2). 

Interestingly, feather Hg concentrations from Estacade penguins were significantly and 

positively related to both their δ
13

C and δ
15

N values (Pearson correlation, r = 0.61, p = 

0.037 and r = 0.74, p = 0.006, respectively, n = 12) (Fig. 3). 

 

4. Discussion 

 

4.1. Adult Hg levels: comparison with other seabirds and other areas 

The Kerguelen penguin community presented two groups of Hg contamination: on the 

one hand KP, MP and SRP with similar feather Hg concentrations and on the other hand 

GP, with ~3 fold higher levels than the three other species. Based on multivariate 

analysis, the effect of species explained a considerable proportion of the variance in 

feather Hg levels, as previously shown in other subantarctic seabird communities 
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(Anderson et al., 2009; Blévin et al., 2013). Furthermore, the interspecific differences 

were consistent between years. Indeed, no inter-annual variation was detected in feather 

Hg concentrations between 2006 and 2007 both at the species and individual levels. 

This result is consistent with the previous findings of Scheifler et al. (2005) on adult KP 

from the Crozet Islands (southern Indian Ocean), which showed no variation in feather 

Hg concentrations between 2000 and 2001. 

Overall, feather Hg concentrations of Kerguelen penguins were in the same order of 

magnitude as those reported by previous studies on penguins, but discrepancies at the 

species level exist. While feather Hg concentrations of KP from Crozet (Scheifler et al., 

2005) were almost identical to those found in this study, GP at South Georgia (southern 

Atlantic Ocean) presented lower feather Hg levels (Becker et al., 2002) than their 

Kerguelen conspecifics. Interestingly, South Georgia GP presented lower feather Hg 

levels than the sympatrically breeding MP, which is opposite to the findings of the 

present study. These contrasting results within the same species breeding at distinct sites 

are likely related to different feeding habits. Indeed, diet composition of a given species 

can vary according to breeding location (e.g., Lescroel et al., 2004; see Section 4.3.), 

and diet is the main factor explaining Hg burden in seabirds (e.g., Bocher et al., 2003; 

Monteiro et al., 1998; Stewart et al., 1999). 

Feather Hg concentrations of penguins rank low to intermediate when compared to most 

procellariiform seabirds that breed in the Southern Ocean. For instance, penguins are 

usually more contaminated than small zooplankton-eating petrels, but are less 

contaminated than sympatrically breeding albatrosses and large petrels, which generally 

present feather levels > 6-10 µg·g
-1

 (Anderson et al., 2009; Bargagli et al., 1998; Becker 

et al., 2002; Lock et al., 1992). Finally, penguins present lower feather Hg 

concentrations than other diving seabirds from the Southern Ocean, like the South 
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Georgian shag and the common and South Georgian diving petrels (Anderson et al., 

2009; Becker et al., 2002). These Hg differences between penguins and other seabirds 

can be related more to intrinsic (e.g. physiology) and extrinsic factors (e.g. diet 

composition) than to phylogeny (Anderson et al., 2009; Stewart et al., 1999). 

 

4.2. Chick Hg levels and age-class variation 

As expected, feather Hg concentrations of adults were significantly higher than 

those of chicks in all Kerguelen penguin species. The same result has been reported by 

several other studies on birds (e.g., Bond and Diamond, 2009; Burger, 1993; Thompson 

et al., 1991), including penguins (Bargagli et al., 1998), the most likely explanation 

being that adults have a longer period to bioaccumulate Hg than chicks. Indeed, feather 

Hg levels in chicks only represent exposure during the chick-rearing period, as the Hg 

burden inherited from the mother via the egg is excreted, at least partially, in the down 

(Bearhop et al., 2000a; Becker et al., 1993; Stewart et al., 1997) and is highly diluted in 

the internal tissues during growth (Ackerman et al., 2011). As the length of the chick-

rearing period varies among penguins (for review, Williams, 1995), the ratio of adult to 

chick feather Hg might be expected to be higher in species with shorter chick-rearing 

periods (Furness et al., 1990). In the present study, the ratios were as high as ~6 and ~7 

in MP and SRP, respectively, having chick-rearing periods of ~70 days (for review, 

Williams, 1995). In contrast, the ratio was only ~2 in KP, because their chick-rearing 

period is long (~315 days; Williams, 1995) and close to the adult inter-moult period 

(~365 days). Accordingly, feather Hg concentrations of immature KP were similar to 

those of adults, in agreement with the identical duration of their inter-moult periods. A 

remarkable exception was the GP with an adult to chick feather Hg ratio of only ~2, 

even if their chick-rearing period is short (72 days on average; Williams, 1995). The 
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time of exposure is thus not the only determinant of feather Hg concentrations, but other 

intrinsic or extrinsic factors are likely involved. For instance, the small difference in 

contamination between the two GP age classes might be linked to the fact that the diet 

of adults was less Hg-enriched than that of the chicks. Indeed, seabirds can present 

parent-offspring dietary segregation, as adults tend to provision their chicks with larger 

and more energy-rich prey than those they capture for self-feeding (Alonso et al., 2012; 

Dänhardt et al., 2011; Wilson et al., 2004). 

Interestingly, interspecific differences were not identical when considering either adults 

or chicks. With the exception of GP, showing the highest feather Hg concentrations in 

both age classes, the other species presented feather Hg concentrations in the order 

KP>MP>SRP in chicks while they were similar in adults. Two non-exclusive factors 

can explain this result: the length of the chick-rearing period and the chick diet. Indeed, 

the long chick rearing duration of KP could account for its high chick feather Hg level 

with respect to MP and SRP. Moreover, the main food items of KP chicks at different 

locations are mesopelagic fish (e.g., Bost et al., 2002; Cherel et al., 1996), which are 

known to accumulate high Hg burdens (Bustamante et al., 2003; Chouvelon et al., 2012; 

Monteiro et al., 1998) in relation to elevated Hg methylation in low oxygen, 

mesopelagic waters (for review, see Fitzgerald et al., 2007). By contrast, MP and SRP 

chicks have a mixed diet, relying mostly on swarming pelagic crustaceans (Table 1), 

which have lower Hg concentrations than fish (e.g., Anderson et al., 2009). This pattern 

is in agreement with the findings of Blévin et al. (2013) for Hg concentrations in 

Kerguelen seabird chick feathers, which increased roughly in the order crustacean- < 

fish- ≤ squid- ≤ seabird-consumers. Their data ranked the penguin species in a low (KP, 

MP, SRP) to intermediate (GP) position within the seabird community. As penguins are 

not the most contaminated family among Antarctic and subantarctic seabirds, it could be 
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argued that they are not the best sentinel species of Hg contamination in the Southern 

Ocean. However, penguins can be regarded as reliable Hg indicators over highly-mobile, 

flying species when considering their moult strategies and their feeding ecology. 

 

4.3. Hg contamination and penguin food and feeding ecology 

4.3.1. Trophic variation of feather Hg concentrations in adult penguins 

Stable isotopes segregated the penguin community into three trophic niches: two 

different niches for KP and GP and an overlapping niche for MP and SRP. As stated 

above, two groups were discriminated according to the Hg levels: on the one hand KP, 

MP and SRP and on the other GP. This is in agreement with several studies showing 

weak or no association between stable isotopes and Hg levels in seabird feathers (Bond 

and Diamond, 2009; Ramos et al., 2009; Thompson et al., 1998). Indeed, feathers 

reflect the isotopic composition of the bird’s diet at the time of their synthesis (Kelly, 

2000), while feather Hg levels reflect dietary exposure during feather growth but also 

Hg stored in soft tissues during the inter-moult period. Stable isotopes and Hg 

integration are therefore temporally uncoupled in adult bird feathers (Bond and 

Diamond, 2009; Bond, 2010; Thompson et al., 1998). Nevertheless, individual foraging 

preferences are maintained over extended periods in penguins, with respect to both 

foraging area and diet, during and outside the breeding season (Bost et al., 2009; Cherel 

et al., 2007; Thiebot et al., 2012, 2011a, 2011b). Unlike other seabirds, the relationship 

between isotopic ratios and Hg concentrations is therefore not spurious in adult penguin 

feathers. In the present study, both δ
13

C and δ
15

N values were correlated to feather Hg 

concentrations. With respect to the foraging habitat (δ
13

C values), the high feather Hg 

concentrations in feathers of GP, the only inshore feeder, is in agreement with the Me-

Hg enrichment of coastal benthic areas (Fitzgerald et al., 2007). Nevertheless, 
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multivariate analyses revealed that the trophic position (δ
15

N values) had a stronger 

effect on feather Hg concentrations than the foraging habitat. This result verifies our 

hypothesis stating that Hg concentration increases with trophic level, thus indicating Hg 

biomagnification in the marine ecosystem exploited by the penguins, i.e. Kerguelen 

neritic and oceanic waters. 

 

4.3.2. Spatial and individual variation of feather Hg concentrations: the case study of 

adult GP 

While inter-specific differences in seabird Hg contamination have been extensively 

studied, the causes underlying variation within the same species are less well 

understood (Bearhop et al., 2000b). However, intra-specific variations in seabird Hg 

concentrations potentially reflect the effect of interacting intrinsic factors like age, sex 

and size (Burger, 1993; Monteiro and Furness, 1995) and extrinsic factors, such as 

foraging habitat and diet (Bearhop et al., 2000a, 2000b; Ramos et al., 2009; Stewart et 

al., 1997). In this study, the two sampled sub-populations of GP showed highly different 

levels of Hg contamination, with Estacade GP displaying on average 4 times higher 

feather Hg concentrations than their Penn Island conspecifics. Such striking differences 

in feather Hg concentrations within the same species seem difficult to attribute to 

physiological factors. Instead, Kerguelen GP show a great variability in their trophic 

ecology depending on the colony location (Bost and Jouventin, 1990; Lescroël and Bost, 

2005; Lescroel et al., 2004). For instance, GP from the enclosed bay feed extensively on 

swarming crustaceans (85% of the diet by mass at different sites of the bay; Lescroel et 

al., 2004). Accordingly, they presented low feather Hg concentrations, as observed in 

species relying mainly on pelagic crustaceans (Becker et al., 2002; Bocher et al., 2003; 

Stewart et al., 1999). On the other hand, Kerguelen GP breeding at the open-sea location 
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(Estacade) present a more diversified diet, including a large proportion of benthic fish, 

but also pelagic crustaceans (71% and 13% of the overall diet by mass, respectively; 

Lescroel et al., 2004). Benthic organisms are in close association with the sediment 

where Hg methylation is high due to low oxygen concentrations and low solar radiation 

(Fitzgerald et al., 2007). They consequently tend to accumulate high levels of Hg 

(Bustamante et al., 2006; Storelli et al., 2005; 2007), most probably explaining the 

considerable Hg burden of Estacade GP. Furthermore, fish display higher Hg 

concentrations than crustaceans (Chouvelon et al. 2012) and virtually all the Hg (i.e. > 

95%) in fish is methylated (Bloom 1992) and is therefore bioavailable for upper trophic 

levels. The different Hg contamination of the two colonies seems therefore to rely 

mainly on diet preferences. 

The pattern of Hg contamination in the two colonies differed also when considering 

inter-individual variation. Indeed, Penn and Estacade GP showed a small and a large 

variance in feather Hg concentrations, respectively. Moreover, there was an overlap in 

feather Hg concentrations between the two colonies, with some individuals of Estacade 

GP showing similar levels of Penn GP and then a continuous increasing of the Hg 

concentration. Importantly, feather Hg levels of Estacade GP were significantly and 

positively correlated to stable isotopes (Fig. 3). This indicates a succession of 

specialised foraging individuals among Estacade GP, ranging from birds feeding almost 

exclusively on pelagic crustaceans (reflected by low feather δ
13

C and δ
15

N values) to 

birds feeding almost exclusively on benthic fish (high feather δ
13

C and δ
15

N values), 

therefore showing low to high feather Hg concentrations. Individual dietary 

specialisation is thus crucial in establishing Hg contamination in this species. 
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5. Conclusions 

This work provides new insights into the relationship between seabird trophic ecology 

and Hg burdens, emphasising the role of species and individual foraging specialisation 

in shaping feather Hg levels. Individual specialisation of foraging strategies is believed 

to be conserved over long periods in seabirds (Bearhop et al., 2006; Ceia et al., 2012) 

and could therefore put some individuals at a risk of high Hg contamination levels over 

the long-term, as illustrated by the positive inter-annual correlation in feather Hg levels. 

Although it is difficult to link observed Hg tissue concentrations to negative effects in 

natural bird populations (Burger and Gochfeld, 2004), 50 % of adult Estacade GP 

exceeded the commonest used feather toxicity threshold of 5 µg g
-1

 dw (i.e. Burger and 

Gochfeld, 1997). This sub-population of GP could therefore serve as a model to 

investigate adverse effects of Hg contamination on seabirds in the wild. On the other 

hand, penguin species showing low inter-individual variation in Hg levels could be used 

as efficient indicators of Hg contamination. Considering their abundance, distribution 

and highly specialised diet (mesopelagic fish), KP in particular could be useful as a 

bioindicator species of Hg bioavailability in the Southern Ocean. A comparison of the 

results of this study with those obtained from other penguin populations which breed at 

different subantarctic and Antarctic sites could help to depict the geographical 

distribution of Hg contamination in the Southern Ocean. Furthermore, penguins could 

be useful as monitors of temporal trends of global Hg contamination, as their foraging 

strategies are maintained over the long-term. A change in Hg bioavailability in the food 

webs of the Kerguelen Islands, which are far-removed from direct anthropogenic inputs, 

would indeed indicate a change of Hg fluxes on a much wider spatial scale. 

 

 



19 

 

Acknowledgements 

The authors thank the numerous fieldworkers who helped with collecting penguin 

feathers, F. Capoulun for the preparation of feather samples, G. Guillou and P. Richard 

for running stable isotope analysis and C. Barbraud for helpful suggestions in statistical 

analyses. The present work was supported financially and logistically by the Poitou-

Charentes Region through a PhD grant to AC, and by the Agence Nationale de la 

Recherche (program POLARTOP, O. Chastel), the Institut Polaire Français Paul Emile 

Victor (IPEV, program no. 109, H. Weimerskirch) and the Terres Australes et 

Antarctiques Françaises (TAAF). 

 

References 

 

Ackerman JT, Eagles-Smith CA, Herzog MP. Bird mercury concentrations change 

rapidly as chicks age: Toxicological risk is highest at hatching and fledging. 

Environmental science & technology 2011;45:5418–25. 

Adams NJ, Brown CR. Energetics of molt in penguins. Penguin biology. Academic 

Press, San Diego 1990;297:5. 

Alonso H, Granadeiro JP, Paiva VH, Dias AS, Ramos JA, Catry P. Parent–offspring 

dietary segregation of Cory’s shearwaters breeding in contrasting environments. 

Marine Biology 2012;159:1197–207. 

Anderson ORJ, Phillips RA, McDonald RA, Shore RF, McGill RAR, Bearhop S. 

Influence of trophic position and foraging range on mercury levels within a 

seabird community. Marine Ecology Progress Series 2009;375:277–88. 

Ballard G, Toniolo V, Ainley DG, Parkinson CL, Arrigo KR, Trathan PN. Responding 

to climate change: Adélie penguins confront astronomical and ocean boundaries. 

Ecology 2010;91:2056–69. 

Bargagli R, Monaci F, Sanchez-Hernandez JC, Cateni D. Biomagnification of mercury 

in an Antarctic marine coastal food web. Marine Ecology Progress Series 

1998;169:65–76. 



20 

 

Bearhop S, Waldron S, Thompson D, Furness RW. Bioamplification of Mercury in 

Great Skua Catharacta skua Chicks: the Influence of Trophic Status as 

Determined by Stable Isotope Signatures of Blood and Feathers. Marine 

pollution bulletin 2000a;40:181–5. 

Bearhop S, Phillips RA, Thompson DR, Waldron S, Furness RW. Variability in 

mercury concentrations of great skuas Catharacta skua: the influence of colony, 

diet and trophic status inferred from stable isotope signatures. Marine Ecology 

Progress Series 2000b;195:261–8. 

Bearhop S, Phillips RA, McGill R, Cherel Y, Dawson DA, Croxall JP. Stable isotopes 

indicate sex-specific and long-term individual foraging specialisation in diving 

seabirds. Marine Ecology Progress Series 2006;311:157–64. 

Becker PH, Furness RW, Henning D. The value of chick feathers to assess spatial and 

interspecific variation in the mercury contamination of seabirds. Environmental 

monitoring and assessment 1993;28:255–62. 

Becker PH, González-Solís J, Behrends B, Croxall J. Feather mercury levels in seabirds 

at South Georgia: influence of trophic position, sex and age. Marine ecology. 

Progress series 2002;243:261–9. 

BirdLife International. Tracking ocean wanderers: the global distribution of albatrosses 

and petrels. Results from the Global Procellariiform Tracking Workshop. 1-5 

September 2003, Gordon’s Bay, South Africa. Cambridge, UK: BirdLife 

International; 2004. 

Blévin P, Carravieri A, Jaeger A, Chastel O, Bustamante P, Cherel Y. Wide Range of 

Mercury Contamination in Chicks of Southern Ocean Seabirds. PLoS ONE 

2013;8:e54508. 

Bloom NS. On the chemical form of mercury in edible fish and marine invertebrate 

tissue. Canadian Journal of Fisheries and Aquatic Sciences, 1992;49:1010-1017 

Bocher P, Caurant F, Miramand P, Cherel Y, Bustamante P. Influence of the diet on the 

bioaccumulation of heavy metals in zooplankton-eating petrels at Kerguelen 

archipelago, Southern Indian Ocean. Polar Biology 2003;26:759–67. 

Bond AL. Relationships between stable isotopes and metal contaminants in feathers are 

spurious and biologically uninformative. Environmental Pollution 

2010;158:1182–4. 



21 

 

Bond AL, Diamond AW. Mercury concentrations in seabird tissues from Machias Seal 

Island, New Brunswick, Canada. Science of the Total Environment 

2009;407:4340–7. 

Bost CA, Jouventin P. Evolutionary ecology of gentoo penguins (Pygoscelis papua). 

Penguin biology 1990:85–112. 

Bost CA, Thiebot JB, Pinaud D, Cherel Y, Trathan PN. Where do penguins go during 

the inter-breeding period? Using geolocation to track the winter dispersion of the 

macaroni penguin. Biology Letters 2009;5:473–6. 

Bost CA, Zorn T, Le Maho Y, Duhamel G. Feeding of diving predators and diel vertical 

migration of prey: King penguins’ diet versus trawl sampling at Kerguelen 

Islands. Marine ecology Progress series 2002;227:51–61. 

Braune BM, Gaskin DE. Mercury levels in Bonaparte’s gulls (Larus philadelphia) 

during autumn molt in the Quoddy region, New Brunswick, Canada. Archives of 

Environmental Contamination and Toxicology 1987;16:539–49. 

Burger J. Metals in avian feathers: bioindicators of environmental pollution. Reviews of 

Environmental Contamination and Toxicology 1993;5:203–311. 

Burger J, Gochfeld M. Risk, Mercury Levels, and Birds: Relating Adverse Laboratory 

Effects to Field Biomonitoring. Environmental Research 1997;75:160–72. 

Burger J, Gochfeld M. Marine birds as sentinels of environmental pollution. EcoHealth 

2004;1:263–74. 

Burnham KP, Anderson DR. Model selection and multi-model inference: a practical 

information-theoretic approach. Springer; 2002. 

Bustamante P, Bocher P, Cherel Y, Miramand P, Caurant F. Distribution of trace 

elements in the tissues of benthic and pelagic fish from the Kerguelen Islands. 

Science of the total environment 2003;313:25–39. 

Bustamante P, Lahaye V, Durnez C, Churlaud C, Caurant F. Total and organic Hg 

concentrations in cephalopods from the North Eastern Atlantic waters: Influence 

of geographical origin and feeding ecology. Science of the total environment 

2006;368:585–96. 

Ceia FR, Phillips RA, Ramos JA, Cherel Y, Vieira RP, Richard P, Xavier JC. Short-and 

long-term consistency in the foraging niche of wandering albatrosses. Marine 

biology 2012:1–11. 



22 

 

Cherel Y, Fontaine C, Richard P, Labat JP. Isotopic niches and trophic levels of 

myctophid fishes and their predators in the Southern Ocean. Limnology and 

Oceanography 2010;55:324. 

Cherel Y, Charrassin JB, Challet E. Energy and protein requirements for molt in the 

king penguin Aptenodytes patagonicus. American Journal of Physiology-

Regulatory, Integrative and Comparative Physiology 1994;266:R1182–R1188. 

Cherel Y, Hobson KA. Geographical variation in carbon stable isotope signatures of 

marine predators: a tool to investigate their foraging areas in the Southern Ocean. 

Marine Ecology Progress Series 2007;329:281–7. 

Cherel Y, Hobson KA, Guinet C, Vanpe C. Stable isotopes document seasonal changes 

in trophic niches and winter foraging individual specialization in diving 

predators from the Southern Ocean. Journal of Animal Ecology 2007;76:826–36. 

Cherel Y, Ridoux V, Rodhouse PG. Fish and squid in the diet of king penguin chicks, 

Aptenodytes patagonicus, during winter at sub-antarctic Crozet Islands. Marine 

Biology 1996;126:559–70. 

Chouvelon T, Spitz J, Caurant F, Mèndez-Fernandez P, Autier J, Lassus-Débat A, 

Bustamante P. Enhanced bioaccumulation of mercury in deep-sea fauna from 

the Bay of Biscay (north-east Atlantic) in relation to trophic positions identified 

by analysis of carbon and nitrogen stable isotopes. Deep Sea Research Part I: 

Oceanographic Research Papers 2012;65:113–124. 

Cossa D, Heimbürger LE, Lannuzel D, Rintoul SR, Butler ECV, Bowie AR, Averty B, 

Watson RJ, Remenyi T. Mercury in the Southern Ocean. Geochimica et 

Cosmochimica Acta 2011;75:4037–52. 

Dänhardt A, Fresemann T, Becker PH. To eat or to feed? Prey utilization of Common 

Terns Sterna hirundo in the Wadden Sea. Journal of Ornithology 2011;152:347–

57. 

Ebinghaus R, Kock HH, Temme C, Einax JW, Löwe AG, Richter A, Burrows JP, 

Schroeder WH. Antarctic springtime depletion of atmospheric mercury. 

Environmental Science & Technology 2002;36:1238–44. 

Fitzgerald WF, Engstrom DR, Mason RP, Nater EA. The case for atmospheric mercury 

contamination in remote areas. Environmental Science and Technology 

1998;32:1–7. 



23 

 

Fitzgerald WF, Lamborg CH, Hammerschmidt CR. Marine biogeochemical cycling of 

mercury. Chemical Reviews-Columbus 2007;107:641–62. 

Furness RW. Birds as monitors of pollutants. In: Birds as monitors of environmental 

change. Chapman & Hall London; 1993. 

Furness RW, Camphuysen KCJ. Seabirds as monitors of the marine environment. ICES 

Journal of Marine Science: Journal du Conseil 1997;54:726–37. 

Furness RW, Lewis SA, Mills JA. Mercury levels in the plumage of red-billed gulls 

Larus novaehollandiae scopulinus of known sex and age. Environmental 

Pollution 1990;63:33–9. 

Furness RW, Muirhead SJ, Woodburn M. Using bird feathers to measure mercury in the 

environment: relationships between mercury content and moult. Marine 

Pollution Bulletin 1986;17:27–30. 

Hammerschmidt CR, Bowman KL. Vertical methylmercury distribution in the 

subtropical North Pacific Ocean. Marine Chemistry 2012;132:77–82. 

Jaeger A, Lecomte VJ, Weimerskirch H, Richard P, Cherel Y. Seabird satellite tracking 

validates the use of latitudinal isoscapes to depict predators’ foraging areas in 

the Southern Ocean. Rapid Communications in Mass Spectrometry 

2010;24:3456–60. 

Johnson JB, Omland KS. Model selection in ecology and evolution. Trends in Ecology 

and Evolution 2004;19:101–8. 

Kelly JF. Stable isotopes of carbon and nitrogen in the study of avian and mammalian 

trophic ecology. Canadian Journal of Zoology 2000;78:1–27. 

Lescroël A, Bost CA. Foraging under contrasting oceanographic conditions: the gentoo 

penguin at Kerguelen Archipelago. Marine Ecology Progress Series 

2005;302:245–61. 

Lescroel A, Ridoux V, Bost CA. Spatial and temporal variation in the diet of the gentoo 

penguin (Pygoscelis papua) at Kerguelen Islands. Polar Biology 2004;27:206–

16. 

Lock JW, Thompson DR, Furness RW, Bartle JA. Metal concentrations in seabirds of 

the New Zealand region. Environmental Pollution 1992;75:289–300. 

Monteiro LR, Furness RW. Seabirds as monitors of mercury in the marine environment. 

Water, Air, and Soil Pollution 1995;80:851–70. 



24 

 

Monteiro LR, Granadeiro JP, Furness RW. Relationship between mercury levels and 

diet in Azores seabirds. Marine Ecology Progress Series 1998;166:259–65. 

Morel FMM, Kraepiel AML, Amyot M. The chemical cycle and bioaccumulation of 

mercury. Annual review of ecology and systematics 1998:543–66. 

Muirhead SJ, Furness RW. Heavy metal concentrations in the tissues of seabirds from 

Gough Island, South Atlantic Ocean. Marine Pollution Bulletin 1988;19:278–83. 

Park YH, Gamberoni L. Cross-frontal exchange of Antarctic intermediate water and 

Antarctic bottom water in the Crozet Basin. Deep Sea Research Part II: Topical 

Studies in Oceanography 1997;44:963–86. 

Ramos R, González-Solís J, Forero MG, Moreno R, Gómez-Díaz E, Ruiz X, Hobson 

KA. The influence of breeding colony and sex on mercury, selenium and lead 

levels and carbon and nitrogen stable isotope signatures in summer and winter 

feathers of Calonectris shearwaters. Oecologia 2009;159:345–54. 

Scheifler R, Gauthier-Clerc M, Bohec CL, Crini N, Cøeurdassier M, Badot PM, 

Giraudoux P, Maho YL. Mercury concentrations in king penguin (Aptenodytes 

patagonicus) feathers at Crozet Islands (sub-Antarctic): Temporal trend between 

1966–1974 and 2000–2001. Environmental toxicology and chemistry 

2005;24:125–8. 

Scheuhammer AM, Meyer MW, Sandheinrich MB, Murray MW. Effects of 

Environmental Methylmercury on the Health of Wild Birds, Mammals, and Fish. 

AMBIO:  A Journal of the Human Environment 2007;36:12–9. 

Selin NE. Global biogeochemical cycling of mercury: A review. Annual Review of 

Environment and Resources 2009;34:43–63. 

Stewart FM, Phillips RA, Bartle J. Alexander, Craig J, Shooter D. Influence of 

phylogeny, diet, moult schedule and sex on heavy metal concentrations in New 

Zealand Procellariif ormes. Marine Ecology Progress Series 1999;178:295–305. 

Stewart FM, Phillips RA, Catry P, Furness RW. Influence of species, age and diet on 

mercury concentrations in Shetland seabirds. Marine Ecology Progress Series 

1997;151:237–44. 

Storelli MM, Barone G, Piscitelli G, Marcotrigiano GO. Mercury in fish: Concentration 

vs. fish size and estimates of mercury intake. Food additives and contaminants 

2007;24:1353–7. 



25 

 

Storelli MM, Storelli A, Giacominelli-Stuffler R, Marcotrigiano GO. Mercury 

speciation in the muscle of two commercially important fish, hake (Merluccius 

merluccius) and striped mullet (Mullus barbatus) from the Mediterranean sea: 

estimated weekly intake. Food chemistry 2005;89:295–300. 

Thiebot JB, Lescroël A, Pinaud D, Trathan PN, Bost CA. Larger foraging range but 

similar habitat selection in non-breeding versus breeding sub-Antarctic penguins. 

Antarctic Science 2011a;23:117–26. 

Thiebot JB, Cherel Y, Trathan PN, Bost CA. Inter-population segregation in the 

wintering areas of macaroni penguins. Marine Ecology Progress Series 

2011b;421:279–90. 

Thiebot JB, Cherel Y, Trathan PN, Bost CA. Coexistence of oceanic predators on 

wintering areas explained by population-scale foraging segregation in space or 

time. Ecology 2012;93:122–30. 

Thompson DR, Furness RW. The chemical form of mercury stored in South Atlantic 

seabirds. Environmental Pollution 1989;60:305–17. 

Thompson DR, Furness RW, Monteiro LR. Seabirds as biomonitors of mercury inputs 

to epipelagic and mesopelagic marine food chains. Science of the Total 

Environment 1998;213:299–305. 

Thompson DR, Hamer KC, Furness RW. Mercury accumulation in great skuas 

Catharacta skua of known age and sex, and its effects upon breeding and 

survival. Journal of Applied Ecology 1991:672–84. 

Tremblay Y, Cherel Y. Benthic and pelagic dives: a new foraging behaviour in 

rockhopper penguins. Marine Ecology Progress Series 2000;204:257–67. 

Tremblay Y, Cherel Y. Geographic variation in the foraging behaviour, diet and chick 

growth of rockhopper penguins. Marine ecology progress series 2003;251:279–

97. 

Williams TD. The Penguins: Spheniscidae. vol. 2. 1995. 

Wilson LJ, Daunt F, Wanless S. Self-feeding and chick provisioning diet differ in the 

Common Guillemot Uria aalge. Ardea 2004;92:197–207. 



26 

 

Caption to figures : 

 

Fig. 1. Feather Hg concentrations (µg∙g
-1

 dw) of penguin chicks and adults in 2006 and 

2007 at Kerguelen Islands. * Statistically different (Wilcoxon, p < 0.05); NS: not 

significant (Wilcoxon test for matched samples, p > 0.05). Values are means ± SD. 

 

Fig. 2. Positive correlation between feather Hg concentrations (µg∙g
-1

 dw) of individual 

adult penguins during two consecutive years (2006 and 2007) at Kerguelen Islands. 

 

Fig. 3. Positive correlations between new feather Hg concentrations (µg∙g
-1

 dw) and 

δ
13

C and δ
15

N values (‰) of individual adult gentoo penguins from the open-water site 

(Estacade) at Kerguelen Islands. 



27 

 

Table 1. Foraging ecology of penguins during the breeding and non-breeding periods at the Kerguelen Islands. 

Species Foraging habitat Chick diet  References 

Colony location Breeding season 

(horizontal; vertical) 

Non-breeding season 

(horizontal; vertical) 

  

     

King penguin     

Ratmanoff Polar Frontal Zone 

(oceanic; epi-mesopelagic) 

Unknown 

(likely in cold oceanic waters; epi- 

mesopelagic) 

pelagic fish Bost et al., 2002; Cherel et al., 

(2010). 

     

Macaroni penguin     

Cap Cotter Eastwards off Kerguelen in the 

Polar Frontal Zone  

(oceanic; epipelagic) 

Polar Frontal Zone (oceanic) pelagic crustaceans 

and fish 

Cherel et al., (2010) ; Thiebot et 

al. (2011a, 2011b).  

     

Southern rockhopper penguin     

Mayes, Morbihan Bay Morbihan Bay (neritic; pelagic and 

benthic) 

Subantarctic and Polar Frontal Zones 

(oceanic; epipelagic) 

pelagic crustaceans 

and fish 

Tremblay and Cherel (2000, 

2003); Cherel et al. (2010); 

Thiebot et al. (2012). 

     

Gentoo penguin     

Ratmanoff (open sea)* Eastwards off Kerguelen  

(neritic; benthic and pelagic); 

Resident all year long benthic fish and 

pelagic crustaceans 

Lescroel et al. (2004); Lescroël 

and Bost (2005). 

     

Penn Island, Morbihan Bay 

(closed sea) 

Morbihan Bay (coastal; pelagic) Resident all year long  pelagic crustaceans Lescroel et al. (2004); Lescroël 

and Bost (2005). 

     

* Cape Ratmanoff is close to Cape Estacade and diet of gentoo penguins is similar in both sites. 
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Table 2. Feather Hg concentrations (µg∙g
-1

 dw) and δ
13

C and δ
15

N values (‰) of Kerguelen 

penguins in 2006 and 2007. Values are means ± SD (with ranges in parentheses for Hg). 

 

Species Feather Year n Hg 
a
 δ

13
C 

a
 δ

15
N 

a
 

       
King penguin   

 Adults New 2007 12 2.22 ± 0.59 (1.45-3.21) A -21.29 ± 0.46 A 10.90 ± 0.18 A 

 Adults Old 2006 12 2.17 ± 0.52 (1.22-3.14)   

 Immatures New 2007 12 1.79 ± 0.55 (0.93-2.77)   

 Chicks New 2007 12 1.12 ± 0.16 (0.83-1.50) a   

       
Macaroni penguin   

 Adults New 2007 12 2.24 ± 0.29 (1.87-2.75) A -20.07 ± 0.81 B 9.96 ± 0.36 B 

 Adults Old 2006 12 2.08 ± 0.35 (1.64-2.90)   

 Chicks New 2007 12 0.36 ± 0.07 (0.25-0.52) b   

       
Southern rockhopper penguin   

 Adults New 2007 12 1.96 ± 0.41 (1.22-2.62) A -19.90 ± 0.41 B 9.96 ± 0.35 B 

 Adults Old 2006 12 1.92 ± 0.35 (1.30-2.49)   

 Chicks New 2007 12 0.27 ± 0.06 (0.20-0.37) c   

       
Gentoo penguin   

      Estacade       

 Adults New 2007 12 5.85 ± 3.00 (1.28-9.43) B -16.46 ± 1.64 C 13.12 ± 1.60 C 

 Adults Old 2006 12 4.96 ± 2.44 (2.36-8.74)   

 Chicks New 2007 12 2.45 ± 0.67 (1.14-3.66) d   

      Penn Island       

 Adults New 2007 12 1.44 ± 0.44 (0.77-2.06)   

       a
 Groups with the same letter are not statistically different (pairwise Wilcoxon comparisons with 

Bonferroni correction, p < 0.05). Upper and lower-case letters are for adults and chicks, respectively. 
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Table 3. AICc model ranking for adult feather Hg concentrations within the Kerguelen 

penguin community. Abbreviations: AICc, Akaike’s Information Criteria adjusted for 

small sample-sizes values; wi, AICc weights; R²adj, R-squared adjusted. 

Models N° parameters AICc ΔAICc
a
 wi

b 
R²adj 

      
δ

15
N 3 26.30 0.00 0.54 0.67 

species + δ
15

N 6 26.68 0.38 0.44 0.69 

species + δ
15

N + species:δ
15

N 9 32.72 6.41 0.02 0.69 

species + δ
13

C + species:δ
13

C 9 40.08 13.78 0.00 0.64 

species + δ
13

C 6 40.10 13.79 0.00 0.59 

δ
13

C 3 41.24 14.94 0.00 0.55 

Species 5 49.20 22.89 0.00 0.49 

Null 2 77.85 51.54 0.00 0.00 

      a
 Scaled ΔAICc; ΔAICc = 0.00 is interpreted as the best fit to the data among the models 

b
 Weight of evidence interpreted as a proportion. Weights across all models sum to 1.00 
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