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Abstract Global change has affected the Antarctic Pen-

insula influencing the abundance of krill, one of the main

preys of penguins. In areas where breeding penguin pop-

ulations overlap, species with a more diverse diet have

generally been less affected than krill-specialist species,

which have shown population declines. Human activities

can add to these changes, as penguins are sensitive to

anthropic impacts such as contamination. Our objective

was to assess whether selected physiological parameters of

Adélie and Gentoo penguins reflect their contrasting pop-

ulation trends in a colony located at Punta Stranger (25 de

Mayo Island/King George, South Shetland Islands) where

they breed sympatrically. During 2012, we assessed the

leukocyte profile, heterophil to lymphocyte ratio (H/L),

erythrocytic nuclear abnormalities (ENAs), hematocrit,

biochemical profile, and a measure of immune function

(bacterial agglutination) in adults and chicks of both spe-

cies. Higher values of ENAs, indicative of genotoxic

damage caused by contaminants, are in accordance with a

greater sensitivity to ongoing global changes by Adélie

penguins. Levels of cholesterol and triglycerides strengthen

this idea since individuals could be investing more

resources in energy reserves to successfully cope with

challenging environmental conditions during the breeding

season. The remaining physiological parameters did not

provide a clear picture. Furthermore, some results could be

related to differences in diet. Gentoos show greater prey

diversity than Adélie penguins, incorporating a richer

parasite fauna, which could explain their higher heterophils

and H/L. The physiological parameters measured here

serve as baseline for a sustained monitoring of these rap-

idly changing populations. Further physiological variables,

including stress hormone and indices of oxidative stress,

remain to be assessed as potential indicators of population

susceptibility to global change in this system.
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Introduction

Over the last three decades, all Antarctic ecosystems, and

specially the Antarctic Peninsula, have been significantly

affected by climatic changes illustrated by warming sea

surface (SCAR 2010). Consequently, the extent of sea ice

has been significantly reduced (Stammerjohn et al. 2008),

resulting in the alteration of critical habitats for the fauna.

In particular, sea ice reduction has resulted in habitat

conditions more suitable for ice-intolerant penguin species

such as Gentoo penguins (Pygoscelis papua), whose
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Argentino, Cerrito 1248, C1010AAZ Buenos Aires, Argentina

A. Barbosa

Department of Evolutionary Ecology, Museo Nacional de

Ciencias Naturales, CSIC, C/José Gutiérrez Abascal 2,
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populations have increased in numbers, whereas popula-

tions of ice-dependent (or ice-obligate) penguin species

such as Adélie penguins (P. adeliae) have declined on the

Antarctic Peninsula (Trathan et al. 1996; Forcada and

Trathan 2009; Lynch et al. 2012a; Ducklow et al. 2013).

Another major effect of sea ice reduction has been the

modification of food webs. Reduced abundance of main

prey items such as the Antarctic krill (Euphausia superba)

is expected to have important repercussions on its predator

populations, which include squids, fishes, seals, whales,

and seabirds (Ainley et al. 2010). Among the species that

depend most on krill are the Antarctic Pygoscelid penguins

(Williams 1995). Nevertheless, not all species and popu-

lations are being equally affected (Beaulieu et al. 2013).

For instance, it has been proposed that in areas where

breeding populations overlap, species with a wider prey

spectrum and fewer habitat requirements for breeding

should be less affected than krill-specialist species that

depend on sea ice for breeding (Forcada and Trathan 2009;

Ainley et al. 2010). Supporting this hypothesis, populations

of Adélie penguins in the South Shetland Islands, which

have a diet based mainly on krill (Libertelli et al. 2003;

Miller et al. 2009) and have the highest dependence on sea

ice for breeding, have been particularly impacted. Their

breeding populations have decreased by 65 % over the last

25 years (Carlini et al. 2009) in association with the

reduction in krill biomass (Atkinson et al. 2004; Emslie

and Patterson 2007). This has also been the case for

Chinstrap penguin (P. antarctica) populations in the South

Shetlands, which have decreased by 60 % on average

(Barbosa et al. 2012). On the other hand, populations of

Gentoo penguins, an ice-intolerant species with a more

diverse diet composed by krill, fish, and squid (Libertelli

et al. 2003; Miller et al. 2009), have mainly remained

stable or even increased in size (Carlini et al. 2009; Juáres

et al. 2009). Ongoing global changes also include other

factors that can add to these climate-driven effects. For

instance, penguins seem to be sensitive to increased human

activities (e.g., tourism, scientific bases) and their conse-

quences (e.g., disturbance, pollution) (Barbosa et al. 2013;

Bertellotti et al. 2013; Ducklow et al. 2013).

Several parameters have been measured on Pygoscelis

penguins breeding sympatrically in relation to the effects of

environmental changes, including trophic ecology, colony

size, chick growth, breeding success, and breeding phe-

nology (Forcada et al. 2006; Carlini et al. 2009; Chapman

et al. 2011; Lynch et al. 2012b). Few studies to date,

however, have compared physiological parameters among

populations of Pygoscelid penguins with disparate demo-

graphic trends (e.g., Barbosa et al. 2007a, b; Beaulieu et al.

2013). Physiological traits at the individual level are

promising indicators of population health and can signal a

problem even before demographic consequences can be

observed (Carey 2005; Wikelski and Cooke 2006). Thus,

the use of physiological variables in the context of con-

servation biology has grown considerably in the last decade

(Cooke et al. 2013). Nevertheless, physiological traits need

to be evaluated before concluding they reflect population

trends and can thus serve as reliable indicators of conser-

vation concerns (Beaulieu et al. 2013).

The objective of this work was to test whether selected

physiological parameters reflect the observed higher sen-

sitivity to global changes of Adélie penguins compared

with Gentoo penguins at Punta Stranger (25 de Mayo

Island/King George Island, South Shetland Islands), an

area where these species breed sympatrically. In the last

10 years, the population of ice-dependent Adélie has

shrunk by *60 %, whereas the Gentoo one has increased

by *70 % at this site (Carlini et al. 2009), providing an

excellent system for testing which physiological parame-

ters are better indicators of these contrasting demographic

trends. For this, we considered 14 blood and biochemical

markers of general body condition that are related to

health, nutrition, immune function, and genotoxicity. We

predicted that if these physiological parameters were good

indicators of population trends, then Adélie penguins (i.e.,

the species with a declining population) would show lower

general body condition and health status indices (including

evidence of immunodepression) and/or higher levels of

stress and genotoxicity than Gentoo penguins (i.e., the

species with a growing population).

Materials and methods

The study was conducted during the penguin breeding

season in January 2012 at Punta Stranger, Potter Peninsula,

62� 150S, 58� 370W (Fig. 1). Adults and chicks of Adélie

and Gentoo penguins were sampled. Adults were chosen at

random, captured, and immediately sampled in the colony.

All adults sampled were reproductive individuals. Chicks

were sampled during the guard phase (15–30 days after

birth) to avoid potential variation related to different stages

of the breeding period. We sampled a total of 84 individ-

uals (20 Adélie and 20 Gentoo adults, and 20 Adélie and 24

Gentoo chicks). Sampled birds showed no external signs of

illness or injuries.

Blood samples (1.0 ml) were obtained from the meta-

tarsal vein. All birds were sampled within 5 min of capture

to minimize the potential effect of handling stress on the

parameters measured (Davis 2005). Blood was placed into

microcapillary tubes for hematocrit measurement and into

heparinized eppendorf tubes for separation of the plasma

portion. Thin blood smears were prepared with a drop of

fresh blood, air-dried, fixed with ethanol for 3 min, and

stained with Tinción 15 (Biopur).
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Microcapillary tubes were spun in a centrifuge for

12 min at 12,000g, and hematocrit was determined with a

microhematocrit ruler. Hematocrit is considered a physi-

ological index of condition in birds when evaluated with

other hematological parameters (Fair et al. 2007), pro-

viding an estimate of aerobic capacity (Beldomenico et al.

2008). Blood smears were used for analysis of the com-

plete leukocyte profile, the heterophil to lymphocyte ratio

(H/L), and records of erythrocytic nuclear abnormalities

(ENAs). The leukocyte profile provides valuable infor-

mation on the cellular components of the immune system

and was assessed by estimation of the total leukocyte

count (or total white blood cell count, total WBC) and of

its five leukocyte types (heterophils, eosinophils, baso-

phils, lymphocytes, and monocytes) (Roitt et al. 2001).

The H/L is considered a reliable measure of stress in

vertebrates, including birds (Davis et al. 2008), and ENAs

are commonly used in ecotoxicology studies as indices of

genotoxicity caused by pollution (Van Ngan et al. 2007).

Blood smears were examined with a light microscope to

estimate the total WBC by counting all leukocytes in ten

consecutive 4009 monolayer fields (D’Amico et al. 2010).

Leukocyte proportions were obtained as the part of each

leukocyte type in a sample of 100 leukocytes under 10009

microscope magnification (Campbell 1995). The number

of ENAs was scored for each blood smear in relation to

2000 mature erythrocytes (Carabajal et al. 2012). Nuclear

abnormalities were classified following Kursa and Bezru-

kov (2008) as: (1) micronucleus, (2) segmented nucleus or

two-lobe nucleus, and (3) tailed and buddings nucleus. The

sum of all ENAs per individual was used for statistical

analysis.

Blood stored in eppendorf tubes was centrifuged to sep-

arate the plasma portion for biochemical and immunological

determinations. Plasma was processed on a spectrophotom-

eter (METROLAB 1600 Plus, UV–Vis Metrolab) to deter-

mine the concentration of total proteins (g/dl), cholesterol

(mg/dl), triglycerides (mg/dl), and glucose (mg/dl). Increa-

ses in total proteins are commonly associated with the intake

of high protein food. Total protein levels and also lipids are

important during the breeding season because they represent

the nutrient reserve available for reproduction and to cope

with severe environmental conditions (Morrison et al. 2005).

Energy stored as triglycerides in adipose tissues is primarily

used to support aerobic activities (Brown 1996). Increases in

cholesterol are related to the quality of food eaten, while

decreases may be related to anabolic processes (Alonso-

Alvarez et al. 2002). Glucose is the main carbohydrate

source of cellular energy, and its values depend on the type

and quality of food eaten (Brown 1996). As glucose is

consumed very fast, its blood concentration tends to be low

when birds are active, whereas it increases at rest (Jenni-

Eiermann and Jenni 1994). The ability of humoral compo-

nents in plasma to agglutinate foreign particles constitutes

an index of constitutive innate immunity, an important first

line of defense against invading pathogens (Roitt et al. 2001;

Matson et al. 2005). Agglutination of Escherichia coli

(ATCC 8739) by plasma components was measured fol-

lowing protocols that have been used in fish (Sahoo et al.

2008 and references therein) and that we adapted for use in

penguins. Briefly, bacteria were grown in tryptic soy (TS)

broth and then fixed in 1 % formalin overnight at 4 �C.

Fixed bacteria were washed three times with phosphate

buffered saline (PBS) and adjusted to a concentration of

Fig. 1 Location of study site at

Punta Stranger, Potter

Peninsula, 25 de Mayo Island/

King George Island, South

Shetland Islands, Antarctica
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approx. 1 9 109 bacteria/ml. Plasma samples (15 ll) were

added to the first column of a 96-well plate and serially

twofold diluted along the rows with PBS. A negative control

(PBS instead of plasma) was included in each plate. Then,

15 ll of fixed bacteria were added to all wells. Plates were

vortexed and incubated at 40 �C overnight. Agglutination

titers were determined as -log2 of the highest dilution

showing bacterial agglutination. Inter-plate variation, cal-

culated as the coefficient of variation (CV), was 6.1 %.

The 14 physiological parameters were statistically ana-

lyzed using general linear models (GLM) with the software

JMP Pro 10.0.0 (SAS Institute Inc 2012). Models included

the fixed effects of penguin species (Adélie and Gentoo)

and age group (adults and chicks). The interaction term

between these main effects was also tested in the models to

determine whether species differences depended on whe-

ther adults or chicks were considered. Body mass, struc-

tural size (bill length and height), and body condition

(residuals of the regression of body mass on structural size)

were evaluated as potential covariates but did not explain

significant variation in any of the response variables (all

P [ 0.05) and were therefore excluded from the final

models. Residual plots were visually inspected for signs of

non-normality, and variables were log10 transformed for

analysis when necessary. Untransformed raw data are

depicted in tables and graphs for visual clarity. To maintain

an experiment-wise error rate of 0.05, we used a Bonfer-

roni adjustment (Rice 1989) of a = 0.003 for n = 14

parameters compared.

Results

Descriptive statistics for the 14 physiological markers of adults

and chicks of the two penguin species are shown in Table 1.

Eleven of the 14 measured parameters showed statistically sig-

nificant differences by species, by age, and/or their interaction

(Fig. 2). Total WBC differed between species only for adults

(species 9 age: F1, 1 = 23.76, P\0.0001), with Adélies

showing lower levels than Gentoos (Fig. 2a). The percentage of

lymphocytes (Fig. 2b) was higher in Adélies than Gentoos

(species: F1, 1 = 29.86, P\0.001), and higher in adults than

chicks (age: F1, 1 = 23.76, P\0.0001), showing a nonsignifi-

cant trend toward an interaction (P[0.003). The percentage of

heterophils was higher in Gentoos irrespective of age (species:

F1, 1 = 32.15, P\0.0001, Fig. 2c), whereas the percentage of

basophils was overall higher in Adélies than in Gentoos

(Fig. 2d), showing a difference between age groups only in the

former species (species 9 age: F1, 1 = 9.78, P = 0.0025). The

remaining components of the leukocyte profile (i.e., eosinophils

and monocytes) did not show any significant effects (all

P[0.003). The lower percentage of lymphocytes displayed by

Gentoos coupled with their higher percentage of heterophils

resulted in a higher H/L ratio in this species (species:

F1, 1 = 34.53, P\0.0001, Fig. 2e). There was also a nonsig-

nificant trend(P[0.003) towardhigher H/L ratios in adults than

chicks of both species. Bacterial agglutination only showed an

effect of age, with titers being higher in adults than chicks (age:

F1, 1 = 47.86, P\0.0001, Fig. 2f). Of the variables involving

red blood cells, hematocrit showed a complex species by age

Table 1 Descriptive statistics for physiological parameters measured in chicks and adults of Adélie and Gentoo penguins

Adélie Gentoo

Chicks N = 20 Adults N = 20 Chicks N = 24 Adults N = 20

X ± SE (min–max) X ± SE (min–max) X ± SE (min–max) X ± SE (min–max)

WBC (n) 75.5 ± 3.7 (42–112) 49.2 ± 3.7 (27–91) 64.4 ± 3.9 (43–109) 76 ± 4 (53–124)

Lymphocytes (%) 57.9 ± 2.6 (37.7–78.8) 44.8 ± 2.4 (17.2–60.6) 41.9 ± 1.3 (30.6–52) 37.8 ± 2.1 (15.4–54.2)

Heterophils (%) 35.5 ± 2.8 (15.9–69.7) 40.1 ± 2.7 (18.6–69) 49.7 ± 1.4 (36.3–61.2) 52.7 ± 2.4 (31.7–75.2)

Basophils (%) 1.2 ± 0.2 (0–2.8) 3.7 ± 0.6 (0–9) 0.2 ± 0.1 (0–1) 0.3 ± 0.1 (0–1.9)

Eosinophils (%) 6.1 ± 1.4 (1–27.5) 7.7 ± 1.1 (1.9–17.6) 4.4 ± 0.5 (0.9–9.8) 4.5 ± 0.5 (0.9–10.7)

Monocytes (%) 2.6 ± 0.6 (0–11.4) 3.7 ± 0.6 (0–9.9) 3.8 ± 0.4 (0.9–7.8) 4.8 ± 0.7 (0–12.2)

H/L 0.6 ± 0.1 (0.2–1.4) 1.1 ± 0.2 (0.3–4) 1.2 ± 0.1 (0.7–2) 1.6 ± 0.2 (0.6–4.9)

Bacterial agglutination (titer) 6.7 ± 0.3 (5–8.5) 7.7 ± 0.2 (6.5–9) 5.9 ± 0.2 (4–8) 7.9 ± 0.2 (6.5–9)

ENAs (n) 31.3 ± 4.6 (1–95) 26.2 ± 3.2 (5–62) 15.3 ± 1.8 (3–36) 14.6 ± 2 (4–32)

Hematocrit (%) 48.1 ± 0.7 (41.8–53) 55.6 ± 0.7 (51.7–61.3) 55.9 ± 0.8 (50–63.6) 52.2 ± 1.2 (35.7–60)

Total proteins (g/dl) 5.9 ± 0.1 (5.2–7) 7 ± 0.1 (6.1–8.1) 5.9 ± 0.01 (5.5–6.5) 7 ± 0.1 (6.1–7.7)

Cholesterol (mg/dl) 223.1 ± 6.9 (171–300) 289 ± 9.7 (156–363) 215 ± 7.6 (156–282) 169.4 ± 15.9 (57–308)

Triglycerides (mg/dl) 126.6 ± 10.3 (75–267) 134.3 ± 15.8 (63–382) 131.5 ± 9.8 (86–336) 84.1 ± 7.9 (42–14)

Glucose (mg/dl) 199.1 ± 6.9 (117–265) 211.6 ± 8.4 (166–301) 189.9 ± 5.4 (102–243) 203.4 ± 5.7 (168–254)

X average, SE standard error, min–max minimum and maximum values
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interaction (F1, 1 = 41.37, P\0.0001, Fig. 2g), whereas ENAs

were significantly higher in Adélies irrespective of age (species:

F1, 1 = 17.52, P\0.0001, Fig. 2h). Finally, biochemical

parameters, with the exception of glucose levels, showed sig-

nificant patterns. Whereas totalprotein only showed an age effect

with higher levels in adults than chicks (age: F1, 1 = 127.84,

P\0.0001, Fig. 2i), both triglyceride and cholesterol levels had

significant interaction effects between species and age

(F1, 1 = 9.91, P = 0.0023, Fig. 2j; F1, 1 = 30.92, P\0.0001,

Fig. 2k, respectively). For both lipid components, differences

between species were observed only in adults, with higher levels

displayed by Adélies.

Discussion

We compared physiological parameters related to general

body condition, immune function, and genotoxicity of

adults and chicks of two penguin species breeding

sympatrically at Punta Stranger but showing strongly

contrasting population trends. We predicted that if these

parameters constitute good indicators of population trends

and sensitivity to ongoing global changes, then the

declining species (Adélie) would show signs of deterio-

rated physiology compared to the species undergoing

population growth (Gentoo). Of the 14 physiological

parameters we evaluated, only a few could potentially be

considered indicators of the greater sensitivity to global

changes displayed by Adélie penguins. Other parameters

provide no evidence of this and/or alternative interpreta-

tions for species differences can be proposed. In addition,

the species by age interaction observed for some parame-

ters defy a straightforward interpretation of the patterns.

Higher number of erythrocytic nuclear abnormalities

(ENAs)inAdélieadultsandchickssuggests that theyaremore

sensitivetocontaminantsthanGentoopenguins.ENAscountis

oneofthemainmethodsfordetectinggenomicdamagerelated

to environmental deterioration and pollution (Van Ngan et al.

Fig. 2 Boxplots of

physiological parameters of

chicks and adults of Adélie and

Gentoo penguins showing

significant effects of species,

age group, and/or their

interaction. Boxplots depict

medians (horizontal lines inside

boxes), 25 and 75 percentiles

(edges of boxes), 10 and 90

percentiles (whiskers), and

outlying points included in the

analyses (dots). Letters at the

top of each panel correspond to

levels of Tukeys HSD (honestly

significant difference) post hoc

test. Levels not connected by

the same letter are significantly

different. WBC white blood cell

counts, H/L heterophil to

lymphocyte ratio, ENAs

erythrocyte nuclear

abnormalities, RBCs red blood

cells
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2007). Previous studies have shown that penguins at the Punta

Strangercolonypresenthighlevelsofcontaminationbyheavy

metals (Jerezetal.2011).At this site,Adéliepenguins showed

thehighest levelsofchrome(Cr)andselenium(Se)infeathers,

while Gentoo penguins showed the highest levels of zinc (Zn)

(Jerez et al. 2011). Both penguin species showed similar per-

centages of lead (Pb) in feathers, these being thehighest levels

reported in comparison with other populations of Adélie and

Gentoo penguins along the Antarctic Peninsula (Jerez et al.

2011). Pb and Cr are heavy metals directly related to human

contaminantactivities,andanalysisofpenguinfeathersshowed

thattheseelementsaremostabundantinareaswithmajorhuman

presence, such as 25 de Mayo Island/King George (Jerez et al.

2011). Moreover, ice melt due to global warming may be

releasingthesepollutantsthathadbeenaccumulatedaroundthe

base over decades, exacerbating their effect on the nearby

penguin populations (Cabrerizo et al. 2013). Interestingly,

genomicdamageand/or instabilityhasalsobeen linked todis-

eases (e.g., cancer) (Kursa and Bezrukov 2008). Few studies

deal with this issue in wild animals, even fewer in Antarctic

fauna,andthusmoreresearchonthis topic iswarranted.

Hematological and biochemical parameters can provide

valuable information on the physiological state and

adaptation of individuals to changes in their habitat,

nutritional status, and general body condition (Quillfeldt

et al. 2004). For instance, some birds like migratory

shorebirds show lower values of lipids and total proteins

after they arrive to their non-breeding sites in comparison

with when they are in migration (D’Amico et al. 2010). In

the present study, contrary to our prediction, adult Adélie

showed higher hematocrit, triglycerides, and cholesterol

levels than adult Gentoo penguins (while there were no

differences in total protein and glucose levels), suggesting

that they were actually storing more fat. Fat stores have

been linked to higher performance (i.e., production,

activity or response to environmental condition) and fit-

ness in birds (Brown 1996). Thus, our result suggests that

the population decline of Adélie penguins at this site is

not mainly related to food availability/nutritional defi-

ciency of adults or that, alternatively, adults of these

species need to make a large investment in food storage

to ensure enough energetic resources for reproduction and

survival. Even though the latter is applicable to both

species, ice-dependent Adélie penguins may have to

invest disproportionally more resources than Gentoos to

attain similar fitness benefits given their higher depen-

dence on decreasing stocks of Antarctic krill (Libertelli

et al. 2003; Atkinson et al. 2004, 2008; but see Chapman

et al. 2011; Sailley et al. 2013) and on decreasing sea ice

(Ainley et al. 2010).

Leukocyte profiles, which are indices of health, immu-

nological status, and stress levels of the birds, did not

provide a clear picture. Some of the differences observed

between the two species could be related to differences in

their diet rather than to differential stress and/or sensitivity

to environmental conditions. For instance, Gentoo pen-

guins show greater prey diversity and thus incorporate a

richer parasite fauna through their diet than Adélie pen-

guins (Diaz et al. 2013). Higher total WBC can be indic-

ative of higher exposure to parasites and/or pathogens

(Roitt et al. 2001). Heterophils, one of the most abundant

phagocytic cells in birds, are the first line of defense

against gastrointestinal parasites incorporated through the

diet (Shutler and Marcogliese 2011). Consequently, the

greater gastrointestinal parasite diversity and infestation

that has been shown to occur in Gentoo penguins (Diaz

et al. 2013) could explain their higher total WBC (only in

adults), percentage of heterophils, and H/L ratios docu-

mented in our study. A similar result has been found when

comparing Antarctic and non-Antarctic penguins (D’Ami-

co et al. 2014). Bacterial agglutination by plasma compo-

nents, an index of constitutive humoral innate immunity,

did not differ between Adélie and Gentoo penguins but was

higher in adults than chicks of both species, probably

reflecting the ontogeny of this immune component (Pala-

cios et al. 2009). The only other study that measured an

immune-related parameter in these two species found that

Gentoo penguins showed higher circulating immunoglob-

ulin levels than Adélie penguins in 25 de Mayo Island

(Barbosa et al. 2007a), which could also result from their

higher parasite exposure through the diet mentioned earlier.

Overall, these data do not support the idea that individuals

in the declining population are immunocompromised

compared to individuals in the growing population. Nev-

ertheless, given the complexity of the immune system, a

more complete test of this hypothesis warrants incorpora-

tion of a broader set of immunological assays covering

diverse aspects of both innate and acquired immunity (e.g.,

Palacios et al. 2012).

In summary, the higher values of ENAs of Adélie com-

pared with Gentoo penguins support the use of this measure

as an indicator of the greater sensitivity of the former species

to environmental contaminants at Punta Stranger, which

could be magnified by the effects of climate change (i.e., ice

melting, Cabrerizo et al. 2013) in Antarctica. Some bio-

chemical parameters of adult Adélie penguins could also be

considered indicators of their greater sensitivity to global

changes if individuals needed larger fat reserves to suc-

cessfully cope with the greater environmental challenges

they face during the breeding season. However, most other

physiological parameters measured in this study did not

show clear patterns between the two species, especially for

chicks. Before concluding that these parameters are gener-

ally poor indicators of demographic trends, it is important to

consider whether the sampled individuals and/or the specific

moment when they are sampled could influence the results.
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In our case, despite the strongly contrasting population

trends of Adélie and Gentoo penguins at Punta Stranger,

both populations show similar breeding success (number of

chicks in crèche/number of nests with eggs) (Carlini et al.

2009). Thus, our finding of few inter-species differences in

several physiological parameters measured during the

breeding season might not be as surprising, although similar

breeding success does not necessarily imply that adults of

both species are paying the same physiological costs of

reproduction and/or that chicks fledged by both species are

of the same quality. Indeed, Carlini et al. (2009) suggest that

changes in population sizes of Adélie and Gentoo penguin

populations at Punta Stranger are likely driven by factors

that operate mainly over winter. Furthermore, the authors

suggest that although those factors could affect adults, they

most likely affect juvenile survival of the two species dif-

ferently, leading thus to marked differences in recruitment of

new individuals to the breeding populations (Carlini et al.

2009). Thus, we can hypothesize that the physiological

parameters included in this study could better reflect the

population trends if evaluated in juvenile penguins during

the winter season. Nevertheless, the physiological data col-

lected in this study serve as baseline for sustained moni-

toring of these rapidly changing populations. Future research

will assess additional indices of stress, such as levels of

corticosterone and oxidative damage, as potential physio-

logical indicators of population trends in penguins. The

ecophysiological approach illustrated by the present study

could be extended to other sentinel species that can also

express physiological responses to environmental changes,

such as seals, whales, and species dependent directly or

indirectly on krill.
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values in Adélie penguin eggshell in Antarctica. PNAS 104:

11666–11669

Fair J, Whitaker S, Pearson B (2007) Sources of variation in

haematocrit in birds. Ibis 149:535–552

Forcada J, Trathan PN (2009) Penguin responses to climate change in

the Southern Ocean. Glob Change Biol 15:1618–1630

Forcada J, Trathan PN, Reid K, Murphy EJ, Croxall JP (2006)

Contrasting population changes in sympatric penguin species in

association with climate warming. Glob Change Biol 12:411–423

Jenni-Eiermann S, Jenni L (1994) Plasma metabolite levels predict

individual body-mass changes in a small long-distance migrant,

the Garden Warbler. Auk 111:888–899

Jerez S, Motas M, Palacios MJ, Valera F, Cuervo JJ, Barbosa A

(2011) Concentration of trace elements in feathers of three

Antarctic penguins: geographical and interspecific differences.

Environ Pollut 159:2412–2419
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