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Introduction

Osmoregulation is essential for maintaining osmotic 
homeostasis in living organisms. Most vertebrates control 
the concentration of minerals in their body by filtering 
wastes from the kidneys and removing excess minerals 
via the excretory system (Schmidt-Nielsen 1960). Because 
birds have less developed kidneys than mammals, some 
groups of birds have salt glands to support osmoregulatory 
function (Schmidt-Nielsen 1960; Simon 1982). The salt 
gland can be observed above the eyes of many avian spe-
cies (Marples 1932). To regulate osmotic pressure in the 
body, the gland excretes a highly concentrated salt solu-
tion that flows out through the nostrils (Schmidt-Nielsen 
1960). The glands are especially well-developed in sea-
birds, consistent with the consumption of high-salt diets 
in marine environments (Schmidt-Nielsen 1960).

Salt gland development differs by species, and the size 
of the salt glands varies by sex, age and the saline level 
of their foraging habitats even in the same species (Ensor 
& Phillips 1972; Siegel-Causey 1990; Woodin et al. 2008; 

Gutiérrez et al. 2012). In some waterbirds, such as several 
Larus and Leucophaeus gull species (Ensor & Phillips 1972; 
Dosch 1997), the common eider (Somateria mollissima; 
DeVink et al. 2005) and the white ibis (Eudocimus albus; 
Johnston & Bildstein 1990), the chicks do not have com-
pletely developed salt glands when hatched, so the chicks 
may suffer from osmotic stress when they are fed high-sa-
line diets. In such cases, their parents often selectively 
feed the chicks freshwater prey (Ensor & Phillips 1972; 
Johnston & Bildstein 1990; Dosch 1997; DeVink et al. 
2005). Ducklings that were fed a high-salt content diet 
developed relatively larger salt glands during their growth 
(Ellis et al. 1963; Schmidt-Nielsen & Kim 1964), and 
migratory redheads (Aythya americana) had heavier salt 
glands when they were exposed to higher osmotic load-
ing (Woodin et al. 2008). Therefore, the developing salt 
gland, measured by its mass, could be a simple proxy of 
osmotic loading and osmoregulatory costs for birds expe-
riencing changes in body conditions and environments.

The three Pygoscelis penguins—Adélie (Pygosce-
lis adeliae), gentoo (P. papua) and chinstrap penguins 
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(P. antarcticus)—are obligate marine foragers, and a large 
proportion of prey delivered to chicks, chiefly crustaceans 
like krill (Volkman et al. 1980), contains a high level of salt 
concentration. Adélie penguin chicks have functionally 
complete salt glands immediately after hatching (Janes 
1997), and the mass of the glands increases linearly with 
body mass (Douglas 1968). While Adélie penguins in the 
Ross Sea feed their chicks a relatively greater proportion 
of osmoneutral food (fish) (Ainley et al. 1998), chinstrap 
and gentoo penguins on King George Island in the South 
Shetland Islands rely almost entirely on Antarctic krill 
(Euphausia spp.), especially for chick-rearing (Lishman 
1985; Trivelpiece et al. 1987; Kokubun et al. 2015). Such 
a difference in local food availability and the species-spe-
cific physiological differences might manifest in different 
salt gland development patterns in the pygoscelid chicks. 
Nevertheless, unlike in Adélie penguins, the growth of 
salt glands has been poorly documented in chinstrap and 
gentoo penguins.

The aim of this study was to describe the change in 
salt gland masses in relation to the early growth of gentoo 
and chinstrap penguin chicks at Narębski Point on King 
George Island, South Shetland Islands, maritime Antarc-
tica. In particular, we tested whether salt glands devel-
oped linearly with chick growth, as previously shown in 
Adélie penguins, and we compared possible differences 
in salt gland development in the two pygoscelid species.

Methods

Narębski Point (62°14’14.3” S, 58°46’27.1” W) is an Ant-
arctic Specially Protected Area located on the south-east 
coast of Barton Peninsula on King George Island, in the 
Southern Shetland Islands, Antarctica. There are approx-
imately 3000 pairs of chinstrap penguins and 2000 pairs 
of gentoo penguins every breeding season at Narębski 
Point (ATCM 2019). Those penguins breeding at Narębski 
Point rely on krill as the main food resource (Volkman et 
al. 1980), and krill have been found to constitute 80% 
of the prey of Pygoscelis penguin chicks at other breeding 
sites on King George Island (Trivelpiece et al. 1987).

A total of 72 carcasses of gentoo (n = 51) and chin-
strap penguin (n = 21) chicks were collected during two 
breeding seasons from December 2017 to January 2018 
and from December 2018 to February 2019. In the first 
season, 19 carcasses (12 gentoo and 7 chinstrap penguin 
chicks) were collected, and 53 carcasses (39 gentoo and 
14 chinstrap penguin chicks) were collected in the second 
season. The dead chicks were 1−26 days old, based on our 
field observations and their body sizes, and they probably 
died of natural causes such as bad weather conditions. 
No sign of malnutrition was observed in general; 37 of 

55 examined carcasses (67%) held krill in their guts, and 
45 of them (82%) were in average or good condition in 
terms of body mass.

The carcasses of the chicks were stored in a freezer 
(-70 °C) at the King Sejong Station until measured and 
processed. The flipper length (mm, from shoulder to tip) 
was measured with a ruler, bill and head lengths (mm) 
with callipers and body mass (g) with a Pesola spring 
scale. Two salt glands were carefully extracted from each 
bird with scalpels and forceps, and the wet mass of the 
more intact gland of the two extracted ones was mea-
sured to a precision of 0.00001 g with a Mettler Toledo 
digital scale (model AE 240-S). 

We compared eight linear mixed models to select the 
best predictor out of four measured body sizes that repre-
sent the size of the salt glands by species. Therefore, the 
fixed-effect parameters for the models were four body 
measurements (body mass, flipper length, bill length and 
head length) and species, while the year was used as a 
random effect parameter. The models that best described 
the variability in salt gland mass were selected using the 
AIC, and we determined the influence of the fixed effects 
to the wet mass of the gland with the full averaged model 
when more than two candidate models showing ΔAIC < 2 
were identified (Burnham & Anderson 2004). The coeffi-
cient and linear regression equation between the wet mass 
of the gland and the body measurements from the aver-
aged model were shown on each species, and the com-
bined values of both species were shown if the species did 
not significantly affect the gland mass. We used the nlme 
(Pinheiro et al. 2015) and MuMIn packages (Barton 2018) 
in R 3.4.3 (R Core Team 2014) for all statistical analyses.

Results

The body mass of all the collected carcasses ranged from 
45 g to 2415 g, and the individual mass of their salt glands 
ranged from 0.00996 g to 0.94493 g (Fig. 1). Two mod-
els with body mass and species parameters were the best 
candidate models showing the lowest AIC values (ΔAIC 
< 2; Table 1), but the effect of species on the wet mass 
of the salt glands was not significant in the averaged 
model (Table 2). Therefore, though the wet mass of the 
salt glands increased proportionally to all body measure-
ments of the penguin chicks, the body mass was selected 
as the best criterion for salt gland growth. The body mass 
and the salt gland mass were highly correlated (gentoo: 
r2 = 0.92, p < 0.001; chinstrap: r2 = 0.91, p < 0.001; com-
bined: r2 = 0.92, p < 0.001; Fig. 1). The salt gland size rel-
ative to body size was 0.34 mg/g and 0.36 mg/g in gentoo 
and chinstrap chicks, respectively, while it was 0.26 mg/g 
in Adélie penguin chicks (Table 3).
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Discussion

Douglas (1968) suggested that the osmoregulation capa-
bility of the salt gland per unit mass was unchanged in 
Adélie penguin chicks because their salt gland mass was 
linearly proportional to their body mass. Similarly, the 
salt gland mass showed a linear relationship with the 
body mass in the gentoo and chinstrap penguin chicks 
in this study, suggesting that their chicks already have a 

functioning salt gland that can control the osmotic pres-
sures in the body immediately after hatching.

There was no difference between the chicks of the 
two penguin species in the salt gland growth, likely 
because both species feed mainly on krill in the same 
foraging environment in maritime Antarctica (Volkman 
et al. 1980; Trivelpiece et al. 1987). The salt gland mass 
of the two species was linearly proportional to the body 
mass; the relative salt gland masses of the chicks were 
indistinguishable from that of Adélie chicks, especially 
in the early stage of growth, but slightly heavier in the 
later stages probably due to their larger body sizes (see 
Table 3, Fig. 1). Although gentoo and chinstrap penguins 
may use more high-saline diets (Trivelpiece et al. 1987), 
this finding suggests that all the young chicks of the three 
pygoscelid penguins generally adapted to a similar saline 
level. However, these interspecific differences, measured 
in different sites, years, and sample sizes, can be further 
examined by comparing the specific development pat-
terns of the salt glands with more samples collected at the 
same sites and seasons.

The relative size of the salt glands of all three pygos-
celid penguins (0.26–0.36 mg/g) may be relatively smaller 
than those of fish-eating pelagic cormorants (2–3 mg/g 
[Thomson & Morley 1966]) or shorebirds (0.4–0.8 mg/g 
in marine fish eaters and 0.5–1.2 mg/g in oceanic inver-
tebrate eaters [Staaland 1967]). The excretory osmotic 
pressure of the Adélie penguin is known to be higher 

Fig. 1  Relationship of the salt gland mass (mg) to body mass (g) in (a) gentoo penguins (Pygoscelis papua; filled circles), (b) chinstrap penguins 

(P. antarcticus; open circles) and (c) the two combined species. A linear regression line (solid blue line) and its 95% confidence band (grey shading) for the 

estimate of the regression were marked. The red dashed line (c) indicates the linear regression in the Adélie penguin (P. adeliae; data from Douglas [1968]).

Table 1  Summary of the candidate models that predicted the salt gland 

mass of the chicks of the chinstrap and gentoo penguins.

Rank Modela df AIC score ΔAIC AIC
w

b

1 BM, SP 5 822.1 0.00 0.67

2 BM, SP, BM*SP 6 823.9 1.86 0.27

3 HL, SP, HL*SP 6 827.8 5.78 0.04

4 FL, SP, FL*SP 6 828.9 6.88 0.02

5 FL, SP 5 834.6 12.57 0.00

6 HL, SP 5 835.6 13.54 0.00

7 BL, SP, BL*SP 6 836.8 14.75 0.00

8 BL, SP 5 854.5 32.41 0.00

aAsterisks between parameters represent interactions between them.
bA relative likelihood of the model based on the AIC score. 

Table 2  Model averaged parameter estimates, standard errors and p 

values from the best linear models explaining the mass of the salt glands 

in the chinstrap and gentoo penguin chicks.

Variablesa Estimates SE p value

Intercept 44.60 17.83 0.014

Body mass 0.35 0.02 <0.001

Species 4.11 20.93 0.847

Body mass * Species -0.01 0.02 0.745

aAsterisks between parameters represent interactions between them. 

Table 3 The linear regression between the salt gland mass (mg) and the 

body mass (g) in Pygoscelis penguin chicks.

Species Slope Intercept Source

Adélie penguin (P. adeliae) 0.26 70.00 Douglas 1968

Gentoo penguin (P. papua) 0.34 50.55 This study

Chinstrap penguin (P. antarcticus) 0.36 37.48 This study
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than that of other seabirds and that the excreted solution 
of its chicks has an especially high chloride ion concentra-
tion (Janes 1997). Therefore, the pygoscelid chicks seem 
to have a more efficient salt gland for osmoregulation 
compared to other species, enabling them to adapt to a 
high-salt environment with a relatively small salt gland.

This descriptive note provides novel and quantita-
tive information on the developmental pattern of salt 
glands in gentoo and chinstrap penguin chicks early in 
their growth. Our data suggest that these two penguins 
may minimize saline stress by having a small but func-
tional salt gland even at a very early stage in life, similar 
to Adélie penguins. Furthermore, the linear relationship 
between the salt gland mass and body mass also sug-
gests that their osmoregulation capability develops as 
the chicks grow. However, the salt gland mass itself may 
not fully and directly represent the true osmoregulation 
capability. Because detailed information on the physio-
logical functions of salt glands is still lacking for these two 
species, more experimental, anatomical and physiologi-
cal studies will help bridge the current knowledge gap in 
osmoregulation in the pygoscelid penguins.
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