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1.  INTRODUCTION

Inter-individual differences in demographic traits
of iteroparous species have been well demonstrated
(e.g. Clutton-Brock 1988, Newton 1989, Massot et al.
2011). Through processes of learning and physio -

logical maturation, reproductive performance and
survival tend to increase throughout early life and
stabilize during early-to mid-adulthood. In older age
classes, these fitness components either decrease (i.e.
senescence due to mutation accumulation, Hamilton
1966; antagonistic pleiotropy, Williams 1957; or less
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efficient DNA repair maintenance, Kirkwood 1977),
remain constant (due to the removal of less proficient
individuals, Cam et al. 2002; or high mortality levels
before senescence can be detected, Kirkwood & Aus-
tad 2000), or increase (reproductive performance
only, due to terminal investment, Stearns 1992, Des -
camps et al. 2007). Beyond true age, breeding experi-
ence also influences reproductive performance, with
more experienced breeders often achieving higher
breeding success (e.g. Sydeman et al. 1991, Daunt et
al. 2007, Kappes 2019). It can also affect survival
through costs of reproduction (Stearns 1992), with the
first reproduction event often acting as a selective fil-
ter (Nevoux et al. 2007, Lescroël et al. 2009).

In addition to the learning and maturation pro-
cesses, permanent differences in individual intrinsic
‘quality’ (i.e. demographic heterogeneity; Fox et al.
2006, Cam 2009) can also underlie inter-individual
differences in demographic traits. While the specific
mechanisms involved are still debated, some individ-
uals can reproduce more successfully than others,
often without exhibiting increased survival costs
(Cam et al. 2002, 2016, Lescroël et al. 2009). As the
ability to acquire energy from the surrounding envi-
ronment determines the resources an individual can
allocate to reproduction and self-maintenance, for -
aging behavior is a key trait to study to better under-
stand the mechanisms underlying inter-individual
differences in demographic traits.

Seabirds are a model organism to investigate inter-
individual variation in foraging behavior (see review
in Clay et al. 2018), due to their relative longevity,
size, and accessibility, along with relatively well-
known demographic rates for some species. While
most studies have focused on the effect of maturation
and learning on foraging performance (e.g. Catry et
al. 2006, Daunt et al. 2007, Lecomte et al. 2010, Elliott
et al. 2015, Froy et al. 2015), only a few studies have
included measures of individual heterogeneity (Le -
wis et al. 2006, Lescroël et al. 2010, 2019), while even
fewer have combined both types of data (Lewis et al.
2006, Lescroël et al. 2019). While it has been shown
that foraging performance is highest in mature,
experienced breeders, evidence for age-related
changes in foraging performance of seabirds later in
life remains limited and inconsistent across species
and geographic locations (e.g. little blue penguins
Eudyptula novaehollandiae, Zimmer et al. 2011, Pel-
letier et al. 2014; wandering albatrosses Diomedea
exulans, Lecomte et al. 2010, Froy et al. 2015). Nev-
ertheless, it remains difficult to couple long-term
demographic data and foraging behavior of known
individuals.

As seabirds are central-place foragers during the
breeding period (Orians & Pearson 1979), they are
spatially and temporally constrained in their move-
ments. Moreover, the frequency of feeding can affect
chick growth rates and fledging-mass-related pros -
pects for subsequent survival (Salihoglu et al. 2001,
Chapman et al. 2011, Ainley et al. 2018). It is there-
fore important for breeding birds to forage as close
and as quickly as possible to their breeding colony.
The degree to which breeding seabirds attempt to
maximize energy intake per energy spent or unit
time may depend on their sex. For example, if one
sex invests more in nest defense activities (e.g. males
in black-legged kittiwakes Rissa tridactyla, Jodice et
al. 2002), then that sex is more likely to focus on max-
imizing energy intake per unit time so as to also max-
imize time spent at the colony. Sexual differences in
foraging behavior are common among seabirds,
including within species with little or no sexual
dimorphism (e.g. Lewis et al. 2002). These differ-
ences have been explained either by a sex-specific
allocation of foraging effort between parents and off-
spring (Thaxter et al. 2009), differences in time spent
defending the nest (Wanless & Harris 1986, Creel-
man & Storey 1991, Fraser et al. 2002), or spatial seg-
regation due to intraspecific competition or habitat
selection (Cleasby et al. 2015). It has also been sug-
gested that in dimorphic species, trophic differences
could be driven by differences in physiological per-
formance, with the larger sex tending to dive deeper
to access higher trophic level prey items (Bearhop et
al. 2006). Finally, to fully understand the ecological
constraints and performance of diving seabirds, it is
important to take into account not only their horizon-
tal movements (i.e. how far away from the colony
they travel) but also the vertical component of their
foraging behavior (i.e. how deep they dive).

Drawing upon a long-term study of Adélie pen-
guins Pygoscelis adeliae in the Ross Sea, Antarctica,
Lescroël et al. (2009) found evidence of individual
heterogeneity among breeding adults. Other studies
also found that the level of intraspecific competition
as a function of colony size can lead to differences in
foraging behavior (Ainley et al. 2004, Lescroël et al.
2010). At Cape Crozier, the largest colony in this
ongoing study (>300 000 breeding pairs), differences
in foraging behavior under harsh environmental con-
ditions correlated to differences in intrinsic quality,
with high ‘quality’ breeders foraging more efficiently
(Lescroël et al. 2010). Furthermore, under ‘normal’
environmental conditions, Lescroël et al. (2019)
found a positive effect of age, either linear or level-
ling off at old ages, on the foraging performance of
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Adélie penguins breeding at Cape Crozier. The
Adélie penguin is a slightly dimorphic species, with
adult males on average larger than adult females in
mass (~11%) as well as bill (~8%) and flipper length
(~3%) (Ainley & Emison 1972). Across all age classes,
males were found to be more efficient foragers than
females (Lescroël et al. 2019). These previous studies
only focused on diving behavior; the spatial (horizon-
tal) aspect of inter-individual differences in foraging
behavior is less understood. To generalize and ex -
tend these conclusions, we tested the following
hypotheses in a medium-size Adélie penguin colony
(Cape Bird: ~70 000 breeding pairs) over 2 consecu-
tive breeding seasons (2009−2010 and 2010−2011):
(1) among intrinsic factors, age and breeding experi-
ence are the main drivers of inter-individual differ-
ences in the foraging behavior of seabirds; and (2)
other sex-, age-, and experience-independent factors
such as superior, genetically determined physiologi-
cal ability or other inherent individual differences,
summarized under the concept of ‘individual quality’
(Wilson & Nussey 2010), are the main drivers of inter-
individual differences in the foraging behavior of
seabirds.

2.  MATERIALS AND METHODS

2.1.  Satellite tag deployment

Our study was conducted at Cape Bird (77° 13’ S,
166° 26’ E), Ross Island, Antarctica, during the guard
(December) and crèche (January) stages of the 2009−
2010 (hereafter 2009) and 2010−2011 (hereafter
2010) austral breeding seasons. Between 20 Decem-
ber and 19 January, a total of 83 breeding Adélie
penguins (40 in 2009; 43 in 2010) of known ages were
equipped with SPLASH tags that weighed 62 g
(1.6% of an average adult penguin) and measured
3.2 × 10−4 m2 (1.0−1.6% of an adult’s total size;
Wildlife Computers). Birds were caught by hand on
the nest and equipped with a SPLASH tag using
black Tesa® tape (see Ballard et al. 2001 for more
details). The tags recorded depth, light intensity, and
temperature every 1 s, and they uploaded short
 pe riodic messages to Argos satellites (www.argos-
system.org/) for horizontal position calculations. Tags
were set to transmit (when dry) to Argos every 45 s
for the first 8 successive transmissions and then
switch to once every 90 s thereafter, with up to 1440
transmissions allowed per day. Tags were pro-
grammed to turn off after being dry for 6 h in order to
conserve batteries, but to turn back on as soon as

they were wet. Between 1 and 3 foraging trips, last-
ing from 0.55−5.92 d, were recorded for each equip -
ped individual; only the first trip of each individual
was kept for analysis. Each individual was only sam-
pled once over the 2 seasons.

2.2.  Data processing and filtering

All satellite transmissions were received and pro-
cessed within the Argos system (CLS Corporation).
Satellite positions were filtered using the ‘argosfilter’
package in R (Freitas 2012), which first removes all
locations with location Class Z, which are points for
which the location process failed. All locations that
required unrealistic swimming speeds (>2.3 m s−1)
were removed unless the point was <5 km from the
previous location. Finally all spikes in the animal’s
path with angles smaller than 15 and 25° were re -
moved if their extension was higher than 2500 and
5000 m, respectively (Freitas et al. 2008). As a result,
an average of 17.6 ± 16.7 locations ind.−1 were kept,
for a total of 1409 locations. Out of these, 141 had
Class 3 location errors (<250 m estimated error), 266
had Class 2 location errors (>250 and <350 m), 301
had Class 1 location errors (>500 and <1500 m), 156
had Class 0 location errors (>1500 m), and 545 had
Class A and B location errors (no accuracy estima-
tion). Because raw Argos positions are biased by
satellite orbital parameters and the penguins’ latitu-
dinal positions (Georges et al. 1997), we used a linear
interpolation algorithm (Tremblay et al. 2006) to cre-
ate a temporally uniform interpolated distribution of
locations every 1 min between known locations. This
1 min interpolation interval was chosen so as to be
able to assign a different geographic location to
every dive, as Adélie penguins dive continuously
throughout their trip (Ford et al. 2015). Because of the
differences in temporal resolution between the dive
(1 s) and satellite (1 min, after interpolation) data, we
used temporal proximity to assign an approximate
geographic location to each dive (cf. Ballard et al.
2019). Great circle distance (i.e. the shortest distance
between 2 points on the surface of a sphere, meas-
ured along the surface of the sphere) for foraging trip
locations were calculated in km to a single point re -
presenting the center of the North Cape Bird colony
location using the ‘argosfilter’ package.

Diving data were processed using the program
divesum v.7.5.5 (G. Ballard unpubl. software; cf.
Lescroël et al. 2010, Ballard et al. 2019). This pro-
gram corrected the record baseline and computed
several individual dive parameters, including maxi-
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mum dive depth for each dive, post-dive recovery
intervals, and the number of undulations (number of
changes in underwater swimming direction from
ascent to descent >1 m). Considering the SPLASH
tag specifications (resolution of depth sensor: ±0.5 m)
and sample rate (1 Hz), only dives ≥1 m deep and ≥3 s
long were included. The divesum program classified
dives into 3 types: ‘foraging’, ‘exploratory’, and
‘other’ (Chappell et al. 1993, Ropert-Coudert et al.
2001, Schreer et al. 2001, Bost et al. 2007, Lescroël et
al. 2010). Foraging and exploratory dives were both
at least 10 m. Foraging dives had ≥4 undulations and
either (1) ≥15 s bottom time, (2) 30% of the dive dura-
tion spent in slow depth change rate and 30% with
fast depth change rate, or (3) ≥6 undulations and
rapid (≥1 m s−1) ascent/descent phases. Exploratory
dives had <4 undulations or <15 s bottom time and
fewer than 6 undulations. All other dives were cate-
gorized as ‘other’ and are thought to be primarily
commuting dives. The number of undulations per-
formed within each foraging dive is thought to reflect
the number of prey caught during that dive (Ropert-
Coudert et al. 2001, Bost et al. 2007, Ballard et al.
2019).

2.3.  Potential intrinsic drivers of foraging behavior

2.3.1.  Age

In Adélie penguins, age at first breeding is highly
variable and ranges from 3 to 12 yr (mean ± SD:
females: 5.5 ± 1.3, n = 584; males: 5.9 ± 1.5, n = 704;
V. Morandini et al. unpubl. data). Banding studies
have shown that some individuals reach 20+ yr of age
and are still breeding into their late teens (Ainley
2002, K. M. Dugger, D. G. Ainley, & G. Ballard
unpubl. data). Equipped birds were banded as chicks
on the left flipper with a numbered stainless steel
band (see Dugger et al. 2006 for details on band
design and effect or lack thereof on foraging behav-
ior) and were aged 3−14 yr old when they were
equipped with a SPLASH tag. The oldest age class of
banded penguin that was present at Cape Bird was
14 yr. Because our sample was more limited in size
and less homogeneously spread across all ages than
in previous studies (Grémillet et al. 2018, Lescroël et
al. 2019), we chose to divide it into 3 age groups:
young (3−6 yr old, n = 18), mature (7−10 yr old, n =
38), and old (11−14 yr old, n = 27) breeders, rather
than use age as a continuous variable. Groups were
based on these previous studies and our knowledge
of Adélie penguin biology (Ainley 2002).

2.3.2.  Sex

We genetically determined the sex of each individ-
ual by extracting the DNA from feather samples,
undertaking PCR using sex-determining primers,
and visualizing the amplified DNA under electro -
phoresis (Zhang et al. 2013). Feather samples were
collected from each individual when SPLASH tags
were retrieved. A total of 39 females and 44 males
was equipped with tags; 15 females, 25 males in 2009
and 24 females, 19 males in 2010. Our samples
included a higher proportion of females in the young
age class than in the old age class, reflecting the
lower age at first breeding for females (Ainley &
DeMaster 1980, Ainley et al. 1983, Morandini et al.
unpubl. data), but making it more difficult to disen-
tangle the respective effects of sex and age.

2.3.3.  Breeding experience

Several seabird studies have shown that experi-
enced breeders are better foragers than naïve breed-
ers (e.g. Daunt et al. 2007, Limmer & Becker 2009).
We hypothesized that trying to feed chicks during
the first year of breeding was a significant learning
event that would improve the foraging performance
of birds in subsequent years. Alternatively, the first
reproductive event could act as a selective filter, with
lower-quality individuals experiencing higher costs
and higher mortality (Cam & Monnat 2000, Barbraud
& Weimerskirch 2005, Beauplet et al. 2006, Nevoux
et al. 2007, Lescroël et al. 2009). Therefore, we di -
vided our samples between 2 groups based on breed-
ing experience: (1) inexperienced birds with no
 previous breeding experience (n = 22) and (2) ex -
perienced birds with at least 1 yr of previous breed-
ing experience (n = 61).

2.3.4.  Individual quality

Based on the assumption that superior, genetically
determined physiological ability or other inherent in-
dividual differences lead to superior breeding out-
comes (supported by Lescroël et al. 2009), we used the
Breeding Quality Index (BQI) of each equipped indi-
vidual as an index of their age-independent ‘individ-
ual quality’ (Grémillet et al. 2018). After being banded
as chicks, birds were followed every year to determine
whether they survived, attempted to breed, and
raised at least 1 chick to the crèche stage. We first cal-
culated a probability of breeding success for each
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year and individual using 4 independent variables
(age, previous breeding experience, colony of origin,
and breeding year). The BQI of each individual was
then calculated as the mean per individual of the dif-
ference between the actual breeding success and the
predicted breeding success for every year during
which a given individual had been re-sighted when at
least 3 yr old, up to the year when we equipped it with
a SPLASH tag. More details about the BQI calculation
for known-age birds can be found in Grémillet et al.
(2018). Negative BQI values indicate lower than aver-
age long-term breeding performance, while positive
values indicate above average long-term breeding
performance. BQI for the equipped birds in this study
ranged from −0.26 to 0.57. Because our sample was
limited in size and not homogeneously spread across
all BQI values, we de cided to use BQI classes rather
than BQI as a continuous variable. Based on the BQI
frequency distribution in the banded bird population
of Cape Bird in 2009 and 2010, we divided our sample
into 3 quality classes: (1) low-quality (BQI < 0, n = 34),
(2) medium-quality (0 ≤ BQI ≤ 0.35, n = 34), and (3)
high-quality (BQI > 0.35, n = 10) individuals. Out of
the 83 equipped birds, 5 were re-sighted for the first
time since being banded as chicks and could not be
assigned a BQI value.

2.4.  Foraging behavior variables

2.4.1.  Predictions

We tested the following 8 predictions (Pred.) de -
rived from our initial hypotheses:

Pred. (1.1) Older, more experienced birds exhibit
more dive undulations (1.1a) closer to the colony (i.e.
exhibit lower maximum foraging distances), or at
(1.1b) greater depths.

Pred. (1.2) Older, more experienced birds exhibit
(1.2a) shorter trip durations, (1.2b) a fewer number of
foraging dives, or (1.2c) more undulations per forag-
ing dive.

Pred. (1.3) Pred. (1.1) and (1.2) result in niche parti-
tioning among age classes in terms of both (1.3a) for-
aging distance to the colony (i.e. there is a low 2-
dimensional [2D] spatial overlap among age classes),
and (1.3b) foraging distance to the sea surface (i.e.
there is a low 3-dimensional [3D] spatial overlap
among age classes).

Pred. (2.1) High-BQI birds exhibit more dive undu-
lations (2.1a) closer to the colony (i.e. exhibit lower
maximum foraging distances), or at (2.1b) greater
depths.

Pred. (2.2) High-BQI birds exhibit (2.2a) shorter
trip durations, (2.2b) a fewer number of foraging
dives, or (2.2c) more undulations per foraging dive.

Pred. (2.3) Pred. (2.1) and (2.2) result in niche parti-
tioning among BQI classes in terms of both (2.3a) for-
aging distance to the colony (i.e. there is a low 2D
spatial overlap among age classes), and (2.3b) for -
aging distance to the sea surface (i.e. there is a low
3D spatial overlap among BQI classes).

As sex-related differences in foraging behavior
have often been found in Adélie penguins (Clarke et
al. 1998, Ballard et al. 2001, 2010a, Lescroël et al.
2010), we accounted for sex in testing these predic-
tions (see Section 2.5).

2.4.2.  Trip duration

We determined trip duration, in days, for each indi-
vidual bird using the depth and temperature profiles
recorded by the SPLASH tags. Trip duration was cal-
culated as time elapsed between first entrance in the
water (shown by a drop in temperature to −1.8°C, fol-
lowed by a first shallow dive) and exit at the end of
the at-sea period (shown by a return to higher tem-
peratures and stable, 0 m depth).

2.4.3.  Maximum foraging distance

Maximum foraging distance, in km, was calculated
based on the Argos location data, as the great circle
distance between the most distant foraging trip loca-
tion and the center of the northern-most portion of
the Cape Bird colony.

2.4.4.  Foraging dives, depth, number of undu -
lations, and post-dive intervals

For each individual trip, we considered the number
of dives classified as ‘foraging’, the maximum depth of
each foraging dive, and the number of undulations
performed within each foraging dive. Adélie penguins,
like many other seabirds and marine mammals, dive in
bouts, with most dives occurring in rapid succession
with longer temporal gaps between bouts. To separate
post-dive recovery intervals (PDIs) from inter-bout
 duration, we used a maximum likelihood approach
(Luque & Guinet 2007) using the ‘diveMove’ package
(Luque 2007) in R, which al lowed us to determine
a bout-ending-criterion (BEC). In this study, BEC =
63.9 s; we therefore only considered PDIs <64 s.
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2.4.5.  Space use overlap

To examine the 2D space use of the different age,
sex, experience, and BQI classes, we developed 2D
utilization distributions (UD) using foraging locations
and a fixed-kernel density estimation (Worton 1989)
with the ‘adehabitatHR’ package in R (Calenge
2006). The UD can be defined as the probability den-
sity that an animal is found at a given location. To
define this space for the classes varying in numbers
of individuals (e.g. age, BQI, etc.), we calculated the
UD for each individual in a given class, then calcu-
lated the average UD value across all individuals
within any given grid cell. To visualize the UD distri-
butions, we created 50% UDs for each class. We con-
sidered the 50% probability contour to be the ‘core’
of an individual’s home range (e.g. Simpfendorfer et
al. 2012). Individual kernels were estimated with a
constant smoothing parameter (h = 2000) based on
the average Argos type in our data and error esti-
mates provided by Boyd & Brightsmith (2013). The
space use overlap between classes was quantified
with the ‘kerneloverlaphr’ function in ‘adehabitatHR’
(Calenge 2006), using Bhattacharyya’s affinity (BA)
and the utilization distribution overlap index (UDOI)
as recommended by Fieberg & Kochanny (2005). The
BA index is a general measure of similarity between
UD estimates and varies between 0 (no overlap) and
1 (complete overlap), whereas the UDOI quantifies
space-use sharing where values <1 indicate less
overlap and values >1 indicate higher overlap, rela-
tive to uniform space use.

While satellite positional data allowed us to track
the horizontal movements of the penguins, the addi-
tion of dive data gave us the ability to examine their
use of 3D space. To do this, we developed 50% distri-
butions using a 3D kernel estimator with the ‘ks’
package (Duong 2013) in R. Kernels were smoothed
using the plug-in bandwidth (H) selector (Gitzen et
al. 2006, Duong 2007) calculated as the average H-
value across all individuals. Similar to the 2D kernels,
we first built UD kernels for each individual in a
given class, then averaged across the individuals by
cell (in 3D space) to get an average 3D UD for each
class. Following Simpfendorfer et al. (2012), we ac -
counted for the uncertainty in the positional data by
multiplying the smoothing factor by a value >1. To
determine this multiplier, we calculated the 50% UD
for each age and BQI class and multiplied the
smoothing factor by values from 1 to 10. We then de -
termined the amount of change in the ratios between
the 50% UDs for each multiplier value. We standard-
ized this amount of change by dividing by the aver-

age ratio across all multiplier values. Finally, we cal-
culated the standardized change values for each
multiplier and we used the multiplier closest to one
with the smallest change. In our case, this multiplier
was 3. UDOI was calculated using the ‘ks’ package in
R, as the number of 3D pixels that overlapped be -
tween the different classes multiplied by the volume
of each 3D pixel, making sure to standardize the
pixel size across classes. We also calculated BA
 values with adaptations for 3D data as defined in
Cooper et al. (2014).

2.5.  Statistical analyses

To investigate the separate effects of sex, season,
age, BQI, and breeding experience, we used ANO -
VAs (followed by Tukey’s post hoc tests to detect dif-
ferences between groups) for the variables calcu-
lated at the scale of the trip (trip duration, maximum
foraging distance, number of foraging dives), and lin-
ear mixed models with bird ID as a random effect for
variables calculated at the scale of the dive (maxi-
mum foraging depth, number of undulations per
dive). As we had an unbalanced number of males
and females by age class, with more young females
and more old males, we first tested for an effect of sex
on our variables of interest and if there was one, we
tested for an effect of age or BQI within each sex
class. Otherwise, both sexes were pooled. We also
separately tested for the effect of the study season,
including season as an additive fixed effect together
with age or BQI in subsequent models for those vari-
ables for which there was an effect of the season,
pooling data from different seasons together when
there was not. Because breeding experience was cor-
related with age, with all young birds having no pre-
vious breeding experience and old birds all having at
least 1 yr of previous breeding experience, we tested
for the effect of breeding experience on birds aged
6−8 only. As there was the same number of females
(n = 14) and males (n = 14) in this age class, we were
able to explore the effect of breeding experience
across sexes.

In an attempt to further understand the effects of
individual quality (as proxied by BQI) on diving per-
formances, we also looked at the effects of BQI on the
relationship between (1) PDIs and maximum dive
depth, and (2) PDIs and maximum dive duration,
using linear mixed models with bird ID as a random
effect nested within season. Linear mixed models
were implemented with the ‘nlme’ package (Pinheiro
et al. 2017) in R and we included an autocorrelation
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structure (‘corAR1’, an autoregressive process of
order 1) in order to account for the temporal autocor-
relation between dives. All statistics were performed
using R v.3.4.2 (R Development Core Team 2017).
Means ± SE are given unless indicated otherwise.

3.  RESULTS

3.1.  Trip duration

Female Adélie penguins took significantly longer
trips (1.44 ± 0.14 d) than males (1.09 ± 0.04 d; F1,87 =
6.35, p = 0.014). There were no significant differ-
ences between breeding seasons (F1,87 = 1.58, p =
0.212) so we pooled data from both years. Age did
not significantly influence trip duration within fe -
males (F2,36 = 0.39, p = 0.681) or males (F2,41 = 0.54, p =
0.585), nor did BQI (F2,31 = 0.76, p = 0.474 for females;
F2,41 = 0.16, p = 0.851 for males). For birds aged
6−8 yr, there were no significant differences in trip
duration between inexperienced and experienced
individuals (F1,30 = 1.38, p = 0.249).

3.2.  Maximum foraging distance

Differences in trip duration between females and
males did not translate into significant differences in
the maximum foraging distance from the colony
(34.77 ± 5.08 km for females, 26.36 ± 1.90 km for
males; F1,67 = 2.57, p = 0.114). We observed a signifi-
cant difference in maximum foraging distance be -
tween seasons, with shorter maximum distance trav-
eled in 2009 compared to 2010 (24.59 ± 1.57 km in
2009, 36.69 ± 5.09 km in 2010; F1,67 = 5.55, p = 0.022).
Thus, season was included in further models. There
was no significant difference in foraging distance
with age (F2,65 = 0.75, p = 0.476), BQI (F2,61 = 0.14, p =
0.872), or breeding experience (F1,20 = 1.97, p = 0.176).

3.3.  Number of foraging dives

Females performed significantly more foraging
dives (378.10 ± 29.20 dives) than males (288.07 ±
16.22 dives; F1,81 = 7.71, p = 0.007) on a given for -
aging trip. The number of foraging dives per trip did
not vary between seasons (F1,81 = 0.17, p = 0.680).
Within each sex, the number of foraging dives did not
differ significantly among age classes (F2,36 = 0.42,
p = 0.659 for females; F2,41 = 0.03, p = 0.969 for males)
or BQI classes (F2,31 = 0.14, p = 0.871 for females; F2,41

= 0.44, p = 0.650 for males). High-quality individuals,
however, exhibited less variability among individu-
als of the same category (SD = 108.53 for females,
40.88 for males) than medium (SD = 158.42 for fe -
males, 118.43 for males) or low-quality birds (SD =
222.40 for females, 110.03 for males). There was no
significant effect of breeding experience (F1,28 = 1.43,
p = 0.242).

3.4.  Average maximum foraging depth

Average maximum foraging depth did not differ
between females (43.93 ± 3.02 m) and males (45.36 ±
4.16 m; t81 = 0.34, p = 0.731) or between seasons (t81 =
1.63, p = 0.107), age classes (t80 = 0.80, p = 0.428 for
mature breeders compared to young breeders; t80 =
0.27, p = 0.786 for old breeders compared to young
breeders) or breeding experience (t28 = −0.04, p =
0.968). High-quality birds, however, dived signifi-
cantly deeper (57.59 ± 6.56 m; t75 = 2.09, p = 0.040)
than either low (43.85 ± 3.14 m) or medium-quality
ones (44.32 ± 4.44 m).

3.5.  Number of undulations per dive

The number of undulations per foraging dive did
not vary between sexes (t81 = 0.25, p = 0.803) but was
higher in 2009 (4.28 ± 0.18 undulations) than in 2010
(3.72 ± 0.25 undulations; t81 = −2.24, p = 0.028). Tak-
ing into account the effect of season, mature (t79 =
0.34, p = 0.736) and old breeders (t79 = 0.67, p = 0.502)
did not perform significantly more undulations than
young breeders. High-quality birds, however, per-
formed more undulations per dive (4.99 ± 0.40 undu-
lations; t74 = 2.02, p = 0.047) than medium (4.12 ± 0.27
undulations) and low quality ones (4.18 ± 0.24 undu-
lations). Experienced breeders also tended to per-
form slightly more undulations per dive (4.34 ± 0.53
undulations) than inexperienced individuals (3.47 ±
0.53 undulations), but this difference was not statisti-
cally significant (t27 = 1.63, p = 0.114).

3.6.  Post-dive intervals

High-BQI birds exhibited shorter PDIs than
medium- or low-BQI birds (t74 = −5.09, p < 0.001) after
deep dives (>85 m; Fig. 1). When looking at the re -
lationship between PDI and dive duration for dives
deeper than 85 m, we found that low-BQI birds
showed increasing PDIs for increasing dive durations
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(t25 = −2.43, p = 0.015) while medium- and high-BQI
birds surprisingly showed decreasing PDIs for in -
creasing dive durations (Fig. 2). Overall, high-BQI
birds exhibit shorter PDIs than low-BQI birds when
dive duration exceeds 193 s, and shorter PDIs than
medium-BQI birds when dive duration exceeds 217 s.

3.7.  Spatial use overlap

The 2D overlap in 50% core areas was high (>50%
overlap) among sexes (Table 1, Fig. 3A), seasons
(Table 2, Fig. 3B), and age classes (Table 3, Fig. 3C).
Old birds had a more restricted core area (19.98 km2)
than young (30.76 km2) and mature (30.04 km2) indi-
viduals. The most notable difference in horizontal
habitat use was among BQI classes, with low overlap
between high-BQI birds and either medium- or low-
BQI birds (Table 4, Fig. 3D). All birds foraged west
and north of the breeding colony, but high-BQI birds
also exhibited concentrated foraging activity to the
southwest, within McMurdo Sound. Overlap was
also low between breeding experience classes
(Table 5, Fig. 3E), with experienced birds (aged
6−8 yr) showing a more extended core area, espe-

cially to the west, compared to inexperienced ones.
The 3D overlap in 50% core volumes tended to be

lower than 2D overlap for all groups, showing ad -
ditional differentiation in vertical habitat use
(Tables 1−5). Males seemed to forage deeper than
females just north of the colony (Fig. 4A), even
though sex differences in diving depth were not sig-
nificant overall and the 50% core volume of females
was larger (Table 1). The 50% core volume
exploited by Adélie penguins was larger in 2010
than 2009 (Table 2), with birds foraging in the same
3D space in 2010 as in 2009 but also exploiting
deeper areas, farther away (Fig. 4B). In terms of
age, young birds showed the most different 50%
core volumes (Table 3) compared to the 2 other age
classes, tending to exploit shallower depths in areas
slightly farther away from the colony (Fig. 4C).
High-BQI birds showed very little 3D overlap with
either medium- or low-BQI birds (Table 4), concen-
trating their effort at deeper depths and further to
the southwest of the colony (Fig. 4D). Finally, expe-
rienced breeders had a much bigger 3D foraging
volume than inexperienced birds (Table 5), but
there was no other obvious difference in their use of
the water column (Fig. 4E).
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4.  DISCUSSION

Contrary to our first set of predictions, we found no
significant differences among age classes in the for-
aging variables that we examined, and only limited
differences among experience categories (Table 6).
On the other hand, high-BQI birds dived deeper than
medium- or low-BQI birds, exhibited more undula-
tions, and targeted different foraging locations in
terms of both horizontal and vertical habitat use. Sex

was also a significant driver of inter-individual varia-
tion in foraging behavior, as females performed more
foraging dives during longer trips.

4.1.  Seasonal variation in foraging behavior

Seasonal foraging pattern differen ces are well
known in seabirds, as they respond to variability in
the availability and distribution of food resour ces
(e.g. Suryan et al. 2002, Daunt et al. 2006, Cherel et
al. 2007, Ainley et al. 2015). In 2010, Adélie penguins
foraged farther away from the colony, although not
for significantly longer time periods, to achieve the
same number of foraging dives at the same depth.
Al though we do not know what prey they ingested,
the lower number of undulations per dive suggests
birds experienced fewer prey items in 2010 com-
pared to 2009, consistent with the supposition that
availability of prey, in terms of prey species, habitat,
and abundance, differed between the 2 study years.
However, there was no major difference in the spa-
tial location of the core foraging areas between sea-
sons; these areas were located to the north and west
of the breeding colony, with an additional smaller
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Sex UD50 % overlap BA index
F M F M

2D F 33.23 1 0.60 1.00 −
M 22.78 0.85 1 0.88 1.00

3D F 15.63 1 0.47 1.00 −
M 12.11 0.61 1 0.73 1.00

Table 1. Adélie penguin 2D and 3D spatial use depending
on sex. The % overlap is presented as the percentage of core
area for the group in the row covered by the core area for
the group in the column. UD50: the 50% utilization distribu-
tion area (in km2 for 2D) or volume (in km3 for 3D). Bhatta -
charyya’s affinity (BA) index is also calculated for core areas, 

where BA = 1.00 indicates exact similarity
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area to the southwest in 2010. Despite the suspected
lower prey availability in 2010, breeders were still
able to provision their chicks regularly, with trips
lasting 1.39 ± 0.92 d (mean ± SD, n = 43), while
breeders from the larger Cape Crozier colony, where
high levels of intra- and interspecific competition

lead to seasonal prey depletion (Ainley et al. 2004,
2006, 2015), were at sea for 1.97 ± 1.64 d (mean ± SD,
n = 42) in the same year (Lescroël et al. 2019). Thus,
while there may have been differences in the prey -
scape between the 2 years, nothing appeared to be
out of the typical range of variation.
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Fig. 3. Two-dimensional spatial use for Adélie penguins
breeding at Cape Bird, depending on (A) sex, (B) season,
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4.2.  Learning and maturation processes

We were not able to detect any significant differ-
ences in foraging behavior among age and breeding
experience classes, although experienced breeders
showed some signs of performing better and target-
ing slightly different areas than inexperienced ones.
In a previous study at the larger, more competitive
Cape Crozier colony, we showed that age accounted
for 3−5% of the inter-individual variation in foraging
performance (Lescroël et al. 2019). Therefore, it is
possible that our relatively small sample size (per age
class within each sex) in the present study did not
allow us to detect small magnitude differences, and/
or differences within one of the defined age classes.
Alternatively, the lower intraspecific competition at

Cape Bird may have allowed most breeders to forage
within the same distance to the colony and depth.

In this way, the lack of separation in 2D and 3D for-
aging ranges of different age classes of Adélie pen-
guins close to the Cape Bird colony conformed with
central place foraging theory (Orians & Pearson 1979),
but was contrary to our initial hypothesis that the
younger birds would be forced to forage further from
the colony because they lacked the experience and
physical capabilities to acquire prey the older birds
possessed. The maximum extent of the ‘for aging halo’
for Adélie penguins is limited by the amount of time
and effort required to swim out, catch prey, and return
to the colony to provision chicks (Ballance et al. 2009).
Indeed, feeding frequency is a major factor behind
chick growth (Salihoglu et al. 2001). Adélie penguin

parents on Ross Island during the guard
and early crèche stage forage most of the
time when at sea (Ford et al. 2015), be-
ginning prey searching immediately
upon leaving the colony. The large over-
lap between foraging volumes of the dif-
ferent age classes does not, however, ex-
clude potential differences in prey types.

Overall, we suggest that the level of
inter- and intraspecific competition in
the vicinity of the seabird breeding
colo nies, and the resulting prey avail-
ability, can influence the magnitude of
inter-individual differences in foraging
behavior. Here, the smaller size of
the Cape Bird breeding population and
the resulting lower level of competition
compared to the very large Cape
Crozier population (Ballance et al. 2009,
Lescroël et al. 2010) could at least par-
tially explain the contrasting results re -
ported on inter-individual variation of
foraging behavior among age classes in
Adélie penguins between Cape Bird
and Cape Crozier.
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Season UD50 % overlap BA index
2009 2010 2009 2010

2D 2009 25.17 1 0.71 1.00 −
2010 30.91 0.57 1 0.85 1.00

3D 2009 8.78 1 0.62 1.00 −
2010 18.90 0.29 1 0.64 1.00

Table 2. Adélie penguin 2D and 3D spatial use depending 
on season. See Table 1 for details

Age UD50 % overlap BA index
Young Mature Old Young Mature Old

2D Young 30.76 1 0.64 0.53 1.00 − −
Mature 30.04 0.68 1 0.61 0.83 1.00 −

Old 19.98 0.75 0.82 1 0.81 0.86 1.00

3D Young 15.21 1 0.38 0.35 1.00 − −
Mature 13.43 0.43 1 0.48 0.55 1.00 −

Old 10.72 0.50 0.60 1 0.60 0.71 1.00

Table 3. Adélie penguin 2D and 3D spatial use depending on age class. See 
Table 1 for details

BQI UD50 % overlap BA index
Low Medium High Low Medium High

Low 24.25 1 0.68 0.40 1.00 − −
2D Medium 25.63 0.67 1 0.42 0.85 1.00 −

High 31.28 0.31 0.33 1 0.75 0.66 1.00

Low 12.17 1 0.55 0.13 1.00 − −
3D Medium 12.90 0.52 1 0.14 0.73 1.00 −

High 9.37 0.17 0.19 1 0.12 0.13 1.00

Table 4. Adélie penguin 2D and 3D spatial use depending on breeding 
quality index (BQI). See Table 1 for details

Experience UD50 % overlap BA index
0 1+ 0 1+

2D 0 14.03 1 0.48 1.00 −
1+ 33.25 0.23 1 0.72 1.00

3D 0 1.87 1 0.62 1.00 −
1+ 11.90 0.10 1 0.32 1.00

Table 5. Adélie penguin 2D and 3D spatial use depending
on breeding experience (for birds aged 6−8 only). See 

Table 1 for details
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4.3.  Sex-specific constraints

At the larger Cape Crozier colony, female Adélie
penguins stayed longer at sea for the same amount of
food caught or brought back to the colony and dived
to shallower depths (Ballard et al. 2010b, Lescroël et
al. 2010). This pattern was also found at Béchervaise
Island, where female Adélie penguins made longer
foraging trips than males, ranged greater distances

more frequently, and consumed larger quanti-
ties of krill as opposed to fish (Clarke et al.
1998). In Adélie Land, however, Angelier et al.
(2008) did not find any significant sex differ-
ence in foraging success, trip duration, or max-
imal foraging range; and neither did Cimino et
al. (2016) at Arthur Harbor, western Ant arctic
Peninsula. At Cape Bird, we demonstrated
that female Adélie penguins made longer trips
and more dives, but did not range greater dis-
tances and dived to similar depths as males.

As highlighted by Clarke et al. (1998), sex
differences in foraging behavior may become
particularly important when food is less avail-
able, as a means of both reducing intraspecific
competition and maximizing the chances of

each member of the pair locating food for the chicks.
We also previously suggested that male Adélie pen-
guins tend to maximize net energy gain per unit time,
so as to spend more time at the colony defending their
territory, while females tend to maximize net energy
gain per energy spent (Lescroël et al. 2019). The
lower levels of intraspecific competition at Cape Bird
compared to Cape Crozier, due to the smaller breed-
ing population, may explain the smaller magnitude of
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Prediction: some groups exhibit … Potential driver of inter-
individual differences

Age BQI Breeding 
experience

Shorter maximum foraging distances F F F
Deeper dives F T F
Shorter trip durations F F F
Fewer foraging dives F F F
More successful foraging dives F T F
Partitioning in 2D habitat use F T T
Partitioning in 3D habitat use F T T

Table 6. Summary of predictions and respective outcomes (T : true;
F: false) for foraging parameters of Adélie penguins breeding at 

Cape Bird, Ross Island, Antarctica. BQI: breeding quality index

Fig. 4. Three-dimensional spatial
use for Adélie penguins breeding
at Cape Bird, depending on (A) sex
(red: male; blue:  female), (B) sea-
son (red: 2009; blue: 2010), (C) age
(red: young; blue: mature; green:
old), (D) breeding quality index
(red: low; blue: med; green: high),
(E) breeding experience (for birds
aged 6−8 only; red: inexperienced;
blue: experienced). Black filled
square: breeding colony location;
light gray square: colony location 

along the x−y grid
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sex differences at this colony. Food seems to be avail-
able enough in the close vicinity of Cape Bird that
males can perform short trips and spend enough time
defending their nests without having to dive deeper.

4.4.  Other fixed inter-individual differences

Other sex-, age-, and experience-independent fac-
tors, such as those reflected by our BQI, were impor-
tant correlates of inter-individual differences in the
foraging behavior of Adélie penguins. In an earlier
study of all 3 Adélie penguin colonies on Ross Island
(Lescroël et al. 2010), we found that high-quality indi-
viduals were diving deeper than lower quality ones
and foraged efficiently overall when environmental
conditions were more challenging. However, study
birds were of unknown age; these high-quality indi-
viduals could have been older and/or more experi-
enced. Interestingly, we had also showed that intra-
specific competition (based on colony size) did not
affect or reveal any relationship between breeding
quality and foraging strategy (Lescroël et al. 2010).
Here, we showed that, independent of age and ex -
perience, high-quality individuals breeding at Cape
Bird dive about 30% deeper and perform more un -
dulations per dive than lower quality birds. High-
 quality individuals are also a more homogeneous
group, exhibiting less variability in the number of for-
aging dives performed per trip. These results suggest
that these high-quality individuals could have differ-
ent, genetically determined physiological capabilities
enabling them to reach deeper depths repeatedly at a
lower cost, or a cost they can afford. Indeed, we
showed that high-quality individuals exhibit shorter
recovery intervals (i.e. PDIs) than lower quality indi-
viduals after deep dives (>85 m). Within these deep
dives, high-quality individuals exhibit shorter PDIs
than low-quality individuals when dive duration ex-
ceeds 193 s, and shorter PDIs than medium-quality in-
dividuals when dive duration exceeds 217 s, while the
calculated aerobic dive limit (cADL) for Adélie pen-
guins is 46−68 s (Chappell et al. 1993). As the number
of undulations per dive increases with dive duration (t
= 78.13, p < 0.001), it is advantageous for high-quality
individuals to be able to remain submerged for longer
durations at what seems like a lower physiological
cost. The mechanisms under lying this variation in
ADL between birds of different BQI remain unknown
and could be due to variation in blood oxygen stores,
muscle oxygen stores, respiratory oxygen stores, div-
ing metabolic rate, or oxygen management during the
dive. Body size could also affect oxygen stores, buoy-

ancy, and mechanical power, but preliminary analyses
did not show any significant influence of size meas-
urements on the  foraging behavior of Adélie penguins
(A. Lescroël unpubl. data). It is possible that these
deeper dives are made profitable by gaining access to
the more energy-rich Antarctic silverfish Pleura-
gramma ant arc ticum (Ainley et al. 2015). Acoustic
surveys indicated that adult Antarctic silverfish gen-
erally formed layers between 150 and 450 m depth;
however, juvenile silverfish of 40−80 mm standard
length were also present around depths of 80 m (O’-
Driscoll et al. 2009, B. Saenz et al. unpubl. data).
While mean maximum dive depths of all BQI classes
were <80 m, high- quality birds regularly dived to
depths deeper or equal to 75 m (i.e. for about 20% of
their foraging dives), reaching up to 147 m.

By foraging farther west and south, high-quality
individuals avoided the higher concentrations of
birds feeding nearer to the Cape Bird colony (includ-
ing those from Cape Crozier and Beaufort Island),
thus potentially reducing competition for prey and
potentially increasing the efficiency of their provi-
sioning activities (Ainley et al. 2004; see also Ford et
al. 2015 for depiction of colony-specific foraging
areas). This strategy also took them away from pen-
guins foraging from Cape Crozier, the largest colony
on Ross Island (one of the largest in the world; mean
colony size of 280 721 breeding pairs during 2009−
2011; P. O’B. Lyver & K. Barton un publ. data), that
progressively feed westwards over the season to
overlap with the foraging ranges of the Cape Bird
penguins (Ainley et al. 2003). Foraging south also
took the high-quality individuals towards the highly
productive retreating sea-ice edge where opportuni-
ties for prey acquisition would likely have been
higher (Ballard et al. 2012). While these individuals
may have encountered other Adélie penguins forag-
ing from Cape Royds, competition would have been
low since this colony is small (Ainley et al. 2004). It is
more likely the birds encountered inter-specific com-
petition with other large krill-eating species such as
minke whales Balaenoptera bonaerensis that have
been observed feeding in numbers along the sea-ice
edge (Ainley et al. 2006, Ballard et al. 2012).

At the interface of dynamic and fixed characteris-
tics lies cognitive ability (i.e. the ability of animals to
perceive, process, and react to stimuli from the envi-
ronment), which is likely to differ among individuals
and to improve with age and experience. Although
little is known about the cognitive ability of seabirds
in relation to foraging (but see Kitaysky et al. 2006),
there is evidence that seabirds can use public infor-
mation to locate new food patches and memory to
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relocate them, giving rise to individual foraging site
fidelity (Weimerskirch et al. 2010, Regular et al. 2013,
Wakefield et al. 2013, 2015). Among Ross Island pen-
guins in general, they seem to be knowledgeable of
the preyscape only within a 2 d period or within
10 km of where they previously foraged (Ford et al.
2015). Testing whether high-quality individuals have
higher cognitive abilities than lower quality ones
would require carefully controlled experiments,
which is challenging in the wild. Inter-individual dif-
ferences in locomotion ability and reaction speeds,
however, could be more easily investigated (e.g.
using acceleration data).

4.5.  Limitations

It remains extremely challenging to couple individ-
ual long-term demographic data and at-sea foraging
data. Ideally, we would have been repeatedly attach-
ing tags to the same individuals from age 3−20 yr (i.e.
to perform a longitudinal study), while making sure
that a large and balanced sample size was main-
tained among sexes, age, and quality classes. How-
ever, many individuals die before they reach old
ages, high-quality individuals are a minority in ani-
mal populations (Clutton-Brock 1988, Newton 1989,
Annett & Pierotti 1999), and small biologging devices
have only recently became available. These limita-
tions resulted in small sample sizes for some groups,
which constrained the complexity of the analyses we
could perform and prevented us from evaluating the
potential interaction between age and individual
quality. In an attempt to minimize disturbance, we
only equipped each individual during a single for -
aging trip. Thus, due to behavioral plasticity, a single
foraging trip from each bird might not always be re -
presentative of their behavior across the entire
breeding season. However, it must be noted that sev-
eral studies reported relative individual differences
in foraging behavior (foraging efficiency, diving
depth) that were maintained over time scales rang-
ing from several weeks (Takahashi et al. 2003 in
Adélie penguins) to several years (Woo et al. 2008 in
thick-billed murres Uria lomvia, Lescroël et al. 2010,
2014 in Adélie penguins). By taking into account
both age and individual quality, this cross-sectional
study represents an important step forward in identi-
fying the drivers of inter-individual differences in the
foraging behavior of seabirds in different contexts.

We were also limited by the lack of information on
the type of prey targeted by the equipped individuals
(i.e. krill vs. fish) or their availability. Acoustic sur-

veys in the Ross Sea indicate that crystal krill
Euphau sia crystallorophias and Antarctic silverfish
Pleuragramma antarctica are common over the conti-
nental shelf region (O’Driscoll et al. 2009, Davis
2016). Both species are important dietary compo-
nents for top predators in Antarctic waters (Fischer &
Hureau 1985), in particular Adélie penguins (Ainley
et al. 1998, 2003, 2015, Saenz et al. unpubl. data), but
they have very different energy values, with an indi-
vidual silverfish being about 20 times more energy-
rich than an individual crystal krill (Wiebe et al. 1975,
Ainley et al. 2003, Ju & Harvey 2004, Mayzaud et al.
2011). However, with silverfish tending to be located
deeper (>80 m) than krill in the early season (Ainley
et al. 2015), it would be more energetically costly to
catch for a penguin. Energy-rich Antarctic silverfish
and other cryopelagic species (e.g. Pagothenia
borch  grevinki, Trematomus spp.) are common on
the Ross Sea continental shelf (Barrera-Oro 2002,
O’Driscoll et al. 2009, Pinkerton et al. 2010, Davis
2016) and are particularly important for Adélie pen-
guin chick development (Ainley et al. 2003, 2015,
2018, Ballance et al. 2009, Whitehead et al. 2015).

5.  CONCLUSIONS

Evidence from this study only poorly supported our
initial hypotheses that variations in Adélie penguin
foraging behavior would be related to age and
breeding experience. We recognize that the small
sample sizes within some age classes might have lim-
ited our ability to detect and interpret differences in
foraging parameters. However, we found compelling
evidence that individual quality and sex both drive
part of the inter-individual differences in the forag-
ing be havior of Adélie penguins, in terms of foraging
trip duration, diving depth, and foraging location.
Sparse information on the abundance and distribu-
tion of prey eaten by Adélie penguins offshore of
Cape Bird limited our interpretation of findings. We
do not know whether the penguins from Cape Bird in
our study were responding to availability of fish or
krill. Further inquiry should therefore focus on iden-
tifying the range and amounts of different prey taken
by Adélie penguins at different times of the breeding
season in relation to the availability of this prey with -
in their foraging areas, as has been accomplished
somewhat preliminarily (one season) at Cape Crozier
(Ainley et al. 2015) and Cape Royds (Saenz et al.
unpubl. data), along with evaluating the potential
inter action effect of age and individual quality
through longitudinal studies.
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