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INTRODUCTION

It is perhaps an understatement to say that the
rearing of offspring is an important component of
lifetime fitness (Clutton-Brock 1991, Williams & Vez-
ina 2001, Williams 2012). For many seabird species,

the rearing of offspring (chicks) is characterized
by central-place foraging and long periods of bi-
parental care, wherein chicks are fed frequently by
both parents who must work continuously to ade-
quately nourish chicks until they fledge. Theoreti-
cally, higher provisioning effort and rate should

© Inter-Research 2015 · www.int-res.com*Corresponding author: gtc@dal.ca

Habitat selection by foraging macaroni 
penguins correlates with hematocrit, an index 

of aerobic condition

Glenn T. Crossin1,*, Akinori Takahashi3, Kentaro Q. Sakamoto4, Phil N. Trathan5, 
Tony D. Williams2

1Department of Biology, Dalhousie University, Halifax, Nova Scotia B3H 4J1, Canada
2Simon Fraser University, Biological Sciences Department, Burnaby, British Columbia V5A 1S6, Canada

3National Institute of Polar Research, 10-3 Midori-cho, Tachikawa, Tokyo 190-8518, Japan
4Hokkaido University, Laboratory of Physiology, Graduate School of Veterinary Medicine, North 18 West 9, Kita-ku, 

Sapporo 060-0818, Japan
5British Antarctic Survey, Natural Environment Research Council, High Cross, Madingley Road, Cambridge CB3 0ET, UK

ABSTRACT: Reproductive investment during the chick-rearing period is an important contributor
to lifetime fitness. Key to chick-rearing is the success of parental foraging, as food deliveries affect
chick growth and survival up until fledging. For seabirds, oceanographic conditions including
 factors such as sea surface temperature are known to influence foraging decisions, but few studies
have examined the physiological variables that might affect those decisions. We used global
 positioning systems (GPS), time-depth recorders (TDR), and physiological sampling techniques to
explore links between ocean temperature, diving behavior, and foraging success in chick-rearing
female macaroni penguins Eudyptes chrysolophus. We then explored correlations between these
foraging variables and measures of individual physiological condition, specifically aerobic capa -
city (hematocrit) and metabolic state (corticosterone). In GPS-tracked penguins, 2 principal for -
aging tactics were observed: penguins made deep dives in cool, near-shore areas surrounding the
breeding colony at Bird Island, South Georgia, or they traveled farther to dive shallower in
warmer shelf-break areas. TDR-equipped penguins showed similar patterns. Blood sampling of
TDR penguins at the onset of trips revealed strong positive correlations between hematocrit and
the mean duration of foraging trips, the ocean temperature experienced during these trips, and
the relative efficiency of foraging activity in terms of the number of foraging behaviors recorded
per dive. These results suggest that aerobic capacity might be an important determinant of for -
aging trip range, as well as workload. Corticosterone was unrelated to diving behavior, which
counters previous studies examining the effects of experimental increases of this hormone on
 foraging behavior, and we discuss reasons for this disparity.
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result in higher fledgling mass, which would then
predict higher post-fledging survival and recruit-
ment. Significant positive relationships between chick
size and fledging survival have been documented in
over 22 species of birds, in a diverse array of taxa
(Magrath 1991, Schwagmeyer & Mock 2008), so it is
logical to predict that increased workload by parent
birds would bolster their lifetime fitness via in -
creased recruitment. A testable prediction is that
individual variation in foraging behavior is positively
related to foraging success and chick growth
(Crossin et al. 2012a).

An important requirement for successful foraging
is the ability to find and capture prey (e.g. Pinaud et
al. 2005). However, both the distribution and avail-
ability of prey in marine systems can be highly vari-
able in both time and space. Indeed, in some years,
ocean conditions and resource availability may be
sub-optimal, which can have large negative effects
on seabird population processes. In the worst cases,
as in El Ninõ years, seabird colonies can experience
complete breeding failure, with no (or few) chicks
fledged (Guinet et al. 1998, Gjerdrum et al. 2003,
Hipfner 2008, Gaston et al. 2009, Morrison et al.
2011). Such failures are presumably due to poor pri-
mary and secondary ocean productivity regimes and
a low-quality prey base (Kitaysky et al. 2006), both of
which may sometimes correlate with anomalously
high sea surface temperatures (SSTs) (Pinaud &
Weimerskirch 2002, Inchausti et al. 2003, Pinaud et
al. 2005).

Conversely, in years when ocean conditions are
more stable and SSTs lie within a normal range, envi-
ronmental links with foraging behavior can be either
positive or negative depending on species and loca-
tion. For example, in tropical systems, daily variation
in prey availabilities and foraging success were
 negatively related to daily SST fluctuation in both
wedge-tailed shearwaters Puffinus pacificus (Peck et
al. 2004) and sooty terns Sterna fuscata (Erwin &
Congdon 2007) breeding at the Great Barrier Reef.
At higher temperates and polar latitudes, breeding
seabirds can show similar responses, with high daily
temperatures related to poorer foraging success (e.g.
thin-billed prions Pachyptila belcheri, Quillfeldt et al.
2007). However, positive correlations between SST
and foraging success have also been observed in
polar regions, e.g. for king penguins Aptenodytes
patagonicus breeding in the Southern Ocean (Guinet
et al. 1997).

Ocean temperature is a defining characteristic of
marine foraging habitats, which can vary spatially as
a function of oceanographic currents, upwelling, and

bathymetry. Within this heterogeneity, foraging sea -
birds show flexibility in their choice of foraging habi-
tats (Barlow & Croxall 2002a, Trathan & Croxall 2004,
Phillips et al. 2005, Dias et al. 2011). What is pre -
sently unknown is whether individual flexibility and
choice of foraging habitats is random or driven by
some component of physiological quality. Certainly,
successful foraging depends on the availability of
adequate food resources; but when posed with a
range of different foraging locations within range of a
central place, does an individual’s physiological state
influence its choice of foraging habitat (Thiebot et al.
2011)? More specifically, does the physiological con-
dition of individuals predict the pattern and extent of
their foraging activity, as well as their choice of for -
aging location?

Aerobic capacity, or the oxygen-carrying capacity
of blood, is a key predictor of workload endurance in
a wide range of animals (Wagner 1996, Calbet et al.
2006, Williams 2012), and serves as a candidate
physio logical variable within the context of foraging
activity and habitat selection. Hematocrit is the rela-
tive volume of red blood cells within the total blood
volume, and is a main determinant of aerobic perfor-
mance through its role in oxygen transport and deliv-
ery (Jones 1998). For a central place forager pre-
sented with a range of possible foraging locations,
aerobic capacity could theoretically influence deci-
sions about where to forage, especially if different
foraging locations require different levels of effort in
order to reach them. Another candidate physiological
variable is the hormone corticosterone, which has
several regulatory metabolic functions and which has
been implicated in locomotor activity, foraging be -
havior, and provisioning effort in birds (Love et al.
2004, Angelier & Chastel 2009, Crossin et al. 2012a).

In this study, we describe individual variation in
the behavior of foraging macaroni penguins Eudyp -
tes chrysolophus using electronic tracking devices,
and test the hypothesis that the decisions concerning
the choice of foraging habitat are related to the
physio logical state of individuals, as determined by
variation in hematocrit and corticosterone levels
measured at the beginning of foraging trips. We con-
ducted this study during the chick-rearing period in
the breeding season of a central-place foraging sea -
bird, the macaroni penguin. Tracking studies of
female macaroni penguins breeding at Bird Island,
South Georgia, during the brood-guard stage of
chick rearing have shown a consistency of foraging
locations, but within the range of activity there is
high inter-individual variation in final foraging desti-
nation (Barlow & Croxall 2002a, Trathan & Croxall
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2004) as well as between years (Trathan et al. 2006).
This could indicate individual preferences for areas
where foraging opportunities and/or environmental
conditions are deemed most favorable (Trathan et al.
2003). Our aim was to explore the variation in for -
aging habitat choice and foraging effort that pen-
guins exhibit when diving in these restricted but
highly variable areas, and to link these to environ-
mental conditions, to physiological profiles, and to
foraging success. Focusing on female penguins, who
alone are responsible for the provisioning of chicks
early in the brood-guard phase while males remain
at the nest (Barlow & Croxall 2002b, Crossin et al.
2012a), we used global positioning systems (GPS)
and time-depth recorders (TDR) to characterize for-
aging location, range, activity, and temperature ex -
posure of individual females. We then explored
 correlations between these patterns and their physi-
ology at the onset of trips. Female penguins tracked
from Bird Island, South Georgia, initiate 1 to 3 d for-
aging trips (Croxall et al. 1993, Crossin et al. 2012a)
and follow a known set of bearings en route to for -
aging areas (Barlow & Croxall 2002a, Trathan &
Croxall 2004). These foraging areas provide dense,
but patchy, prey aggregations and nutrient-rich
waters (Trathan et al. 1997, 2000, 2003). Knowledge
about the environmental and physiological factors
that influence foraging activity at times when they
are constrained by central-place breeding is impor-
tant for a broader understanding of their behavioral
ecology, but this can also lend insights to the effects
of natural and anthropogenic ecosystem impacts.

MATERIALS AND METHODS

Study site and field sampling protocol

This study was conducted at a small colony at Bird
Island, South Georgia (54° 00’ S, 38° 02’W), where
approximately 500 pairs of macaroni penguins breed
(Fairy Point). This colony is a good place to monitor
the movements of foraging penguins, as there is only
1 small path that allows birds to move to and from the
sea (see figure in Green at al. 2006). Fieldwork was
conducted between January and February 2009
through permits issued by the British Antarctic
 Survey and the Canadian Committee on Animal
Care (Simon Fraser University Animal Care Permit
897B-8).

Our field protocol is described elsewhere (Crossin
et al. 2012a), but briefly, we targeted female pen-
guins at the beginning of the brood-guard stage of

the reproductive season ~5 to 7 d after their single
surviving eggs had hatched. We sampled 33 pen-
guins between 4 and 28 January 2009. Breeding
females with young chicks were identified and
 mar ked at nests in the pre-dawn hours when most
females are in the colony and preparing to leave for
foraging trips (Barlow & Croxall 2002b).

Biological sampling

Beginning the following day, marked females were
captured at dawn as they made their way from the
colony to the sea. For our electronic tracking studies,
we captured, sampled, and tagged a total of 33 pen-
guins. Between 7 and 28 January, 18 penguins were
captured and fitted with GPS loggers (see below).
These penguins were then measured for body mass
(g), bill depth (mm), and wing chord (mm) and re -
leased. Sex was confirmed using bill depth measure-
ments (>22 mm = female; Williams 1995). Between
4 and 13 January, an additional 15 penguins were
 sampled, and 2 ml blood samples were drawn from
brachial veins using heparinized syringes fitted with
25-gauge needles. The mean ± SD time from first
approach to the penguin, to the completed collection
of blood was 164 ± 34 s (n = 8). Blood was transferred
to heparinized 2.5 ml Eppendorf vials and centri -
fuged for 5 min at 10000 × g, and plasma was then
transferred to labeled 0.6 ml vials and frozen at
−20°C until analysis. We recorded the time (±1 s) that
it took to collect a blood sample from first approach to
the end of blood collection. We recorded body mass
and bill length. These 15 penguins were then fitted
with TDRs (see below) and released. During daylight
hours (ca. 05:00 to 00:00 h), we continuously moni-
tored the rocky shore at the colony entrance to deter-
mine precise departure and return times of penguins.
These observations were used subsequently to cross-
reference and validate the biologging estimates for
departure and return times. Of these 15 TDR-bearing
penguins, 7 were given corticosterone implants,
which was a central component of another study
published elsewhere (Crossin et al. 2012a), so we
restricted our analyses in this study to the 8 unmani -
pulated, sham-implanted TDR penguins.

Once penguins were released after sampling and
logger attachment, we recaptured birds 1 to 3 d later,
upon their return from single foraging trips. We
therefore only collected data for single foraging trips,
not multiple trips, and examined correlations be -
tween trip features and physiological condition (spe-
cific details below).
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Physiological analyses

Unlike other animal taxa (e.g. mammals, fish),
birds do not store red blood cells in their spleen and
thus do not release these in response to stress. For
this reason, baseline hematocrit is useful as a means
for interpreting behavioral performance and life-
 history variation in birds (John 1994, Williams et al.
2004, Wagner et al. 2008, Williams 2012). Hematocrit
was measured on fresh whole blood at the time of
blood sampling. Whole blood was collected with
heparinized microhematocrit tubes, and centrifuged
at 10000 × g for 5 min. Using a standardized hema -
tocrit reader card, hematocrit was determined as the
percentage of packed red-blood cells in the micro -
hematocrit tube relative to the whole blood volume
(plasma plus red blood cells).

Corticosterone was determined by double anti-
body radioimmunoassay (125I-RIA, MP Biomedicals,
07-120103; see Crossin et al. 2012a). The assay detec-
tion limit was 3.13 pg corticosterone per tube (i.e. the
lowest corticosterone standard, 12.5 ng ml−1, using a
50 µl assay volume). Samples were assayed in dupli-
cate, and the inter-assay coefficient of variation was
5.10%, while the intra-assay coefficient of variation
was 9.4%.

Biologging devices

The GPS loggers (n = 18, Little Leonardo GPL-
380DT) and TDRs (n = 15, Cefas Technology G5 tags)
were deployed on penguins via attachment to lower
back feathers with Tesa© tape. The GPS loggers
weighed 85.0 g in air, while the TDRs weighed 2.7 g
in air, which represents ~2% and 0.01% of body
mass, respectively. GPS loggers were programmed to
record positions, depth, and temperature every sec-
ond. TDRs were programmed to record at 30 s inter-
vals on the surface (depth < 5 m = surface travel), and
at 0.5 s once a dive was initiated (depth > 5 m). The
absolute accuracy of depth was 1 m and resolution
was 0.5 m.

GPS and TDR data analysis

Location data from GPS loggers as well as depth
and temperature data from GPS loggers and TDR
were analyzed using the program-package Etho -
grapher (Sakamoto et al. 2009) for Igor Pro (Wave
Metrics). As GPS loggers cannot record location data
underwater, the last position prior to a dive was used

to record the location of the dive. In some instances,
the logger did not record the position, even when out
of water. We did not conduct any interpolations to
such data gaps, and used the actual GPS fixes only.
We removed 1 GPS record from our analyses due to a
battery failure which yielded an incomplete trip track
for that penguin (10.9 h). We therefore had complete
trip coverage for 17 of the 18 penguins tracked (near-
shore, n = 8, Fig. 1C; shelf-break, n = 9, Fig. 1C). For
each individual GPS and TDR depth records, the
total number of dives was calculated, and for each
dive, the depth, total duration, bottom duration (i.e.
the duration when dive waveforms showed a depth
change of 0 m), and the number of prey capture at -
tempts during each dive (or ‘wiggles’, Takahashi et
al. 2004) were determined. Wiggles were defined as
dive events when birds changed their swimming
direction rapidly from descending to ascending to
descending (Takahashi et al. 2004). This has been
previously shown to be a good proxy for foraging
events and correlates positively with bill openings
and closings (Ropert-Coudert et al. 2001, Takahashi
et al. 2004, Bost et al. 2007). Due to surface noise, we
used a conservative approach and analyzed dives
>10 m in depth, which is the suggested depth thresh-
old for foraging dives of macaroni penguins at Bird
Island, South Georgia (Green et al. 2005).

Statistical analyses

Analyses were run with either the JMP 10.0 or the
SAS 9.0 software package, and data processing was
done with Ethographer. All variables were tested for
normal distribution via plots of residuals against pre-
dicted values followed by Shapiro-Wilk tests for nor-
mality. Transformations were applied when neces-
sary. Pearson’s correlations were used to explore
relationships among dive behaviors derived from
TDRs (e.g. time away from colony, total dive number,
foraging efficiency) and penguin attributes (hemato -
crit and corticosterone levels at the onset of foraging
trips, rate of mass gained while away foraging).
Finally, linear regression models were used to ex -
plore the influence of pre-foraging hematocrit and
corticosterone levels (continuous independent vari-
ables) against various dependent variables (e.g. total
dive duration, number of dives, foraging efficiency,
rate of mass gain). Because some dependent vari-
ables were correlated with time that penguins spent
away from the colony, we used regression analysis to
generate time-corrected residuals (e.g. total dive
duration and foraging efficiency). In other words, the
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Fig. 1. (A) Study site at Bird Island, South Georgia, in the Atlantic sector of the Southern Ocean. (B, C) GPS tracks of 17 female
macaroni penguins Eudyptes chrysolophus foraging during the brood-guard period of chick-rearing at Bird Island in January
2009. Each GPS track is color-coded to reflect the average temperature experienced at each waypoint (see legend in B; °C).
Females targeted either the deep shelf-break waters surrounding South Georgia (B, n = 9), or the shallow near-shore waters
close to the breeding colony (C, n = 8). The dashed line in panels B and C indicates the position of the shelf break (500 m 

bathymetric contour)
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residuals from regressions of total dive duration and
foraging efficiency against trip duration produced
estimates from which variation due to trip duration is
removed. These were then regressed against pre-
 foraging corticosterone to explore the influence of
this variable on foraging behavior. Bonferroni correc-
tions were applied and are presented in the ‘Results’.
All values presented in figures are untransformed
least squares means ± SEM.

RESULTS

From the GPS-tracked penguins, we discerned 2
distinct foraging tactics: individuals either traveled to
distant, warmer shelf-break waters to the north and
south of Bird Island (Fig. 1B), or they remained in the
cooler near-shore areas just north of the breeding
colony (Fig. 1C). Group comparisons of the maximum
distances traveled from the colony during foraging

trips and of the mean temperatures experienced
show that these tactics differed significantly: for the
near-shore penguins, maximum distance was 12.3 ±
3.1 km, and for shelf-break penguins, it was 82.5 ±
8.4 km (F1,15 = 49.5, p < 0.001). The values for shelf-
break penguins were conservative, because the GPS
loggers stopped recording before the ends of trips
due to battery exhaustion. Mean temperatures expe-
rienced also differed between the 2 foraging patterns
by approximately 1°C: near-shore penguins cumula-
tively experienced 2.9 ± 0.12°C, whereas shelf-break
penguins experienced 4.1 ± 0.15°C (F1,15 = 27.8, p <
0.001). Median dive depth (for dives >10 m) tended to
be deeper in near-shore penguins (40.7 ± 5.7 m) than
in shelf-break penguins (26.4 ± 3.7 m; F1,15 = 4.0, p =
0.063).

When analyzing the GPS data as a whole, the time
spent at sea was positively correlated with the dis-
tance travelled from the colony (r = 0.925, n = 17, p <
0.001; see Fig. 3). Time is therefore a suitable proxy
for distance, which aids comparisons of the GPS data
and the TDR data below (see Fig. 4). Collectively,
from Figs. 1−3, we generalize that the GPS-tracked
penguins embarked upon 1 of 2 foraging tactics: in
the near-shore tactic, penguins initiated deep dives in
generally cool water, while in the shelf-break tactic,
penguins made shallower dives in warmer waters.

Plots comparing GPS-derived latitude to diving
depth show that the near-shore penguins (blue cir-
cles in Fig. 4A) dove deep within a restricted geo-
graphic area relative to the more widely ranging
shelf-break penguins, which dove shallower (red cir-
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cles, Fig. 4A). In the same figure, we include 2 TDR
plots (Fig. 4B,C), which closely align with the diving
patterns in Fig. 4A. The time-depth-temperature pro-
file in Fig. 4B suggests that this penguin initiated the
near-shore tactic observed in the GPS-tracked pen-
guins (blue circles in Fig. 4A), while the TDR profile
in Fig. 4C suggests a shelf-break tactic (red circles in
Fig. 4A).

The TDR data do not allow direct geographic loca-
tion estimations, so we could not generate maps as
for the GPS-tracked penguins in Fig. 1. However, the
TDR profiles do provide data on trip duration and
temperature experience, which we can use to infer
foraging habitat by comparisons with GPS-tracked
birds. We compared the total diving duration, total
dive number, and temperature experience of both
TDR- and GPS-equipped birds, while accounting for
co-variation associated with time spent at sea (ana -
lysis of covariance, ANCOVA). This analysis shows
that despite these group differences in trip duration,
there were no significant differences between TDR
and GPS with respect to the slopes and intercepts
from regressions of dive duration, dive number, and
temperature experience against trip duration (Fig. 5).
We also note that the slopes and intercepts of near-
shore and shelf-break GPS birds did not differ, and
were thus pooled for the comparisons against the
TDR birds. However, for graphical purposes, we plot-
ted the regression lines for each group (near-shore
GPS, shelf-break GPS, and TDR) individually (Fig. 5).
The statistical output that underlies Fig. 5 is pre-
sented in Table 1.

Neither hematocrit nor corticosterone was corre-
lated with duration of blood sampling (hematocrit, r =
0.278, p = 0.506; corticosterone, r = −0.416, p = 0.505).
In the TDR penguins, various foraging trip parame-
ters were significantly correlated with individual
hematocrit levels, but not with plasma corticosterone
levels (Fig. 6). More specifically, hematocrit at the
beginning of foraging trips predicted total trip dura-
tion (significant at Bonferroni-corrected α of 0.013,
effects size η2 = 0.703), total residual dive time (sig-
nificant at Bonferroni-corrected α of 0.013, η2 =
0.686), residual foraging efficiency (defined as the
number of foraging events or ‘wiggles’ [Takahashi et
al. 2004] at the bottom of dives per dive; not signifi-
cant at Bonferroni-corrected α of 0.013 but signifi-
cant at 0.05, η2 = 0.653), and mean temperature expe-
rience (not significant at Bonferroni-corrected α of
0.013 but significant at 0.05, η2 = 0.527). In contrast,
pre-trip corticosterone levels were not significantly
related with these same parameters: trip duration
η2 = 0.032; total residual dive time η2 = 0.170; residual
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foraging efficiency η2 = 0.088; mean
temperature experience η2 = 0.015
(Fig. 6). In both of these ana lyses,
residuals from regressions of total
dive time and foraging efficiency
against trip duration were calculated
so as to remove the covariation asso-
ciated with trip duration. Ultimately,
variation in hematocrit predicted the
rate of mass gain while foraging,
which is the most direct indicator of
foraging success (p = 0.044; η2 = 0.518;
Fig. 7). Hematocrit and corticoste rone
were not correlated (r = −0.232, p =
0.580), nor were hematocrit and body
mass (r = 0.108, p = 0.800).

DISCUSSION

Through the use of GPS and time-depth biolog-
ging, we tracked 25 breeding macaroni penguins
and found that individuals conformed to 1 of 2 gen-
eral foraging tactics, utilizing 2 different marine
areas: penguins either traveled to distant shelf-break
waters to the north and south of Bird Island to forage,
up to 150 km away, or they remained in the near-
shore waters within only a few km of the breeding
colony (Fig. 1). From thermal sensors, we also show
that temperatures experienced in these 2 habitat
types differed markedly, with temperature ap -
proximately 1°C warmer in the shelf-break habitats
versus the near-shore. In an attempt to understand
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Diving metric GPS pooled TDR F-ratio p Covariate
(n = 17) (n = 8) (time at sea)

p

Time spent 11.8 ± 0.61 10.8 ± 0.93 1.079 0.310 <0.001
diving (h)

Dive number 372.5 ± 43.2 465.1 ± 63.6 1.412 0.247 <0.001
Temperature 3.64 ± 0.10 3.30 ± 0.14 3.626 0.070 <0.001
experience (°C)

Table 1. Statistical output from analysis of covariance models comparing time
spent diving, dive number, and mean temperature experiences between mac-
aroni penguins Eudyptes chrysolophus tracked by 2 different methods. Least
square means account for covariation in time spent at sea. See Fig. 5 for visual
representation of the relationships. The interaction term ‘tracking-group ×
time-at-sea’ was not significant in any of these models and was thus removed
from the final models so as to preserve the degrees of freedom. TDR: time-
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when α is set at the Bonferroni-corrected level of 0.013, 
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the factors that underlie and potentially drive for -
aging habitat choice, we examined individual varia-
tion in blood parameters in a subset of penguins. We
found that hematocrit levels, an indicator of aerobic
condition measured at the onset of foraging trips,
predicted many aspects of diving behavior, thermal
experience, and ultimately foraging habitat selec-
tion. This is, to the best of our knowledge, the first
report in which a measure of aerobic capacity di -
rectly predicts foraging habitat selection. This as -
sociation was independent of variation in body mass
(i.e. there was no correlation between hematocrit and
body mass). There was also no significant correlation
between initial baseline corticosterone levels (a mea-
sure of metabolic condition) and hematocrit. Further-
more, corticosterone was not related to diving behav-
ior or habitat choice. We discuss potential reasons for
this, especially since it appears to contradict other
studies that have documented this hormone’s effects
on foraging behavior (e.g. Crossin et al. 2012a). We
begin with a discussion about the foraging patterns
and habitat association that we observed, and about
hematocrit in the context of reproduction and work
load.

Foraging habitat selection

The most striking observation stemming from the
biologging data is how penguins targeted 2 reason-
ably restricted foraging areas radiating from their
central place at the breeding colony. At South Geor-
gia, spatial and temporal variation in the physical
oceanography and, importantly, the densities of krill
Euphausia superba have been well documented.
Krill are the principal prey item taken by foraging
macaroni penguins at South Georgia, and they are
especially important to the growth of chicks relative
to other prey types (Waluda et al. 2012). Local krill
populations are thought not to be self-sustaining
(Mackintosh 1972, Everson 1976) but are rather re -
plenished from stock brought to the island via the
Antarctic Circumpolar Current (ACC) (e.g. Murphy
et al. 1998, Brierley et al. 1999). As the ACC moves
eastward through the Southern Ocean towards South
Georgia, Ekman drift and upwelling at the archi -
pelago’s western self-edge concentrate krill into
dense aggregations (Trathan et al. 2003). We ob -
served penguins foraging at this shelf-break, along
the northern and southern margins of Bird Island, so
penguins there may be exploiting a rich forage base.
However, krill can also be abundant on the shelf it -
self, closer to the island (Trathan et al. 2003), which

would similarly benefit the penguins that foraged in
the near-shore. We do not have simultaneously col-
lected data on krill biomass to align with our tracking
data, so we cannot say which areas presented the
best foraging opportunity. However, individual pen-
guins were clearly choosing either the self-break or
the near-shore.

Although there exists a general inverse relation-
ship between krill biomass and SST (Trathan et al.
2003), we found that penguins experienced warmer
temperatures at the shelf-break, where we presume
krill to be in high concentration. We might have pre-
dicted temperatures to be cooler at the shelf-break.
We do not know the reason for this disagreement, but
it may be that the patchy nature of krill fields in
 general, and the fact that upwelling and krill aggre-
gation tend to occur at the shelf-edge, resulted in
greater krill availability here than over the shelf and
closer to shore, irrespective of temperature. Temper-
ature−krill biomass relationships are usually ob -
served over broad spatial scales, but the penguins in
our study ranged over comparatively smaller areas.
Although we detected significant differences in the
average temperature experience of shelf-break and
near-shore tracked penguins, the complete range of
temperatures experienced (~2.5−4.5°C) was well
with in the range of observed values in summer
around South Georgia (Whitehouse et al. 2008). Ulti-
mately, we do not know what the density of krill was
at the shelf-break or near-shore during our study, so
the connection or disconnection to temperature is
only speculative. What is more important is that we
know that there were significantly different temper-
atures in the near-shore and shelf-break areas, which
have greater implications for foraging behavior and
which we will discuss below.

Foraging behavior was independent of
 corticosterone and body condition

In a recent study in which corticosterone levels
were experimentally manipulated in female maca-
roni penguins (Crossin et al. 2012a), we identified a
causal relationship between corticosterone and many
aspects of diving behavior. In our present study
described here, no such relationship was observed
(Fig. 6), which runs counter to our previous study and
to other studies linking corticosterone to locomotor
and foraging behavior. We can think of 2 reasons for
this disparity. Relationships between baseline (e.g.
not stress-induced) corticosterone and locomotor be -
havior are common in birds, and seasonal upregula-
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tion during breeding has been identified as a strat-
egy for matching foraging effort with the ever-
increasing demands of growing chicks (e.g. Love et
al. 2004). The manipulation experiment that we con-
ducted with macaroni penguins corroborates this
idea; when phenotypic expression of baseline corti-
costerone was expanded, positive effects on foraging
effort and foraging success could be detected, and
ultimately this bolstered fitness through a positive
effect on food delivery to chicks. However, as Fig. 6
shows, we did not detect this correlation here, so it
may be that the range of baseline corticosterone lev-
els that we observed in this study was within some
operational range necessary to support a range of
diving behaviors. Alternatively, we may not have de -
tected this relationship due to small sample size and
low effect sizes (η2; see ‘Results’), or the lack of corre-
lation might be due to the activity and expression of
corticosteroid-binding globulins, which regulate the
availability of biologically active ‘free’ or unbound
corticosterone that is available to target tissues (e.g.
Breuner & Orchinik 2002, Love et al. 2004), but
which we did not measure here (although this did not
appear to obscure the relationship between corti -
costerone and behavior observed by Crossin et al.
2012a). Finally, we also failed to detect any signifi-
cant correlations between corticosterone and body
mass or mass gained while foraging. This makes it all
the more intriguing that we observed a positive cor-
relation between hematocrit and rate of mass gain
(Fig. 7), which we discuss in greater detail below.

Hematocrit as a driver of foraging behavior 
and habitat selection

As noted, penguins showed preference for 2 gen-
eral foraging areas. Hematocrit, which plays a key
role in maximum oxygen consumption (VO2max) and
oxygen transport to muscle tissues (Jones 1998),
should theoretically predict individual variation in
work effort, and potentially habitat selection, espe-
cially in diving species that rely on single breaths to
provide the oxygen needed to sustain foraging activ-
ity. During the initial phases of chick rearing, female
macaroni penguins are solely responsible for provi-
sioning their offspring, so it seems reasonable that
individual variation in hematocrit levels might pre-
dict diving behavior and foraging effort. Overall, the
range of hematocrit values in the penguins that we
tracked was from 40 to 50%, which represents a 20%
difference between the lowest and highest individu-
als. What we observed was that many aspects of for-

aging behavior, such as dive duration, dive efficiency,
and trip duration, were all positively correlated with
hematocrit levels measured before penguins de parted
for sea. Hematocrit was also positively correlated to
mean temperature experience during trips. In Figs. 2
& 4, we show how temperature experience is charac-
teristic of ultimate foraging destination. From this we
suggest that hematocrit not only predicts diving
effort, but also choice of foraging habitats. Further-
more, after departing the colony, penguins appear to
have chosen foraging habitats that were within their
aerobic capacity to reach, with low hematocrit indi-
viduals opting for near-shore foraging and high hema-
tocrit and aerobically fitter individuals venturing far-
ther to exploit the rich krill patches often found along
shelf-breaks. Foraging efficiency, or the number of
individual foraging events or ‘wiggles’ recorded at
depth (Takahashi et al. 2004), was greatest in the
high hematocrit individuals. This translated into a
significant gain in post-foraging body mass (Fig. 7),
which was previously shown to positively influence
the growth of chicks via in creased food deliveries
(Crossin et al. 2012a).

With the functional consequence of variation in
hematocrit described as such, the question becomes:
What is the cause of this variation? Hematocrit varies
markedly in birds, with some of the highest values
observed in migratory birds (Piersma et al. 1996), but
declining after breeding to lows during the post-
 nuptial molt (Hõrak et al. 1998, Davey et al. 2000,
Williams 2012). Declines during the breeding season
have been documented in a number of birds (and in
many other taxa as well), the ecological relevance of
which has been previously underappreciated (Wil -
liams et al. 2004, Fair et al. 2007, Hanson & Cooke
2009, Cooke et al. 2010, Williams 2012, Bowers et al.
2014). As nearly all life-history functions are inti-
mately linked to oxygen-carrying capacity, low capa -
city or low hematocrit can have deleterious effects on
fitness in wild animals. Studies have linked hemat-
ocrit to increases in parasitism, reductions in survival
and longevity, deferred breeding activity, locomotor
performance, and poor nutrition (Richner et al. 1993,
Ots et al. 1998, Potti et al. 1999, Kilgas et al. 2006,
Fair et al. 2007, Crossin et al. 2012b, 2013, Bowers et
al. 2014). Here we document a positive association
between hematocrit and foraging success (Fig. 7),
which, within the context of parental care, could ulti-
mately affect food deliveries to chicks, and thus fit-
ness (Crossin et al. 2012a). Post-laying female birds
are known to have marked reductions in hematocrit
levels, through the suppression of erythropoiesis that
occurs as a consequence of estradiol-mediated vitel-

173



Mar Ecol Prog Ser 530: 163–176, 2015

logenic processes during egg production (Kalmbach
et al. 2004, Williams 2005, 2012, Wagner et al. 2008).
This ‘reproductive anemia’ has been previously ob -
served in egg-laying female macaroni penguins, who
showed a >10% reduction in pre-laying to post-
 laying hematocrit (Crossin et al. 2010). Our results
highlight the ecological relevance of this variation in
the aerobic condition, and show how post-laying
condition carries over to affect foraging success and,
presumably, parental care. Physiological condition is
known to generally decrease with bird age, which
includes decreases in hematocrit (e.g. Kocan 1972,
Fair et al. 2007, Elliott et al. 2015). We do not know
the age of the penguins in our study, although they
were all certainly breeding-age females. Despite this
uncertainly, we found hematocrit to be significantly
correlated with foraging behavior, but knowing age
could potentially explain a great proportion of the
observed variation among individuals. Future studies
would thus benefit from knowledge about bird sex
and age. Indeed, when integrated with well designed,
experimental studies that examine the relationship
be tween hematocrit and corticosterone in free-rang-
ing wild birds, within the context of seasonal breed-
ing and foraging behavior, this would do much to
 in crease our understanding of the physiology con-
trolling life-history variation.
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