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INTRODUCTION

Colonial breeding, when a number of individuals
breed within a central place from which they repeat-
edly depart in search of food (Wittenberger & Hunt
1985), provides many benefits to diverse taxonomic
groups, including reduced predation pressure (Robin -
son 1985, Danchin & Wagner 1997), exchange of
social information (Dall et al. 2005, Robinson et al.
2009, Evans et al. 2016) and increased opportunities
for finding a high-quality mate (Dubois et al. 1998).

However, individuals also pay fitness costs, such as
transmission of parasites and diseases (Møller 1987,
Dan chin & Wagner 1997), competition for food re-
sources (Furness & Birkhead 1984, Forero et al. 2002)
and competition for nest space (Ramos et al. 1997).
This trade-off is especially widespread among sea-
birds, of which 98% of species nest in colonies that
can vary from aggregations of few individuals to over
1 million birds (Wittenberger & Hunt 1985).

Seabirds are central-place foragers while breeding,
as they must frequently return to the colony to in -
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counter events associated. Results revealed strong spatial foraging segregation between sites
throughout the breeding season and differences between sites in prey encounter depth during
chick-rearing (mean ± SE, 11.8 ± 0.2 m vs. 17.3 ± 0.3 m). Birds from one site foraged in deeper
waters and apparently experienced higher levels of competition, resulting in lower prey en -
counter rates and lower foraging efficiency (i.e. body mass gain after foraging trips), hence these
birds seemed less successful. However, breeding success was high (>1.5 chicks fledged per pair)
at both sites, indicating that food was not a limiting factor that year. Nonetheless, breeding success
records over the last 12 yr showed that the site where birds foraged at deeper depths produced
fewer chicks. Our findings highlight the importance of understanding small-scale spatial segrega-
tion to capture foraging behaviour variation within large seabird colonies.
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cubate their eggs or to feed their offspring (Rolland et
al. 1998). During brood provisioning, breeding adults
need to maintain their body condition while meeting
the increasing energetic requirements of their young
(Gales & Green 1990, Bevan et al. 2002, Ratcliffe et al.
2018). In order to balance this situation, some seabirds
alternate between short trips to feed their offspring
and long trips to restore and maintain their own body
condition (Weimerskirch et al. 1997, Ropert-Coudert
et al. 2004, Saraux et al. 2011), increase foraging effort
to meet chick growth requirements (Ratcliffe et al.
2018), switch diet to more energy-dense prey (Booth
& McQuaid 2013, Handley et al. 2017) and modify
diving behaviour (Booth et al. 2018).

Competition for food resources has been proposed
as a regulating mechanism of pelagic seabird popu-
lations by prey depletion near the colony (‘Ashmole’s
halo’), forcing individuals to forage further (Storer
1952, Ashmole 1963). Cairns (1989) argued that Ash-
mole’s halo did not consider interactions between
neighbouring colonies and, alternatively, predicted
complete spatial segregation between adjacent colo -
nies (hinterland model). There is evidence that sup-
ports both models (e.g. Lewis et al. 2001, Ainley et al.
2003, Grémillet et al. 2004, Elliott et al. 2009). More
recently, Wakefield et al. (2013) found that neigh-
bouring colonies of a wide-ranging seabird, the
northern gannet Morus bassanus, forage in largely
mutually exclusive areas determined by density-
dependent competition. The model developed by
Wakefield et al. (2013) suggested that spatial segre-
gation could be enhanced by information transfer
among individuals at sea and at the colony. In fact,
the use of social information can facilitate group for-
aging (Weimerskirch et al. 2010, Sutton et al. 2017)
and optimise foraging efficiency (McInnes et al.
2017) in some seabirds. Hence, indirect competition
for food resources and social behaviour could be
mechanisms simultaneously underlying spatial for-
aging segregation.

Most studies investigating foraging segregation
between neighbouring colonies are based on wide-
ranging seabirds from colonies separated by tens or
hundreds of kilometres. Studies at a much finer spa-
tial scale, i.e. within the same colony, using short-
ranging seabirds are scarce and often limited to
chick-rearing stages. Spatial foraging segregation
between colony members can arise from intrinsic
individual factors such as sex and age (e.g. Weimer-
skirch et al. 2006, Pelletier et al. 2014, Cleasby et al.
2015). Often, bird colonies are not defined entities
(Jovani et al. 2008) and can be divided into several
discrete and isolated sub-colonies or breeding sites

(Waggitt et al. 2014), each of which may promote
specific foraging behaviours (Masello et al. 2010,
Ceia et al. 2015) and differences in breeding success
(Hipfner et al. 2007). Yet, such within-colony asym-
metries associated with breeding locations have
received little attention, although they could have
important implications for conservation policies and
for individuals’ fitness and life history, especially in
species with high nest-site fidelity.

Little penguins Eudyptula minor are the smallest of
all penguin species and have one of shortest foraging
ranges (around 20 km) among seabirds during the
breeding season (Collins et al. 1999, Preston et al.
2008). Parents alternate nest attendance duties and
foraging during incubation and guard (i.e. when
chicks are between 1 and 19 d old) reproductive
stages, with incubation trips lasting 1−9 d (Kato et al.
2008) and guard trips always lasting 1 d (Chiaradia &
Kerry 1999, Preston et al. 2010). During the post-
guard period, parents only return at night to feed the
young (Chiaradia & Kerry 1999) and alternate be -
tween short and long trips (Saraux et al. 2011). Phillip
Island (south-eastern Australia) is one of the largest
little penguin colonies in the world, a mega-colony
by little penguin standards, with an estimated popu-
lation of 28 000− 32 000 individuals (Sutherland &
Dann 2014), hence high levels of intra-specific com-
petition are expected. Burrows are located on the
coastline of the 3 km long Summerland peninsula
(Dann 1991) and penguins come ashore at dusk and
leave at sunrise. Penguins come ashore and leave
using established pathways, delimited by rocky out-
crops, providing a natural division of the whole co l -
ony into sub-colonies (hereafter termed ‘sites’). This
di vision results in a good model to investigate
whether such spatial structure leads to foraging
behaviour and breeding success asymmetries within
the colony.

Here, we studied the 3-dimensional foraging be -
haviour and the breeding success of little penguins at
2 neighbouring sites located 2 km apart within the
Phillip Island colony. We investigated if penguins
from each site shared the same foraging area or seg-
regated in space and compared the bathymetry of
their used areas, as it can influence their diving be -
haviour (Chiaradia et al. 2007, Meyer et al. 2017). We
hypothesised that (1) there is a spatial foraging seg-
regation between sites, following the models of
Cairns (1989) and Wakefield et al. (2013), (2) there
are differences in the foraging activity and efficiency
be tween sites, and (3) breeding success differs be -
tween sites as an ultimate consequence of the differ-
ences in foraging behaviour.
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MATERIALS AND METHODS

Study site and experimental design

Field work was conducted simultaneously at 2
neighbouring little penguin breeding sites, Penguin
Parade® and Radio-tracking Bay, located 2 km apart,
on Phillip Island, Victoria, Australia (38° 31’  S, 145°
09’ E). Penguin Parade is situated on the eastern mar-
gin of the colony and contains both artificial nest
boxes and natural burrows, while Radio-tracking Bay
is located west of Penguin Parade, sharing its eastern
and western margins with other sites, and contains
only natural burrows (Fig. 1). We simultaneously
monitored foraging behaviour and breeding per-
formance in a subset of 100 nests at each site.

We tested if there were site-specific patterns in the
3-dimensional habitat use of birds by combining hori-
zontal and vertical tracking with acceleration data
collected during the 2015/2016 breeding season. To
do so, we measured the spatial overlap between sites

in the horizontal distribution and depth of prey en -
counters over the 3 breeding stages: incubation, guard
and post-guard. We then compared the bathy metry
between sites within the foraging area used at each
stage. In order to investigate the consequences of these
3-dimensional patterns, we compared the foraging
 activity (i.e. number of dives with at least 1 prey
 en counter event per hour of diving on each foraging
trip) and efficiency (i.e. adult body mass change after
foraging trips) between sites. We then determined the
breeding performance of each site by calculating the
peak chick mass (Chiaradia & Nisbet 2006) and breed-
ing success as the number of chicks fledged per pair.

Bird instrumentation and tracking

Between September and November of 2015, we
tracked 74 little penguins from Penguin Parade and
Radio-Tracking Bay using GPS and accelerometer
data loggers. We recovered data from 71 birds, but

Fig. 1. Satellite images showing the geography of the study area on the Summerland Peninsula, Phillip Island, Victoria, Australia.
(a) Distribution of the little penguin Eudyptula minor colony on Phillip Island adapted from Sutherland & Dann (2014) and loca-
tion of the breeding sites monitored in this study. Also shown are the areas containing the monitored burrows (blue) and location
of the automated penguin monitoring system (APMS) at each breeding site: (b) Radio-tracking Bay and (c) Penguin Parade
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only complete trips with data from both GPS and
accelerometer were considered for further analysis.
In total, 63 foraging trips over incubation (n = 19),
guard (n = 27; chicks between 1 and 19 d old) and
post-guard (n = 17; chicks are unattended during the
daytime in the colony) were analysed. For each
breeding stage, birds from both sites were tracked
simultaneously, aiming to maintain the same sample
size per site and sex.

Adult birds were captured in their nest boxes or
natural burrows and weighed (±10 g) using a spring
balance. A GPS (modified as per below; CatTrack 1,
380 mA lithium-ion battery, Catnip Technologies)
and a tri-axial accelerometer data logger were at -
tached with Tesa® tape (Beiersdorf) to each bird’s
middle and lower back, respectively, as per Preston et
al. (2008). All accelerometers also had temperature
and pressure sensors, and models used were either
AXY-Depth (31 × 12 × 11 mm; Technosmart), ORI400-
D3GT (45 × 12 mm; Little Leonardo) or Wacu (21 × 13
× 4 mm; IPHC−DEPE). The original packaging of the
GPS loggers was removed and the devices were
water proofed inside a heat-shrink tube. Dimensions
of customised units were approximately 50 × 20 ×
8 mm. The 2 devices together (GPS and accelero -
meter) weighed ~35 g in air, and the minimum and
maximum percentage of body mass for any logger
deployment was 2.4 and 4.2%, respectively. The
cross-section area of the loggers was ~3% of the
bird’s frontal area (as calculated by Ropert-Coudert
et al. 2007). Birds were immediately returned to their
nests after the device attachment and were recap-
tured in their nests after a single foraging trip to re-
trieve the loggers. Total handling time was less than
5 min, and the integrity of the plumage was pre -
served during deployments and retrievals.

GPS loggers recorded at-sea positions from 04:00
to 21:00 h every 120 s for incubation and post-
guard trips and every 20 s for guard trips. Acce -
lero meters recorded depth (ORI400-D3GT, range
0−300 m, ±0.1 m) or pressure (AXY-Depth and
Wacu, range 0− 30 bar, ±0.5 mbar) and temperature
(range −10 to 50°C, ±0.1°C) every second, as well
as acceleration along the 3 body axes of the pen-
guins: longitudinal (surge), dorso-ventral (heave)
and lateral (sway), be tween −20 and 20 m s−2 at
25 Hz for incubation and post-guard trips and
50 Hz for guard trips. The sampling intervals for
the different breeding stages were selected as a
compromise between the logger battery life and
variability in foraging trip duration during incuba-
tion and post-guard (Chiaradia & Kerry 1999, Kato
et al. 2008, Saraux et al. 2011).

Depth, acceleration and GPS data processing

Dive analysis was conducted on depth and acceler-
ation data downloaded from the accelerometer data
loggers and using a purpose-written software in Igor
Pro Version 6.37 (Wavemetrics; see Kato et al. 2006).
For AXY-Depth and Wacu accelerometers, pressure
in millibars was converted to water depth (m). The
soft ware considered a dive started when birds de -
scended from the water surface and ended when
they returned to it. Dives were analysed sequentially
for each foraging trip. According to the resolution of
the loggers and waves at the surface (Kato et al.
2006), only dives >1 m were considered for the analy-
sis. Each dive was divided in 3 phases: descent, bot-
tom and ascent phases. The start and end of the bot-
tom phase were defined as the first and last time in a
dive when the absolute rate of change of depth was
lower than 0.25 m s−1 (Ropert-Coudert et al. 2006).
The times before and after the bottom phase within
the dive were considered the descent and ascent
phases, respectively. The deepest point reached dur-
ing a dive was termed maximum depth.

Prey encounter events were identified using accel-
eration data. Wingbeats are apparent in acceleration
signals as a series of regularly alternating increases
and decreases of the heave and surge axes (Wata nuki
et al. 2006). During prey pursuit, wingbeat signals
suddenly increase in frequency and amplitude, re -
sulting in a peak in the overall acceleration (Ropert-
Coudert et al. 2006, Zimmer et al. 2011a). The vecto-
rial dynamic body acceleration (VDBA) is the vectorial
sum of the 3 axes’ dynamic acceleration, being a proxy
of the whole body activity (Gleiss et al. 2011):

(1)

where Ax, Ay and Az are the dynamic acceleration of
surge, heave and sway axes, respectively. The dy-
namic acceleration of each axis was obtained by sub-
tracting the static acceleration (i.e. total acceleration
of each axis smoothed over 1 s) from the total acceler-
ation (Shepard et al. 2008). Finally, VDBA values
were averaged every second for further analysis.
Evaluating the frequency of VDBA during the 3 dive
phases, we found an upper inflection point at 0.5 × g
common to all birds (see Fig. S1 in Supplement 1 at
www. int-res. com/ articles/ suppl/  m606p215_ supp1. pdf).
We used this upper inflection point as a threshold to
detect prey encounter events. When the VDBA be-
came higher than 0.5 × g within a dive, we considered
the penguin had encountered and pursued prey, re-
sulting in a peak in the overall acceleration (see Fig. 2
for an illustrative example). The first 5 m of descent

VDBA 2 2 2A A Ax y z( )= + +

http://www.int-res.com/articles/suppl/m606p215_supp1.pdf
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Fig. 2. (a) Depth and acceleration profiles for a complete foraging trip by a little penguin during the guard stage. Diving activity
(top), acceleration at 50 Hz (middle) on the surging (green), heaving (red) and swaying (blue) axes and vectorial dynamic body
acceleration (VDBA; bottom) at 50 Hz (pink) and smoothed over 1 s (purple). (b) Examples of dives without and with a prey en-
counter event. Each prey encounter event (1 s) is indicated by the grey circles on the diving profiles and the black arrows on the
VDBA graph. Acceleration at 50 Hz is shown on the surging (green), heaving (red) and swaying (blue) axes. VDBA at 50 Hz
(pink) and smoothed VDBA (purple). The grey dotted line on the VDBA graph indicates the prey encounter and pursuit threshold 

at 0.5  × g smoothed VDBA
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phases were excluded from VDBA threshold detection
because birds beat their wings vigorously to overcome
buoyancy at the beginning of a dive (Zimmer et al.
2011a,b). Bottom and ascent phases from all dives, re-
gardless of their depth, were kept for prey encounter
detection purposes. For each dive with a prey en-
counter, the depth at which the first VDBA point ex-
ceeded 0.5 × g was considered as the prey encounter
depth (m). For each trip, the foraging activity was
measured by calculating a prey encounter rate as the
number of dives with prey encounters divided by the
sum of all dive durations (hdiv).

The distance between consecutive GPS locations
was calculated using the Haversine algorithm from
the ‘geosphere’ package (Hijmans 2016) within the R
statistical environment in order to estimate the swim-
ming speed between points. We excluded GPS loca-
tions at the colony and locations with a swimming
speed of 0 m s−1 (i.e. duplicated points) or greater
than 3.3 m s−1 (i.e. maximum swimming speed for lit-
tle penguins; Preston et al. 2008) from the dataset, as
they were considered either erroneous locations or
did not belong to the foraging phase of the trips. We
allocated a location to each dive with a prey
encounter by linearly correlating the timestamp at
the beginning of each dive event with the closest
GPS locations recorded before and after the dive. In
some instances, the foraging trip exceeded (by a
maximum of 2 h) the battery life of the GPS logger,
and the location of dives recorded after the GPS
device stopped logging positions could not be deter-
mined. However, we included these trips in the
analysis, as dives without a location only accounted
for 4% of the total dives with prey encounter, indica-
ting that at the end of the trip, birds were mainly
travelling back to the colony without actively forag-
ing. In order to assess the accuracy of prey encounter
locations, we counted the number of dives with prey
encounters that occurred during gaps in the GPS
data that exceeded 5 min. As this corresponded to
only 3% of the prey encounter dives, we kept these
prey encounter locations in the spatial analysis.

Automated penguin monitoring system

At each site, adult birds attending the monitored
nests were identified with passive identification
transponders (Allflex and Trovan). Two automated
penguin monitoring systems (APMS), 1 at each site,
located on the main penguin pathway, recorded the
transponder number, date/time and individual body
mass of adult birds leaving at sunrise and returning

ashore at dusk (Kerry et al. 1993, Chiaradia & Kerry
1999). We only considered APMS data recorded dur-
ing the tracking period and from known breeding
adults attending the monitored burrows. In order to
eliminate potential erroneous adult mass, we filtered
out adult mass lower than the 5th percentile (712 g)
and higher than the 95th percentile (1547 g). Two dif-
ferent adult body masses were examined for a given
foraging trip: ‘departure mass’, which was the mass of
the bird leaving the colony at sunrise, and the ‘return
mass’, which was the mass of the bird returning to the
colony at sunset. These 2 body masses were consid-
ered to belong to the same foraging trip when their
records were consecutive in date and time for a given
transponder number and the trip duration was not
longer than 1 d in guard and 21 d in incubation and
post-guard. The difference between the ‘return mass’
and the ‘departure mass’ was used as an estimate of
the mass (in g) of food obtained over the foraging
trips, i.e. foraging efficiency (Saraux et al. 2011).

Reproductive performance

During the 2015/2016 breeding season, we moni-
tored 100 penguin nests at each site, 3 times wk−1 at
Penguin Parade and once weekly at Radio-tracking
Bay, to assess laying date, hatching date and fledging
success. We identified adults in the nests by scanning
their transponder numbers. New birds were injected
with transponders as per Chiaradia & Kerry (1999),
and sex was determined through measurements of
bill morphometrics with a 91% accuracy (Arnould
et al. 2004). During each nest visit, chicks were
weighed (±10 g), using a spring balance, from hatch-
ing until fledging (Saraux et al. 2011). We deter-
mined the peak chick mass for each fledged chick
(Chiaradia & Nisbet 2006) during the first clutch of
the season, i.e. when breeding adults were tracked.
Due to the monitoring frequency, this was the most
comparable chick parameter between sites.

In order to assess the overall success, breeding suc-
cess was determined at each site as the number of
chicks fledged per breeding pair (Chiaradia & Kerry
1999, Chiaradia & Nisbet 2006) over 12 yr, from 2004
until 2015, following the same monitoring protocol as
for the 2015/2016 season.

Data analysis

All statistical analyses were conducted using R
3.4.3 (R Core Team 2017).
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Three-dimensional spatial pattern of prey encounter

Geographic coordinates of prey encounter events
were projected into a Universal Transverse Mercator
projection (zone 55S, WGS 84 Datum). For each stage
and site, we used the prey encounter locations to esti-
matethehomerange(95%utilisationdistribution,UD)
and core range (50 and 25% UD) of prey pursuits using
kerneldensityanalysisandestimatedtheareasofeach
contour with the R package ‘adehabitatHR’ (Calenge
2006). Following Lascelles et al. (2016), the smoothing
factor used in the kernel density analysis was calcu-
lated as the average area-restricted search (ARS)
behaviour exhibited across all trips within each breed-
ing stage. The ARS was assessed by first passage time
analysis with the fpt function of the R package ‘ade-
habitatLT’ (Calenge 2006). The size of the grid for the
kernel density analysis was set at 400 m as a compro-
mise between the resolution of the bathymetry data
obtained from Geoscience Australia (250 m × 250 m
resolution) and the computation time. We also esti-
mated the 95 and 25% contours of prey pursuits for
eachindividual tripfollowingtheaboveprocedureand
extracted the median bathymetry within each contour.

The extent of within-stage overlap between Pen-
guin Parade and Radio-tracking Bay home and core
ranges was estimated using the UD overlap index
(UDOI; Fieberg & Kochanny 2005) with the kerne -
 lover laphr function of the R package ‘adehabitatHR’.
Using UDOI as our metric, we then used a randomisa-
tion procedure (see customised R function in Supple-
ment 2 at www. int-res. com/  articles/ suppl/ m606p215 _
supp2.   txt) to test the null hypothesis that there was no
difference in the spatial distribution of prey encounter
events between sites within each breeding stage
(Breed et al. 2006, Cleasby et al. 2015). For each stage,
site was randomly assigned to tracks (i.e. prey en-
counter locations) using the same site/sex ratio as the
observation, and kernel analysis and overlap (i.e.
UDOI) estimation were applied. This procedure was
iterated 1000 times for the 95, 50 and 25% contours of
each breeding stage. The empirical p-value (North et
al. 2002) was determined as the proportion of random
overlaps that were smaller than the observed overlap
(i.e. the probability that spatial segregation was
driven by chance). When the empirical p-value was
<0.05, we considered the observed overlap to be sig-
nificantly lower than expected by chance.

We compared the bathymetry of the foraging areas
between sites for each breeding stage by performing
a permutation test using Brunner and Munzel’s gen-
eralised Wilcoxon test (Neubert & Brunner 2007, Rux -
ton & Neuhäuser 2013). The null hypothesis tested

was that there were no differences in the bathy metry
use between sites. For the 95 and 25% contours of
each breeding stage, we first estimated the gener-
alised Wilcoxon test statistic between sites of the
observed median bathymetry of individual trips. We
then ran 10 000 permutations where site was ran-
domly assigned to the median bathymetry of each
individual trip, maintaining the sample size for each
site, and the generalised Wilcoxon test statistic was
estimated for each permutation. The empirical p-
value was determined as the proportion of random
absolute test statistics larger or equal to the absolute
observed test statistic. Empirical p-values <0.05 were
considered to show significant differences between
sites in the bathymetry within the foraging area used.

The influence of site on prey encounter depth was
modelled separately for each breeding stage using
linear mixed effects models (LMMs) from the R pack-
age ‘nlme’ (Pinheiro et al. 2016). Site and sex were
included as fixed effects and bird ID was included as
a random intercept to avoid pseudo-replication and
account for any individual differences in dive behav-
iour of birds. A correlation structure across bird ID
was incorporated in the model using the first-order
autoregressive to allow for similarities between dives
that occurred in temporal clusters. For each LMM,
model selection of the fixed effects was conducted by
maximum likelihood (ML) estimation, inspection of
residual plots and the use of Akaike’s information cri-
terion (AIC). The most appropriate random structure
was then determined via restricted maximum-likeli-
hood (REML) estimation and selected by a compari-
son of AIC and residual plots (Zuur et al. 2009). The
most parsimonious model was then refitted using
REML to obtain parameter estimates and associated
p-values (Zuur et al. 2009).

Foraging activity

The influence of site on the prey encounter rate of
each foraging trip was modelled separately for each
breeding stage using a generalised least square (GLS)
approach from the R package ‘nlme’ (Pinheiro et al.
2016). Site and sex were included as fixed ef fects. Trip
duration was also included for incubation and post-
guard models to account for trip duration flexibility in
these stages (Kato et al. 2008, Saraux et al. 2011). We
detected heterogeneity of variances be tween sites,
which was incorporated in the model via the weights
argument in the gls function. Model se lection was
conducted using AIC, and the final model was vali-
dated inspecting residual plots (Zuur et al. 2009).
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Adult mass change and reproductive performance

Differences between sites in the mass change after
foraging trips and in the adult body mass at the
beginning of the trips were compared using LMMs
from the R package ‘nlme’ (Pinheiro et al. 2016) with
bird ID as a random intercept. Each breeding stage
was modelled separately, and trip length was incor-
porated as a fixed effect in the incubation and post-
guard models. Model selection and validation were
conducted following the same procedure as for the
LMMs described above.

Differences in the reproductive performance of the
first clutch of the 2015/2016 season between sites
were assessed by comparing peak chick mass be -
tween sites fitting a linear model.

RESULTS

Three-dimensional spatial patterns of
prey encounter

Tracking data consisted of 63 complete foraging
trips by 63 little penguins over 1 breeding season
(Table S1 in Supplement 1). The total number of
dives made across all foraging trips at both sites was
58 452 (Penguin Parade: 27 686 dives; Radio-tracking
Bay: 30 766), of which 11 992 dives had prey en -
counter events associated (Penguin Parade: 5241
dives; Radio-tracking Bay: 6751 dives). We were not
able to allocate a location for 2487 dives (527 with
prey encounter), and therefore they were not in -
cluded in the spatial analysis.

Birds from Penguin Parade mainly foraged south-
east of their breeding site, while birds from Radio-
tracking Bay foraged south-west of their site (Fig. 3).
Consequently, and based on the randomisation tests
of prey encounter spatial overlap, we found that little
penguins presented a significant spatial foraging
segregation between sites for all breeding stages, ex -
cept for the incubation home-range (30% overlap,
p = 0.06, Table 1, Fig. 3). There was no overlap
(UDOI = 0) in the core areas of prey encounters be -
tween sites during guard and post-guard (Table 1,
Fig. 3). Birds from Radio-tracking Bay consistently
used larger areas over the breeding season than
birds from Penguin Parade (Fig. 3, Table A1 in the
Appendix), with the maximum differences observed
during incubation (50% core area: 519 vs. 296 km2,
respectively; Table A1) and post-guard (50% core
area: 1004 vs. 109 km2, respectively; Table A1).
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Fig. 3. Kernel density utilisation distribution of prey encounter
locations during (a) incubation, (b) guard and (c) post-guard
stages of little penguins at Penguin Parade (red) and Radio-
tracking Bay (green). Grid size is 400 m, smoothing factor is
4.4 km for incubation, 3.7 km for guard and 2.96 km for post-
guard. Smoothing factors were calculated for each stage 

following Lascelles et al. (2016)

UD (%)           Stage                        UDOI                     p

95                Incubation                      0.3                      0.06
                       Guard                        0.14                  0.001
                   Post-guard                    0.01                    0.01

50                Incubation                  0.007               0.001
                       Guard                           0                          –
                   Post-guard                       0                          –

25                Incubation                        0                          –
                       Guard                           0                          –
                   Post-guard                       0                          –

Table 1. Estimated utilisation distribution (UD) overlap index
(UDOI) in UDs between Parade and Radio-tracking Bay little
penguins within incubation, guard and post-guard breeding
stages. Empirical p-value (p): the proportion of 1000 ran-
domised overlaps that were smaller than the observed over-
lap. Randomised overlaps were only calculated if observed 

overlap was >0
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 Single long foraging trips occurred
in the incubation and post-guard
stages with individuals from Radio-
tracking Bay, but were rare, occur-
ring in 1 of 9 and 1 of 7 foraging trips,
respectively. These long trips re -
sulted in the home-range foraging
areas extending further than 100 km
to the SW (Fig. 3a,c). However, the
finding of a significant spatial forag-
ing segregation be tween individu-
als from Radio-tracking Bay versus
Penguin Parade was not dependent
on these 2 long foraging trips. For
example, if these 2 long foraging
trips were removed from the analy-
sis, the differences in space use
between sites remained (Table A2).

Median bathymetry of the Pen-
guin Parade foraging area during
in cubation was significantly shal-
lower than that of Radio-tracking
Bay for both the home range and
core range (Table 2). Median bathy-
metry of the home-range of prey en-
counter during guard was shallower
at Penguin Parade (Table 2). No sig-
nificant differences in the bathy-
metry between sites were found
during post-guard (Table 2).

Regarding the use of the water
column, prey encounter depths
ranged from 2 to 35 m in incuba-
tion, from 2 to 61.8 m in guard and
from 2 to 55.2 m in post-guard. Sex had no significant
effect in the prey encounter depth for any stage
(Table 3). There were no significant differences
between sites in the prey encounter depth over incu-
bation and post-guard (Table 3, Fig. 4). During the
guard stage, birds from Radio-tracking Bay found
prey at a significantly greater depth than those from
Penguin Parade (6 m deeper, LMM p < 0.001;
Table 3, Fig. 4).

Prey encounter rate

The prey encounter rate on each foraging trip
ranged from 10.4 to 75.0 dives hdiv

−1 in incubation,
from 10.0 to 44.0 dives hdiv

−1 in guard and from 11.0
to 32.5 dives hdiv

−1 in post-guard. Sex and trip dura-
tion had no significant effect on the prey en counter
rate in any stage (Table 4). At guard, birds from
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     Home-range Core area
                         Penguin       Radio-          p           Penguin       Radio-          p
                          Parade   tracking Bay                  Parade   tracking Bay
                                                                                                                           
Incubation         58 ± 2          70 ± 4      0.004*        46 ± 2          64 ± 7      0.01*
Guard                 64 ± 5          72 ± 1      0.008*        71 ± 2          72 ± 1        0.12
Post-guard         67 ± 3          74 ± 1         0.7         69 ± 2.5       74 ± 6        0.67

Table 2. Median (± median absolute deviation) bathymetry (depth in m) within
the little penguin foraging areas of individual trips (home range = 95% kernel
contour, core area = 25% kernel contour) at Penguin Parade and Radio-tracking
Bay during incubation, guard and post-guard. Empirical p-value (p): the propor-
tion of 10 000 random permutations calculating a generalised Wilcoxon test be-
tween sites with a test statistic larger or equal to the observed data. Asterisks (*) 

indicate significant differences between sites (p < 0.05)

Fixed effect                                 β + SE         Lower CI       Upper CI          p

Incubation                                                                                                        
Intercept                                   7.6 ± 1               5.6                  9.6          <0.001
Sex(male)                               −0.2 ± 1.2          −2.67                2.21           0.8
Site(Radio-tracking Bay)         2.3 ± 1.2          −0.17                4.7             0.07

Guard                                                                                                              
Intercept                                 10.9 ± 1.3            8.3                13.5          <0.001
Sex(male)                                 1.7 ± 1.5           −1.3                 4.8             0.26
Site(Radio-tracking Bay)            6 ± 1.47          2.9                  9             <0.001

Post-guard                                                                                                       
Intercept                                 13.9 ± 1.7           10.6               17.2          <0.001
Sex(male)                                 1.5 ± 2              −2.9                 5.9             0.48
Site(Radio-tracking Bay)       −1.3 ± 2              −5.7                 3.1             0.54

Table 3. Parameter estimates (β), standard errors (SE), lower (2.5%) and upper
(97.5%) confidence intervals (CI) and p-values for the linear mixed effect models
with a random intercept of little penguin ID and first-order autoregressive struc-
ture for prey encounter depth. Models are fitted for incubation, guard and post-
guard. Base level of the factor ‘sex’ is ‘female’ and base level of the factor ‘site’ is 

‘Penguin Parade’

Fig. 4. Mean prey encounter depths and 95% confidence in-
terval over the 2015/2016 breeding season of little penguins
at Penguin Parade and Radio-tracking Bay. Asterisks (*) in-
dicate significant differences between sites in guard (LMM: 

β = 6, SE = 1.46, t = 4, p < 0.001)
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Radio-tracking Bay performed significantly fewer
dives with prey encounter per hour diving than birds
from Penguin Parade (6 dives fewer per hour, GLS
p < 0.05; Table 4, Fig. 5a).

Foraging efficiency

Over the 2 mo of the tracking
period, the APMS recorded a total
of 1091 foraging trips (n) with a
known associated mass change for
77 different individuals (N) at Pen-
guin Pa rade and 831 foraging trips
for 61 different individuals at Radio-
tracking Bay. The body mass change
per trip was significantly higher at
Penguin Parade than Radio-track-
ing Bay in guard trips (mean ± SE,
302 ± 9 g vs. 190 ± 17 g; LMM p <
0.001, n = 500, N = 101; Fig. 5b) and
in post-guard trips (278 ± 7 g vs.
219 ± 12 g; LMM p < 0.001, n = 897,
N = 100; Fig. 5b), but no significant
differences were ob served during
incubation (243 ± 10 g for Penguin
Parade vs. 209 ± 12 g for Radio-

tracking Bay; LMM p = 0.17, n = 525, N = 125;
Fig. 5b). There were no significant differences be -
tween sites in adult body mass at the beginning of
the trips (Table A3).
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Fig. 5. (a) Prey encounter rate per breeding stage of little penguins as number of dives with prey encounter per hour diving
given a foraging trip. Asteriks (*) indicate significant differences between sites in guard (GLS: β = −6.1, SE = 2, p < 0.05, F-test
GLS). (b) Adult mass change per breeding stage associated with foraging trips recorded by the automated penguin monitoring
systems at Penguin Parade and Radio-tracking Bay during the first clutch of the 2015/2016 breeding season. *Significant dif-
ferences in guard (LMM: β = −126, SE = 23, 95% CI = −172, −80, t = −5.4, p < 0.001) and in post-guard between sites (LMM: β =
−61, SE = 17, 95% CI = −95, −26, t = −3.5, p < 0.001). Lower and upper hinges of boxplots: first and third quartiles, respectively;
bar inside box: median; whiskers: largest and smallest values ≤1.5× the interquartile range from the hinges; dots (outliers): 

data beyond the end of the whiskers

Effect                                           β + SE         Lower CI       Upper CI          p

Incubation                                                                                                        
Intercept                                 20.4 ± 7.2             5                  35.9             0.01
Sex(male)                               13.3 ± 7.2            −2                28.7             0.08
Site(Radio-tracking Bay)         7.1 ± 7.2           −8.3               22.6             0.34
Trip duration                            2.8 ± 2              −1.5                 7                0.18

Guard                                                                                                               
Intercept                                 29.5 ± 2.2           24.8               34.2          <0.001
Sex(male)                               −1.1 ± 2.5           −6.4                 4.1             0.6
Site(Radio-tracking Bay)       −6.1 ± 2.5          −11.3              −0.9             0.02

Post-guard                                                                                                        
Intercept                                 15.7 ± 3               9.2                22.1          <0.001
Sex(male)                                 2.5 ± 3.2           −4.5                 9.5             0.46
Site(Radio-tracking Bay)       −1.7 ± 4             −10.3                6.8             0.67
Trip duration                               1 ± 1.3           −1.7                 3.8             0.42

Table 4. Parameter estimates (β), standard errors (SE), lower (2.5%) and upper
(97.5%) confidence intervals (CI) and p-values for the general least squared
models for prey encounter rate. Models were fitted for incubation, guard and
post-guard. Base level of the factor ‘sex’ is ‘female’ and base level of the factor 

‘site’ is ‘Penguin Parade’
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Reproductive performance

Breeding success was consistently 10−30% higher
at Penguin Parade than Radio-tracking Bay from
2004/ 2005 until 2015/2016 (Table 5). The breeding
success in 2015/2016 was 2.6 chicks fledged per pair
at Penguin Parade and 1.7 chicks fledged per pair at
Radio-tracking Bay (Table 5). There were no signifi-
cant differences in the peak chick mass between
sites (1180 ± 9 vs. 1173 ± 11 g; LM: β = −13.59, SE =
15, t = −0.87, p = 0.4).

DISCUSSION

Using GPS, depth and accelerometer data loggers
simultaneously, we observed a strong spatial segre-
gation between 2 little penguin breeding sites that
are only 2 km apart, although their home ranges
have a high potential to overlap given that the spe-
cies’ foraging range is 20 km during the breeding
season (Collins et al. 1999). Birds preferred areas
adjacent to their own breeding site in accordance
with Cairns (1989) and Wakefield et al. (2013), sug-
gesting that foraging areas are site-specific within
the colony. Several seabirds have shown partial or
complete horizontal spatial segregation among co -
lonies (e.g. Grémillet et al. 2004, Wakefield et al.
2013), even at small scale (Masello et al. 2010, Ceia et
al. 2015). Other studies, for example, have used 3-
dimensional foraging behaviour to test for competi-
tion between congeneric penguins (Cimino et al.
2016) and to quantify foraging volumes (Ainley et al.
2015). Here, we used acceleration data loggers in
addition to GPS and depth data considered by the

aforementioned studies. This approach allowed us to
not only identify horizontal segregation between the
site-specific foraging areas, but also vertical differ-
ences between sites in the spatial distribution of prey
encounters over the breeding season, linking birds’
movements with their behaviour and prey distribu-
tion in 3 dimensions.

Birds from Penguin Parade and Radio-tracking Bay
travelled in different directions relative to their
breeding sites, leading to a significant within-colony
spatial foraging segregation between sites. Central-
place foragers such as little penguins can initiate
their foraging trips on a bearing consistent with the
general orientation of their breeding site (Robson et
al. 2004) and return to previous successful foraging
grounds (Carroll et al. 2018). Further, foraging ag -
gregations of little penguins have been associated
with the departure time from the colony (Sutton et al.
2017). In particular, birds from Phillip Island are
known to form non-random groups when departing
(Daniel et al. 2007), providing the opportunity for for-
aging aggregations to form. Thus, the use of site-spe-
cific pathways may facilitate information exchange
among conspecifics from the same breeding site and
their aggregation at sea, mediating the foraging seg-
regation observed here.

The spatial segregation between sites intensified
throughout the breeding season, and prey encounter
depth increased from incubation to chick-rearing.
Chick-rearing is a highly demanding period due to
the increasing energetic requirements of the young
combined with the central-place foraging constraints
(Gales & Green 1990, Bevan et al. 2002). Thus, indi-
rect competition for food resources is expected to in -
crease from incubation to chick-rearing, and parents
can meet this high energetic demand by increasing
foraging effort, either by diving deeper (e.g. gentoo
penguins Pygoscelis papua, Ratcliffe et al. 2018;
northern rockhopper penguins Eudyptes moseleyi,
Booth et al. 2018), switching diet to more energetic
prey (e.g. gentoo penguins, Handley et al. 2017) or
expanding the foraging area (e.g. Adélie penguins P.
adeliae, Ainley et al. 2004). Expanding the foraging
area during the guard stage compared to incubation
is not an option for little penguins, and at-sea density
of penguins is expected to be higher, as guard trips
are always 1 d long (Chiaradia & Kerry 1999, Chiara-
dia & Nisbet 2006), whereas incubation trips can last
several days (Kato et al. 2008). Instead, birds seemed
to mitigate within-site competition by diving deeper
(i.e. deeper prey encounters) and between-site com-
petition by increasing segregation level. Wakefield
et al. (2013) were only able to reproduce the spatial
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Year Chicks fledged 
                 Penguin Parade                  Radio-tracking Bay

2015                     2.6                                           1.7
2014                     1.5                                           na
2013                     0.6                                           0.7
2012                     2.1                                           1.1
2011                     1.2                                           1.0
2010                     1.7                                           1.0
2009                     1.7                                           1.2
2008                     0.6                                           1.0
2007                     1.3                                           1.0
2006                     0.9                                           0.8
2005                     1.3                                           1.1
2004                     0.8                                           0.5

Table 5. Number of little penguin chicks fledged per pair at
Penguin Parade and Radio-tracking Bay during 2004−2015. 

na: data not available
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segregation between northern gannet Morus bas-
sanus colonies if models incorporated density-depen-
dence constraints (Ashmole’s halo), interactions with
neighbouring colonies (hinterland model), informa-
tion transfer and memory. Our results suggest similar
underpinning mechanisms for the within-colony spa-
tial segregation observed here.

Inter- and intra-specific competition and changes
in environmental conditions have the potential to
reduce the abundance and availability of prey and
enlarge the foraging area (Lewis et al. 2001, Pichegru
et al. 2013). Areas off Phillip Island support a high bio-
mass and diversity of seabirds (Norman 1991, Dann
et al. 2003) and a large Australian fur seal Arcto -
cephalus pusillus doriferus colony (Kirkwood et al.
2005). Little penguins in our study area are at the top
of the food chain (Chiaradia et al. 2016). Small pelagic
fish are their key prey, and other common prey
include barracouta Thyrsites atun, red cod Pseudo-
physis bachus and arrow squid Nototodarus gouldi
(Chiaradia et al. 2003, 2010). These are also signifi-
cant prey for other predators within the area, such as
short-tailed shearwaters Puffinus tenuirostris (Mon-
tague et al. 1986), crested terns Thalasseus bergii
(Chiaradia et al. 2002) and Australian fur seals (Dea-
gle et al. 2009). Little penguins may compete with
crested terns for food resources or be affected by the
similar prey availability variation, as low numbers of
breeding crested terns have coincided with low
breeding success of little penguins in the past (Chia -
radia et al. 2002). However, knowledge is scarce
about inter-specific competition interactions among
marine predators off Phillip Island and how they
might affect penguins’ foraging behaviour.

Bathymetry is another important factor influencing
prey availability and at-sea distribution of many mar-
ine predators, including marine mammals and sea-
birds (e.g. Guinet et al. 2001, Yen et al. 2004, Weimer-
skirch et al. 2007). Colonies with shallower waters are
favourable to little penguins, as birds show a lower
diving effort (i.e. total diving duration per hour) com-
pared to conspecifics from colonies with deeper wa-
ters (Chiaradia et al. 2007, Meyer et al. 2017). Here,
the kernel UDs of prey encounters showed that the
Radio-tracking Bay birds used a deeper and larger
foraging area than birds from Penguin Parade
throughout the breeding season. Therefore, individu-
als from Radio-tracking Bay were not only exposed to
less favourable bathymetry conditions, but might
have also experienced higher levels of intra-specific
competition within their area, reducing prey avail-
ability in the site vicinity, which forced birds to forage
further in accordance with Ashmole’s halo theory

(Ashmole 1963). Deeper prey encounters in the water
column could be a mechanism by birds from Radio-
tracking Bay to expand their niche width and reduce
within-site competition, as has been observed in gen-
too penguins (Ratcliffe et al. 2018). At the same time,
generalist marine predators, such as little penguins
(Chiaradia et al. 2010), modify their foraging behav-
iour according to prey type (Elliott et al. 2008) and
match the 3-dimensional distribution of their prey
(Carroll et al. 2017). Hence, differences in prey en-
counter depths could also be a response to availability
of different prey types at each site or different prey
vertical distribution. However, diet composition in the
year of this study did not differ between sites, with
birds foraging mainly on sardines (C. Cavallo unpubl.
data). Therefore, rather than differences in diet, we
suggest that bathymetry and higher competition
within Radio-tracking Bay foraging grounds could
explain the higher diving effort (i.e. deeper prey en-
counters) and the lower prey encounter rate at this
site during chick-rearing, leading to a lower foraging
efficiency (i.e. lower mass gain after foraging trips).

Seabirds with a small foraging range are highly
sensitive to variations in local food availability and
abundance (Chiaradia et al. 2010, Kowalczyk et al.
2014, 2015). All of the foraging parameters analysed
here (i.e. size of foraging area, prey encounter depth,
prey encounter rate and body mass gain) suggest
that Penguin Parade birds foraged more efficiently in
more profitable foraging grounds. Higher body mass
gain after foraging trips mean larger chick meals
(Saraux et al. 2011, 2016). From albatrosses to little
penguins, when chicks receive large and frequent
meals they have a higher probability of fledging
(Huin et al. 2000, Saraux et al. 2016). Hence, the
higher body mass gain by Penguin Parade adults
during the 2015/2016 season could result in larger
meals for their chicks and a higher breeding success.
The breeding records for the last 12 yr indicated that
Penguin Parade has consistently been more produc-
tive than Radio-tracking Bay, suggesting that this site
is overall more successful. Nonetheless, both sites
were highly productive (>1.5 chicks fledged pair−1) in
the 2015/2016 season, which is indicative of no food
limitations (Chiaradia & Nisbet 2006), and raised
chicks with similar peak chick mass. These findings
suggest that when food resources are not limiting,
the different foraging strategies from each site and
their costs result in chicks with similar condition, and
other factors, such as nest predation (Ekanayake et
al. 2015), might be partially responsible for the differ-
ences in breeding success. Hence, the link between
foraging behaviour and breeding success remains
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un known. Yet, birds from Penguin Parade could have
an advantage by foraging more efficiently and in
more profitable areas than those from Radio-tracking
Bay. Future studies should investigate how the differ-
ences in foraging efficiency between sites influence
chick fitness in years of food shortage. Overall, our
findings show that differences in foraging behaviour
of birds from the same colony were associated with
breeding sites, and the site with the highest foraging
efficiency produced more fledglings.

CONCLUSIONS

Bio-logging data have been used worldwide in
numerous studies to identify key areas for marine
megafauna (e.g. Bailey & Thompson 2009, Lascelles
et al. 2016, Augé et al. 2018), and seabird biodiversity
hotspots in the oceans coincide with areas in serious
need of conservation (Ramírez et al. 2017). However,
incorporation of these data into conservation strate-
gies remains underutilised (Hays et al. 2016). Our
findings highlight the importance of understanding
fine-scale spatial segregation and intra-specific com-
petition mechanisms within large colonies and their
consequences for seabird foraging and breeding
ecology. Within-colony segregation may be the norm
when large seabird colonies are spatially structured
in breeding sites, leading to site-specific foraging
behaviours. Therefore, we argue that assessing more
than 1 breeding site, over different breeding stages,
is necessary to capture the foraging behaviour and
breeding success variability within a colony, provid-
ing meaningful knowledge on marine spatial usage
to obtain accurate population assessments and to
incorporate into conservation strategies.
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UD(%)               Stage                      UDOI                     p

95                  Incubation                   0.45                    0.037
                     Post-guard                  0.11                    0.001

50                  Incubation                 0.003                 0.001
                     Post-guard                     0                         −

25                  Incubation                     0                         −
                     Post-guard                     0                         −

Table A2. Estimated utilisation distribution (UD) overlap in-
dex (UDOI) in UDs between Penguin Parade and Radio-
tracking Bay little penguins within incubation and post-
guard breeding stages after dropping the long trips.
Empirical p-value (p): the proportion of 1000 randomised
overlaps that were smaller than the observed overlap. Ran-
domised overlaps were only calculated if observed overlap 

was > 0

Stage               % UD            Penguin         Radio-tracking 
                                               Parade                    Bay

Incubation          95                  1038                     4099
                           50                   296                       519
                           25                   122                       152

Guard                 95                   438                       716
                           50                   119                       205
                           25                    53                         84

Post-guard         95                   442                      4562
                           50                   109                      1004
                           25                    45                        289

Table A1. Total areas (km2) of kernel utilisation distribution
(UD) for the locations of prey encounters at Penguin Parade
and Radio-tracking Bay during the 2015/2016 little penguin 

breeding season

Appendix

Fixed effect                                 β + SE         Lower CI       Upper CI          p

Incubation                                                                                                        
Intercept                                1097 ± 13.5        1071          1124             <0.001
Site(Radio-tracking Bay)     −24.7 ± 19            −62               13                0.2

Guard                                                                                                               
Intercept                                1067 ± 12           1044          1091             <0.001
Site(Radio-tracking Bay)     −30.8 ± 20            −71                 9                0.13

Post-guard                                                                                                        
Intercept                                1075 ± 11           1055          1096             <0.001
Site(Radio-tracking Bay)        −20 ± 18            −55               14                0.25

Table A3. Parameter estimates (β), standard errors (SE), lower (2.5%) and upper
(97.5%) confidence intervals (CI) and p-values for the linear mixed effect models
with a random intercept of bird ID for little penguin adult body mass at the be-
ginning of foraging trips. Models were fitted for incubation, guard and post-

guard. Base level of the factor ‘site’ is ‘Penguin Parade’
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