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Foraging site fidelity allows animals to increase their efficiency by returning
to profitable feeding areas. However, the mechanisms underpinning why ani-
mals ‘stay” or ‘switch’ sites have rarely been investigated. Here, we explore
how habitat quality and prior prey capture experience influence short-term
site fidelity by the little penguin (Eudyptula minor). Using 88 consecutive fora-
ging trips by 20 brooding penguins, we found that site fidelity was higher
after foraging trips where environmental conditions were favourable, and
after trips where prey capture success was high. When penguins exhibited
lower site fidelity, the number of prey captures relative to the previous trip
increased, suggesting that switches in foraging location were an adaptive
strategy in response to low prey capture rates. Penguins foraged closer to
where other penguins foraged on the same day than they did to the location
of their own previous foraging site, and caught more prey when they
foraged close together. This suggests that penguins aggregated flexibly
when prey was abundant and accessible. Our results illustrate how foraging
predators can integrate information about prior experience with contempor-
ary information such as social cues. This gives insight into how animals
combine information adaptively to exploit changing prey distribution in a
dynamic environment.

1. Introduction

Foraging site fidelity enables animals to increase their foraging efficiency by
returning to locations where productivity was previously high (e.g. [1]). How-
ever, this strategy is only efficient if prey distribution is predictable at the spatial
and temporal scales at which animals forage [2]. Under predictable conditions,
an animal should return to a location where it was previously successful and
choose an alternative site if it was unsuccessful: a ‘win-stay, lose—switch’ strat-
egy [3-5]. Conversely, if the environment is unpredictable, an animal should
not base its decision to return to a site on its past success there, as the prob-
ability of experiencing the same outcome again is low [3]. However, animals
might be expected to return to the same site even in unpredictable conditions
if there are fitness benefits of site familiarity [6] or if the mean quality of all
available sites is similar, meaning that there is no advantage to switching [3].
In cases where the environment is both unpredictable and heterogeneous in
quality, animals might be expected to show lower site fidelity, but greater
use of environmental cues that help them to adaptively locate prey [7,8].
Understanding what constitutes predictability and heterogeneity on scales
that are meaningful to animals making foraging decisions is challenging. For
example, environments can be relatively unpredictable at fine spatial and tem-
poral scales, but contain features that provide reliably enhanced productivity
at larger scales. This is true in the open ocean, for example, where water
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circulation patterns result in a dynamic distribution of
organisms at the base of the food web [9]. However, at the
meso-scale (1-100 km), features of the ocean environment
such as bathymetric structures, fronts and upwelling zones
enhance productivity, and consequently aggregate prey for
mobile marine predators [2,10,11]. An increasing number of
studies have shown that foraging animals repeatedly ‘com-
mute’ to these areas, and learn to be faithful to them within
and between years [12-16].

Even ‘predictable” areas can be dynamic through the life-
time of an animal, and in many systems, animals are forced
to respond adaptively to changes in the distribution of their
prey [7]. However, it is often unknown how different factors
influence an animal’s decision about where to forage relative
to their previous location, especially in highly dynamic
environments. Animals are likely to combine different types
of information at different spatial and temporal scales, and
the degree to which their decision-making reflects prior
experience at a site rather than contemporary information
such as prey encounter, social or environmental cues may
vary under different conditions [17]. Most studies that have
assessed site fidelity were unable to incorporate information
on prey consumption (but see [18]), and the mechanisms
underpinning site fidelity and its fitness consequences in
complex systems are therefore usually unknown [6,15].

In this study, we assess foraging site fidelity by the little
penguin (Eudyptula minor), a marine predator that feeds on
forage fish in dynamic coastal environments [19,20]. We
tracked penguins during brooding when individuals under-
take single-day trips every second day, and are limited to
foraging within approximately 25km of their colony off
southeast Australia. Under these constraints, penguins must
find prey that is distributed patchily [21], in a complex
marine environment dominated by rapid incursions of the
warm, nutrient-poor East Australian Current [22], a water
mass that has been associated with low foraging success by
penguins [20].

Here, we first describe the environment and its average
predictability over a 2-day window—the temporal scale at
which penguins leave the colony to forage. We use a prey
capture signature derived from the movement profiles of
penguins [23] to determine when and where penguins catch
prey. We then assess whether penguins exhibit greater site
fidelity under different environmental conditions, or when
different numbers of prey captures were recorded on the
previous trip. We also determine whether penguins catch
more prey when they are more faithful to their previous fora-
ging site. Additionally, we examine whether penguins forage
in locations that are more similar to their own previous site
or are closer in proximity to the locations of other tagged
penguins foraging on the same day. By systematically testing
predictions of site fidelity in relation to environmental predict-
ability on a trip-by-trip basis, we aim to shed light on how
animals use different types of information at short time
scales to maximize prey intake in changeable environments.

2. Material and methods

(a) Penguin tracking

The study was conducted on Montague Island (36.253°S,
150.227° E), 9 km off the southeast coast of New South Wales,
Australia over 44 days from 18 September to 31 October 2016.

The study was designed to coincide with the peak of the
period when little penguins were brooding small chicks (less
than two weeks old). During this stage of the breeding cycle,
one parent remains at the nest to guard the chicks, while the
other goes to sea for a single-day foraging trip, returning after
sunset. Consequently, individuals at this breeding stage usually
undertake foraging trips every second day. Penguins undertak-
ing single-day trips are restricted to foraging within a maximum
distance of approximately 25km from the colony. By selecting
only birds at this breeding stage for tracking, we were able to
remove the effect of differential habitat selection strategies caused
by the varying foraging ranges and energetic requirements of
birds at different breeding stages [24].

Penguins were equipped with a GPS logger (CatTrack, South
Carolina, USA) recording a position every 2—6 s, and an acceler-
ometer data logger (G6a+, CEFAS Technology Pty Ltd, Suffolk,
UK) recording tri-axial acceleration and depth at a frequency of
30Hz during dives greater than 1.5m. The combined tag
weight was 62 g in air, less than 6% of the mean bodyweight
(1038.7 g + 8.9 in this study) and the proportional cross-sectional
area was less than 3.5%, an important consideration for logger
effects on penguins due to the influence of drag [25,26]. For
further details regarding tag specifications and attachment
protocols see Carroll et al. [20,21].

Devices were deployed for a single foraging trip and deploy-
ments were alternated between partners, with birds being
equipped multiple times through the chick-rearing period to
assess site fidelity. We minimized handling time and in most
cases total time spent at a nest including deployment and retrie-
val of devices was less than 8 min. To reduce stress caused by
repeated handling [27], penguin pairs were given a respite
from tracking for 5-7 days in the middle of sampling, during
which time the nest was not visited. Throughout the study the
mass of chicks and adults were monitored, and tracking of an
individual ceased if it lost more than 15% body mass over the
study period (average mass change less than 10%), dropped
below 900 g or changed its nest attendance patterns (n=2
individuals excluded during the study).

(b) Data analysis

(i) GPS tracks and prey capture signature

We tracked 20 penguins from 10 nests during the chick-guarding
period, resulting in 148 trips where both GPS and accelerometry
data were successfully recorded (number of deployments per
penguin ranged from 3 to 12, mean = 7.4 + 0.54). Owing to the
time that penguins spend submerged during commuting and
foraging and the wave wash they experience on the surface, the
actual resolution of GPS fixes was much lower than the resolution
of programming (2—6 s), and often contained gaps. To regularize
the tracking data and estimate locations through these gaps, we
interpolated GPS positions to 30 s intervals using a state-space
model in the R package bsam [28]. To determine where prey cap-
tures occurred along the track, we used a support vector machine
algorithm that classified subsurface movement profiles of pen-
guins from tri-axial accelerometry data as either ‘swimming’ or
handling prey” at 0.3 s intervals [23,29]. This algorithm identified
prey handling by wild penguins with a false positive rate of
0.09%, and these prey-handling observations were translated to
a ‘prey capture’ index after applying a broken stick model to
determine a time threshold separating prey-handling obser-
vations into unique prey capture events (details in [23]). Prey
captures were assigned a location by matching their time signa-
ture to those of GPS tracks after interpolating the positions to a
1 s resolution. Because we did not have information on the size
or type of prey captured by penguins during this study, this
metric may not necessarily be an objective measure of relative
‘foraging success’, where this is defined by net energy intake on
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a foraging trip. However, the metric nonetheless offers a useful
proxy for a penguin’s relative prey capture experience at sea.

(ii) Predictability of foraging habitat

We used sea surface temperature (SST) as a proxy for variability
in the marine environment. This is because the study region is
dominated by the influence of the warm, southward flowing
East Australian Current [22]. Incursions of warm, nutrient-poor
tropical water onto the continental shelf are driven by the
action of offshore eddies, resulting in a highly dynamic foraging
area around Montague Island. A previous study showed that
prey capture by penguins in this region was related to SST
both spatially and temporally, with high SSTs being associated
in general with lower numbers of prey captures across multiple
spatial and temporal scales [20].

Day /night composite SST data (satellite, processed by L3S) at
a0.02° x 0.02° spatial resolution were sourced from the Integrated
Marine Observing System'’s online data access portal (www.imos.
org.au). Of the 44 study days, there were 22 days when satellite
coverage was high (usually greater than 80%), and these were
included in analyses (electronic supplementary material,
figure S1). To fill in gaps associated with cloud cover on these
days, we smoothed data onto a 2 km x 2 km grid using ordinary
kriging, a geostatistical interpolation technique [30]. We used
automated variogram fitting in the R package gstat [31]. From
these daily SST surfaces (electronic supplementary material,
figure S2), we calculated the difference between SST and SST 2
days prior (where data were available) using a sliding window,
then took a mean for each cell over the study period. This rep-
resents the mean spatially explicit variability in the environment
at the temporal scale at which penguins leave the colony to forage.

(iii) Spatial heterogeneity in prey captures

As measures of the relative profitability of different parts of the
foraging range, we calculated the total number of prey captures
recorded by penguins in each 2 km x 2 km grid cell, as well as
the number of prey captures divided by the number of foraging
trips on which a cell was visited. These indices give insight into
the productivity of each part of the foraging range, in relation to
their use by penguins.

(iv) Site fidelity

To determine the degree to which penguins returned to the same
area on consecutive foraging trips, we first determined a pen-
guin’s ‘foraging site” by calculating the 50% kernel utilization
distribution (KUD) of state-space model-estimated GPS locations
for each foraging trip using the R package adeHabitatHR [32]. We
used a bivariate normal kernel to estimate the KUD of all trips on
a grid of approximately 1km x 1km, and used the href algor-
ithm to optimize h parameter estimation (mean h-value =
1.01 + 0.03, range = 0.24-2.25). Where penguins had consecu-
tive foraging trips that were 2 days apart (separated by a day
guarding chicks on the nest), we calculated the distance in kilo-
metres between the centroid of the first foraging trip’s KUD
and the centroid of the second foraging trip’s KUD. We selected
the distance between centroids as a continuous measure of site
fidelity, after also testing KUD overlap. KUD overlap contained
a high proportion of zero values that were largely uninformative
about the relative similarity of two trips, therefore the continuous
distance measure was preferred. Throughout this paper, we use
‘site fidelity” to refer to a continuous measure of spatial proximity
between consecutive foraging sites, rather than a binary outcome
describing return to a specific location.

(v) Site fidelity and environmental conditions
To examine whether short-term site fidelity was influenced by
environmental conditions on the previous trip, we related the

distance between the centroids of two consecutive trips to SST n

at the closest pixel to the centroid of the penguin’s foraging
trip on the first day. We used a likelihood ratio (LR) test to test
whether a linear mixed-effects model (LMM) containing a spatial
term (interaction between latitude and longitude), SST and
random effect of penguin ID outperformed the null model,
which contained only the spatial term and random effect. This
tests the alternative hypothesis that SST has an effect on the
degree of site fidelity exhibited by penguins, beyond variation
due to individual behaviour and other unmeasured attributes
of foraging habitat. The response variable was log-transformed
and the LMM contained Gaussian errors.

(vi) Site fidelity and foraging experience

To assess whether site fidelity was influenced by a penguin’s
foraging experience on the previous trip, we related the distance
between the centroids of two consecutive trips to the number
of prey caught on the first foraging trip, using an LMM with
penguin ID as a random effect. An LR test was conducted to
compare this model with a null model containing only the
random effect, testing the alternative hypothesis that the distance
between two sites was related to the number of prey captures
experienced on the first trip, and not just individual variation
in behaviour. The response variable was log-transformed and
the LMM contained Gaussian errors.

To determine how successfully penguins foraged as a
function of their prior prey capture experience and their fidelity
to the previous foraging site, we related the difference in the
number of prey captures between two consecutive trips to
the distance between the two foraging sites, using an LMM
with penguin ID as a random effect. An LR test was conducted
against a null model containing only the individual random
effect, testing the alternative hypothesis that the difference in
prey captures between two consecutive trips was related to the
distance between foraging sites, not just individual variation in
behaviour. This model contained Gaussian errors.

(vii) Proximity of other penguins

We paired the distance between a penguin’s own consecutive
KUD centroids and the mean distance between its centroid and
the centroids of all other tagged penguins foraging on the same
day. We took the difference of these two values, and used
a one-sample t-test to test whether the differences were not
equal to zero, after checking for normality. We then determined
whether the mean distance separating penguins foraging on the
same day was related to how successful they were that day
(mean number of prey caught that day), using a generalized
linear model with Gaussian errors, and used an LR test to test
this model against a null model with no covariates.

All LMMs containing log-transformed response variables
with Gaussian errors were fitted after inspecting residuals and
determining that this distribution resulted in a better fit than
alternative distributions (e.g. Gamma). LMMs were all performed
using the R package [me4 [33]. The R package MuMIn was used
to calculate marginal and conditional R? values [34,35]. Plotted
relationships between response variables and fixed effects of
interest are presented without random effects for clarity, but
LMM results are described in the text. Data presented are
means + standard error. All analyses were performed in R
v.3.3.2 [36].

3. Results
(a) Predictability of the foraging environment

Over the study period, SST was generally lowest inshore, and
highest offshore where the flow of the warm East Australian
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Figure 1. (a) Mean sea surface temperature (SST) over the 30-day study period. (b) Mean difference in SST over a 2-day rolling window. (c) Total number of prey captures
recorded by little penguins in each cell. (d) Number of prey captures divided by number of cell visits. Montague Island is indicated by the red star on panel (a).

Current is strongest (figure 1a) [22]. At the 2 day temporal
scale at which penguins forage, SST in the penguins’ foraging
range was variable, and this variability was spatially hetero-
geneous. The mean difference in each cell’s SST over a 2 day
window showed that the most predictable area at this scale
was immediately to the south of Montague Island, where
temperatures changed on average less than 0.1°C over
2 days. The area of highest variability was to the far south
of the penguins’ foraging range, where average temperature
variability was 0.5°C (figure 1b). The absolute magnitude of
change in SST over the 2-day time scale was 0.01-5.98°C.

(b) Spatial heterogeneity in prey captures

The total number of prey caught in each part of the foraging
range varied, with penguins catching most prey items in the
area inshore and southwest of Montague Island (figure 1c).
When the number of times that a site was visited was taken
into account, the number of prey captures per cell was
more diffuse with no clear hotspot (figure 1d4). However,

the area to the south of the island was still generally of
higher quality than the area to the north.

() Site fidelity

Of the 148 foraging trips recorded by the 20 birds during this
study, 88 had a consecutive trip occurring 2 days later. On
these 88 paired trips, the mean distance between the centroids
of each pair of 50% KUDs was 7.38 (40.54) km (range =
0.77 km — 21.3 km). In general, the degree to which penguins
foraged in proximity to their previous trip was variable at
this time scale (electronic supplementary material, figure
S3), and it did not appear that there were divergent strategies
among individuals.

(d) Site fidelity and environmental conditions

The proximity of two consecutive foraging trips varied as a
function of SST at the centroid of the first trip’s foraging
site (LR, = 6.21, p = 0.01). This supports the hypothesis that
the degree of site fidelity was a function of the SST, beyond
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Figure 2. Relationship between the number of prey caught on a foraging
trip and the log distance between the centroid of that trip and the trip
2 days later.

individual differences and other unmeasured habitat
characteristics. The SST had a positive effect on the distance
between two sites, with the full model showing that the
distance between sites increased by 35% for every degree
increase in the SST (e.g. from 5km to 6.75km), given the
spatial term. The marginal R? for this model was 0.10 and
the conditional R* was 0.13.

(e) Site fidelity and foraging experience
The distance between the centroids of two consecutive trips
was significantly related to the number of prey caught on
the first day (LR, =11.44, p <0.001). This model showed
that for every 250 additional prey caught by penguins on
the first trip (range of prey captures=29-2006 in this
study), the distance separating the two trips decreased by
7% (e.g. from 20 km to 18.6 km; figure 2). The marginal R*
for this model was 0.08 and the conditional R* was 0.19.
The number of prey that penguins caught on the second
trip relative to the first trip was related to the distance
between sites (LR, = 15.07, p < 0.001). This model showed
a positive relationship between the difference in prey cap-
tures between trips and distance, with the number of prey
captures increasing by 34 + 8.5 for every kilometre increase
in distance (figure 3). The marginal R* for this model was
0.07 and the conditional R* was 0.16.

(f) Proximity of other penguins

The mean distance between the centre of a penguin’s foraging
site and the centres of the sites of other penguins foraging
on the same day was 5.40 (£0.33) km. Distances between
foraging sites by different penguins on the same day were
significantly lower than the distances separating consecutive
foraging sites by individual penguins, which was 7.38
(£0.54) km (mean difference =2.74 (+0.70) km, one-sample
t-test: d.f. =46, t = 3.66, p < 0.001).

The mean number of prey captures by tracked penguins
on a given day was related to the proximity of penguin
foraging sites on that day (LR, = 5.89, p = 0.02). The closer
together that tracked penguins foraged on the same day,
the higher the mean number of prey captures across all

2000 -

1000- o o . . .

difference in prey captures
o

-1000- ¢ °

-2000 - . . .
0 10 20 30
distance (km)

Figure 3. Relationship between the distance (kilometres) between centroids
of consecutive foraging trips by penguins and the difference in prey captures

between the two trips.

individuals. The model showed that for every kilometre
further apart penguins foraged on average, the mean
number of prey captures decreased by 9% (e.g. from 500 to
455 prey items; figure 4). The marginal R* for this model
was 0.17 and the conditional R* was 0.30.

4. Discussion

The degree of foraging site fidelity exhibited by animals is
expected to vary as a function of the predictability of resource
distribution. In this study, we found that little penguins
exhibited relatively low absolute site fidelity at the scales
that we examined. This is in line with findings of other sea-
birds foraging in dynamic tropical environments, where
foraging plasticity is an adaptive response to highly variable
resource distribution [7]. However, we found some evidence
that the degree of site fidelity (i.e. the proximity of consecu-
tive foraging sites) was mediated by changes in habitat
quality and prior prey capture experience, showing that pen-
guins foraged closer to their previous site when the mean SST
on the first trip was low, and when the number of prey cap-
tures on the first trip was high. However, penguins foraged
closer to the site of conspecifics foraging on the same day
than they did to their own previous site, suggesting that
in situ conditions are perhaps more important determinants
of foraging location in this system.

Cooler mean conditions on the previous trip increased
the degree of site fidelity on consecutive trips by foraging
penguins. Cooler conditions indicate the presence of
higher-quality foraging habitat in this system, as forage
fish tend to prefer relatively cool waters in western boundary
current systems [21,37]. Changes in the degree of site fidelity
in response to changing habitat quality have been observed
in browsing herbivores, in which a decline in the quality
of resources during winter results in animals being less
faithful to a site during consecutive foraging intervals [38].
Plasticity in foraging location in relation to prior experience
of environmental conditions allows animals to exploit an
environment where habitat quality is both spatially hetero-
geneous and dynamic at short and intermediate time
scales [7,8].

88/08107 :S8Z § 0S5 "y 20id  biobuiysiigndfranosiesorqdsi H



log (mean prey caught)

0 5 10 15
mean distance (km)
Figure 4. Relationship between the mean number of prey caught by

penguins on a day and the mean distance between the centroids of all
penguins’ foraging sites on that day.

Penguins showed weak evidence of a ‘win-stay, lose—
switch” foraging strategy in response to prior success [3],
with the proximity of two consecutive trips increasing by
7% with every 250 additional prey caught on the first trip.
Although the effect size of this finding is relatively small,
this result suggests that penguins may be able to use some
assessment of their own prior success to mediate their
foraging location. There remains much uncertainty surround-
ing the degree to which prey distribution is predictable in
pelagic environments, and the capacity of animals to respond
adaptively at relevant spatial and temporal scales to this
variability [2,7,18]. Our finding that the proximity of consecu-
tive trips was related to prey capture experience suggests that
prey distribution was sufficiently correlated over a 2-day
window to provide this central place forager with some
useful information with which to make foraging decisions
at short time scales [3,39].

Penguins tended to be more successful relative to their
first trip the further they foraged further from the previous
trip’s site. This suggests that penguins can mediate their
foraging location in response to low success on the previous
trip. That penguins were more successful when they made
large changes in foraging location between trips indicates
that any costs of switching sites through lost familiarity
[6] were offset by encountering favourable conditions at
the alternative site [40]. It is unclear how penguins gain
insight into habitat quality in other parts of their range, if
their own success is their primary measure of quality [41].
It is possible that penguins switch randomly to a new
location in response to poor prey capture success at their
previous site, or use information about habitat quality
gained during foraging or exploratory movements at time
scales longer than the 2-day window that we examined
here [42,43]. Alternatively, penguins may encounter prey,
or strong environmental cues of prey presence such as
local enhancement or physical cues, as they leave the
colony. Following these cues from the start of a trip may
substantially alter their foraging trajectory towards alterna-
tive, profitable foraging areas. Independent information on
the spatio-temporal dynamics of prey availability and its
influence on foraging behaviour is required to resolve
these uncertainties.

Generally, penguins foraged closer to where other pen- [ 6 |

guins foraged on the same day than they did to their own
previous foraging site. Despite only a small proportion of
the population being tracked during this study, the proximity
of these penguins to one another during foraging suggests
that in situ conditions may be a more important determinant
of foraging location than prior experience. This could be a
result of local enhancement [44], cooperative foraging
increasing opportunities for prey encounter [45] or penguins
independently using the same signals in the environment to
locate prey, such as SST or olfactory cues [46]. Like some
terrestrial birds and bats [47], penguins use contact calls at
sea, and several studies have identified a social component
to their foraging behaviour [45,48,49]. That penguins were
more successful on average when they foraged closer
together indicates that social information may be an impor-
tant driver of prey capture in this species, and that patterns
of aggregation by penguins were related to variability in
the abundance and accessibility of prey [21,50—-52].

Animals are likely to combine different types of infor-
mation at different spatial and temporal scales. In this study,
we explored foraging site fidelity only at the scale of two con-
secutive trips that were 2 days apart. While this is one relevant
temporal scale for measuring behavioural consistency in this
species [43] and gives new insight into mechanisms under-
lying short-term foraging plasticity, animals are likely to use
information in different ways across different time scales
(e.g. [53]). It is difficult to test the relative importance of differ-
ent types of sensory information, or the role of memory in
free-ranging animals [54,55]. However, the way that animals
perceive their environment and how this information shapes
behavioural strategies are important questions in behavioural
ecology. Future work in this field could examine spatially
explicit temporal correlation in dynamic environments, and
link this to behavioural responses by foraging animals at
nested time scales. This would provide deeper insight into
the relative value of information about prey availability and
the environment, and how this information may degrade
through time.
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