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A B S T R A C T

Central place foragers rely on areas within a small range of their breeding grounds for chick provisioning.
Therefore there exists a tight coupling between their breeding success and local bio-physical conditions. The
effects of fine-scale variability in environmental parameters and resource distribution on the foraging behaviour
of marine predators is studied in a region of rapid environmental change. Here we use little penguin habitat
preference during two years of varying environmental conditions, to investigate the interactions between en-
vironmental variables, resource distribution and penguin habitat preference. Penguins were tagged with GPS
devices during a marine heatwave event in 2016 and again in 2018 during comparatively cooler conditions. We
found the distribution of penguins to be highly correlated with a fine-scale horizontal SST gradient feature,
which appeared on the shelf in 2016 as a result of tropical water from the East Australian Current (EAC) in-
teracting with cooler temperate water from southern Tasmania. Spatially, warmer SST anomalies corresponded
to a lower probability of little penguins utilizing an area in both years. This was despite the much more uniform
SSTs which were present during 2018. By modelling little penguin habitat preferences using two biological
predictors, zooplankton community abundance as an indication of general resource distribution, and krill
abundance - a prey species of little penguins - we show habitat preference to be only slightly more strongly
driven by prey type, than by general resource distribution. The correlation between little penguin habitat pre-
ference and both zooplankton and krill abundance could indicate a plasticity in foraging behaviour which might
be beneficial if lower-trophic level structure continues to change due to warming. In light of the continued
warming predicted for this region, and the preference shown for cooler SSTs, this plasticity might be important
under future resource climates.

1. Introduction

Marine predators are an essential component of ecosystems. They
exert top-down structuring effects (Boveng et al., 1998; Goedegebuure
et al., 2017) and are influenced by bottom-up controls (for example,
Croxall et al., 1999; Lea et al., 2006; Ainley et al., 2007). Quantitative
knowledge of the habitat preferences of predators allows direct links to
be made between their behaviour and the physical and biological
characteristics of the environment where they are foraging (Guinet
et al., 2001; Schick and Lutcavage, 2009; Raymond et al., 2015).
Foraging theory predicts that predators will concentrate effort in re-
gions with relatively richer resources (Stephens and Krebs, 1986).

Marine predators adjust their behavior to exploit these patches over a
range of different scales (Boyd, 1996; Benoit-Bird and Au, 2003) which
have been shown to be spatially and temporally predictable (Hunt,
1997; Ainley and Hyrenbach, 2010).

Localized horizontal and vertical mesoscale features such as fronts,
thermoclines and upwelling regions are known to aggregate prey (Bost
et al., 2009; Ribic et al., 2011). Consequently, regions with strong
temperature gradients are often targeted by predators, resulting in an
association between predators and certain abiotic conditions (Scheffer
et al., 2010, 2012). However, the mechanisms controlling predator-prey
interactions as a result of changes in environmental conditions are
complex and still not well understood (Stommel, 1963; Haury et al.,
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1978). In coastal regions, local environmental changes are often re-
flective of larger scale ocean processes (Georges and Le Maho, 2003),
and data collected at a fine-scale are required to understand these links.
Ropert-Coudert et al. (2009), found that the foraging success of little
penguins (Eudyptula minor) from Phillip Island in south-east Australia,
decreased when the water column was well mixed with a deeper or
absent thermocline. Therefore, fine-scale and highly variable physical
processes seem to play an important role in the distribution of marine
resources, which will influence the foraging efficiency of predators
(Pelletier et al., 2012).

Western boundary current systems are strengthening globally, in-
creasing the advection of sub-tropical water away from the equator
(Jayne and Marotzke, 2002). This is true of the East Australian Current
(EAC) which has shown a marked increase in the strength, duration and
frequency of its’ penetration south, now reaching southern Tasmania
episodically during the summer months and leading to an accelerated
rate of warming (Ridgway, 2007a). In the summer of 2015/16, the
intensification of the EAC also stimulated a severe marine heatwave
(MHW) event. This event was unprecedented for south-east Australian
waters, reaching a maximum intensity of 2.9 °C above climatology and
persisting for 251 days (Oliver et al., 2017).

The region is undergoing a parallel shift in the relative abundance of
small pelagic fish species (McLeod et al., 2012). Jack mackerel Tra-
churus declivis was previously abundant, and the dominant species tar-
geted by the Tasmanian small pelagic fishery in the 1980s. However, in
2001 the fishery collapsed and switched to targeting sub-surface redbait
Emmelichthys nitidus schools (Welsford and Lyle, 2003). Decreased
abundances of jack mackerel due to intense fishing pressure could be a
reason for this shift, along with a concurrent increase in the abundance
of redbait. However warming in this region has also led to a change in
the zooplankton prey-field. Johnson et al. (2011) noted a reduction in
the occurrence of large surface swarms of cold-water Australian krill,
Nyctiphanes australis, which were previously common along the east
coast of Tasmania (O’Brien, 1988). This species was incidentally the
almost exclusive prey of jack mackerel, suggesting a prey-related shift
in species dominance. Jack mackerel and redbait are not tropically
equivalent, with redbait feeding mainly on copepods in deeper waters.
This might reduce the availability of this species to diving seabirds
(McLeod et al., 2012). The continued increase in warming predicted for
this region is expected to favour warm-water copepods and dis-
advantage the larger cold-water krill species (Cazassus, 2004), a shift
which has already been noted along the east coast of Tasmania
(Johnson et al., 2011; Kelly et al., 2016). At present, there are sur-
prisingly few studies quantifying the effects of this shift in lower-trophic
levels on higher order predators.

Therefore, to address this knowledge gap, the main aim of this work
was to analyse the at-sea habitat use of little penguins in relation to
both lower trophic level dynamics and physical parameters. The study
was carried out during a period of anomalous environmental condi-
tions, which was associated with subsequent changes in the structure of
the zooplankton community. We used habitat models based on the
mean residence time of penguins at different locations within their
foraging range. Two habitat models were run, one using total zoo-
plankton abundance as a predictor, and one modelling krill abundance
only. Krill are an established food source for little penguins, and other
species of larger penguins and seabirds (Morgan and Ritz, 1982; Gales
and Pemberton, 1990; Chiaradia et al., 2012, 2016; Thiebot et al.,
2017). Zooplankton and krill abundance data were collected as part of a
larger study of south-east Tasmania (see Fig. 1a for the location of the
study relative to Tasmania). Until recently it is noted that except for
krill, zooplankton are not cited as a food source for little penguins, with
small meso-pelagic prey such as small fish, squid and krill making up
the majority of their diet (Klomp and Wooller, 1988; Deagle et al.,
2010).

However, we would expect that the distribution of small fish be
closely coupled with productive patches, i.e. with higher abundances of

Fig. 1. Map of the continental shelf south-east of Bruny Island showing (a) the
position of the study region relative to the rest of Tasmania, (b) the position of
zooplankton sampling sites from the study by Swadling et al. (2017) (red) be-
tween 2014 and 2015, and the larger study of the continental shelf (blue) be-
tween 2015 and 2018. (c) Shows the filtered tracks for little penguins from both
2016 (green) and 2018 (purple). The Neck colony is shown as a grey triangle.
Isobaths are shown in grey (every 50m). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
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zooplankton and phytoplankton (Young et al., 1993; Lanz et al., 2009;
Stige et al., 2014). In addition, a recent study on Phillip island little
penguins has revealed that zooplankton comprise a much higher pro-
portion of their diet than previously thought (Cavallo et al., 2018). The
authors found that in spring 2015, the gelatinous zooplankton salp
(Thaliacea) constituted more than a third of diet sequences. Compara-
tively, fish only constituted 10%, making it is unlikely that the salp
sequences present in scat samples were due to secondary predation
through fish. Other gelatinous and crustaceous zooplankton were re-
corded which have not appeared in little penguin diet in any previous
studies, and comprised 25% of penguin diet over the study period (e.g.
Flemming et al., 2013; Kowalczyk et al., 2014; Chiaradia et al., 2016).
Therefore, for certain periods of the year, it is suggested that zoo-
plankton might play a more important role in the distribution of these
predators than expected.

This is one of the first studies to link in situ lower trophic-level
dynamics with the behaviour of little penguins at sea. Due to the oc-
currence of the MHW, we also aimed to establish the effect of anom-
alously warm sea-surface temperatures (SST) and resulting physical
features such as fine-scale thermal gradients, on the habitat preference
of little penguins (Ropert-Coudert et al., 2009; Pelletier et al., 2012).
We used the models to test our hypotheses that a) penguin habitat
preference was influenced by the level of EAC influence within their
foraging grounds, creating fine-scale local features which may ag-
gregate prey; and b) that penguin habitat selectivity would be influ-
enced by the distribution of zooplankton and krill, but that krill
abundance would be a better predictor than zooplankton abundance.

2. Methods

2.1. Biotic covariate field data collection and processing

Zooplankton abundance m−3 was sampled as part of two studies
between 2014 and 2018; a study of Storm Bay from three sites in the
shallower waters (15–30m) of Storm Bay (Swadling et al., 2017), and a
larger study of the continental shelf to the east of Bruny Island, between
50m and 100m depth (see Fig. 1b for the locations of both sampling
sites). Both studies sampled the zooplankton community using an ob-
lique tow of the same double-bongo net (mesh size 200 μm; mouth
diameter 75 cm), resulting in an integrated community sample. Zoo-
plankton were sorted to species level and counted. Two species of krill
were present in samples, however Australian krill Nyctiphanes australis
accounted for the majority of krill counts. Total zooplankton commu-
nity counts and krill counts were converted to abundance m−3 to be
used in further analysis. Please see supplementary material for more
detailed information regarding sample collection and processing.

2.2. Little penguin instrument deployment and data processing

Breeding little penguins in the guard-stage were tracked from the
Neck colony, Bruny Island in south-east Tasmania (43.27°S, 147.35°E,
see Fig. 1c), during one-day foraging trips. The at-sea behaviour of little
penguins was recorded using GPS tags deployed during the breeding
season of 2016 (n=9, Phillips et al., 2019) and 2018 (n=4, this
study), using two types of tags. In 2016, GPS cat-trackers were used
(CatTrack, South Carolina, USA, 3.7×2.2×0.8 cm, 27 g), which were
sealed in electrical heat-shrink tubing to make them waterproof. In
2018, an integrated GPS, accelerometer, pressure and temperature
sensor were deployed (the Axy-trek 3D, TechnoSmArt Inc., Italy, 18 g
including battery, 36× 22×10mm). Cat trackers were set to record
every 90 s, while the Axy-trek were set to record locations every second.
All animal handling and monitoring was carried out in accordance with,
and with the approval of UTAS Animal Ethics Committee (AEC ap-
proval number A0016902), and DPIPWE Parks and Wildlife permit
approval (animal permit no. FA 17311 DPIPWE).

2.3. Statistical analyses

2.3.1. Spatial and temporal variability in bio-physical variables
All models were constructed in R version 3.5.0 (R Core Team,

2018). We aimed to model penguin habitat preference as a function of
the environment and the spatial distribution of total zooplankton
abundance and krill abundance. We therefore modelled both zoo-
plankton and krill abundance in relation to several local environmental
covariates which are known to influence plankton dynamics, within a
generalised additive model (GAM) framework. Covariates were ex-
tracted from the Southeast Tasmania – Operational Hydrodynamic
Model (SETAS), a near real-time, high-resolution model of the region
developed by the CSIRO Coastal Environmental Modelling Team. The
model was validated using both glider and mooring data and is con-
sidered an accurate representation of the fine-scale influences on this
system (see Jones et al., 2012). For more information about this model
please see the Supplementary Material. Sea surface temperature (SST,
°C), salinity, sea level anomaly (m), bathymetry (m) and north-south
current velocity (ms−1) were extracted at corresponding temporal and
spatial grid coordinates to zooplankton samples. Mixed-layer depth (m)
was calculated as the depth where an increase in density of
0.125 kgm−3 occurred relative to the surface layer (Toyoda et al.,
2017). Pearson's chi-squared test (Chernoff and Lehmann, 1954;
Pearson, 1900), confirmed the goodness of fit of each model
(p > 0.05). Final GAMs had a negative-binomial distribution to ac-
count for over-dispersion (White and Bennetts, 1996), and model se-
lection was based on delta Akaike's Information Criterion (AIC) values
and model diagnostics. Year was included as a factor term in the models
to account for inter-annual variability due to the MHW in 2016.

These two models were then used to predict zooplankton abundance
m−3 and krill abundance m−3 across the broader study domain, which
matched the possible range of little penguin foraging grounds.
Predictions were made across a 0.1° resolution spatial grid for the two
tagging periods. Zooplankton samples from the three years were
dominated by copepods (~61%); the distribution of total zooplankton
abundance m−3 therefore reflected the distribution of this largest
contributing group.

2.3.2. Penguin track preparation
Only complete, single day foraging trips were used in these analyses

(see Table 1). Tracks were cleaned to remove data points on land, ex-
cept the first and last point. Trip metrics were calculated using the
package trip (Sumner, 2016). Locations represent “presence only” data,
with absences being unknown. To generate pseudo-absence data, i.e.
areas which were within little penguin possible foraging range but were
not visited, we simulated 200 tracks for each year following methods
outlined by Johnson et al. (2008). Time regularized tracks were re-
quired, so original tracks were filtered using a continuous time corre-
lated random walk model (CTCRW), similar to that outlined by Johnson
et al. (2008) using the package RWALC (Wotherspoon and Raymond,
2016). The RWalc CTCRW model differed to that of Johnson et al.
(2008), in that there was no drift or haul out components, which were
not applicable to little penguins, and the model assumed t-distributed
errors as described by Albertsen et al. (2015). In this case, each track
was fitted independently, and model parameters differed for each in-
dividual. This method also helps correct for gaps in the data. Tracks
from the Axy-trek tags used in 2018 exhibited some large gaps between
location points, presumably due to a longer satellite fix time than the
CatTrack GPS devices. This means that when penguins were transiting
quickly between foraging locations, tags were not out of the water long
enough to fix to a satellite, resulting in gaps in the data. After visual
examination of time-gaps between fixes, a time step of 30 minutes was
deemed appropriate. A land mask was generated and applied to all
fitted tracks to remove any fitted track point which fell on land. All
location points (both real and simulated), were spatially binned across
the same 0.1° resolution grid as the bio-physical covariate data,
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resulting in counts within each grid square which were summed for
each year separately (See Fig. S1).

In 2018, dive information was collected in addition to location data,
and is included here to give context to the vertical distribution of little
penguins. Accelerometers measured pressure (1 Hz) and 3-axis accel-
eration (50 Hz). Dive data were analysed using IGOR Pro (Wavemetrics
Inc., USA, 2000; Version 4.01). A dive started when birds left the sur-
face and ended when they returned to it. Only dives> 1m were ana-
lysed.

2.3.3. Bio-physical covariate selection
To model penguin habitat preference, physical covariates were se-

lected which described water mass distribution; SST anomaly, SST
gradient and mixed-layer depth. SST anomaly (° C) was calculated as
the deviance of SST for each grid cell from the mean SST of all grid cells
from both 2016 and 2018. To mark regions of thermal gradients (SST
gradient) on the edge of EAC eddies, we calculated the horizontal
thermal gradient between neighbouring grid squares (°C km−1), using
the R package HadSSTR (Hadsstr, 2016). Mixed-layer depth (m) pro-
vided a 3D perspective of water column stratification and accounted for
the effects of both temperature and salinity as the definition is density-
based (as used by Bond et al., 2015). SST gradient across grid squares
and mixed-layer depth provided a measure of the horizontal and ver-
tical gradient features penguins would encounter whilst foraging.

2.3.4. Habitat model
Bio-physical covariates were extracted from grid squares containing

either a real or simulated penguin location point. We again used GAMs
with a binomial distribution to model the probability of the “presence”
of a real penguin location occurring, as opposed to a pseudo-absence of
a real penguin location occurring (i.e. a simulated point). Modelling the
data in this way also avoided the need to account for zero-inflation.
Model selection was carried out via delta AIC; model diagnostics and R2

(%) were used to assess if final models were a good fit.
Correlation analysis using the Pearson Correlation Coefficient was

used to test for correlation between variables (see Fig. S2 for correlation
matrix). Significant correlation was found between krill abundance and
mixed-layer depth, and between zooplankton abundance and SST
anomaly. Therefore, these two variables were dropped from these two
models respectively.

3. Results

Foraging trips (n=12) occurred over a maximum distance of
23.9 ± 5.8 SD km away from the colony (all further measurements will
be expressed this way ± SD), with a total round-trip distance of

59.4 ± 7.7 kms over a one-day foraging trip (Table 1, Fig. 1c). They
departed between 3:13 and 4:15 and returned between 21:24 and 22:35
(local time, AEDT), with foraging trips lasting a mean of 18.7 ± 1.2 h.
Between years, there was no significant difference in trip duration
(p= 0.1, F1,11= 3.2), maximum displacement – i.e. maximum distance
away from the colony (p=0.2, F1,10= 2.02) or total distance travelled
(p= 0.4, F1,10= 0.7) (Table 1).

In 2018 dives were to a mean depth of 11.97 ± 0.34 (m), and
across the four penguins the mean number of dives per one-day fora-
ging trip was 571.55 ± 26.92 (Table 1). One penguin exhibited a uni-
modal distribution of dive depth (AT12), making the majority of dives
in the surface waters< 10m. The other three penguins tagged (AT8,
AT5 and 19), exhibited a double peak in dive depth, with high numbers
of dives in surface waters< 10m, and a second peak in the density of
dives deeper in the water column between 10 and 40m (Fig. 2).

3.1. Temporal and spatial variability in bio-physical variables

Model selection parameters for both zooplankton and krill

Table 1
Summary of data: deployment information and trip metrics for both GPS cat-tracker and Axy-trek tags at Bruny Island, Tasmania during 2016 and 2018. Standard
error is denoted as± .

Year Penguin ID No. chicks Trip date Trip duration (h) Max displacement (km) Distance travelled (km) Dive depth mean (m) Total no. of dives

2016 Bru 1 2 4th Jan 2016 19.27 31.36 71.13
2016 Bru 2 2 8th Jan 2016 18.38 23.05 60.01
2016 Bru 3 2 9th Jan 2016 18.27 19.15 62.45
2016 Bru 4 2 8th Jan 2016 18.0 16.07 51.64
2016 Bru 5 2 9th Jan 2016 17.93 22.73 54.56
2016 Bru 6 2 10th Jan 2016 18.32 23.92 56.44
2016 Bru 7 2 9th Jan 2016 18.09 19.93 49.54
2016 Bru 8 2 10th Jan 2016 18.61 26.44 61.21
2016 Bru 9 1 11th Jan 2016 17.82 21.37 57.72
2018 19 2 1st Feb 2018 18.44 18.31 49.33 10.47 ± 0.36 580
2018 AT8 1 31st Jan 2019 19.02 30.5 67.16 14.86 ± 0.49 609
2018 AT12 1 1st Feb 2018 18.06 34.84 71.4 6.53 ± 0.31 604
2018 AT15a 1a 30th Jan 2019 22.51a 4.2a 11.78a 11.97 ± 0.34 493
Mean 2016 18.29 ± 0.2 22.67 ± 1.5 58.3 ± 2.2
Mean 2018 19.51 ± 1.0 27.8 ± 4.9 a 62.63 ± 6.8a 10.96 ± 1.73 571.55 ± 26.92

a Not included in habitat model analysis due to doubt about GPS accuracy.

Fig. 2. Density distribution of dives by depth for little penguins (n=4) from
the Neck, Bruny Island during 2018.
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abundance models are shown in Table 2. Cooler water was correlated
with higher zooplankton abundance, which was evident in the zoo-
plankton abundance model predictions (Fig. 3, see Fig. S3 for GAM
output). During 2016, zooplankton abundance was associated with re-
gions of cooler water (< 17.5 °C) outside of the offshoots of the EAC
(17.5–19 °C; Fig. 3). In the much cooler 2018, higher abundances of
zooplankton were more evenly distributed across the study region. The
best model for krill abundance included terms for SST, bathymetry, sea-
level anomaly, mixed-layer depth, year and north-south current velo-
city and was determined by AIC (see Table 2). Krill exhibited less of an
association with SST during the summer, and was more correlated with
shallower mixed-layer depths, shallower bathymetry and higher sea
level anomalies (see Fig. S4).

In 2016, SST horizontal gradients were greatest (~0.003–0.004 °C
km−1) across a relatively small area in the middle of the survey area,
which separated warmer than average water from cooler than average
water (Fig. 4). The warmer than average EAC water had a deeper
mixed-layer depth, which became shallower in the cooler water to-
wards the coast. Higher abundances of krill were also found in the

cooler waters towards the coast. In 2018, the surface waters were
comparatively much cooler and exhibited a more consistent tempera-
ture regime (17.0–17.7 °C; Fig. 4a). There were no notable surface SST
gradients present due to the lesser influence of the EAC during this
January (Fig. 4). Krill abundances during 2018 were higher than in
2016, again concentrated to the west of the study region closer to the
coast, though this was not linked to mixed-layer depth or SST anomaly.

3.2. Habitat model

The best model of penguin habitat preference included terms for
krill abundance, SST anomaly and SST gradient across grid cells. The
model which included krill abundance as the biological predictor ex-
hibited the lowest AIC at 1460.4, compared to the model which in-
cluded zooplankton abundance (AIC: 1552.4; see Table 3).

During the marine heatwave (2016) little penguins selected regions
which were between ~1 °C below the mean, and ~0.5 °C above the
mean. In regions which were more than ~0.5 °C warmer than the mean,
the probability of penguin presence decreased rapidly as the

Table 2
Summary of GAM comparisons examining the two zooplankton response variables, total zooplankton abundance (m−3) and Krill abundance (m−3), and environ-
mental covariates for November 2014 to January 2018. Only models with ΔAIC<10 are shown and the accepted model is presented in bold. SST= sea surface
temperature (°C), north-south current= north-south current velocity (ms−1), bathy=bathymetry (m), SLA= sea level anomaly (m), MLD=mixed-layer depth (m)
and year as a factor variable.

Response Candidate model logLik ΔAIC delta df % R2

Zooplankton abundance Bathy + SLA + MLD + SST + Year −1924.4 3938.5 0.0 36 77.9
Bathy + SLA + SST + north-south current + Year −1931.27 3942.6 4.1 32
Bathy + SLA + MLD + SST + Year −1936.9 3947.4 8.9 30

Krill abundance Bathy + SLA + MLD + SST + north-south current + Year −1135.8 2329.4 0.0 24 66.9
Bathy + SST + north-south current + Year −1140.2 2330.8 1.3 22
Bathy + MLD + SST + north-south current + Year −1137.7 2330.8 1.4 23
Bathy + SLA + SST + north-south current + Year −1139.6 2331.7 2.3 22
Bathy + SLA + MLD + SST + Year −1141.5 2339.2 9.8 24

Fig. 3. Results for 2016 are shown on the left, and 2018 to the right. a) Map showing SST (°C) extracted from the SETAS model as an average of the two January
survey days for each year showing unusually warm water in 2016 (~19 °C) during the marine heatwave, and the cooler more stable SST during 2018. b). Map
showing the distribution of total zooplankton abundance (log10 m-3) for January 2016 and January 2018 estimated over the greater study region (see Table 2).
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temperature rose. These regions were characterised by anomalously
warm EAC MHW water, although anomalies above 0.5 °C exhibited
large error margins (Fig. 5). In 2018, the probability of penguin pre-
sence in a grid square decreased almost linearly in locations with
temperatures above the mean. SST gradient was significant in 2016
only; during this warmer year, greater SST gradients notably increased
the probability of penguin presence. In addition, areas with higher

probabilities of penguin presence were correlated with increased krill
abundance, although error margins were wide at lower abundances. In
2018, this relationship was more complicated. The probability of pen-
guin presence increased sharply when krill abundances were log10 6–7,
and then decreased at higher abundances. However, error margins were
again large at both lower abundances and higher abundances of krill
(Fig. 5). Table 3 shows the full candidate selection process based on

Fig. 4. Spatial distribution of the environmental and biotic covariates selected for the final habitat model for 2016, shown on the left, and 2018, shown on the right.
Environmental covariates were selected based on their reported influence on little penguin habitat preference. a) SST anomaly (°C), b) Mixed-layer depth (m) c) SST
gradient across grid cells d) Krill abundance (log10 m-3) estimated over the greater study region (see Table 2). Covariates were extracted from the SETAS model and
averaged over foraging days.
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ΔAIC.
This study considers time spent per cell as a proxy for foraging ef-

fort, as animals habitually spend more time in regions where they are
actively searching or foraging (Barraquand and Benhamou, 2008).
Therefore, we extracted environmental parameters for the two tagging
years from grid cells where little penguins spent> 1 h, to investigate
the characteristics of regions where penguins persisted, possibly due to
favourable foraging conditions. There was a significant difference in
preferred conditions between years for four out of the five covariates

(Table 4). Regions with higher SSTs and more positive SST anomalies
were utilised in 2016 compared with 2018 (Fig. 6). In addition, in 2016
penguins spent a comparatively longer time in locations on or near the
region of high SST gradient in the centre of the study area. However, as
there was no gradient present in 2018 it is unknown whether this be-
haviour is predicable or not, and further data are needed to fully un-
derstand the importance of such features. Selection of areas based on
mixed-layer depth showed no significant difference between years, with
13.5 ± 2.1m and 13.1 ± 1.8m preferred in 2016 and 2018

Table 3
Summary of GAM comparisons examining the relationship between number of real points per cell (i.e. time spent per cell) and bio-physical covariates for little
penguins from the Neck colony. The best 4 models in terms of ΔAIC are shown and the accepted model is presented in bold.

Candidate models k LogLik AICc ΔAIC df %R2

Krill abundance + SST gradient + SST anomaly 3 −706.6 1460.4 0 23 46.6
Zooplankton abundance + MLD + SST gradient 4 −747.0 1552.4 92 28 45.5
MLD + SST gradient + SST anomaly 3 −753.8 1553.6 93.2 22 43.2
Krill abundance −925.6 1874.1 413.7 11 22.3
Zooplankton abundance −953.2 1932.9 472.5 13 19.2

Fig. 5. All smooth terms for both 2016 and 2018 for the best little penguin habitat model: krill abundance + SST anomaly + SST gradient + mixed-layer depth.
Each smooth term incorporated year as a factor to account for the differences between years.

Table 4
Inter-annual variation in environmental parameters in areas where penguins spend> 1 h (probable foraging regions). ANOVA was used to test for significant
differences between years. Standard error is displayed as± .

Year 2016 n=9 2018 n=4 df F-ratio P value

Mean bathymetry 64.72 ± 13.2 47.3 ± 17.2 1,98 25.2 <0.001
SST 17.8 ± 0.4 17.4 ± 0.2 1,98 20.5 <0.001
SST anomaly −0.5 ± 0.4 −0.9 ± 0.2 1,98 26.6 <0.001
SST gradient 0.0019 ± 0.0 0.0005 ± 0.0 1,98 33.4 <0.001
Mixed-layer depth 13.5 ± 2.1 13.1 ± 1.8 1,98 14.1 0.5
Krill abundance Log10 7.8 ± 0.1 Log10 9.2 ± 0.0 1,98 77.0 <0.001
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respectively. Penguins selected regions with significantly higher krill
abundance during 2018 (Fig. 6). These preferences reflect the range of
bio-physical variables which were available across the two years
(Fig. 6).

4. Discussion

We aimed to quantify little penguin habitat preference across
varying bio-physical conditions. We found an association of these birds
with regions of lower mean temperatures and greater horizontal SST
gradients. We tested two biological predictors to test the hypotheses
that (a) the model would perform better with the inclusion of lower-
trophic level information, and, (b) little penguin distribution would be
more closely linked to prey distribution (krill abundance), than general
resource distribution (zooplankton abundance). The two models that
included a biological predictor performed better than a purely abiotic
model, with the inclusion of krill abundance producing a slightly better
model fit than zooplankton abundance. Interestingly, models which
included abiotic predictors performed significantly better than models
built solely on biological predictors. Abiotic variables such as SST
anomaly may therefore be reflective of the distribution of forage fish,
which make up the largest proportion of little penguin diet.

This study is limited both by the small sample size (particularly for
2018), and by tagging in only two breeding seasons. Small samples sizes
are a common problem for telemetry studies due to the difficulties as-
sociated with sampling wild populations. As suggested by Hays et al.
(2016), we combined two datasets to attempt to maximize inference
from both datasets. Sample sizes are still relatively small, therefore
study should continue in this region to validate the relationships put
forward in this manuscript, as we cannot rule out the possibility that
results were biased towards effects from the larger sample size in 2016.
To try and combat this, we included a term in the model for year, to try
and separate out the effects of each year. Cooler SST anomalies were
also preferred in the cooler 2018, giving us some confidence in our

conclusions. Despite these limitations, this study has merit, being one of
the first studies to track little penguins in Tasmania, as well as being
one of the first to track this species through an MHW event. The ac-
celerated rate of warming (Thompson et al., 2009), makes this region
an important area to understand the effects of changing physical con-
ditions on every trophic level, and the probable flow-on effects of these
changes for ecosystem function.

4.1. Temporal and spatial variability in habitat selection

The region showed considerable variability in environmental para-
meters between the two summers as a result of the MHW event. In 2016
higher temperatures, larger horizontal SST gradients and deeper mixed-
layer depths were present due to the influence of the EAC to the east.
Across both years however, penguin preference decreased in regions
warmer than the mean. Despite temperatures in 2018 being consistently
cooler across the shelf without large horizontal SST gradients, there still
existed a significant negative relationship between SST and penguin
preference. Penguins selected a mean SST of 17.8 ± 0.4 and
17.4 ± 0.2 °C in 2016 and 2018 respectively (Table 4). Similarly,
penguins selected for a narrow summer thermal range in other colonies
studied. In a study from Macquarie Island (New South Wales, Aus-
tralia), little penguins selected higher temperatures for foraging com-
pared with our study - 19–21 °C; (Carroll et al., 2016). While in Bass
Strait, preferred temperatures for foraging were lower; between 16.2
and 16.8 °C (Hoskins et al., 2008).

There was remarkable homogeneity in trip metrics across the two
years, although due to small sample sizes and limited temporal re-
solution, this may not be reflective of the whole colony or interannual
patterns. All penguins left the colony at a similar time, headed south-
east, foraged in regions with a similar depth range, and returned to the
colony at a similar time. There are two other colonies of little penguins
farther north in Storm Bay, and it has been suggested that between
colony segregation often occurs as a result of competition for resources

Fig. 6. Boxplots showing characteristics of preferred habitat of little penguin during 2016 and 2018. Plots are based off grid squares where little penguins
spent> 1 h, indicating probable foraging regions. Tails are for quantile ranges.
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during periods of high-need such as the breeding season (Phillips et al.,
In press; Sánchez et al., 2018). Compared with a study by Hoskins et al.
(2008), on three colonies around Bass Strait, little penguins from the
Neck travelled farther from the colony (mean of 18.3 ± 1.5 km in Bass
Strait). They also travelled farther in total trip distance compared with
45 ± 4.4 km in Bass Strait. The scope of possible SSTs within the
foraging range of the little penguins in Bass Strait was comparatively
much cooler (between 13.8 °C and 18.6 °C - Hoskins et al., 2008),
compared with south-east Tasmania. This could explain the slightly
cooler optimum foraging temperatures found by Hoskins et al. (2008),
with cooler temperatures being more widespread across their foraging
range.

Significant horizontal SST gradients were present in 2016 due to the
presence of EAC eddies along the shelf edge. Little penguins pre-
ferentially spent time on the boundary between the warmer EAC and
the cooler temperate water closer to the shore. This association with
horizontal gradient features has been reported for other marine birds on
much larger oceanic scales than studied here. Thermal gradient features
might act as a physical barrier preventing prey from dispersing
(Pelletier et al., 2012) and are regions of reliable, heightened pro-
ductivity (see Bost et al., 2009). Several studies have documented the
utilisation of predictable prey patches at the Polar front by King pen-
guins (Scheffer et al., 2010, 2012). Fronts are known to be utilised by
many marine mammal and seabird species for this reason (Waugh et al.,
1999; Hyrenbach et al., 2007; Bost et al., 2009).

Ropert-Coudert et al. (2009) studied the effects of small-scale
coastal thermoclines on the foraging behaviour of little penguins in Bass
Strait. They found that greater water stratification increased little
penguin foraging success. Stratification reduced dispersion of prey
leading to higher prey-availability around the gradient. Using time-
spent to infer foraging behaviour, we found a similar result despite the
differences in oceanography between Bass Strait and Storm Bay.
However the gradient feature in this study was horizontal (front) rather
than vertical (thermocline). To our knowledge, this is the first study
which has found an association between little penguins and a fine-scale
horizontal SST gradient feature such as this. The gradient was produced
by the presence of very warm EAC water, the effects of which were
enhanced by the MHW (Oliver et al., 2017). Based on the increased
time penguins spent around this feature, it is likely that prey were also
aggregated in this area. Therefore, small-scale “fronts” produced in
regions where current systems interact could be advantageous to pre-
dators. This might be particularly true during periods of lower prey-
availability such as 2016, leading to a reliance on such features which
aggregate prey. This is in contrast to 2018 when higher abundances of
zooplankton, and presumably higher abundances of fish, were dis-
tributed more evenly across the shelf (Ballance et al., 1997).

Interestingly, mixed-layer depth tended to be deeper in the warmer
water regions present in 2016. This might have been due to the MHW
event, which caused significant warming to 100m depth offshore of
Tasmania, although this effect may have reduced closer to the coast
(Oliver et al., 2017). Although we couldn't explicitly include mixed-
layer depth in the final model due to correlation between krill abun-
dance and this variable, we were still able to analyse the mixed-layer
depth of the regions where little penguins preferentially spent time.
Penguins selected regions with a mixed-layer depth of between 11 and
16m (Fig. 6). Although penguins can dive to ~65m (Ropert-Coudert
et al., 2006) they rarely dive this deep, instead concentrating most of
their effort between 10 and 20m depth (Ropert-Coudert et al., 2009;
Carroll et al., 2016), coinciding with the depth of the thermocline in
these studies. The mean dive depth of penguins tagged in 2018 was
11.9 ± 0.3m, corresponding with the preferred mixed-layer depth.
Therefore, we can conclude that penguins may have been utilising this
feature for foraging. Pelletier et al. (2012) demonstrated that during
periods when the thermocline was undetectable, hunting efficiency in
little penguins declined.

4.2. Bottom up controls on habitat selection

In shallow shelf ecosystems, the distribution of prey can be patchy.
This is particularly true of regions such as south-east Tasmania where in
summer the shelf is subject to large fluctuations in physical variables
(Ridgway, 2007a; 2007b). The penguins selected a narrow thermal
range, which is unlikely to be due to their thermoregulatory ability
(Stahel and Nicol, 1982). Therefore, it is more likely to be reflective of
the distribution and availability of prey. Many species of small pelagic
fish show strong associations with cooler water areas, or reduced
abundance during warmer than average years (Noto and Yasuda, 1999;
Chavez et al., 2003; Takasuka and Aoki, 2006). The link in this region
between the cooler-water associated krill species and the preference
shown by little penguins for cooler water regions indicates that little
penguins may well be targeting krill or a species such as jack mackerel
which feeds on krill in cooler water. This is corroborated by the sug-
gestion by McLeod et al. (2012), that the subsurface foraging behaviour
of redbait might make it less available to diving seabirds.

There are many studies which have failed to find coherence between
the distribution of marine predators and their prey at small scales (Rose
and Leggett, 1990). However, in this region modelling the behaviour of
little penguins as a function of zooplankton and krill abundance has
produced significant relationships. There are many studies which use
remotely sensed estimates of primary productivity and SST to relate and
predict apex predator movement (Polovina et al., 2004; Bailleul et al.,
2005; Zainuddin et al., 2006), but there can be as many as four trophic
levels between phytoplankton and top predators (e.g. Frederiksen et al.,
2006). We attempted to reduce the trophic separation by using zoo-
plankton as a predictor. The generally high R2 of both biological models
could indicate that zooplankton constitutes a higher proportion of little
penguin diet in south-east Tasmania than would have been predicted,
as has been found in Bass Strait (Cavallo et al., 2018).

Little penguin habitat preference was correlated with both the dis-
tribution of krill and to a slightly lesser extent, the distribution of
zooplankton. This region is undergoing rapid environmental change,
with decreasing abundances of krill as a result of the increasing in-
cursion of sub-tropical water (EAC) water (Young et al., 1993; Johnson
et al., 2011). This climate-mediated shift in lower-trophic level struc-
ture is expected to have flow on effects for forage-fish communities,
already facilitating the switch in dominance between jack mackerel and
redbait (McLeod et al., 2012). The changing prey-field might have al-
ready led to a higher reliance on zooplankton species which are not
usually included in little penguin diet (Cavallo et al., 2018), and on
gradient features where prey aggregate. Demographic surveys of the
Neck colony since 2012 show a highly variable number of little penguin
pairs present in the colony year by year (Woehler et al., 2018), which
might be related to a similar variation between warm and cool SST
years leading to variability in local foraging conditions. Quantitative
data to support this link, however, is missing at present and is con-
founded by the vulnerability of burrowing seabirds to terrestrial pre-
dators, which might be a significant pressure on penguins (Stevenson
and Woehler, 2007), and the relatively short time frame of monitoring
employed at this colony.

There is a need for a state-wide, integrated land and sea-based as-
sessment of the status of these marine vertebrates which are vulnerable
to both land-based and marine threats during the breeding season, in-
cluding climate-induced changes in their foraging grounds. Detailed
data on demography, diet, breeding success, and preferred foraging
grounds are currently lacking for almost every marine mammal and
seabird species which utilise the continental shelf in south-east
Tasmania, and is a significant gap in our understanding of this system.
One notable exception is the systematic study which has been made of
the Shy albatross in Tasmania (Alderman et al., 2010, 2012; Alderman
and Hobday, 2017; Lynch et al., 2015; Mason et al., 2018), which de-
monstrates clearly how detailed information can be integral in mana-
ging vulnerable populations to reverse downward trends. Additionally,
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for accurate comparisons of conditions and behaviours between co-
lonies where predators are in contact with a range of different condi-
tions, baseline information must first be collected in a structured way.
Considering the predicted increase in MHW events and the increasing
warming forecast for this region (Oliver et al., 2018), this must become
a priority for future marine ecosystem research in south-east Australia.

5. Conclusions

Our results suggest that during periods of lower abundances of
zooplankton, and presumably fish, little penguins might be more reliant
on oceanographic gradient features which aggregate prey (Ballance
et al., 1997). These results might not be reflective of other species of
marine predators, however on larger oceanic scales these relationships
are mirrored, with high utilisation of systems such as fronts by a large
variety of marine predators (Bost et al., 2009). During both periods of
study, even when a cooler, more constant SST was present across the
study region, penguin habitat preference decreased with increasing
SST. This is consistent with the results of studies of little penguins in
other parts of their range (Carroll et al., 2016; Cannell et al., 2012). In
addition, the inclusion of biological variables resulted in a better model
fit, with krill being a better predictor of little penguin habitat selection
compared with zooplankton abundance. The predicted increase in
MHW events (Oliver et al., 2018), and the accelerated rate of warming
for this region could result in a reduction in the availability of fa-
vourable foraging habitat for the little penguin in the near future. The
shift away from cool-water species such as krill and the increased re-
lative abundance of copepods and forage fish species which feed on
them, such as redbait, is likely to continue given the projected rate of
warming in this climatic hotspot. Marine predators such as penguins
may need to rapidly adapt their foraging requirements or behaviour.
Studies in regions of rapid change and/or warming, such as south-east
Tasmania, should continue to enable more accurate forecasting of these
changes.
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