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Abstract
Aim: To predict the at-sea distribution of chinstrap penguins across the South Orkney 
Islands and to quantify the overlap with the Southern Ocean krill fishery.
Location: South Orkney Islands, Antarctica.
Methods: Penguins from four colonies across the South Orkney Islands were tracked 
using global positioning systems (GPSs) and time depth recorders (TDRs). Relationships 
between a variety of environmental and geometric variables and the at-sea distribu-
tion of penguins were investigated using general additive models for the three main 
phases of the breeding season. Subsequently, the final models were extrapolated 
across the South Orkney archipelago to predict the at-sea distribution of penguins 
from colonies where no tracking data are available. Finally, the overlap between 
areas used by chinstrap penguins and the krill fishery was quantified.
Results: The foraging distribution of chinstrap penguins can be predicted using two 
simple and static variables: the distance from the colony and the direction of travel 
towards the shelf-edge, while avoiding high densities of Pygoscelis penguins from 
other colonies. Additionally, we find that the chinstrap penguins breeding on the 
South Orkney Islands use areas which overlap with frequently used krill fishing areas 
and that this overlap is most prominent during the brood and crèche phases of the 
breeding season.
Main conclusions: This is the first step in understanding the potential impacts of the 
krill fishery, for all colonies including those where no empirical tracking data are avail-
able. However, with the available data, it is not currently possible to infer an impact of 
the krill fisheries on penguins. With this in mind, we recommend the implementation 
of monitoring schemes to investigate the effects of prey depletion on predator popu-
lations and to ensure that management continues to follow a precautionary approach 
and is addressed at spatial and temporal scales relevant to ecosystem operation.
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1  | INTRODUC TION

There is now a widespread concern and a growing understanding 
of threats facing marine systems across the globe (Halpern et al., 
2012). In particular, Southern Ocean ecosystems are facing a num-
ber of significant challenges (Gutt et al., 2015; Trathan & Agnew, 
2010), especially at those locations where some of the fastest rates 
of warming on our planet have been recorded (Gille, 2002, 2008; 
Hauck, Hoppema, Bellerby, Völker, & Wolf-Gladrow, 2010; Turner 
et al., 2009). In addition to these signals of regional climate change, 
there is now also growing interest in the commercial harvesting of 
Antarctic krill (Euphausia superba), a species which is prey for many 
Antarctic marine predators and potentially one of the last major 
underdeveloped sources of marine protein. Potential threats posed 
by the fishery include reductions in krill abundance, disturbance of 
krill swarm structure that may alter foraging opportunities (Alonzo, 
Switzer, & Mangel, 2003), or accidental mortality and by-catch 
(Trathan et al., 2015). Harvesting in the Southern Ocean is increas-
ingly taking place at small spatial scales, often in close proximity to 
predator breeding colonies (Hinke Jefferson et al., 2017). However, 
despite decades of research, the impacts on predator populations 
of harvesting key forage species such as krill and small pelagic fish 
remain poorly understood (Cury et al., 2011; Hilborn et al., 2017; 
Sherley et al., 2017). Understanding the factors that influence the 
distribution of marine predators is fundamental to mitigate these 
potential impacts (Louzao et al., 2011; Manly, McDonald, Thomas, 
McDonald, & Erickson, 2002).

Many marine predators target areas of high prey predictability, 
often in association with physical features or oceanographic processes 
such as areas of upwelling, frontal systems, eddies and shelf breaks 
(Pinaud & Weimerskirch, 2002; Scales et al., 2014; Weimerskirch, 
2007). These associations occur as a result of increased primary 
production or aggregation of marine organisms in these areas 
(Bertrand et al., 2008). However, the accessibility of these hotspots 
to predators must also be considered (Aarts, MacKenzie, McConnell, 
Fedak, & Matthiopoulos, 2008; Matthiopoulos, 2003). For example, 
some species of marine predator are central place foragers during 
the breeding season, constrained to return to land frequently to 
provision offspring (Orians Gordon & Pearson Nolan, 1979). Thus, 
the distance from their breeding colony is an important constraint 
limiting their at-sea distribution and the habitats available to them 
(Raymond et al., 2015). Additionally, competition for resources from 
other krill-eating predators will impact on both the quantity of prey 
available (Barlow et al., 2002; Lewis, Sherratt, Hamer, & Wanless, 
2001) and the accessibility of these areas to predators from differ-
ent colonies (Wakefield et al., 2013). These constraints are likely 
to vary on a temporal scale as the foraging range of many seabirds 
is highly variable between incubation, chick-rearing, premoult and 
overwintering. Impacts from reduced krill availability are likely to 
be highest during periods where individuals may be limited in their 
foraging range, while requiring increased energy for offspring pro-
visioning, potentially resulting in lower breeding success (Forcada & 
Trathan, 2009). These impacts are likely to vary between predator 

populations, according to species and location (Klein, Hill, Hinke, 
Phillips, & Watters, 2018).

Concern about the rapid expansion of the fishery in the 1980s and 
the potential impact on nontarget species were two of the principal 
factors that led to the establishment in 1982 of the Commission for 
the Conservation of Antarctic Marine Living Resources (SC-CAMLR 
2016, see Supporting Information). A key issue for CCAMLR is how 
to manage the krill fishery at small spatial scales, so that it does not 
threaten krill-dependent predators (Hilborn et al., 2017; Sherley 
et al., 2017). The fishery is currently managed in a precautionary 
manner, with low catch limits relative to the stock size, coupled with 
rules to distribute the catch spatially to minimize any effects on 
predators (Hill et al., 2016). However, CCAMLR is working to revise 
the spatial and temporal distributions of catches to accommodate 
potential future expansion of the fishery. Consequently, without a 
better understanding of how predators might be impacted at greater 
catch levels, CCAMLR will be unlikely to reach an agreement about 
how the fishery should develop. With this in mind, the CCAMLR 
Ecosystem Monitoring Programme (CEMP) was established to 
monitor predator, prey and environmental indicators with the aim 
of detecting and understanding ecosystem changes (Agnew, 1997). 
However, the location of CEMP monitoring effort at many localities 
has little spatial or temporal overlap with areas of increased fishery 
usage; thus, evidence of any impacts on the fishery is unavailable. 
With no evidence of current impacts, yet with the proposed expan-
sion of the fishery, it is important to gain insight into which predator 
populations may be most vulnerable and to devise targeted man-
agement at the appropriate spatial and temporal scales for protec-
tion (Klein et al., 2018). For example, Klein et al. (2018) showed how 
penguins are the most vulnerable krill predators to changes in krill 
growth as a result of climate change and that reducing fishing effort 
may moderate these impacts in some locations. Limiting the overlap 
between vulnerable predator colonies and the krill fishery, during 
the breeding season, could then allow constraints surrounding more 
robust populations, or at other times of the year, to be relaxed (Klein 
et al., 2018). Consequently, quantifying the overlap between the at-
sea distribution of predators and the krill fishery is a first step in 
identifying important areas for management. Further understanding 
of the temporally explicit drivers behind the distribution of marine 
predators can be gained via the implementation of habitat prefer-
ence models (e.g., Block et al., 2011).

Recent developments in habitat preference models have enabled 
us to predict the distribution of predators in relation to environmen-
tal features and accessibility (Aarts et al., 2008; Wakefield et al., 
2011). Additionally, the increasing availability of remote sensing 
data, and the miniaturization and affordability of biologging devices, 
has resulted in many large-scale tracking studies across multiple 
species and populations (Grecian et al., 2016; Raymond et al., 2015). 
Despite this, many populations and entire species remain untracked, 
as many breeding colonies are impractical to access due to logistical 
constraints. Thus, when empirical tracking data are not available, the 
ability to predict the distributions of marine predators as a function 
of their physical environment, accessible habitat and competition 
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is essential to their protection (Wakefield et al., 2011). Predictions 
of habitat utilization can be used to inform marine spatial planning, 
including the identification of priority areas for conservation or fish-
eries management (Grecian et al., 2016; Oppel et al., 2012; Ratcliffe 
et al., 2015).

In this context, our study develops a series of habitat prefer-
ence models for one of the most abundant CEMP-monitored avian 
species breeding in the Atlantic sector of the Southern Ocean, 
the chinstrap penguin (Pygoscelis antarctica). We sought to iden-
tify the preferred habitats used by this species during the times of 
year when animals are constrained to return to land to provision 
their offspring. Our study focused on the South Orkney Islands 
(Figure 1a), one of the principal archipelagos in the Atlantic sec-
tor and one of the main areas of intense krill fishing activity. Our 

intention was to identify how habitat preferences vary on a tem-
poral scale, to highlight where management objectives should be 
critically evaluated. Thus, our primary aim was to identify the most 
parsimonious models to predict the foraging locations of chinstrap 
penguins during the main phases of their breeding season: incuba-
tion, brood and crèche. Secondly, we aimed to use these models to 
extrapolate predicted distributions around other colonies for which 
no tracking data are available and thus to apply a novel methodol-
ogy to quantify overlap between predators and the fishery, using 
predicted distribution output from habitat models, instead of em-
pirical tracking data. Such outputs would contribute to quantifying 
the potential for competition between penguins and the fishery, re-
sulting in plausible options for a revised management framework in 
these near-shore habitats.

F IGURE  1  (a) The boundaries of FAO 
statistical subareas 48.1, 48.2, 48.3 and 
48.4 (red), and the boundaries of the 
CCAMLR small-scale management units 
(SSMU) for the krill fishery (black). The 
major fronts of the Antarctic Circumpolar 
Current (ACC); Southern ACC Boundary 
(SACCB); Southern ACC Front (SACCF); 
Antarctic Polar Front (APF); and Sub-
Antarctic Front (SAF). (b) The four 
chinstrap penguin colonies from which 
telemetry data were obtained. The 500-m 
isobath representing the shelf-edge is 
indicated in red. The front along the shelf-
edge (the Weddell Front), in yellow, based 
on Heywood et al. (2004) [Colour figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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2  | METHODS

2.1 | Study site and species

We tracked breeding birds from Cape Geddes on Laurie Island in 
2011/2012, from the south of Powell Island in 2013/2014, from 
Gourlay Point on Signy Island in 2013/2014 and 2015/2016, and 
from the southwest of Monroe Island in 2015/2016 (Figure 1b). 
Birds were instrumented during incubation, brood and crèche 
(Powell, Signy 2015 and Monroe only) (Supporting information Table 
S1; Supporting information Figure S1).

2.2 | Device deployment and data processing

All animal handling procedures were approved by the joint British 
Antarctic Survey and University of Cambridge Animal Ethics 
Committee. Individuals were captured at the nest and instrumented 
with a global positioning system (GPS) and time depth recording 

(TDR) device (see Supporting Information). GPS data from each in-
dividual were allocated to separate foraging trips, and each trip was 
processed using the trip (Sumner, 2012) and crawl (Johnson, 2013) 
packages in R (R version 3.3.1; The R Foundation for Statistical 
Computing) using RStudio (version 1.0.136; RStudio, Inc.). The pack-
age diveMove (Luque, 2007) was used to calculate dive statistics (see 
Supporting Information). Subsequently, the processed TDR and GPS 
data were integrated using the crawl movement model to estimate 
locations of dives along the track.

2.3 | Tracking data

The concept of area-restricted search behaviour (ARS, the time 
taken to cross a circle of a given radius), as a proxy for foraging 
behaviour, is well developed in the literature for some species of 
flying seabird (Fauchald & Tveraa, 2003). For penguins however, 
ARS is less commonly used, and metrics such as dive depths of 
>5 m (Bengtson, Croll, & Goebel, 1993; Kokubun, Lee, Kim, & 

Covariate type Predictor Resolution (km) Source

Geometric Bearing 0.3 Calculated using bespoke 
code in R

Distance to colony 
(km)

0.3 Calculated using 
gridDistance function in 
R package Raster

Distance to shelf 
break (km)

0.3 Calculated using 
cost-distance tool in 
ArcMap 10.4.1

Static Bathymetry 0.3 Dickens et al. (2014)

Slope 0.3 Calculated from 
bathymetry in ArcMap 
10.4.1

Rugged 0.3 Calculated from 
bathymetry in ArcMap 
10.4.1

Aspect 0.3 Calculated from 
bathymetry in ArcMap 
10.4.1

Density of 
Pygoscelis 
penguins from 
other colonies

0.3 Calculated using 
Equation 1

Dynamically variable Mean sea-level 
anomaly (MSLA)

17.5 AVISO http://www.aviso.
altimetry.fr/en/data/
products/sea-surface-
height-products/global/
msla.html

Mean primary 
productivity (PP)

11.7 MODIS http://orca.
science.oregonstate.
edu/1080.by.2160.
monthly.hdf.
vgpm.m.chl.m.sst4.php

Mean current 
velocity (OSC)

33.5 Podaac https://podaac.
jpl.nasa.gov/dataset/
OSCAR_L4_OC_third-
deg

TABLE  1 The environmental variables 
used in model selection

http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/msla.html
http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/msla.html
http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/msla.html
http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/msla.html
http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/msla.html
http://orca.science.oregonstate.edu/1080.by.2160.monthly.hdf.vgpm.m.chl.m.sst4.php
http://orca.science.oregonstate.edu/1080.by.2160.monthly.hdf.vgpm.m.chl.m.sst4.php
http://orca.science.oregonstate.edu/1080.by.2160.monthly.hdf.vgpm.m.chl.m.sst4.php
http://orca.science.oregonstate.edu/1080.by.2160.monthly.hdf.vgpm.m.chl.m.sst4.php
http://orca.science.oregonstate.edu/1080.by.2160.monthly.hdf.vgpm.m.chl.m.sst4.php
https://podaac.jpl.nasa.gov/dataset/OSCAR_L4_OC_third-deg
https://podaac.jpl.nasa.gov/dataset/OSCAR_L4_OC_third-deg
https://podaac.jpl.nasa.gov/dataset/OSCAR_L4_OC_third-deg
https://podaac.jpl.nasa.gov/dataset/OSCAR_L4_OC_third-deg
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Takahashi, 2015; Kokubun, Takahashi, Mori, Watanabe, & Shin, 
2010; Takahashi et al., 2003) and dive wiggle behaviour (Bost et al., 
2007; Kokubun, Kim, Shin, Naito, & Takahashi, 2011; Takahashi 
et al., 2004) are preferred; a wiggle is a sudden decrease in depth, 
unrelated to final ascent, which probably indicates the penguin is 
pursuing prey. As it would be counterintuitive for penguins to per-
form deep dives unless they were actively searching for prey, that 
is foraging, hereafter, we refer to foraging dives as any dive >5 m 
deep with >2 wiggles. We cannot determine whether penguins 
were successful in prey capture attempts, but this approach does 
allow us to model the important foraging habitat of chinstrap pen-
guins and identify the overlap between chinstrap foraging areas 
and krill fisheries.

2.4 | Covariate data

All telemetry data and all covariate data were projected using the 
South Pole Lambert azimuthal equal area projection, centred at 
58ᵒW and 62ᵒS, to limit distortion. Covariate values at each foraging 
dive location, and at a constant time interval of 4 min along the track, 
were extracted using the R package Raster (Hijmans & van Etten, 
2014).

2.5 | Environmental variables

Both static and dynamic environmental covariate data were used in 
the analysis. The static covariates were based on the high-resolution 

bathymetric data (Dickens et al., 2014; Table 1) from which slope, 
aspect and ruggedness (variation in three-dimensional orientation) 
were calculated using the spatial analyst toolset in ArcGIS (ESRI ver-
sion 10.4.1). The dynamic covariates were based on daily, or 5-day 
mean, values of biologically meaningful remotely sensed oceano-
graphic data (Table 1). Unfortunately, the scale of the dynamic co-
variate data available in this region is very coarse in comparison with 
the scale of the tracking data. Additionally, cloud cover and sea-ice 
result in gaps in many of these data layers. For this reason, the envi-
ronmental data were averaged across various scales, and the layers 
with missing data were excluded (see Supporting Information).

2.6 | Geometric variables

Geometric covariates consisted of the distance of each point from 
the colony without crossing land, the distance of each point from 
the shelf-edge (500 m), the distance from the shelf-edge taking into 
account whether the point was inside or outside the shelf-edge (i.e., 
points inside the 500-m isobath were assigned a positive value, 
and points outside the 500-m isobath were assigned a negative 
value) and at-sea density of Pygoscelis penguins from other colonies 
(Figure 2) and were calculated using R package gdistance (van Etten, 
2012).

Initial data exploration indicated that penguins showed direc-
tional movement towards the shelf-edge (depth >500 m). However, 
this movement appeared to be influenced by the density of Pygoscelis 
penguins from other colonies (see Figure 2). We therefore calculated 

F IGURE  2 Calculating the geometric variables for use in the GAM model [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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a covariate bearing which was the difference between the bearing of 
each foraging dive from the colony and the bearing of the nearest 
point of the shelf-edge from the colony, while taking into account 
the density of penguins from all other colonies of Pygoscelis penguins 
across the South Orkney archipelago.

2.7 | Model fitting and selection

Our study area was defined for each colony of tracked birds as the 
maximum distance travelled from the colony, while avoiding land, 
as this limited the analysis to include only those areas accessible to 
the penguins. For each study colony in turn, three control points 
(pseudo-absences, Aarts et al., 2008) for each foraging dive location 
were randomly selected within the study area and values of each 
covariate calculated for all points. The probability of foraging dive 
occurrence was calculated as a function of each of the covariates 
modelled using GAMs in the R package mgcv (Wood, 2006). The 
smooth of each covariate was taken, and the maximum number of 
knots was initially set to 3 and only increased if the model response 
curve did not fit the raw data. Additionally, model overfitting was 
further reduced using cubic regression splines with shrinkage which 
penalize variables during fitting (Wood, 2006). Semivariograms pro-
duced using the R package gsta (Pebesma, 2004) showed some au-
tocorrelation in our data; however, the cross-validation method for 
model selection, described below, provides a cautious approach to 
achieve a parsimonious model, and thus, this is unlikely to affect our 
final model (Aarts et al., 2008).

Model selection followed the forward stepwise approach, using 
k-fold cross-validation, where k is the number of tracked populations 
(Laurie, Powell, Signy (2013/2014), Signy (2015/2016) and Monroe). 
For each variable, models were constructed using data from four of 
the five tracked site–year groups and evaluated by predicting the 
distribution around the excluded population. Models were eval-
uated using the area under the curve (AUC), sensitivity (correctly 
predicted presences) and specificity (correctly predicted absences), 
which were calculated by generating a ROC curve using R package 
pROC (Robin et al., 2011). Values may range from 0.5 to 1.0, where 
a value of 0.5 is no better than random and 1.0 indicates a perfect 
model. Each of the covariates was ranked according to the AUC 
value, and the highest ranking covariate was selected. The remaining 
covariates were added to the model in turn in order of AUC, retain-
ing the resulting model if the AUC value increased. In cases where 
two covariates scored similar AUC values, each combination of the 
highest scoring covariates was evaluated. Those predictors that re-
sulted in small increases to predictive power were included, given 
the aim of the analysis was to make the best predictive model. This 
process continued until there was no increase in AUC. Correlation 
between the covariates was considered; however, our aim was to 
create the model with the highest predictive power, rather than to 
identify which variables were more important ecologically; thus, 
given that the forward stepwise approach only retains covariates 
which improve model performance, correlation between covariates 
was disregarded.

The final GAM model was used to predict the at-sea distribution 
of foraging chinstrap penguins around every colony in the South 
Orkney archipelago (see Supporting Information). To allow for the 
sampling probabilities of available and used units, we estimated pre-
dicted values which are proportional to the probability of use, for a 
vector x of p predictor covariates, using the equation (Manly et al., 
2002): 

where Pa = proportion of absences, Pu = proportion of presences 
and β0 … βp are model coefficients.

These predictions were then multiplied by the size of the popu-
lation to predict at-sea areas of high penguin density. Subsequently, 
the overlap between the percentages of chinstrap penguins using 
an area which is also used by the krill fishery was quantified using 
CCAMLR catch and effort data (see Supporting Information). Finally, 
as many tracking studies deploy only GPSs (and not TDRs), we cre-
ated models using solely GPS data, to test model performance based 
on the positional data alone.

3  | RESULTS

3.1 | Spatial distribution of foraging locations

Based on the combined GPS position data and associated dive be-
haviour data, we collated information from a total of 116 trips from 
79 individuals during incubation, 309 trips from 101 individuals dur-
ing brood and 36 trips from 19 individuals during crèche (Supporting 
information Table S1). Birds travelled a greater maximum distance 
(with associated trip duration and path length) during incubation 
than during brood and crèche (Supporting information Table S1). 
Linear mixed-effects models showed that path length differed be-
tween the phases of the breeding season (likelihood ratio = 31.4, 
p < 0.001), and the Holm–Bonferroni post hoc test showed signifi-
cant differences in path length between incubation and brood (ad-
justed p < 0.01), between brood and crèche (adjusted p = 0.02), but 
not between incubation and crèche (adjusted p = 0.38). Birds from 
all colonies tended to dive throughout the trip (Supporting informa-
tion Figure S3), rather than commuting to specific areas in which 
they then foraged (dives >5 m deep with more than two wiggles); 
this was true during all phases of the breeding season (Figure 3).

3.2 | Model selection and evaluation

AUC values indicated that of the 15 individual predictor variables 
tested during the initial stages of model selection, the models con-
taining bearing best described the foraging locations of incubating 
chinstrap penguins, and distance from the colony best described 
those in the brood and crèche phases (Table 2). In most cases, there 
was a considerable decline in model performance between those in-
cluding the first or second highest scoring variables and those using 
other predictor variables (Supporting information Table S2). In the 
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case of the brood model, density and bearing scored similarly, and 
thus, models using all combinations of the top three variables were 
evaluated. The final models used only bearing and distance from the 
colony to predict the location of foraging dives at any point during 
the breeding season, and adding additional covariates did not im-
prove predictive power. The sensitivity and specificity indicated that 
the models performed well for predicting both the presences and 
absences of foraging locations.

3.3 | Performance across models

Models were validated by excluding each tracking site in turn and 
subsequently making spatial predictions into the excluded site. 
There was little difference in predictive power between models ex-
cluding different groups (Figure 4; Supporting information Table S3). 
This suggests that model predictions are applicable to all colonies of 
chinstrap penguins breeding on the South Orkney Islands (Figure 5) 
and might perform well across other sites.

3.4 | Response curves

We found that as the difference between the bearing of a point from 
the colony and the bearing of the nearest available shelf-edge in-
creased, the probability of occurrence of foraging dives decreased 
in all stages of the breeding season (Figure 6; Supporting informa-
tion Figure S4). This suggests that individuals are moving direc-
tionally towards the nearest part of the shelf-edge avoiding high 
densities of Pygoscelis penguins from other colonies. Additionally, as 
the distance from the colony increased, the probability of foraging 
dives decreased during all phases of the breeding period (Figure 6). 
However, during brood and crèche when the distance from the 
colony >100 km, the probability of foraging increased again. This 
suggests that penguins may be less constrained by Pygoscelis pen-
guins from other colonies as distance from the colony increases. We 

FIGURE 3 The location of foraging dives made by chinstrap penguins breeding on the South Orkney Islands during (a) incubation, (b) brood and 
(c) crèche based on GPS and TDR data. Colours represent different sites/years: Powell (blue), Monroe (yellow), Laurie (dark green), Signy 2013 (light 
green), Signy 2015 (navy). The 500-m isobath representing the shelf-edge is indicated in red [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE  2 Model performance metrics from GAM models to 
predict the at-sea foraging distribution of chinstrap penguins 
breeding on the South Orkney Islands

Variable AUC Specificity Sensitivity

Foraging locations (GPS and TDR)

Incubation Bearing 0.83 0.74 0.81

Distance 0.80 0.73 0.80

Distance and 
bearing

0.88 0.81 0.86

Distance and 
bearing and 
density

0.88 0.80 0.85

Brood Bearing 0.82 0.77 0.81

Distance 0.94 0.87 0.92

Density 0.84 0.76 0.86

Distance and 
bearing

0.95 0.91 0.92

Distance and 
density

0.93 0.87 0.92

Distance and 
bearing and 
density

0.95 0.87 0.92

Crèche Bearing 0.82 0.73 0.86

Distance 0.86 0.77 0.82

Distance and 
bearing

0.91 0.79 0.93

Travel locations (GPS only)

Incubation Distance and 
bearing

0.90 0.82 0.86

Brood Distance and 
bearing

0.96 0.91 0.94

Crèche Distance and 
bearing

0.94 0.80 0.96

Note. The highest scoring models for each phase are highlighted in bold.
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note, however, that most foraging trips were <100 km in distance 
(Supporting information Figure S2) and therefore that responses at 
this distance were based on very few observations.

3.5 | Foraging locations versus travelling locations

When models were created using just GPS data, instead of GPS and 
TDR data, the model performance metrics were as good as the mod-
els created with both GPS and TDR data (Table 2), and distribution 
maps were also almost identical. The same predictor variables were 
important when modelling dive locations as when modelling GPS 
positions.

3.6 | Estimated spatial distribution and overlap 
with fisheries

The most intense fishing activity has been located along the shelf-
edge to the north-west of the South Orkney Islands both historically 
(Figure 7a) and during the past six years (Figure 7b). This area is located 
in CCAMLR management area South Orkney West, the location of 36% 
of the summer krill catch (Table 3). This locality coincides with predic-
tions of areas of high-density chinstrap foraging distributions (Figure 5). 
The percentage of the bird distribution in intensively used area (50% of 
area used) that overlaps with areas used historically by the fishery is 
27%, 63% and 70% during incubation, brood and crèche, respectively 

(Figure 8, Table 4). Additionally, during the same periods, 16%, 50% and 
51% of the bird distribution home range areas (95% of area used) of 
the South Orkney population of chinstrap penguins overlaps with areas 
used historically by the fishery (Table 4).

4  | DISCUSSION

Many studies have utilized seabird tracking data to understand 
and predict the at-sea distribution of seabirds from a single colony 
(Lynnes, Reid, Croxall, & Trathan, 2002; Trathan et al., 2006); how-
ever, most models perform poorly when extrapolating predicted 
distributions into new locations (Torres et al. 2015). We present the 
first study that combines the effects of availability, competition and 
directional travel towards the shelf-edge to describe and make ro-
bust predictions about the at-sea distribution of chinstrap penguins 
breeding on the South Orkney Islands. Furthermore, this is the first 
study to quantify the overlap between the fishery and birds from 
all colonies, not just those from which tracking data were available. 
Using tracking data from just 204 individuals, <0.00017% of the es-
timated chinstrap penguin breeding population at the South Orkney 
Islands (600,000 pairs; Poncet & Poncet, 1985), we were able to cre-
ate generic models which were powerful in their ability to predict 
the habitat utilization across all tracked populations during the three 
main phases of the breeding season.

F IGURE  4 Predicted distributions of chinstrap penguins for individual colonies using models created excluding the colony for which 
predictions were made, during the incubation phase (a) Powell, (b) Monroe, (c) Laurie, (d) Signy (2013/2014) and (e) Signy (2015/2016); 
during the brood phase (f) Powell, (g) Monroe, (h) Laurie, (i) Signy (2013/2014) and (j) Signy (2015/2016); and during the crèche phase (k) 
Powell, (l) Monroe and (m) Signy (2015/2016) with empirical foraging dive locations overlaid. The 500-m isobath representing the shelf-edge 
is indicated in red. The study area during incubation is larger than during brood or crèche, representing the difference in foraging range 
between the phases [Colour figure can be viewed at wileyonlinelibrary.com]
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4.1 | Habitat preferences of chinstrap penguins

The distance from the colony and the difference in bearing from the 
colony between dive locations and the nearest accessible shelf-edge 
(adjusting for the density of Pygoscelis penguins) were predictors in 
the most parsimonious models describing the distribution of forag-
ing chinstrap penguins.

Previous studies provide strong evidence that habitat availability 
and competition are major drivers in the at-sea distribution of cen-
tral place foragers (Ainley, Nur, & Eric, 1995; Raymond et al., 2015; 
Trathan et al., 2006; Wakefield et al., 2017). Optimal foraging the-
ory suggests that animals will forage in areas abundant in resources, 
while minimizing the costs associated with travelling from the colony 
(MacArthur & Pianka, 1966). Zones of resource depletion may sur-
round large colonies of breeding seabirds (Ashmole, 1963) requiring 
birds to travel further to encounter abundant prey areas, whereas 
the cost of travelling from the colony (in terms of both energetic 
cost to the adult and fasting time for the chick) increases with dis-
tance from the colony. Thus, it is not surprising that as the distance 
from the colony increases, the probability of occurrence decreases. 
However, habitat utilization is often not distributed uniformly within 
the maximum distance travelled from the colony, and inter- or intra-
specific competition with birds from neighbouring colonies may also 
affect the distribution of seabirds at sea (Pianka, 1981; Raymond 
et al., 2015; Wakefield et al., 2013). An important element of our 
habitat models is the at-sea density of birds from other Pygoscelis 
colonies, implying that prey depletion or interference competition in 

the proximity of our study colonies is important. Certainly, our cost–
distance analysis suggests that it is important to consider the impacts 
of nearby colonies when attempting to understand the direction of 
travel of birds during foraging. Spatial segregation in the at-sea dis-
tribution of seabirds via prey depletion or disturbance has been ob-
served in other species of seabird (Catry, Ramos, Catry, Monticelli, 
& Granadeiro, 2013; Wakefield et al., 2013), and it is hypothesized 
that this may be culturally sustained, in part, via information transfer 
among conspecifics (Wakefield et al., 2013). Niche theory suggests 
that animals segregate in space, time or diet, to avoid competition 
(Pianka, 1981). Thus, neighbouring colonies of seabirds, which utilize 
common prey species, are likely to exhibit spatial segregation in for-
aging locations to avoid competition (Masello et al., 2010).

When considered independently, the density of Pygoscelis pen-
guins from other colonies was in the top three predictor variables 
for all models. However, when combined with distance from the col-
ony, the predictor bearing, which included directional movement to 
the shelf-edge, in addition to the density of Pygoscelis penguins from 
other colonies, was more powerful in all cases. This indicates that 
chinstrap penguins breeding on the South Orkney Islands are ex-
hibiting directional movement towards the shelf-edge in addition to 
influences of competition from other colonies of Pygoscelis penguins 
and distance from the colony.

Bathymetric features, such as shelf-edges or seamounts, are 
associated with upwelling, increased primary productivity and ag-
gregations of marine organisms such as krill and higher predators 
(Bertrand et al., 2008; Ichii, 1990; Scales et al., 2014; Weimerskirch, 

F IGURE  5 Predictions of the probability of occurrence for all chinstrap penguins breeding on the South Orkney Islands during (a) 
incubation, (b) brood and (c) crèche; predictions weighted by population size during (d) incubation, (e) brood and (f) crèche. The 500-m isobath 
representing the shelf-edge is indicated in red. The 95% percentile of trip distance (Figure S2) is shown in black. Predictions were only made in 
the study area for each colony (maximum distance from the colony recorded by tracked birds); thus, the scale varies between incubation, where 
the maximum distance was further from the colony than during brood or crèche [Colour figure can be viewed at wileyonlinelibrary.com]
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2007). Although krill can move autonomously (Hamner & Hamner, 
2000), they also depend upon ocean currents for distribution on a 
larger scale (Hunt et al., 2016; Murphy et al., 1998) and have been 
associated with hydrographic flows at the shelf-edge (Trathan et al., 
2003). Correspondingly, the shelf-edge is an important habitat for 

some penguins (Kokubun et al., 2011; Lynnes et al., 2002), and chin-
straps in this study were also observed travelling towards this fea-
ture. During incubation, when penguins are less constrained, they 
travelled beyond the shelf-edge, perhaps in search of abundant areas 
with reduced competition from conspecifics. However, during brood 

F IGURE  6 Response curves (95% confidence intervals) for a model using distance and bearing to predict the foraging (GPS and TDR) 
locations during (a) incubation, (b) brood and (c) crèche, and the GPS locations during (d) incubation, (e) brood and (f) crèche, for chinstrap 
penguins breeding at the South Orkney Islands. The 95% percentile of trip distance (Figure S2) is shown in blue [Colour figure can be viewed 
at wileyonlinelibrary.com]
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F IGURE  7 Kernel density estimation of summed krill catch in subarea 48.2 during the Pygoscelis penguin breeding season (October to 
March) between (a) 1980/1981 and 2015/2016 and (b)2010/2011 and 2015/2016. The 500-m isobath is highlighted in red [Colour figure can 
be viewed at wileyonlinelibrary.com]
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when penguins are most constrained, near-shore foraging areas are 
particularly important (Lynnes et al., 2002). Near-shore waters are 
slow-moving; thus, replenishment of prey on the shelf is likely to be 
restricted. This suggests that chinstrap penguins may travel towards 
areas with a faster replenishment rate of prey (Trathan et al., 2003), 
as local resources became depleted.

4.2 | Adding environmental variables to the model

The addition of environmental variables did not improve the pre-
dictive performance of any of the models. The scale of dynamic 
covariate data and data gaps due to cloud or sea-ice cover may 
have led to ecologically significant mismatches with the scale of 

TABLE  3 Overall krill catch for each of the management units used by CCAMLR, South Orkney West (SOW), South Orkney Northeast 
(SONE), South Orkney Southeast (SOSE) and South Orkney Pelagic (SOPA) in subarea 48.2 (CCAMLR C1 catch and effort dataset, 2016)

All months Summer (October–March) Winter (April–September)

Catch in tonnes
Proportion of 
annual total Catch in tonnes

Proportion of 
annual total Catch in tonnes

Proportion of 
annual total

SOW 1,365,335.80 0.80 604,295.90 0.36 761,039.90 0.45

SOSE 40,477.00 0.02 24,733.00 0.01 15,744.00 0.01

SONE 75,002.60 0.04 62,132.60 0.04 12,870.00 0.01

SOPA 218,176.50 0.13 181,217.10 0.11 36,959.40 0.02

Total 1,698,991.90 1.00 872,378.60 0.51 826,613.30 0.49

F IGURE  8 The predicted at-sea distribution of chinstrap penguins overlaps with the krill fishery at the 50% intensively used area and the 
95% home range area during (a) incubation, (b) brood and (c) crèche [Colour figure can be viewed at wileyonlinelibrary.com]
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Bird area

Historical fishery Recent fishery (last 6 years)

Intensively used 
area (%) Full area (%)

Intensively used 
area (%) Full area (%)

Incubation

Intensively used 
area (%)

4 27 3 15

Full area (%) 2 16 2 3

Brood

Intensively used 
area (%)

17 63 14 49

Full area (%) 11 50 9 35

Crèche

Intensively used 
area (%)

20 70 15 56

Full area (%) 11 51 8 36

Note. The intensively used areas comprise the top 50% of penguin or fishery locations, and the full 
area encompasses 95% of the penguin or fishery locations.

TABLE  4 The quantified overlap 
between the population of chinstrap 
penguins breeding on the South Orkney 
Islands and the krill fishery
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tracking data. Additionally, the relative availability of habitats may 
vary between sites. This would result in variation in habitat se-
lection between colonies and lead to models with poor predictive 
power (Matthiopoulos, 2003; Wakefield et al., 2017). Previous 
studies where habitat models for central place foragers main-
tained high predictive power when extrapolated into new loca-
tions frequently include availability (e.g., distance from the colony) 
and competition as important predictor variables (Raymond et al., 
2015; Wakefield et al., 2011), and environmental variables were 
often less important.

4.3 | Model performance and limitations

High AUC, specificity and sensitivity indicated that our models 
performed well when predicted across colonies within the South 
Orkney archipelago. However, deviations from the model both 
within and across sites, because of either individual behaviour, 
variation in habitat preference or availability, or interannual vari-
ability, are to be anticipated (Lynnes et al., 2002; Trathan et al., 
2006). At three of the four colonies in this study, data were avail-
able for 1 year only, with different colonies visited in different 
years. Thus, although interannual variation in foraging range is 
likely to occur, the models perform well in all years; thus, the main 
signals that we have detected are likely to reflect the general pat-
terns of foraging behaviour. Deviations from our model were most 
evident at Powell, where 8% of birds headed towards the south-
ern shelf-edge during brood, instead of to the north of the island 
as the model predicted. One of the limitations of the model is that 
only one position for the nearest shelf-edge is identified for each 
colony. Thus, for colonies such as Powell, where birds travel to 
two different areas of the shelf-edge, the model will only make 
predictions towards one of these locations. Foraging in more than 
one direction might be associated with multiple areas of prey pre-
dictability, for example over submarine canyons as well as at the 
shelf-edge. Future studies could incorporate such aspects, allow-
ing predictions to be made in multiple directions from the colony, 
if the proportion of animals preferring one feature over another 
were known. This may impact the predictions made for untracked 
colonies, if features such as submarine canyons occur within the 
foraging range of the colony, in which case birds may frequent 
these areas in addition to, or instead of, the shelf-edge, deviat-
ing from model predictions. Birds from Laurie also diverged from 
model predictions by travelling further east than predicted. This 
is likely to be due to spatial segregation from colonies to the west 
and may be due to inaccurate population estimates from nearby 
colonies. In this context, improving the future accuracy of colony 
population data (Humphries et al., 2017) might help to improve 
our models.

Using just GPS data, we were also able to build robust models 
that have the potential to be extrapolated elsewhere, where track-
ing data and/or diving data are not available. This is unsurprising, 
given that chinstrap penguins dive throughout their foraging trips, 

and supports the use of GPS data alone to predict important penguin 
habitats.

4.4 | Penguin–fishery overlap

Our models highlight that for chinstrap penguins, near-shore 
areas are vital for foraging; during incubation, brood and crèche, 
more than 75% of their trips, respectively, occur within 90, 37 and 
44 km of the colony. At the South Orkney Islands, krill harvest-
ing is concentrated into a small number of locations, with 75% of 
krill catches taken from within 80 km of land, mostly (67%) from 
the area to the west of Monroe Island (CCAMLR Krill Fishery 
Report, 2016), which coincides with the highest at-sea density 
of chinstrap penguins. The overlap between chinstrap penguins 
and fisheries is highest during brood and crèche. This coincides 
with periods that birds are the most constrained in their foraging 
ranges and thus unable to greatly extend their ranges to com-
pensate for potential prey depletion by the fishery. Our models 
demonstrate that the overlap between chinstraps and the krill 
fishery corresponds with the different scales of incubation, brood 
and crèche, over time-scales of approximately 30 days and spatial 
scales of 10 to 100 km.

4.5 | Wider implications for management

Ongoing changes within the Antarctic marine ecosystem are antici-
pated, as marine mammal populations continue to recover following 
their overexploitation (Trathan, Ratcliffe, & Masden, 2012; Trathan 
& Reid, 2009) and climate change proceeds (Gille, 2008). Predicted 
changes in krill biomass as a result of ocean warming (e.g., Hill, Phillips, 
& Atkinson, 2013) are likely to have varying impacts on predator 
populations, and penguins are likely to be the most vulnerable group 
(Klein et al., 2018; Plagányi & Butterworth, 2012). Reducing fishing 
impact at some penguin colonies may partially negate these impacts 
(Klein et al., 2018). Additionally, impacts observed at small scales are 
likely to be lost when effects are considered over larger scales (Klein 
et al., 2018); thus, it is vital to identify the appropriate spatial scale 
for management of the krill fishery in these areas. Currently, catch 
limits are apportioned into FAO statistical subareas (Figure 1a), but 
fishing is increasingly condensed within these units (Figure 7), and 
the foraging areas of some penguin colonies overlap considerably 
with fisheries operating in these condensed areas. With this in mind, 
we recommend that CCAMLR prioritizes the identification of an ap-
propriate scale for management to address the mismatch between 
the scale at which the fishery is managed and that which occurs 
in practice. This could be achieved following a risk assessment ap-
proach (CCAMLR 2016).

Determining whether krill fisheries are impacting marine pred-
ators is vital and requires monitoring data to be collected, which 
in many places is not happening, or at least not in some locations 
where the fisheries are operating most intensively, for example to 
the northwest of Monroe Island. Developing reference control sites 
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for comparison with fished sites is now vital for disentangling the 
confounding effects of climate change, fishing and changes in re-
covering marine mammal populations. Attempts to experimentally 
determine how fisheries deplete forage fish stocks and therefore 
impact dependent species have shown that fishing near-shore can 
increase the range of foraging trips and impact chick survival, lead-
ing to considerable change in population size (Bertrand et al., 2012; 
Pichegru et al., 2009; Sherley et al., 2015). Additionally, the foraging 
efficiency of breeding seabirds may be significantly affected by not 
only the regional quantity, but also the temporal and spatial patterns 
of prey removals.

In this context, we suggest that CCAMLR might consider three 
options for improving the scientific basis for management of the 
krill fishery: (a) Develop appropriate penguin population monitor-
ing (Fretwell et al., 2012; Rees, Brown, Fretwell, & Trathan, 2017), 
and measure krill biomass and distribution under variable levels of 
krill harvesting, to separate fishing effects from natural variability; 
(b) develop a series of depletion observations to explore how large 
penguin colonies deplete the prey stock throughout the breeding 
season and to investigate the rates of krill replenishment in the 
absence of harvesting; and (c) create precautionary management 
zones in proximity to large Pygoscelis penguin breeding colonies, 
within which the fishery is restricted during the penguin breeding 
season, at least until such time that further information is avail-
able on krill depletion and replenishment rates. For example, for 
the South Orkney Islands, restricting the catch limit within 60 km 
of the coast of Monroe Island during January and February would 
reduce any potential impacts on chinstrap penguins in this region. 
Such restrictions should be considered in the context of increased 
research effort, directed towards understanding the competition 
for krill. To compensate for these limitations, catch limits in other 
areas, or at other times, may be increased (Hewitt et al., 2004; 
Klein et al., 2018; Watters, Hill, Hinke, Matthews, & Reid, 2013). 
However, the potential impacts on other krill-eating predators 
would need to be investigated fully before catch limits could be 
increased (Constable, 2011).

5  | CONCLUSION

We present habitat models which rely on simple, and available, vari-
ables to predict the at-sea distribution of chinstrap penguins breed-
ing across the South Orkney Islands, including for colonies where 
no empirical tracking data are available. This is the first step in un-
derstanding the potential impacts of the krill fisheries, at spatial and 
temporal scales relevant to ecosystem operation. With the available 
data, it is not currently possible to infer an impact of the krill fishery 
on penguins. However, should the fishery increase or become more 
spatially concentrated, then such impacts may become evident. As 
such, we recommend that GPS and TDR telemetry data are col-
lected from a range of sites to further test the efficacy of our models 
and that similar models are applied to other krill-eating predators. 

Coupling telemetry studies with long-term demographic studies 
would increase their value. Thus, it is vital that monitoring occurs in 
areas where large predator colonies overlap with intensively fished 
areas and that an appropriate scale is identified at which to manage 
the fishery in these locations. Until these issues are addressed, we 
recommend that krill catch limits are restricted in areas of intensive 
use by penguins during their breeding season, and these restric-
tions should vary on a temporal basis associated with life history 
processes.
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