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a b s t r a c t

Adélie penguins (Pygoscelis adeliae), carabeater seals (Lobodon carcinophagus), humpback (Megaptera
novaeangliae), and minke whales (Balaenoptera bonaernsis) are found in the waters surrounding the
Western Antarctic Peninsula. Each species relies primarily on Antarctic krill (Euphausia superba) and has
physiological constraints and foraging behaviors that dictate their ecological niches. Understanding the
degree of ecological overlap between sympatric krill predators is critical to understanding and predicting
the impacts on climate-driven changes to the Antarctic marine ecosystem. To explore ecological
relationships amongst sympatric krill predators,we developed ecological nichemodels using amaximum
entropy modeling approach (Maxent) that allows the integration of data collected by a variety of means
(e.g. satellite-based locations and visual observations). We created spatially explicit probability
distributions for the four krill predators in fall 2001 and 2002 in conjunctionwith a suite of environmental
variables. We find areas within Marguerite Bay with high krill predator occurrence rates or biological hot
spots. We find the modeled ecological niches for Adélie penguins and crabeater seals may be affected by
their physiological needs to haul-out on substrate. Thus, their distributions may be less dictated by
proximity to prey and more so by physical features that over time provide adequate access to prey.
Humpback and minke whales, being fully marine and having greater energetic demands, occupy
ecological niches more directly proximate to prey. We also find evidence to suggest that the amount of
overlap betweenmodeledniches is relatively low, even for specieswith similar energetic requirements. In
a rapidly changing and variable environment, our modeling work shows little indication that krill
predators maintain similar ecological niches across years around Marguerite Bay. Given the amount of
variability in the marine environment around the Antarctic Peninsula and how this affects the local
abundance of prey, there may be consequences for krill predators with historically little niche overlap to
increase the potential for interspecific competition for shared prey resources.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The structure and function of ocean ecosystems are affected in
large part by spatial and temporal variability in the physical environ-
ment, which produces areas of enhanced biological activity. These
areas, where critical linkages between trophic levels exist, are
considered ‘biological hot spots’ (Sydeman et al., 2006). These regions
attract higher trophic level organisms, as a result of physical features
(static) and forcing (episodic) mechanisms that act in concert to
enhance prey availability (Ainley et al., 1998; Bost et al., 2009). At

evolutionary time scales, species have adopted life history strategies
and foragingbehaviors to takeadvantageofparticularlypersistent and
profitable regions (Costa, 1993; Etnoyer et al., 2004). Biological hot
spots have been described across a broad range of spatial scales: from
broad upwelling zones to meso-scale frontal boundaries and smaller
episodic eddies (seePalacios et al., 2006). In fact, it couldbeargued that
the entire Southern Ocean below the Polar Front is in and of itself an
entire biological hot spot (Tynan, 1998; Bost et al., 2009).

Within the Southern Ocean, physical, biological, and chemical
processes combine to create an ecosystem dominated by the
annual advance and retreat of sea ice and seasonal primary
productivity (Knox, 2007). This in turn has lead to a zooplankton
community dominated by abundant euphausiids, particularly
Antarctic krill (E. superba). The Southern Ocean supports an
unprecedented number of upper trophic-level predators, including
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whales, seals, penguins, seabirds, and fish, which feed primarily on
the large biomass of Antarctic krill (Knox, 2007). Baleen whales
(humpback (M. novaeangliae), minke (Balaenoptera bonaerensis)),
crabeater seals (L. Carcinophagus), and Adélie penguins (P. adeliae)
are all abundant in the nearshore waters along theWestern Antarctic
Peninsula (WAP). They all feed primarily on Antarctic krill, and yet
have extremely varied foraging strategies and abilities to access prey
(Costa andCrocker, 1996; Fraser andTrivelpiece, 1996;Ducklowetal.,
2007). Humpback whales are seasonal residents, migrating between
tropical breeding and calving grounds to feed along the WAP in
summer and autumnmonths (Laws, 1985). Minke whales have been
observed throughoutwintermonths around theWAP, indicating that
they are year-round residents (e.g. Thiele et al., 2004). Someportionof
the minke whale population may migrate seasonally, but little is
known regarding this behavior andwhatproportionof thepopulation
this represents. Crabeater seals are resident to the Antarctic and are
pagophilic; they rarely come to shore, and use sea ice as their primary
haul-out platform and breeding and pupping substrate (Siniff, 1991).
Adélie penguins breed on rocky shores along the WAP (Fraser and
Hofmann, 2003). They are considered central-place foragers that they
must comeandgo to their breeding colonies to provision chickswhile
they are being raised in spring and summermonths. They also utilize
sea ice as a haul-out substrate throughout the year between forag-
ing bouts.

Given the broad size ranges and energetic requirements of these
krill predators, each has developed unique foraging behaviors
and feeding strategies to maximize efficiency (Costa, 1991). While
Adélie penguins feedmainly in the upper 100 m of thewater column
(Chappell et al., 1993), crabeater seals forage as deep as 450 m (Burns
et al., 2004). And while both penguins and seals feed on individ-
ual krill, baleen whales (including humpback and minke whales)
engulf large quantities of krill-rich water to consume as many prey
as possible at once. Considering these feeding and life history con-
straints, the distributions of each species should reflect locations that
offer the ability to satisfy both their physical and energetic require-
ments for survival.

Over the past 50 years, significant climate warming has been
detected along the WAP (Vaughan et al., 2003). This warming is
believed to have affected the amount of sea ice and its interannual
variability (Murphy et al., 2007; Stammerjohn et al., 2008) and the
abundance of Antarctic krill around in the region (Atkinson et al.,
2004; Ducklow et al., 2007). These changes have, in part, led to
decrease in population trends in some krill predator populations
(e.g. Adélie penguins, see Fraser and Hofmann (2003), Ducklow
et al. (2007) and Forcada et al. (2008)). Given the changes in both
the physical environment and availability of prey resources, assess-
ing the likelihood or degree of ecological interactions between krill
predators is necessary to better understand future impacts of climate-
driven changes to the Antarcticmarine ecosystem (Costa et al., 2010).
The purpose of the present study is to: (1) better understand how
physical and biological features, and variability among these as
observed in 2001 and 2002, affect the distribution of sympatric krill
predators aroundMarguerite Bay,WAP; and (2) describe the amount
of niche overlap among and between krill predators during autumn
months and how these relationships are affected by environmental
variability.We address these objectives by determining the combina-
tion of environmental variables (derived largely from data collected
during theSouthernOceanGlobalEcosystemsDynamics (SOGLOBEC)
field seasons in 2001 and2002) that best predict thehabitat and acco-
unt for the distribution of different krill predators using a presence-
only habitatmodeling technique calledmaximumentropymodeling,
Maxent. Maxent estimates a species’ probability distribution by find-
ing the probability distribution of maximum entropy (i.e., closest to
uniform), subject to a set of constraints derived from available infor-
mation about the species’ environmental relationships (Phillips et al.,
2006). We also explore the extent of ecological overlap and niche

partitioning of these habitat models across predator taxonomic
groups and between years using established niche overlap assess-
ment techniques.

2. Materials and methods

2.1. Time frame, study region and data sources

We use data collected as part of the Southern Ocean GLOBEC
program in April–May 2001 and 2002 (Julian days 90–150) in and
around Marguerite Bay, WAP (see Hofmann et al., 2004; Fig. 1).
We integrate a suite of physical and biological environmental
variables collected by a combination of underway continuous and
station-based sampling, as well as remotely sensed imagery.
Hydrographic data were collected from the RVIB Nathaniel
B. Palmer in both 2001 and 2002. The hydrographic variables in
this study are described in greater detail in Friedlaender et al.
(2006). These measures include chlorophyll a concentrations, as
well as the deep temperaturemaximumbelow200 mthat has been
shown to relate to episodic intrusions of nutrient-rich circumpolar
deep water on to the continental shelf and into the Marguerite Bay
(Beardsley et al., 2004; Klinck et al., 2004). We use sea ice edge
information from Chapman et al. (2004) and bathymetric informa-
tion fromBolmer et al. (2004). Quantitative hydro-acoustic surveys
were conducted in both 2001 and 2002 using the Bio-Optical
Multi-frequency Acoustical and Physical Environmental Records
(BIOMAPER-II) (Wiebe et al., 2002), whichwere used to investigate
whales–prey interactions (Friedlaender et al., 2006) and zooplank-
ton distribution and abundance in relation to environmental
conditions (Lawson et al., 2004, 2006, 2008). For the current
research, we use acoustic backscattering information averaged
along the ship’s trackline as ameasure of the relative abundance of
prey throughout the water column. Lawson et al. (2004) discuss
confounding influences to be considered when using backscatter-
ing to examine patterns in zooplankton and micronekton biomass
that make generating actual abundance estimates difficult. We
specifically use information from 120 kHz echosounders as this
frequency is optimal for detecting larger zooplankton such as krill
(reviewed by Lawson et al. (2004)). In regions where predator
presence does not overlap directly with acoustic measurements of
prey, we use methods described in Friedlaender et al. (2006) to
interpolate volumebackscatter into a continuous surface grid. Finally,
we use occurrence data for a suite of krill predators – Adélie penguins,
crabeater seals, minke whales, and humpback whales – generated
from a combination of visual survey sampling and remote satellite
telemetry techniques as described. Our study area is defined by the
margins of the SO GLOBEC study area (Hofmann et al., 2004).

2.2. Crabeater seal satellite telemetry data

Aspart of four SouthernOceanGLOBECcruiseswe instrumented
34 crabeater seals (18 F, 16 M) with satellite-relay data recorders
(SRDLs). Animals ranged inmass from113 to 413 kg, and all but the
smallest female were judged to be 2 years or older based on the
mass and the standard length (Laws et al., 2003). Seals were
sedated by an intramuscular injection ofMidazolam (0.39–0.84 mg
kg!1; Hoffmann-La Roche Inc., NJ USA), followed by isoflurane
gas anesthesia (see Gales et al. (2005) for more details). Once
anaesthetized, SRDLs (Model 7000, Sea Mammal Research Unit,
St. Andrews, Scotland, 300 g) were attached to the fur on the top of
the head of each animal using DevconTM 5 min epoxy (ITWDevcon,
Danvers MA). After completion of all procedures, animals were
monitored as they recovered from anesthesia and released.

The SRDLs collect information on instrument depth (pressure
transducer) and immersion status (wet or dry conductivity sensor)
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every 4 s. These data are aggregated intomeasures of diving behavior
(Fedak et al., 2001), and stored in on-board memory prior to trans-
mission to the Argos satellite data-relay system (Service Argos, 1996).
Animal locations received from Service Argos are screened by an
iterative forward/backward averaging filter that identified and
excluded locations that would require rates of travel greater than
4 m/s (Vincent et al., 2002). These positions are then used to
reconstruct a trackline of animal movements and to estimate the
positionof eachdive.During this study theSRDL tags transmitteddata
via the ARGOS system for between 4 and 174 days. In most cases,
transmission failure could be attributed to antenna loss, as signal
strength decreased and the proportion of successful transmissions
declined prior to reception of the last transmission. When still func-
tioning properly, we received an average of 21 (1–42) positions per
day from the tags, of which an average of 15 (1–32) passed through
the position screening algorithms. Additional tag programming and
transmission schedule details have been published previously (Fedak
et al., 2001, 2002; Burns et al., 2004). We use a single satellite-fixed
location as close to local noon-time as possible for each seal located in
the study area during the study period between Julian days 90–150 in

2001 and 2002. This time was chosen as it coincided the most with
when visual observations of whales were made.

2.3. Adélie penguin satellite telemetry data

Twenty-five Adélie penguinswere outfittedwith smart position
and temperature transmitting (SPOT) (58 g) and SDR-T16 (satellite
depth recording) (105 g) series (Wildlife Computers, Redmond,
WA) tags in 2001 and 2002 over the course of the SOGLOBEC study.
The tags were attached using standardized methods (Wilson et al.,
1997) including a gel epoxy platform, waterproof tape, and cable
ties to secure the tag to the penguin’s feathers. The SPOT tag
provided satellite-linked locations through anARGOS systemwhile
the SDR-T16 included information on diving performance. In this
paper we use only location data for our analysis. We use a single
daytime location for each bird that was located within the study
area each day during the study period (Julian days 90–150) in both
2001 and 2002. While locations are classified into 7 categories
intended to reflect decrease in accuracy, we use only locations that

Fig. 1. Southern Ocean GLOBEC study area around Marguerite Bay, Western Antarctic Peninsula.
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were from the 3 most accurate categories. Further quality control
for position validity (BirdLife International, 2004) was run using a
7 km/hmaximum speed species-specific biological threshold filter
to determine whether or not consecutive locations could in fact be
biologically possible given the known swim speeds of Adélie
penguins (e.g. Ainley, 2002; Erdman et al., 2011). There is con-
siderable variability in the number of locations provided by each
individual penguin. In order to diminish the effects of individual
birds that may be over-represented, and to ensure that birds with
fewer data points were not lost, we calculate the mean and
standard deviation number of locations per bird per year. Birds
with fewer locations than the standard deviation were not used in
our analysis. Likewise, birds that had more locations than the
standard deviation were randomly sub-sampled at a rate that
placed them within one standard deviation of the mean.

2.4. Cetacean visual survey data

Visual surveys for cetaceans were conducted on 5 cruises: 3 in
2001 between 1 April and 31 May, and 2 in 2002 between 12 April
and18May. Theplatformsused include theARSV LaurenceMGould,
the RVIB Nathaniel B Palmer, and the RV Polarstern. Trained observers
worked while the vessel was underway during daylight hours within
the study area. Specific protocols are described in Friedlaender et al.
(2006). Our dataset included all positively identified sightings of
humpback and minke whales made during the aforementioned SO
GLOBEC cruises. The locationof each sightingwas calculatedbasedon
the ship’s position and the range and bearing to each sighting.

2.5. Presence only ecological niche modeling

Initially,we generated amap showing the overall distribution of
occurrence for penguins, seals, and whales based on the observa-
tions collected for analysis in the study. We plotted these in the
geographic information system software package ArcGIS using a
kernel density approach commonly employed to creation utiliza-
tion surfaces formarine species (e.g. Johnston et al., 2005) to create
a qualitative map, indicating where areas of high predator occur-
rence (hot spots) were, if at all, found.

We developed ecological niche models (ENMs—see Bentlage
et al. (2009)) for Adélie penguins, crabeater seals, humpback whales,
and minke whales using a Maxent approach commonly applied to
terrestrial species (e.g. Lozier et al., 2009) and only recently applied to
marine predators (see Edren et al., 2010). This technique produces a
geographic model of a species’ environmental requirements from a
set of known occurrences (presence-only data from sightings or
wildlife telemetry) combinedwithmeasuresof environmental factors
that contribute to the suitability of the environment for the species
(Phillips et al., 2006). TheMaxent algorithm estimates the probability
distribution of a species by creating a probability distribution across a
study region that approaches maximum entropy (or a uniform
distribution) as constrained by the availability of ‘suitable’ habitat
for that species (Phillips et al., 2006). The species locations are takenas
representing known suitable habitat and are employed as sampling
points for eachenvironmental variableused todevelop constraints for
the Maxent algorithm as it is applied to the entire study region
(Phillips et al., 2006). During a model run, the ‘‘gain’’ represents the
probabilitydistributionof themodel andstartsat0and increaseswith
everymodel iteration until the difference betweenmodel iterations is
below the convergence threshold. The gain can be thought of as a
measure of howmuchbetter the distribution fits the sample points in
comparison to theuniformdistribution as iterations are conducted. In
geographic space, eachpixel of the studyarea is part of theprobability
distribution derived by theMaxent algorithm and the model outputs

spatially explicit geographic predictions of suitable habitat for each
species (Phillips et al., 2006, Phillips and Dudik, 2008).

In the present study, we use the software programMaxent (ver.
3.3.3) to develop ENMs using continuous surfaces of several physical
and biological parameters believed to be important in defining
suitable habitat for Antarctic krill predators in both 2001 and 2002
separately. Because we are interested in assessing changes in the
modeled ecological niches of each krill predator over time and with
varying ecological conditions, we choose to perform our analyses for
2001 and 2002 separately. From Julian day 90–150 in 2001 and 2002
we use a single daytime location from each of the tagged crabeater
seals and Adélie penguins that were containedwithin theMarguerite
Bay study region. Likewise, we use all of the visual sightings of hump-
back and minke whales collected within the study region during the
same period.

We chose physical and biological variables that are known to
affect the distribution and abundance of the avian andmammalian
krill predators in our study region (sensu Burns et al., 2004; Chapman
et al., 2004; Thiele et al., 2004; Friedlaender et al., 2006; Burns et al.,
2008, Ribic et al., 2008). The specific physical factors we employ are
bathymetry (m), bottom slope (%), distance to shore (km), distance to
ice edge (km), and deep temperature maximum (1C). The biological
factors are:measuresof integratedwater columnchlorophyll a (g/m3)
and twoacousticmeasures of prey availability: krill biomass (g/m3) in
the top 100 m of the water column and krill biomass (g/m3) in the
deeper portion (100–300 m) of the water column.

Grids of all environmental surfaces were created using an inverse
distanceweighting function in the spatial analyst extension to ArcGIS
9.3 (as in Friedlaender et al. (2006)) if theywere not already available
as a continuous surface. All grids were resampled to the same
geographic extent and a cell size of 1 km2 and then clipped to
eliminate portions of the study area not sampled by cruises or by
animalsfittedwith telemetrypackages. The resultant study region is a
polygon with an area of 149,758 km2 and perimeter of 3793 km that
spans 78.2821S and 67.4561S and 65.4861W and 69.7811W (Fig. 1).

Maxent modeling commonly splits occurrence datasets into
training data and test data. Training data are used to create ENMS
for a species, and the remaining test data are used to assess the
accuracy of the training model. To address any residual effects of
spatial autocorrelation after sub-sampling the telemetry data to only
daily occurrences, we use the replication function in Maxent to
randomly sample occurrences fromeachdataset for training runs and
use the remaining occurrences to test the model. Specifically, we use
the cross-validation technique inMaxent 3.3.3, where the occurrence
data is randomly split into a number of equal-size groups called
‘‘folds’’, and training models are created by eliminating each fold in
turn. The eliminated folds are thenused to test theperformance of the
trainingmodels. This is often referred to as a ‘K-folds’ cross-validation
approach (e.g. Kohavi, 1995). Cross-validation is preferable to using a
single training/test split in the dataset as it uses all of the data for
validation, thus making better use of small datasets. For our models,
we ran 25 model replications for each species. Table 1 indicates the
number of training and test occurrences used for replication in
Maxent modeling. In 2001, for example, 33 Adélie penguin occur-
rences were used for training and 11 for testing in each model run.
This procedure also provides for a sampling andmodeling framework
that is consistent across different types (telemetry data versus survey
data) of occurrence data. We also lowered the Maxent regularization
multiplier to 0.5 to better fit the model distributions more closely to
our observations. This parameter interacts with regularization para-
meters for each feature used in the model (Phillips and Dudik, 2008).

The resulting output provides spatial models of the mean
probability of presence for each predator, as well as models of
the error associated with this mean (1 standard deviation), the
minimum model, the maximum model, and the lower 95%
confidence interval model.
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The performance of each Maxent model is assessed using the area
under the curve (AUC) metric of the receiving operator charac-
teristic (ROC) curve (Fielding and Bell, 2002). In a Maxent ROC curve,
all sensitivity values (true positives) are plotted on the y-axis against
specificity (false positive) values on the x-axis. The AUC value provides
a threshold-independent metric of overall accuracy, and ranges
between 0.5 and 1.0. To illustrate howmuch each variable contributed
to the Maxent run, the increase in regularized gain is added or
subtracted (if the change is negative) to the contribution of the
corresponding variable during each iteration of the training run. This
provides an overall estimate of how each variable contributes to the
model.We also obtain alternative estimates of variable importance for
our Maxent models by conducting a jackknife analysis on their AUC
values. In our case, the jackknife analyses systematically recomputed
the AUC for each model leaving out one environmental variable at a
time. This provides the ability to assess the extent to which each
variable contributes to themodel individually, andhowwell themodel
performedwhen that variable was omitted from the analysis entirely.

2.6. Niche overlap

To quantitatively assess the overlap of SO GLOBEC krill predator
ENMs (amongst species and between years), we use a niche overlap
index that compares our mean predicted probability distributions
defined over geographic space, in which pX,i (or pY,i) denotes the
probability assigned by the ENM for species X (or Y) to cell i. The
overlap metric employed (Eq. (1)) comes from the ecological

literature; Schoener’s (1968) statistic for niche overlap (D):

DðpX,pYÞ ¼ 1!1
2

X

i

9pX,i!pY ,i9 ð1Þ

This metric was recently applied toMaxent-generated ENM data
to re-explore niche overlaps of several closely related organisms
(Warren et al., 2008). For the present analysis, we used the software
package ENM Tools Version 1.0 (Warren et al., 2010) to assess
overlaps amongst mean ENMs of Adélie penguins, crabeater seals,
minke whales, and humpbacks whales and between 2001 and 2002
for each of these species. Schoener’s niche overlapmetric (D) ranges
from 0 (nichemodels have no overlap) to 1 (nichemodels identical).
Schoener’s D is typically applied with values of pX,i that reflect
relative use of particular microhabitats and/or prey items.

3. Results

3.1. Ecological niche modeling

The number of observations or occurrences for each species in
each year is shown in Table 1. Initial plots of predator occurrence
reveal several ‘‘hot spots’’ (Fig. 2). In 2001, the area along the
southeastern corner of Adelaide Island and near the northwestern
corner of Alexander Island had the highest rates of occurrence. In
2002, the same general area around Adelaide Island (as well as
along the northern coast of the island) contained themost predator
occurrences. Predator occurrence is spread more throughout
Marguerite Bay in 2002 than in 2001.

An example of diagnostic output of replicatedMaxentmodeling
is provided (Fig. 3). Both the testing and training dataset omission
rates versus predicted area (as a function of cumulative threshold)
for a single Adélie penguin model are presented in Fig. 3A. The
average model derived from 25 replication runs is presented in
Fig. 3B. These plots illustrate the predictive performance of the
model over a range of thresholds of suitable habitat, provide details
on the uncertainty associated with omission rates in the replicated
model, and illustrate the replicatedmodels performance in relation
to what a random prediction would generate. In this case both the
test and training omission rates are close to the predicted, and do
not lie well below the predicted omission line.

The Maxent receiver operator characteristic curve for the
replicated Maxent Adélie penguin model is presented in Fig. 3C.
The AUC value is high for this model and the standard deviation is
low, indicating some level of uniformity amongst replications.

Table 1
The number of training and test occurrences used for each species for each year for
replicated Maxent models of Antarctic krill predators including average area under
the curve (AUC) values.

2001 Occurrences
Training (test)

Average
test AUC

AUC St.
Dev.

Adélie penguins 33 (10) 0.97 0.01
Crabeater seals 44 (14) 0.97 0.02
Humpback whales 23 (7) 0.76 0.10
Minke whales 27 (8) 0.86 0.07

2002
Adélie penguins 193 (64) 0.93 0.01
Crabeater seals 129 (43) 0.83 0.02
Humpback whales 42 (14) 0.89 0.04
Minke whales 12 (3) 0.77 0.15

Fig. 2. Occurrence patterns of krill predators in the Marguerite Bay study area for 2001 and 2002.

A.S. Friedlaender et al. / Deep-Sea Research II 58 (2011) 1729–1740 1733



Both Adélie penguin and crabeater seal models did not reveal any
effects of spatial autocorrelation. In these cases, when the test or
training data are not independent, the omission line often lies well
below the predicted omission line. In all cases our test and training
lines approximated the predicted omission rate (see Fig. 3A).

Maxent modeling of Antarctic predator niches performed well,
with AUC values for replicated models ranging from 0.76 to 0.97.
These AUC values indicate that for ourmodels, over 76% of the time
a random selection of specificity values from the model (where
sensitivity is the conditional probability that the occurrence is
correctly classified) will have a score greater than a random
selection of specificity (the inverse of sensitivity) values from
themodel (Fielding and Bell, 2002). Themodel AUC values for each
replicate are presented in Table 1.

For Adélie penguins in 2001, distance to coast is the largest overall
contributor to theMaxentmodel (30.8%)bya factorof2 (Figs. 4and5).
The next greatest contributors to the model are depth (16.1%) and
prey in the upper 100 m (13.3%). The AUC Jackknife results for this
model confirmed the importance of these variables and illustrated
that both slopes contributed the least to the 2001 Adélie model.
During 2002, distance to the ice edge (24.5%) and distance to coast
(21.6%) are the strongest contributors to the ENM. The AUC jackknife
test revealed that slope again contributed the least to the model.

For crabeater seals in 2001 distance to shore is the largest overall
contributor to the model (47.4%), followed by deep prey (13.3)
(Figs. 6 and 7). The jackknife AUC test confirmed the importance of
these variables, and revealed that prey in the lower portion of the

water column contributed the least to the model. In 2002, deep
temperaturemaximumcontributedmost strongly to theENM(34.3%),
followedbychlorophylla (14.6%), prey in theupper100 mof thewater
column (14%), and distance to ice edge (12.8%). The AUC jackknife test
reflects these results.

Fig. 4. Maxent predictions of suitable habitat for Adélie penguin distribution in 2001 (left panel) and 2002 (right panel).

Fig. 3. Diagnostic plots forMaxentmodeling of Adélie Penguins inMarguerite Bay, 2001. Plot 3A indicates omission rates for both training and testmodel runs, as a function of
the fraction of background habitat predicted and the cumulative threshold of suitable habitat. Plot 3B indicates the omission rates for the mean Maxent model, as in Plot 3A.
Plot 3C represents the Maxent receiver operator characteristic (ROC) curve for the 2001 Adélie penguin model.
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For humpbackwhales in 2001, the strongest contributors to the
model are deep prey (31.2%), slope (17.6%), depth (13.7%), and prey
in the upper 100 m of the water column (13.2%) (Figs. 8 and 9). The
AUC jackknife reveals that deep prey contributed the most to the
model if used in isolation (AUC greater than 0.74). In 2002, distance
to ice edge is the greatest contributor to themodel (35.9%) followed
by prey in the upper water column (30.2%). The AUC jackknife test
indicates that distance to coast contributed most to the model if
used in isolation (AUC40.77).

For minke whales in 2001, the strongest contributor to the
model is distance to the coast (55.5%), followed by deep prey
(13.9%) (Figs. 10 and 11). The AUC jackknife test demonstrates that
distance to coast is the strongest contributor if used in isolation
(AUC40.89), and decreased the AUC of the model the most if
excluded to below 0.83. In 2002, distance to coast is again the
strongest contributor to themodel (33.4%), followed by distance to
the ice edge (18.9%) and deep prey (18.5%). The AUC jackknife test
shows that distance to coast (AUC40.77) alone has the greatest
effect on AUC values if used in isolation.

3.2. Niche overlap

In 2001, the average niche overlap across krill predator species
is 0.37, ranging between 0.25 and 0.55 (Fig. 12). Adélie penguins

have the most niche overlap with crabeater seals (0.55), and a
similar overlap with humpback whales (0.25) and minke whales
(0.26). Crabeater seals have less overlap with whales in general
than with Adélie penguins: 0.31 overlap with humpback whales
and 0.38 overlap with minke whales. Minke whales have the
greatest amount of niche overlap with humpback whales (0.47).

In 2002, the ranges in the amount of niche overlap are smaller
(0.42–0.56) than in 2001, and the average overlap is greater (0.49)
(Fig. 13). Adélie penguins have less overlap with crabeater seals
(0.42) in 2002 than in 2001. However, they have greater overlap
with humpback (0.47) and minke whales (0.45) in 2002 than in
2001. Crabeater seals have greater overlap with humpback (0.50)
and minke whales (0.56) in 2002 than in 2001. And the overlap
between humpback and minke whales (0.54) is similar in 2001
and 2002.

We then compare the niche overlap for each species against
itself from 2001 to 2002. If there is no variability in the environ-
ment (including prey), and the distribution of each species
remained constant, we expect the niche overlap for each species
to be 1when comparing 2001 to 2002. Generally,we find this not to
be the case, and each species has a niche overlap between years
ranging from 0.25 to 0.39 (Fig. 14). Adélie penguins have the
least amount of niche overlap between years (0.25) followed by
crabeater seals (0.29). Humpbackwhales (0.39) showed thehighest
amount of niche overlap across years followed by minke whales
(0.37).

4. Discussion

The results of our analyses indicate several important and novel
aspects of the distribution and amount of niche overlap between
krill predators in Antarctica.Weuse presence-only data to generate
ecological niche models, which (1) describe the concurrent habitat
preferences, (2) model the amount of niche overlaps between, and
(3) measure variability in modeled ecological niches in 2 years for
severalmajor groups of krill predators in autumn aroundMarguer-
ite Bay, WAP. We find that there are areas within Marguerite Bay
with high krill predator occurrence rates that can be considered
biological hot spots. At least one of these areas, at the northern
extent of Marguerite Bay near the southeastern end of Adelaide
Island (Fig. 2), is a hot spot for krill predator occurrence between
years regardless of the changes in both the physical environment
(e.g. Klinck et al., 2004, Costa et al., 2008, Hyatt et al., 2011) and prey
distribution (Lawson et al., 2008). We also find that the modeled
ecological niches for Adélie penguins and crabeater seals may be

Fig. 6. Maxent predictions of suitable habitat for crabeater seal distribution in 2001 (left panel) and 2002 (right panel).
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affected by their physiological needs to return to land or sea ice as a
haul-out substrate. Because of this limitation, their distributionsmay
be less dictated by direct proximity to their prey and more so by
physical features that over time provide adequate access to prey
resources. Humpback andminkewhales, not being constrained in the
same manner and having greater energetic demands due to their
larger sizes, occupy ecological nichesmore directly proximate to their
prey (Friedlaender et al., 2006, 2008a).

The most important environmental variables affecting the
modeled distribution of Adélie penguins are proximity to the coast,
and when present, proximity to sea ice. Our modeling exercise
indicates that in 2001 when little sea ice was present, penguin
distribution is more closely associated to land, while in 2002 when
more sea icewas available in the study area, the penguins shift their
distribution to take advantage of this substrate. In 2001, when
penguins associate close to land, their distribution is more related
to the amount of prey in the upper 100 m of thewater column than
the following year. In both years, thedistribution of penguins is also
affected by the distribution of prey deeper than they are known to
forage. In 2002, penguin distribution is more related to deep krill
than shallow krill. Similarly, Ribic et al. (2008) found that Adélie
penguin distribution was related to prey in the upper 100 m of the

water column (and deeper) during winter months, which suggests
consistency in the relationship between predators and prey during
ice formationwhen the physical structure of themarine ecosystem
changes dramatically.

Crabeater seal distribution ismost related to the distance to shore
in 2001 and the deep temperature maximum in 2002. Regions of
warmer water below 200 m reflect intrusions of Circumpolar Deep
Water on to the continental shelf (Klinck et al., 2004) andmay signify
areas of enhanced vertical mixing biological production (Prezelin
et al., 2000, 2004), thus increasing access to prey. However, in 2001
when sea ice was less prevalent, crabeater seals are found in areas
closer to shore (bays and fjords) than in 2002 when sea ice covered a
greater portion of the study area and their distribution is more
affected by sea ice cover. In 2001, seal distribution is more closely
related to theamountofpreybelow100 min thewater column,while
in 2002 they prey throughout the water column had similar impacts
on seal distribution. Geographically, these distributions correspond
with those presented by Burns et al. (2004), who found preference to
areas of increased ice cover in generally shallow, coastal regions.

The modeled ecological niches for the humpback and minke
whales support the previous findings by Friedlaender et al. (2006,
2008a,b). Humpback whales occupy coastal waters with rugged
topography and increased changes in bottom depth over short
distances, where the abundance of prey in the water column is
high. In 2002 when ice cover was more prevalent, humpback
whales were found in proximity to the ice edge and where preys
were more abundant in the upper 100 m of the water column.
Minke whales occupy an ecological niche greatly defined by
proximity to shore and with prey abundance deeper in the water
column. In 2001 when less sea ice was available, minke whale
distribution is more tied to proximity to shore and shallow water
where prey was available, whereas in 2002 when more ice was
present, minke whales aggregate in regions more associated with
sea ice and increased prey availability. While the amount of
modeled ecological niche overlap is relatively high between whale
species, the likelihood that these species are in competition for prey
resources is low. Our results and those of Friedlaender et al. (2008a)
show that each species is generally distributed relative to krill that
are vertically segregated in the water column. Furthermore, the
relationship between humbpack whales (seasonally migrant) and
prey is more explanatory of their distribution than minke whales,
some portion of which are known to overwinter in Antarctic
waters. With respect to interspecific comparisons of niche overlap,
Schoener (1968) explains that the greater the amount of spatial
overlap in habitat, the lower themaximumoverlap in prey size, and

Fig. 8. Maxent predictions of suitable habitat for humpback whale distribution in 2001 (left panel) and 2002 (right panel).
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vice versa. Thus, competition for similarly sized prey is avoided if
spatial overlap is greater, but may or may not occur if spatial
overlap is slight (Schoener, 1968).

In2001, the greatest amount ofmodeled ecologicalnicheoverlap
occurs between Adélie penguins and crabeater seals, and between
humpback andminkewhales. As stated above, the higher amount of
modeled overlap between these pairs of species may indicate that
competition for similarly sized prey between these sympatric krill
predators is largely absent. The relatively high amount of modeled

Fig. 10. Maxent predictions of suitable habitat for minke whale distribution in 2001 (left panel) and 2002 (right panel).
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niche overlap between minke and humpback whales may reflect
their energetic needs and ability to access areaswith increased prey
abundance. Similarly, access to haul-out substrate (coastal regions
and sea ice) may relate to a similarly increased amount of niche
overlap between Adélie penguins and crabeater seals. In a yearwith
less sea ice in the study region, minke whales and Adélie penguins
have a greater amount ofmodeled nicheoverlap across all predators
than humpback whales and crabeater seals.

Conversely, in 2002, there is generally greater overlap but less
variability inmodeled niche overlap between all of the krill predators.
It is interesting to note that the amount of modeled niche overlap
between humpback and minke whales is generally consistent (0.47
and 0.54) across years irrespective of changes in the physical
environment in the study area (Massom et al., 2006). While slightly
smaller in2002, theamountofmodelednicheoverlapbetweenAdélie
penguins and crabeater seals does not vary substantially across years
either. Thegreatest changes from2002to2001are, in fact, increases in
overlap between both Adélie penguins and crabeater seals and the
two cetacean species. Thus, the pair-wise modeled ecological niche
relationships between the land/ice-based krill predators andbetween
the more mobile cetacean species may be more stable over time in
this area, given how little they change between years with drama-
tically different physical conditions.

Further niche separation may result from the minimum viable
krill patch that different sized predators can utilize. Larger pre-
dators have absolutely greater energy requirements. Adélie pen-
guins should be able to utilize the smallest most ephemeral krill
patch as their small size and thus absolute energy requirements are
the lowest (Costa, 1991).While the threshold for a viable krill patch
would be larger for crabeater seals than required by penguins, it
would still be substantially smaller than that required by aminke and
humpback whale. Larger predators would also have an advantage
accessingdeeper krill swarms. Largebody size provides both a greater
breath-hold diving capability as well as a faster ability to descend to
depth. For example, a penguin diving to 200 m must descend many
more body lengths then a humpback whale. While krill swarms are
preyed upon throughout the water column, they may be most
efficiently consumed during the daylight hours when they remain
at depth in dense swarms avoiding diurnal fish predators (Croxall
et al., 1985; Croll et al., 1998; Fiedler et al., 1998; Burns et al., 2004).
Previous studies have hypothesized that competition between krill-
eating predators cannot be assumed based simply on diet preferences
(Croxall et al., 1985), and that there are several factors that relate to
foraging niche overlap (Fraser et al., 1992). Previous modeling efforts
(Murphy et al., 1988) predicted that reductions in baleen whale
numbers from commercial whaling would most benefit similarly
sized krill predators, and not smaller predators like penguins. Ainley
et al. (2006) provide evidence to suggest that in some cases the
presence of baleen whales can affect the availability of krill to the
point that penguins must switch their prey in order to successfully
acquire enough energy for survival. Along similar lines, Friedlaender
et al. (2008b) found significant relationships between humpback
whale abundance and the size-frequency distribution of krill targeted
by Adélie penguins, as well as the foraging success of these penguins.
Based on Schoener’s (1968) explanation of how dissimilarity in niche
overlap relates to similarities inprey, ourfindingsof lessnicheoverlap
between humpback whales and Adélie penguins suggest that both
krill predators share common prey resources in the upper portion of
thewater column and that the potential for interspecific competition
in some years is increased.

Between top predators along the WAP, a common link is their
reliance on Antarctic krill as a staple of their diets. It is reasonable then
toassumethat stability in themodeledecological relationshipbetween
predators and prey exists, and each species has limitations and
restrictions on their energetic requirements and life history demands,
such that their ecological niches should remain constant over time.

From 2001 to 2002, we found little consistency in the amount of
modelednicheoverlap foreachspecies in thestudyareaandduring the
seasonof the research. The two species reliant on landor sea ice, Adélie
penguins and crabeater seals, had less overlap between years than the
baleenwhales that haveno such requirements. Rather than suggesting
that these values between years indicate species that are very flexible
in their ability to change ecological niches to suite their environment
(which would result in an interannual niche overlap value of 1), we
suggest that variability in the physical and biological environment
around the Antarctic Peninsula creates such different conditions from
year to year that some animals (penguins and crabeater seals) may
have very little adaptability to change, while baleen whales may have
better mechanisms to cope.

Fraser andHofmann (2003) discuss howchanges in sea ice cover
around the Antarctic Peninsula and concurrent changes in the
standing stock and recruitment of Antarctic krill available for
Adélie penguins have affected their population growth. Over recent
time, fewer years with enough sea ice to successfully recruit new
age classes of krill have contributed to decreases in prey availability
and subsequent negative population trends for these penguins in
the region. Such bottom-up or physical control of krill predator
populations has been discussed recently by Ainley et al. (2009),
especially in reference to the difficultly in understanding the myriad
effects of the many physical forces that structure ecosystems. While
there are no reliable population trend estimates for crabeater seals
(Southwell et al., 2008) in the region, and declining populations
were suggested for continental populations in some regions (Erickson
and Hanson, 1990), it is generally thought that their numbers have
increasedover thepast centuryasnearly all of thebaleenwhaleswere
extirpated from the Antarctic during commercial whaling ventures
(Laws, 1985; Clapham and Baker, 2001) and competitive release
between krill predators had occurred (see Ballance et al., 2006) .
Among the cetaceans, humpback whale populations have shown
consistent positive population increases since the cessation of
commercial whaling (Branch, 2009). Confounding factors in the
ability to accurately estimate the number of minke whales (see
Branch, 2006) in the regionhave clouded attempts to determine,with
anymeasure of accuracy, their populationnumbers (although there is
evidence to suggest they are stable, e.g. Branch, 2006).

Ainley et al. (2009) provide examples for the role of cetaceans in
penguin population change, concluding that both top-down and
bottom-up forcing are contributing, and interrelated factors. The
results of our analysis provide additional information to better
understand these relationships. We have modeled different evi-
dences to suggest that the amount of overlap between modeled
niches for two years is relatively low, even for species with similar
energetic requirements. In a rapidly changing and variable envir-
onment, our modeling work shows little indication that krill
predators maintain similar ecological niches across the two years
of our study around Marguerite Bay. The baleen whales, whose
distributions are more directly linked to prey availability, may be
better suited to maintain this relationship as conditions change,
while Adélie penguins and crabeater seals that rely more basically
on sea ice and land substrate change their modeled ecological
niches by up to 85% between years in our study. Given the amount
of variability in the marine environment around the Antarctic
Peninsula and how this affects the local abundance of prey, there
may be consequences for krill predators with historically little
niche overlap to increase the potential for interspecific competition
for shared prey resources (Ducklow et al., 2007; Siniff et al., 2008;
Costa et al., 2010).

4.1. Caveats and limitations

Our analyses are not meant to be final definitive descriptions of
the realized niches of different krill predators in the Antarctic.
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Rather, ourwork should be viewed as an important initialmodeling
effort to assess and describe ecological dissonance and overlap
between krill predators in a single place over time using a relatively
new technique. As such, these models should be considered by
other researchers as null models of the niches of krill predators in
Marguerite Bay, to be tested against future studies of the foraging
ecology of these animals in other locations around Antarctica and
beyond.

Our study makes quantitative analytical connections between
data collected by two disparate mechanisms. Combining different
observational methods (satellite-linked locations and visual sur-
veys) in a meaningful way can be challenging, but previous studies
that compare Maxent models of occurrences collected through
disparate means suggest that these issues are not significant (e.g.
Kuemmerle et al., 2010). As such we would not suspect that our
comparisons are biased using different types of occurrence data.
Furthermore, we suspect that employing the model cross-valida-
tion replication techniques in Maxent uniformly across our data-
sets would limit the effects of any residual biases that could be
associated with different data structures. Further research is
required to fully assess the utility ofMaxent on different data types.

There is debate in the scientific community regarding the effects
of spatial autocorrelation in geostatistical analyses (see for exam-
ple Dormann et al. (2007), Betts et al. (2009) and Dormann (2009)).
In the case of Maxent, a comprehensive retrospective analysis of
spatially autocorrelated data indicates that it can indeed affect
model performance (Veloz, 2009). In some cases the descriptive
power of Maxent models can be reduced where spatial autocorre-
lation is significant (Veloz, 2009). However, the actual relationships
amongst predicator variables in models appear to be conserved
(Veloz, 2009). In our case, the employment of data decimation
techniques (sensu Johnston et al., 2005) and cross-validation
replication in Maxent modeling (similar to bootstrapping replica-
tion conducted by Edren et al. (2010)) appear to have reduced any
biases due to spatial autocorrelation. If any remains, it would likely
reduce theAUCvalues of ourmodelsmarginally, but not change the
actual relationships predicted.
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