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Abstract. Understanding how top predators respond to natural and anthropogenically induced changes
in their environment is a major conservation challenge especially in marine environments. We used a
multidisciplinary approach to explore the mechanisms through which a typical central-place forager, the
Magellanic penguin (Spheniscus magellanicus) from the Chubut province of Argentina, responds to
variations in oceanic conditions and prey resources. We combined habitat and species distribution
modeling with isotopic dietary reconstructions based on blood §'C and §'°N values to quantify the role of
bathymetry, sea-surface temperature and chlorophyll-a concentration, abundance of conspecifics, and
extent of fisheries activities in explaining the foraging and feeding ecology of individuals breeding at
different colonies. The at-sea distribution of penguins was tightly coupled with the spatial distribution of
their staple prey species, anchovies (Engraulis anchoita), especially in areas over the continental shelf (>200
m depth), with relatively warm water (from 16° to 21°C), and moderate abundances of conspecifics (from
50 to 250 individuals). Competition with conspecifics and human fisheries were also identified as
important factors explaining penguin diet with decreasing relative contributions of anchovies with
increasing abundance of conspecifics and fishing activity. Our multifactorial approach allowed us to
simultaneously explore different physical, biological and anthropogenic features likely affecting marine
resource availability, and, consequently, driving the feeding and foraging ecology of this central-place
forager. Our approach can be extended to a large suite of central-place foragers, thus providing important
advances in the way we investigate how to effectively conserve and manage these species.
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INTRODUCTION

Top-predators integrate sources of nutrients
and trophic interactions throughout entire food
webs and so can be ideal indicators of overall
ecosystem functioning (Frederiksen et al. 2006,
Fauchald 2009). The utility of such indicators
would be enhanced if variation in key environ-
mental features could be linked with subsequent
changes in predator feeding ecology. Such
information would also increase our understand-
ing of ecosystem responses to natural or human-
induced environmental changes. In marine sys-
tems, top predators are confronted by highly
dynamic and spatially heterogeneous prey re-
sources and so are forced to fine-tune their diet
and foraging distribution in response to varia-
tions in food resource availability both in space
and time. Thus, marine top predators may be
particularly appropriate for investigating the
consequences of changes to food-web composi-
tion and function (Furness and Camphuysen
1997).

Marine productivity is patchily distributed,
and marine predators that are also central-place
foragers tend to distribute themselves according
to oceanographic features (e.g., frontal systems,
shelf edges or upwellings) surrounding their
breeding sites where their prey aggregates (Hunt
et al. 1992, Weimerskirch et al. 2005). Moreover,
strong breeding and foraging site fidelity exhib-
ited by these predators indicates that experienced
individuals are able to consistently locate ade-
quate food to raise young and the occurrence of
predictable food resources or seasonally produc-
tive areas are important cues for selecting
foraging areas (Weimerskirch 2007, Cama et al.
2012, Louzao et al. 2012). In addition to these
oceanographic features, human fisheries or the
abundance and distribution of conspecifics are
known to affect the diet and foraging behavior of
marine predators in a variety of ways, including
facilitation (Henkel 2009, Bartumeus et al. 2010,
Cama et al. 2012) or competition for resources
(Crawford 2007, Weimerskirch et al. 2009, Ma-
sello et al. 2010, Bertrand et al. 2012). Under-
standing how top predators respond to
variations in such physical, biological and an-
thropogenic features is a major conservation
challenge in marine environments.

Recent advances in the fields of modeling
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habitat and species’ distributions (Louzao et al.
2011a, Louzao et al. 2012), animal tracking
(Hobson and Wassenaar 2008, Boersma et al.
2009, Navarro et al. 2009) and the use of
endogenous tracers of diet including fatty acids
and stable isotopes (Navarro et al. 2009, Ramos et
al. 2011, Karnovsky et al. 2012) offer a unique
opportunity to investigate the feeding response
of central-place foragers to spatiotemporal vari-
ations in the availability of marine food resourc-
es. In particular, remote sensing data on
oceanographic features for the last decades are
now available (e.g., Acha et al. 2004, Boersma et
al. 2009, Louzao et al. 2012), thus providing
valuable information on marine productivity
patterns at large spatial and temporal scales. In
addition, spatially explicit information derived
from monitoring programs of fishing vessels
provides a unique opportunity to investigate
the interaction between marine predators and
fishing activities (Yorio et al. 2010, Bertrand et al.
2012). Furthermore, the recent development and
widespread application of bio-logging tech-
niques have revolutionized our knowledge on
the movement ecology and spatial distribution of
marine predators (Weimerskirch et al. 2009,
Masello et al. 2010, Louzao et al. 2012). Based
on this previous information, predictive model-
ing of species’ distribution has provided a
popular analytical framework for relating geo-
located observations of occurrence to environ-
mental variables that contribute to a species
distribution (Monk et al. 2012).

We evaluated the role of several environmental
factors, including physical, biological and an-
thropogenic features, likely driving the availabil-
ity of marine food that in turn constrains the
feeding behavior and reproductive performance
of a typical central-place forager, the Magellanic
penguin (Spheniscus magellanicus), breeding at the
Chubut province of Argentinean Patagonia. This
species has been studied extensively because it
constitutes 84% of the breeding seabird commu-
nity in this region (Yorio et al. 1998), is near
threatened (IUCN 2012; TUCN Red List of
Threatened Species; Version 2012.2. www.
iucnredlist.org; accessed on December 2012),
and interacts with humans through fisheries
and ecotourism (Yorio et al. 2001, 2010, Villanue-
va et al. 2012). Magellanic penguins have been
the subject of several studies aimed at investi-
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gating the link between prey availability and diet
(e.g., Forero et al. 20024, 2004, Wilson et al. 2005),
spatial distribution of conspecifics (e.g., Wilson et
al. 2005, Boersma et al. 2009, Yorio et al. 2010)
and reproductive performance (e.g., Tella et al.
2001, Forero et al. 2002a). However, most
previous studies have not addressed large-scale
ecological mechanisms in an integrative way. We
combined and reanalyzed previous information
in light of recent advances in habitat and species
distribution modeling and Bayesian isotopic
approaches to diet reconstructions in order to
quantify the importance of several factors influ-
encing the foraging ecology and reproductive
success of Magellanic penguins. Our approach
was based on key predictions associated with the
expected effects of environmental and anthropo-
genic factors on penguin foraging movements
and diet and ultimately on reproductive perfor-
mance. Our proposed approach could be also
extended to a large suite of central-place foragers,
thus providing important advances in the way
we tackle investigations into the feeding ecology
of these organisms.

MATERIALS AND METHODS

General approach

Diet and foraging distribution of Magellanic
penguins were expected to be coupled with the
abundance and spatial distribution of the richest
and most predictable prey patches available
within their foraging range. In addition, the
abundance and distribution of conspecifics and
fishing vessels were expected to influence the
diet and foraging distribution of penguins
through a density-dependent depletion of opti-
mal (i.e., high-protein) prey types (Tella et al.
2001, Forero et al. 20024). We used remote
sensing and geographic information systems
(GIS) to derive several explanatory variables
likely informing marine productivity patterns
(Acha et al. 2004), fishing pressure (Skewgar et
al. 2007, Yorio et al. 2010), and intra-specific
competition (Tella et al. 2001, Forero et al. 20024).
A species distribution model was used to
quantitatively infer the role of different environ-
mental features in explaining the at-sea distribu-
tion of penguins and general linear models were
used to evaluate the effect of food availability on
different dietary metrics (inferred from penguin
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blood 8°C and 8N values). Given that food
quality and availability is positively correlated
with animal reproductive output, inter-colony
dietary differences were finally expected to
influence penguin reproductive performance,
with penguins feeding on suboptimal prey likely
showing poorer reproductive output (Tella et al.
2001, Forero et al. 2002a). Accordingly, we finally
investigated the relationship between inferred
dietary estimates and penguin breeding success.

Magellanic penguins in Chubut province

Magellanic penguins occur at Argentinean
Patagonia in 29 colonies on the mainland and
islands from about 42° S to almost 55° S (Yorio et
al. 1998, Wilson et al. 2005). Our study area
extended along ~1000 km of the coast of Chubut
province (from 42° S to 46° S latitude; Fig. 1).
Colony size is highly variable (Yorio et al. 1998)
and adjacent marine areas exhibit considerable
heterogeneity in marine productivity at the
meso-scale, mostly driven by the spatial distri-
bution of frontal systems (Acha et al. 2004). In
particular, marine areas surrounding southern
colonies (those located near the Golfo de San
Jorge; see Fig. 1) are strongly influenced by the
cold and low salinity water of the northward
flowing Patagonian current that reaches the
southern boundary of the Golfo de San Jorge
during austral summers producing a highly
productive extension of waters north (Acha et
al. 2004, Boersma et al. 2009). North of Golfo de
San Jorge, tidal mixing fronts dominate the
coastal oceanography, being visible along the
coast from Cabo dos Bahias to Peninsula Valdés.
Finally, the cooler and more saline waters of the
Malvinas Current meet the sub Antarctic shelf
waters in the offshore along the continental shelf-
break, resulting in a thermohaline front where
nutrients from the Malvinas Current reach the
euphotic zone and enhance marine productivity
(Acha et al. 2004).

Previous dietary investigations of breeding
Magellanic penguins at our study area indicated
that diet remained stable across years (Wilson et
al. 2005). However, inter-colony dietary differ-
ences were also reported and these differences
followed a latitudinal gradient (Scolaro et al.
1999, Wilson et al. 2005, Boersma et al. 2009)
related to the abundance of anchovy (Engraulis
anchoita; Scolaro et al. 1999, Hansen et al. 2001,
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Fig. 1. Geographical location of the study area and breeding colonies of Magellanic penguins (dots). White dots
represent penguin colonies that were sampled for stable isotope determinations (white dots for Cabo dos Bahias
and Isla Vernaci are not visualized as they are hidden by red dots of neighboring colonies).

Wilson et al. 2005, Boersma et al. 2009). At
northern colonies penguins consume anchovy
almost exclusively, whereas squid (Loligo spp.
and Illex spp.) or hake (Merluccius hubbsi) become
much more important in penguin diet at south-
ern colonies (i.e., North Puerto Deseado; Scolaro
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et al. 1999, Forero et al. 2002b, Wilson et al. 2005).

In addition to natural variability in food
supplies, inter-colony dietary differences could
also be explained by a density-dependent reduc-
tion in food resource availability due to a
heterogeneous distribution in the abundance of
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conspecifics (Tella et al. 2001, Forero et al. 2002a)
and fishing pressure (see Skewgar et al. 2007,
Yorio et al. 2010). Indeed, increasing densities of
conspecifics may increase competition for com-
mon resources among penguins and deplete
more optimal prey types such as anchovy (Tella
et al. 2001, Forero et al. 20024). Competition may
contribute to observed inter-colony differences in
diet, but also result in poorer reproductive
performance at those colonies experiencing high
levels of competition (Tella et al. 2001, Forero et
al. 20024). Similarly, fishing activities may also
affect diet, distribution and, ultimately, penguin
reproductive performance since anchovy, hake
and squid are important target species for
commercial fisheries in the area (Argentinean
“Ministerio de Agricultura, Ganaderia y Pesca,”
www.minagri.gob.ar; accessed on September
2012), suggesting high competition between
fisheries and penguins (see Skewgar et al. 2007,
Yorio et al. 2010).

Penguins breeding at the Chubut province
typically forage up to 450 km from their colonies
(Wilson et al. 2005, Boersma et al. 2009, Yorio et
al. 2010). Foraging trips typically show a com-
muting pattern (sensu Weimerskirch 2007) where
individuals depart the colony and meander
toward their foraging area where they stay
before swimming rapidly and directly back to
colony. However, individuals from the northern
and central colonies spend most of their time
within 150 km from the focal colonies, with a
peak in abundance at ca. 120 km (Wilson et al.
2005).

Identifying features driving penguin
feeding locations

Information on foraging distribution of pen-
guins breeding at the Chubut province was
extracted from Boersma et al. (2009) who, during
the 2003-2004 breeding season, placed 37 satellite
transmitters (Platform Transmitter Terminals,
PTT) on individuals from six colonies spanning
most of the latitudinal range of the species in
Argentina, and including three colonies enclosed
within our study area (i.e., La Ernestina, 42°07’ S,
63°43" W; Punta Tombo, 44°02" S, 65°12" W, and
Cabo dos Bahias, 44°51’ S, 65°32" W). Boersma et
al. (2009) used a fixed-kernel analysis on foraging
locations (once excluded commuting locations) to
show main foraging areas. We considered previ-
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ously defined areas encompassing 50% isopleths
(i.e., 50% kernel contours; Boersma et al. 2009:
Fig. 5) as main foraging grounds for Magellanic
penguins (see Seaman and Powell 1996). We
randomly drew ten different points within each
of the 12 defined foraging areas to extract
potential foraging locations for individuals
breeding at colonies located within the Chubut
province (see below for the appropriateness of
considered sample size).

Environmental predictors

1. Marine productivity.—Among different
oceanographic features commonly used for iden-
tifying highly productive hotspots, chlorophyll-a
concentrations (mg/ms), sea-surface temperature
(°C) and bathymetry (m) are widely considered
as the most biologically relevant and readily
measured. In particular, chlorophyll-a can be
considered a reliable surrogate of marine pro-
ductivity and, consequently, of prey abundance,
whereas sea-surface temperature and bathyme-
try may provide relevant information on physical
processes or oceanographic features driving prey
distribution (Acha et al. 2004, Yen et al. 2004,
Pinaud et al. 2005, Louzao et al. 2011b, Louzao et
al. 2012). Here, we used Aqua MODIS (4 X 4 km
resolution) derived winter composites (i.e., aus-
tral summers) to extract information on chloro-
phyll-a and sea-surface temperature for the area
and breeding season (2003-2004) of interest.
Bathymetry was downloaded from the ETOPO
web site (http://www.ngdc.noaa.gov/mgg/
global/global.htm), as a binary product at a
spatial resolution of 0.01° (approximately 1 km).
For analysis purposes, bathymetry was adjusted
to match the spatial resolution for the Aqua
MODIS imagery data by averaging depth values
for pixels enclosed within a 4 X 4 km cell grid.

Key marine areas associated with sea fronts
were identified by exploring the spatiotemporal
component of sea-surface temperature gradients.
In particular, we used the longest time series
(2002-2012) of Aqua MODIS sea-surface temper-
ature derived winter seasonal composites. For
each one of these composites, and following
Louzao et al. (2012), we estimated a dimension-
less metric Proportional Change (PC) expressing
the magnitude of change in sea-surface temper-
ature, within a moving window of a 3 X 3 cells
and following the equation: PC = [(maximum
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Fig. 2. Spatiotemporal heterogeneity of key marine areas associated with sea fronts at the marine area

surrounding the Chubut province and based on sea-surface temperature gradients. Colors represent the

persistency of such key marine areas according to the number of years in which each pixel was defined as frontal
system (see Materials and Methods for information on criteria used to define each pixel as frontal system). Values
range from 0 (minimum persistence) to 10 (maximum persistence), according to the time period for which
imagery data on sea surface temperature is available, i.e., 10 years (2002-2003 to 2011-2012). White line

represents the 200 m isobaths.

value — minimum value) X 100]/(maximum
value). Frontal systems were identified as areas
with PC values within the 75th percentile,
whereas the persistence of these areas was
quantified by counting in how many years each
cell was identified as a frontal system (values
ranged from 0 to 10 corresponding to the sea-
surface temperature time series; Fig. 2).

2. Penguin abundance.—Following Grecian et
al. (2012), we combined available information on
colony sizes and locations (Yorio et al. 1998), and
frequencies of foraging distances (Wilson et al.
2005), to generate a predicted distribution of
penguins in the marine area around the Chubut
province. In particular, the penguin abundance
distribution (Fig. 3) was generated by uniformly
distributing the total number of individuals
reported at each colony within their foraging
range (i.e., 450 km from the focal colony; Wilson
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et al. 2005, Yorio et al. 2010), based on calcula-
tions of the Euclidean distances from each colony,
and on the average frequency of distances
provided by Wilson et al. (2005) for the northern
and central colonies (Fig. 3).

3. Fishing pressure.—The spatial distribution of
fishing vessels operating within our study area
for the 2001-2005 period were grouped as cold
store and freezer vessels differing in their main
target species and fishing areas based on the On-
board Observer Program of Chubut Province
(Secretaria de Pesca de la Provincia de Chubut;
Fig. 4). In addition, long-term (1999-2010) fish
landing data obtained from the Argentinean
“Ministerio de Agricultura, Ganaderia y Pesca”
(www.minagri.gob.ar; accessed in November
2012) was used to estimate the relative contribu-
tion of main fishing fleets to total landing of
anchovies. Extraction of environmental variables
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Fig. 3. Spatial distribution of abundances of Magellanic penguins within the marine area surrounding the

Chubut province (left side). Individuals from each colony (information on colony sizes were obtained from Yorio
et al. 1998) were uniformly distributed within their home range (i.e., 450 km; Wilson et al. 2005), based on
calculations of the Euclidean distances from the focal colonies, and on the average frequency of distances

provided by Wilson et al. (2005) (right side).

and spatial analyses were performed with ArcGis
10 (Environmental Systems Research Institute
[ESRI], Redlands, California, USA).

Species distribution modeling

Penguin distribution (Fig. 5) was performed
using Maximum Entropy (MaxEnt) modeling
(version 3.3.3; http://www.cs.princeton.edu/
~schapire/maxent/) based on presence data
obtained from Boersma et al. (2009), and the
above-mentioned explanatory variables. Among
different modeling methods, MaxEnt has been
proposed as the strongest because it remains
fairly stable in both prediction accuracy and the
total area predicted present across all sample size
categories (Hernandez et al. 2006, Pearson et al.
2007). Thus, we considered that ten randomly
chosen points within previously defined foraging
areas (Boersma et al. 2009) would provide us
with an appropriate representation of the spatial
distribution of penguins while foraging. Regard-
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ing explanatory variables, we considered chloro-
phyll-a and sea-surface temperature for the 2003
2004 winter season, along with bathymetry as
integrative measures of marine productivity and
physical features driving prey distribution. The
persistence of frontal systems was considered as
a proxy for the predictability of prey patches.
Penguin abundance distribution was also con-
sidered to account for the degree of intra-specific
competition for food. Finally, distribution of cold
store and freezer vessels were used to account for
potential interaction between penguins and
human fisheries.

MaxEnt procedure was used to estimate
relationships between estimated probability of
presence of penguins and the above-mentioned
explanatory variables. Although MaxEnt can fit
complex relationships between estimated proba-
bilities of presence and different environmental
variables, we exclusively fitted linear and qua-
dratic relationships due to the difficulty of
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Fig. 4. Spatial distribution of main fishing vessels (grouped in cold store and freezer vessels) for the 2001-2005
period obtained from the On-board Observed Program of Chubut Province (Secretaria de Pesca de la Provincia
de Chubut). Black dots represent main fishing ports at the area. The relative contribution of main fishing fleets
(i.e., cold store and freezer vessels) to total landing of anchovies are represented by a pie chart.

interpreting other more complex associations.
For internal validation, obtained models were
tested using 30% of potential foraging locations
randomly selected. One hundred replicates of the
model were run to obtain an average prediction
and a coefficient of variation for predictions. To
assess the predictive performance of our model,
we evaluated each MaxEnt prediction using the
Area Under the Receiver Operating Characteris-
tic (ROC) Curve (hereafter AUC; ranging from 1,
perfect predictive performance, to 0, perfect
reversed predictive performance, and with 0.5
values denoting null predictive ability; Fielding
and Bell 1997). AUC values were also used to
evaluate the predictive performance of each
explanatory variable when used in isolation.
Finally, we tested for spatial autocorrelation in
model residuals by calculating the Moran’s I
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values (ranging from —1, perfect dispersion, to
+1, perfect autocorrelation, with zero values
denoting random spatial distribution) for 20
equal-distance classes, and using the Spatial
Analysis in Macroecology (SAM, v.4.0) software
(Rangel et al. 2010). We used this test because
significant spatial patterning in the residuals
might reflect missing environmental effects that
are geographically patchy or reflect the effect of
disturbance-related processes that are indepen-
dent of environment (Barry and Elith 2006).

Features dffecting penguin feeding habits

Dietary metrics.—Dietary information was
based on stable isotope measurements extracted
from Forero et al. (2004). These authors provided
blood §'°C and §'°N values for penguins (1 =246
and 153 for adults and fledglings, respectively)
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Fig. 5. Species distribution modeling output for Magellanic penguins (top). Potential foraging locations were
extracted by randomly drawing 10 different points (yellow dots) within main foraging areas (50% contours from
a fixed-kernel analysis, yellow lines) defined by Boersma et al. 2009. Explanatory variables considered and their
relative contributions to the MaxEnt model (mean = SD) have been also represented (bottom). Explanatory
variables have been grouped according to their ecological significance. In particular, bathymetry (BAT), sea
surface temperature (SST) and the persistence of frontal systems (FSP) were included as physical features likely
driving prey distribution and their persistence/predictability. Chlorophyll-a concentrations for the 2003-2004
(CHL) winter period were included as a surrogate of marine productivity. Spatial distributions of cold store
(CSV) and freezer vessels (FV) for the 2001-2005 period (On-board Observed Program of Chubut Province,
Secretaria de Pesca de la Provincia de Chubut) were included as a proxy to fishing pressure. Estimated
distribution of penguin abundances (PAD) was also incorporated to account for the degree of intra-specific
competence for food.
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Table 1. Isotopic composition (§'°C and §'°N, mean = SD) of Magellanic penguins breeding at different colonies
at the Chubut province (Argentinean Patagonia). Based on isotopic variability ascribed to different colonies,

and the recent isotopic Bayesian framework developed for R (Parnell et al. 2008), we generated multivariate
ellipse-based metrics (SEA.B; median, and low and high 95% Bayesian credibility interval [95% BCI]) which
were taken as a reliable proxy to trophic niche width. Localities are listed from north to south.

313C (%o)

SEA.B (%>
3N (%) ()

Locality (mean * SD) (mean * SD) 95% BCI Median
Estancia San Lorenzo —17.16 = 0.48 18.84 = 0.26 0.38-0.58 0.47
Estancia San Lorenzot —-17.22 = 0.33 19.08 = 0.24 0.28-0.48 0.37
Caleta Externa —16.58 = 0.17 18.65 * 0.32 0.43-1.65 0.91
Caleta Valdés —16.49 = 0.37 18.85 = 0.51 0.55-1.21 0.84
Caleta Interna —16.62 = 0.36 18.97 = 0.46 0.43-0.76 0.59
Punta Tombo —16.48 = 0.48 18.51 = 0.41 0.52-0.84 0.67
Cabo dos Bahias —16.36 = 0.61 18.76 = 0.6 0.88-1.34 1.09
Isla Arce —17.01 = 0.44 18.43 + 0.45 0.52-1.11 0.79
Islas Vernaci —16.13 = 0.36 19.16 = 0.23 0.45-1.58 0.9

T Asentamiento Oeste.

sampled during three consecutive breeding
seasons (from 1999 to 2001) and at nine different
breeding colonies distributed across the Chubut
province (Table 1 and Fig. 1). Bird diet was
reconstructed using dual-isotope (5'°C and §"°N)
Bayesian mixing models (SIAR; Parnell et al.
2008). Dietary endpoints included in these
models were isotopically clustered (mean = SD)
by grouping main potential prey species defined
by previous dietary reports at this area (i.e.,
anchovy, hake and squid), and adjusted to
account for diet-blood isotopic discrimination
factors (AX) linking diet with consumers’ tissues
(A13C: 1.1%0; A®N: 2.9%0; see Caut et al. 2009).
The robustness of derived inter-colony dietary
estimates was tested through sensitivity analysis
in which different diet to blood discrimination
factors (A'°C: ranging from 0.7%o to 1.5%o; A"N:
ranging from 2.5%o to 3.3%o0) and error terms (SD
ranging from 0.1%o to 0.6%o) were incorporated in
our multisource isotope mixing models.

We also used isotopic variability ascribed to
different colonies, and the recent isotopic Bayes-
ian framework, to generate multivariate ellipse-
based metrics (area of the multivariate ellipses,
hereafter referred as SEA.B, expressed as %02;
Table 1) following methods from Jackson et al.
(2011) and the R package SIAR (Parnell et al.
2008). These metrics were taken as a reliable
proxy to trophic niche width for each colony
(Bearhop et al. 2004, Jackson et al. 2011).

Linking dietary metrics with environmental fea-
tures.—General linear models (GLM) with nor-
mal error and identity link functions of PROC
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GENMOD in SAS (SAS Institute, Cary, North
Carolina, USA) were used to explore the effect of
derived explanatory variables on median per-
centages of anchovy and median values for
SEA.B for each sampled colony. Marine produc-
tivity and fishing pressure associated with a
given colony was estimated by adding chloro-
phyll-a concentrations and presences of cold
store and freezer vessels (i.e., 4 X 4 km pixels in
which fishing activity was reported) respectively
for the marine area enclosed within penguin
foraging range (450 km; Wilson et al. 2005). As
estimates of intra-specific competition, we con-
sidered the total number of penguins within
different buffer areas from the focal colonies. In
particular, we extracted, from the predicted
distribution of penguins, the total number of
individuals within buffers of 150, 300 and 450 km
from the focal colonies, to account for areas in
which penguins spend ~50%, 90% and 100% of
their time (Wilson et al. 2005). Each explanatory
variable and their potential interactions were
tested following a forward-step procedure to
finally obtain a set of models that only retained
variables with significant (or nearly significant)
effects. Model parsimony was evaluated based
on the Akaike information criterion corrected for
small sample sizes (AICc; Johnson and Omland
2004) and the corresponding AIC: weights. All
tests were two tailed. QQplot and a scatterplot of
the residuals plotted against fitted values indi-
cated no obvious deviations from the assump-
tions of normally distributed and homogeneous
residuals.
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Diet and penguin reproductive performance

Reproductive performance was based on av-
erage brood size and fledgling body condition.
Brood size was measured as part of a previous
study (1999-2000) at six of the sampled colonies
(Forero et al. 2002a) and was based on the
average number of siblings at fledging time in
nests located within a transect (2 m wide)
perpendicular from each focal nest to the sea (1
= 3220, range = 204-1138 nests per colony).
Empty nests were excluded from analysis be-
cause of the impossibility of distinguishing
unoccupied nests from those resulting from
breeding failure. Chicks were measured (flipper
length =1 mm) and weighed (+10 g) during the
1999-2000 and 2000-2001 breeding seasons at
seven different colonies where blood samples
were taken (Forero et al. 20024, b). Here, we used
these morphometrics to estimate fledgling body
condition by averaging residuals from the linear
regression between flipper length and body mass
(F1,213=284.98, p < 0.001). Season was included in
the model as a fixed factor to account for
observed differences in fledglings’ body condi-
tions among breeding events (F; 713 =18.27, p <
0.001).

The effect of diet on penguin reproductive
performance was explored through Pearson
correlation tests between estimated relative me-
dian contribution of anchovy to the diet of
penguins from different colonies and the corre-
sponding mean values of brood size and fledg-
ling body condition. For this latter relationship,
we exclusively considered fledglings’ isotopic
data when applying Bayesian mixing models for
dietary reconstructions. Our predictions of the
influence of anchovy to reproductive success
were directional and so one-tailed tests were
used. Statistical analyses were done using SAS
(SAS Institute, Cary, North Carolina, USA) and
SPSS 18.0 software (SPSS, Chicago, Illinois, USA).

REsuULTS

Spatiotemporal heterogeneity
in marine productivity, fishing pressure
and penguin abundance

Long-term information on sea-surface temper-
ature was used to explore the spatiotemporal
distribution of key marine areas surrounding the
Chubut province (Fig. 2). This approach revealed
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several highly productive marine areas that
occurred consistently along the coast and follow-
ing the continental shelf-break (200 m isobath).
The at-sea distribution of main fishing vessels in
this area suggested that fishing pressure was
particularly high within the Golfo de San Jorge.
However, fishing activity was also detected in the
nearshore between Cabo dos Bahias and Penin-
sula Valdés and following the continental shelf-
break. Freezer vessels aggregated in the near-
shore, whereas cold stores were clearly associat-
ed to the continental shelf-break where they were
responsible of more than 90% of anchovy
captures (Fig. 3).

Penguin abundance, and consequently the
assumed degree of intra-specific competition for
food, was higher in areas close to Punta Tombo
where the largest colony occurred, but also in the
northern part of Golfo de San Jorge and
Peninsula Valdés, where a number of smaller
colonies aggregate in relatively small coastal
areas. In contrast, northern and southern inshore
areas (i.e,, marine areas within the Golfo de San
Jorge and Golfo de San Matias), and offshore
marine areas (nearby the continental shelf-break)
had the lowest penguin densities.

Physical, biological and anthropogenic features
driving penguin feeding ecology

Penguin distribution.—The distribution model
for penguins performed reasonably (mean AUC
+ SD = 0.84 *= 0.02, for the model and the
internal validation), with model residuals show-
ing a moderate but non-significant spatial auto-
correlation at any distance class (mean Moran’s |
+ SD = 0.35 = 0.23; p > 0.0025 once adjusted
through Bonferroni procedure). Penguins were
more likely to forage in the nearshore between
Cabo dos Bahias and Peninsula Valdés thus
overlapping with key marine areas associated
with tidal mixing fronts. In contrast, key marine
areas located at the southern boundary of the
Golfo de San Jorge and over the continental shelf-
break were not considered as suitable foraging
areas. Penguin distribution was best explained by
sea-surface temperature and bathymetry, with a
moderate contribution of chlorophyll-a concen-
tration and penguin abundance (Fig. 5). Howev-
er, sea-surface temperature, the distribution of
penguin abundance and bathymetry were the
best predictive variables when considered indi-
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Fig. 6. Predictive performance of single explanatory variables (see Fig. 5 for acronyms) as indicated by the Area
Under the ROC (Receiver Operating Characteristic) Curve (AUC, right side). AUC values range from 1, perfect

predictive performance, to 0, perfect reversed predictive performance, and 0.5 values denote null predictive
ability). Best predictive variables (AUC > 0.7) are shown in grey. Response curves illustrating the relationship
between best predictive variables and the probability of presences for penguins are also shown (left side).

vidually (AUC =0.83 = 0.02, 0.75 = 0.02 and 0.7
* 0.03, respectively, see Fig. 6). Based on
obtained response curves for best predictors
(Fig. 6), penguins were more likely to forage
over the continental shelf (>200 m depth) and in
areas of relatively warm water (sea surface
temperature values ranging from 16° to 21°C)
and with moderate penguin abundances (abun-
dances ranging from 50 to 250 individuals).
Penguin diet.—Overall, isotopic analysis of
penguin diet indicated it was mainly composed
of anchovy, followed by hake and squid. How-
ever, diet composition differed slightly among
colonies (see Table 2), with inter-colony dietary
differences quite consistent regardless of varia-
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tions in considered discrimination factors (Fig. 7
and 8). In particular, Northern colonies were
characterized by a greater contribution of ancho-
vy to penguin diet (ranging from 46% in Caleta
Externa to 73% in Estancia San Lorenzo-Asenta-
miento W). In contrast, hake (ranging from 19%
to 48%) and squid (ranging from 10% to 33%)
became more prevalent at central colonies (North
of Golfo de San Jorge; Fig. 1, Section 2). Indeed,
inferred dietary estimates suggested that hake
was the most consumed prey type for penguins
breeding at Cabo dos Bahias, with an average
relative contribution of 48%, followed by ancho-
vy (27%) and squid (25%). Derived dietary
estimates from our multisource isotope mixing
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Table 2. Relative contribution (%, median, and low and high 95% Bayesian credibility interval [95% BCI]) of main
food resources (anchovy, hake and squid) to penguin diet. Dietary reconstructions were performed through a
double isotope (8'°C and §'°N) Bayesian mixing model (Stable Isotope Analysis for R [SIAR]; Parnell et al.

2008). Localities are listed from north to south.

Anchovy (%) Hake (%) Squid (%)
Locality 95% BCI Median 95% BCI Median 95% BCI Median
Estancia San Lorenzo 55.13-75.66 65.4 3.37-18.5 11.0 19.92-27.46 23.6
Estancia San Lorenzot 60.85-83.53 72.5 0.75-17.21 9.1 13.91-23.04 18.4
Caleta Externa 22.49-74.67 46.9 7.85-46.84 28.4 12.47-36.79 24.7
Caleta Valdés 29.2-70.08 48.7 16.44-46.04 32.1 10.89-27.36 19.3
Caleta Interna 44.02-74 59.0 13.58-35.31 24.5 11.03-22.02 16.5
Punta Tombo 24.45-49.03 36.5 23.78-43.68 34.0 24.84-34.11 294
Cabo dos Bahias 14.86-39.22 26.9 38.01-56.78 47.7 20.72-30.34 254
Isla Arce 29.38-68.11 48.0 3.75-32.78 18.6 26.26-40.44 334
Islas Vernaci 27.65-80.07 52.9 15.58-56.24 336.9 0.08-20.57 10.2

T Asentamiento Oeste.

model were most useful in a comparative sense
(since we lacked diet-tissue discrimination fac-
tors specific for Magellanic penguins) and only
considered as an approximation of the actual
diet.

When investigating the effect of environmental
variables driving food resource availability on
inferred contribution of anchovies to the diet of
penguins, the best supported model (see Table 3)
included a negative effect of fishing pressure by
cold store vessels (explaining up to 67.9% of
original deviance). However, penguin diet was
also affected by the number of conspecifics
feeding near the colony, as indicated by penguin
abundance within 150 (explaining up to 61.4% of
original deviance) and 300 km (explaining up to
53.5% of original deviance) buffer areas, with
decreasing relative contributions of anchovies to
penguins’ diet as the abundance of conspecifics
increased. Regarding isotopic niches (SEA.B), the
null model (including intercept) was best sup-
ported (Table 4). However, the model including
penguin abundance within a 450 km buffer also
showed good support (AICc increments, AAICc
= 0.8; explaining up to 35.9% of original
deviance) with wider isotopic niches as the
number of conspecifics within penguins’ forag-
ing ranges increased.

Dietary constraints on penguin reproductive
performance

A positive relationship was found between the
relative contribution of anchovy to fledgling diet
and their body condition (Pearson’s r = 0.685, p =
0.045, n = 7; Fig. 9A). Similarly, we found a
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positive, but non-significant, relationship be-
tween estimated relative contribution of anchovy
to penguins’ diet and brood size (Pearson’s r =
0.652, p = 0.8, n = 6; Fig. 9B). Just one colony,
Caleta Interna, strayed from this general trend,
showing smaller brood sizes relative to estimated
dietary consumption of anchovy and fledglings’
body condition (Fig. 9C).

DiscussioN

Seabirds forage in diverse and stochastic
environments that are influenced strongly by
natural and anthropogenic processes (Zimmer et
al. 2011). The complexity of these systems has
seriously limited our ability to understand how
these central-place foragers respond to such
processes and especially how they adapt their
foraging strategies to cope with their environ-
ments spatially and temporally. However,
through the combined use of several analytical
tools, it is now possible to model responses of
predators to variation in food availability at
various scales. Here, we combined remote
sensing, animal tracking, species distribution
modeling and isotopic dietary reconstructions
to provide deeper insights into the mechanisms
through which these top predators adapt to
variation in critical resources. As expected,
penguin foraging distributions were tightly
coupled to the spatial distribution of their staple
prey species (driven, in turn, by oceanographic
features) but other biological and anthropogenic
features, such as the abundance of conspecifics or
the presence of fishing vessels, also played an
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important role in explaining the foraging and biological and anthropogenic features should be
feeding preferences of Magellanic penguins. considered as important drivers of Magellanic
Given the observed relationship between pen- penguin breeding parameters and population

guin diet and reproductive output, such physical, dynamics.

ECOSPHERE * www.esajournals.org 14 April 2014 % Volume 5(4) ** Article 38



1007 AC=1.1; AN=2.9
80‘@
60 @
40 é
20 é
o SD=0.1
X 01
~ T T T T T T T T
2> 100 7
=]
S
= 80
: é
kS
S 601
=}
g w0l
£ é
S
s 201
=]
(3]
® SD=0.2
2 07
= 100+
=4
80
60‘@ @
w0 é é
20 -
SD=0.1
0_I T T T T T T T
> ¢ g8 é’f S5 5§
S §F g 9 ¥ § &§ F
S 9§ §F v o852
5 o & & g L &%
v 5 ° < &
© §
&5

RAMIREZ ET AL.

SD=0.6
2§ 5 FEEESL S
S S $ ST FEFEF
S 95 ST v 58§
§ & s F F & 5 <
§ 9 ¢ 5 F &S
F & & © ‘ S
T J 2
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considered discrimination factors (A>C = 1.1%o and AN = 2.9%o) ranged from 0.1 to 0.6.

Features driving the at-sea distribution
of penguins

As expected, Magellanic penguins concentrat-
ed their foraging effort in highly productive
marine areas, commonly characterized by high
chlorophyll-a concentrations and sea-surface
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temperature and bathymetry gradients (Acha et
al. 2004), where prey species also tend to
aggregate (see Boersma et al. 2009). However,
their foraging range was restricted to areas
surrounding breeding colonies and this con-
straint resulted in many prey patches being out
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Table 3. Set of models that retained variables with significant (or nearly significant) effects to fit the data

corresponding to estimated relative contributions of anchovy (%) to the diet of Magellanic penguins from
different colonies. Associated measures of information (corrected AIC [AICc]; AICc increments [AAICc]; and
AICc weights [AIC: Wgt]) are shown to evaluate their parsimony. Best supported models (i.e., the most

parsimonious) appear in boldface.

Models Residual deviance AICc AAICc AIC: Wgt df X p

Null model 0.156 —4.966 5.423 0.033 8
Marine productivity

Chlorophyll-a 0.073 —7.025 3.364 0.094 7 6.86 0.0088
Fishing pressure

Cold store vessels 0.05 —10.389 0 0.503 7 10.22 0.0014

Freezer vessels 0.076 —6.642 3.747 0.077 7 6.48 0.0109
Intra-specific competence

Penguin abundance at 150 km 0.06 —7.869 2.52 0.143 7 7.7 0.0055

Penguin abundance at 300 km 0.072 —7.057 3.332 0.095 7 6.89 0.0087

Penguin abundance at 450 km 0.082 —5.933 4.457 0.054 7 5.77 0.0163

of reach (see Hunt et al. 1992). Penguins in our
study area tended to forage on tidal mixing
fronts occurring consistently near the shore and
between Cabo dos Bahias and Peninsula Valdés
(see also Boersma et al. 2009), whereas other key
marine areas, such as those associated with the
continental shelf-break front, were likely out of
their foraging range (see Figs. 2 and 5).

Despite the spatial linkage between productiv-
ity and foraging distribution of penguins, our
results suggested that the at-sea distribution of
penguins was primarily a reflection of physical
oceanographic features driving the distribution
of their staple prey species. In particular, sea-
surface temperature and bathymetry were the
most important explanatory variables within our
species’ distribution model. Indeed, individuals
preferentially selected foraging habitats within a
16-21°C sea-surface temperature range over

shallower waters. These attributes also described
the distribution of penguin prey such as ancho-
vies, hake and squid (Acha et al. 2004, Hansen et
al. 2001).

Penguins distributed themselves in areas with
moderate abundance of conspecifics. As in many
other colonial seabirds, intra-specific competition
for food resources can be strong for Magellanic
penguins due to a lack of dietary segregation
(Masello et al. 2010). Ecological theory predicts
that animals with similar feeding strategies
should not coexist without segregating either in
space, time or diet. Indeed, intra-specific compe-
tition for food can drive the neighboring popu-
lations of the same species to spatial segregation
of foraging areas (e.g., Boersma et al. 2009,
Masello et al. 2010), but also can lead to
segregation of foraging areas by sex, foraging
periods, dive depth, or prey choice (Weimer-

Table 4. Set of models that retained variables with significant (or nearly significant) effects to fit the data
corresponding to the multivariate ellipse-based metrics (SEA.B), which were taken as a reliable proxy to
trophic niche width. Associated measures of information (corrected AIC [AIC]; AICc increments [AAICC];

and AICc weights [AIC: Wgt]) are shown to evaluate their parsimony. Best supported models (i.e., the most

parsimonious) appear in boldface.

Models Residual deviance AICc AAICc AIC: Wgt df x> p

Null model 0.427 4.099 0 0.261 8
Marine productivity

Chlorophyll-a 0.292 5.477 1.378 0.131 7 3.42 0.0643
Fishing pressure

Cold store vessels 0.348 7.056 2.957 0.06 7 1.89 0.1746

Freezer vessels 0.287 5.324 1.225 0.142 7 3.57 0.0587
Intra-specific competence

Penguin abundance at 150 km 0.301 5.759 1.66 0.114 7 3.14 0.0764

Penguin abundance at 300 km 0.299 5.7 1.601 0.117 7 3.2 0.0737

Penguin abundance at 450 km 0.273 4.899 0.8 0.175 7 4 0.0455
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skirch et al. 2009, Navarro et al. 2010). Individual
penguins may reduce the degree of intra-specific

competition by avoiding areas with higher
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densities of conspecifics. However, deleterious
effects of interference competition for food must
be traded against the benefits of feeding in flocks
(Henkel 2009). Thus, penguins may preferably
concentrate at areas with moderate penguin
abundances, where the benefits of flock-foraging
likely outweighed any cost of competition.

Features driving penguin dietary composition
and trophic niche breadth

In agreement with previous dietary reports for
Magellanic penguins breeding in Argentinean
Patagonia (e.g., Scolaro et al. 1999, Forero et al.
2002b, Wilson et al. 2005, Boersma et al. 2009),
our isotope approach reveled a latitudinal
dietary segregation which could reflect the
abundance and distribution of anchovies, which
are widespread North of 43° S latitude (Hansen,
Martos and Madirolas 2001, Wilson et al. 2005,
Boersma et al. 2009). However, interactions with
human fisheries may also affect penguin diet.
Localized depletions of prey by fisheries, even if
occurring at reasonably large scales, may affect
seabird feeding strategies due to local prey
depletions (Bertrand et al. 2012). Our models
suggested that the occurrence of cold store
vessels, which are responsible for the vast
majority of anchovy captures, within penguins’
foraging ranges negatively affected the consump-
tion of anchovies by penguins. Finally, inter-
colony dietary differences could also be ex-
plained by food depletion mechanisms mediated
through intra-specific competition (Tella et al.
2001, Forero et al. 2002a). Consistent with this
latter hypothesis, our models suggested that the
abundance of conspecifics feeding near the focal
colonies (up to 300 km, where penguins spend
up to 90% of their time; Wilson et al. 2005) was
negatively correlated with the relative contribu-
tion of anchovies to individual diet. In addition
to this effect, higher densities of conspecifics
within penguins’ foraging ranges also resulted in
wider trophic niches (i.e.,, SEA.B median values),
suggesting certain intra-specific segregation in
prey choice likely directed to reduce the degree
of competition among conspecifics. However, it
is necessary to be aware of the several assump-
tions and limitations associated with the use of
isotopic variability as a proxy to dietary niche
width. Isotopic variability not only depends on
inter-individual trophic segregation, but also on
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the amount of isotopic variation among different
food sources (Newsome et al. 2007). This may
hamper the use of isotopic approaches for
comparisons of dietary niche width between
species or populations exploiting isotopically
different food resources (Newsome et al. 2007).
Alternatively, total isotopic variability can be
composed of among- and within-individual
components (Carrasco et al. 2010). Here, we
compared isotopic variability among neighbor-
ing colonies of the same species which are
expected to share foraging areas and trophic
resources, thus minimizing potential biases in
observed inter-colony differences in estimated
isotopic niche breadths. Further, and provided
there are only three main prey species for
Magellanic penguins (anchovy, hake and squid),
the observed negative relationship between the
contribution of anchovy to penguin diet and
derived SEA.B values supported the use of this
metric as a reliable proxy to penguins’ trophic
niche breadth since the less diverse diets resulted
in the narrower isotopic niches (Fig. 10).

Effect of diet on reproductive performance
Previous studies have suggested that depletion
of high-protein prey may result in poorer
reproductive performance of Magellanic pen-
guins (Tella et al. 2001, Forero et al. 2002a). Our
isotopic models support this idea since those
colonies relying mainly on anchovies showed
higher brood sizes and raised fledglings with
better body condition (see Fig. 9). Just one colony,
Caleta Interna, strayed from this general trend.
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That colony showed smaller mean brood size
than predicted based on estimated consumption
of anchovy and fledgling body condition. Possi-
bly the high levels of human disturbances and
more frequent predation episodes noted at this
colony could be factors causing higher breeding
failure (Yorio et al. 2001). In general, marine
productivity patterns, along with spatiotemporal
variations in fishing pressure and intra-specific
competition constrain the availability and acces-
sibility of optimal prey types for Magellanic
penguins during the breeding period, modulat-
ing breeding parameters and population dynam-
ics.

Concluding remarks and future considerations
Previous approaches to investigating respons-
es of marine predators to spatiotemporal varia-
tions in marine productivity patterns have
focused on feeding responses of key top preda-
tors (e.g., Pinaud et al. 2005, Weimerskirch 2007,
Boersma et al. 2009, Louzao et al. 2012).
However, for penguins, few have considered
other effects on foraging such as social or
competitive interactions among conspecifics
(Forero et al. 2002a) or with fishing activities
(Bartumeus et al. 2010, Yorio et al. 2010, Cama et
al. 2012). Ours is the first to explore simulta-
neously the role of these different physical,
biological and anthropogenic features likely
affecting marine resources availability, and,
consequently, driving the feeding and foraging
ecology of this central-place forager. Accordingly,
we provide a useful framework for evaluating
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and predicting the potential impact of currently
undergoing fishing policies such those aimed at
developing a trawler fishery for anchovy as an
alternative to the overfished hake (Skewgar et al.
2007 and references therein) on Magellanic
penguin populations. Consequently, this work
supposes an important advance in the way we
tackle the management and conservation of this
species. However, further investigation should
additionally contemplate other potential explan-
atory variables likely affecting the feeding ecol-
ogy of this central-place forager, such as the at-
sea distribution of competitive species (e.g.,
South American sea lion, Otaria flavescens;
Koen-Alonso and Yodzis 2005, Drago et al
2010) and predators (e.g., the Kkiller whale,
Orcinus orca; Guinet 1992), or additional geo-
graphic features, such as marine currents, that
can directionally impede or facilitate animal
movements, thus affecting their distribution
(Elith and Leathwick 2009).
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