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Abstract Presence-only models such as Ecological Niche
Factor Analysis (ENFA) compare distributions of environ-
mental variables and species, generating habitat suitabil-
ity (HS) maps. Here, we determined the factors affecting
distribution of southern giant petrels (SGP) from northern
Patagonian colonies (Isla Arce: 45° 00'S; 65°29'W, and Isla
Gran Robredo: 45°08'S; 66°03'W) using ENFA, improv-
ing estimates of their potential year-round feeding habitats.
Data on movements of 17 adult and 9 first-year juvenile
SGP were gathered using satellite telemetry. Model eco-
geographical variables (EGV) overlapped the tracked ani-
mals. The resulting HS maps included most of the track-
ing locations along the Argentinean Shelf and reflected
characteristics that congregate procellariiformes elsewhere.
Wind conditions and primary productivity shaped foraging
HS of petrels over the year. However, different EGVs influ-
enced this population differently depending on the require-
ments of their life stage. For example, juveniles showed
high marginality (values of EGVs different from the mean
values available). Breeding adults” HS was determined by
a small range of values within those available, showing
high specializations. Contrarily, wintering petrels showed
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plasticity in the selection of their foraging environments
being distribution of fisheries one of the variables influenc-
ing their distribution. This study highlights the importance
of the Argentinean Shelf for conservation of the marine
environment.
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Analysis (ENFA) - Southern Giant Petrel - Argentinean
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Introduction

The spatial distribution of threatened species and associ-
ated habitat suitability are key information in any man-
agement program of the marine environment (Catry et al.
2013; Monk et al. 2010). Habitat suitability models predict
distribution beyond direct observations and may detect hot-
spots for conservation and spatial patterns within protected
areas, helping to identify wildlife corridors, or forecasting
how the distribution of a species might vary in response
to environmental changes (Monk et al. 2011; Oppel et al.
2012). Lately, habitat modeling has been used not only
to predict current species’ distribution but also to predict
future and estimate past distributions (Brambilla and Sapo-
retti 2014; Elith and Leathwick 2009; Legrand et al. 2016).

Ecological Niche Factor Analysis (ENFA) is a statistical
method which identifies the environmental characteristics
to which a species is best adapted (Hirzel et al. 2002). The
ecological niche of a species is described by all of the char-
acteristics of the geographical area (physical, chemical, and
biological) that are suitable for the development and sur-
vival of the species (Hutchinson 1957; MacArthur 1972).
The geographical distribution of these characteristics will
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be related to the geographical distribution of individuals of
that species (Phillips et al. 2006b).

In particular, ENFA compares the distributions of envi-
ronmental variables and species, defining parameters with
an ecological meaning such as: (1) Marginality, which
measures the distance between the global mean and the
species distribution mean for a given variable (the higher
the value of marginality the more the species departs from
the average conditions within the study area); and (2) Spe-
cialization, which determines the width of a species niche
by comparing the range of values the species selects from
the range of values present in the area (the smaller the
range of feature values the species selects from the range
of values present in the area, the more specialized the spe-
cies is (Sanchez-Carnero et al. 2016)). Given the margin-
ality and specialization, ENFA generates habitat suitability
maps that denote the level of comfort of the species in a
cell of the study area in relation to the rest of it, which can
be interpreted as a likelihood of encountering the species
in each of those cells. These maps show the areas that con-
tain suitable habitats based on the ecological requirements
identified by ENFA (Bryan and Metaxas 2007; Monk et al.
2010; Skov et al. 2008). ENFA has been applied success-
fully in several studies showing that ecological niche anal-
ysis combined with tracking data provides suitable pre-
dictions of distribution patterns and feeding habitats for
marine species (Skov et al. 2008).

Knowledge on animal movement has increased rapidly
with the use of advanced technologies; satellite-linked data
has represented a breakthrough in the field of spatial ecol-
ogy. These data, together with the development of inte-
grative systems such as Geographic Information Systems
(GIS) for analyzing tracking data, allow for the possibility
of linking biological and physical information to facilitate
understanding the ecological requirements of wide-ranging
species. For example, it has been demonstrated that highly
migrant pelagic birds search for food in specific areas such
as high productive shelf break waters (Croxall and Wood
2002; Gutowsky et al. 2014), rich productive upwelling
waters (Péron et al. 2010), and oceanic fronts (i.e., Sub-
tropical Front, Sub Antarctic Front, etc.) (Bost et al. 2009;
Hyrenbach et al. 2002). Yet, several satellite telemetry stud-
ies have a limited sample size associated to the high cost of
devices and/or the complexity of capturing the animals for
their instrumentation. Presence-only models such as ENFA
deal with constraints related to this type of data, and are
designed to perform well even with small occurrence data
sets (Monk et al. 2010).

The Southern Giant Petrel (SGP, Macronectes gigan-
teus) is a procellariiform restricted to the Southern Ocean
(Hunter 1984). Its breeding colonies are distributed among
oceanic islands between 40°S and 60°S (ACAP 2011).
In Patagonia Argentina, SGP breed at four colonies, two
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of which are located in northern Patagonia separated by
47 km: Isla Arce and Isla Gran Robredo (Quintana et al.
2006). These colonies are characterized by temperate
waters, in contrast to the rest of the colonies found in colder
Antarctic and Sub-Antarctic waters (Patterson et al. 2008).
SGP are central place foragers while breeding, exploit-
ing environments near the colony with high availability
of resources such as carrion from penguins and sea lions.
Nonetheless, they also carry out longer foraging trips to the
Argentinean Continental Shelf (Copello et al. 2011; Quin-
tana et al. 2010).

During the non-breeding period, adult SGP from north-
ern Patagonia feed on waters along the Argentinean Shelf
and the shelf break, while first-year juveniles migrate to
distant locations exploring environments with high chloro-
phyll a concentration associated to frontal waters (Blanco
et al. 2015). As it has been shown, SGP from northern
Patagonian colonies make use of areas with distinctive
characteristics depending on the time of the year and on
the age class. Identifying these sources of variation requires
not only understanding major biological processes but also
linking the species performance to the habitat characteris-
tics (Gaillard et al. 2010). Thus, recognizing the processes
that govern habitat use in different populations is particu-
larly important.

At-sea distribution of the SGP from Isla Arce and Gran
Robredo has been studied through the instrumentation of a
limited number of individuals (Blanco et al. 2015). Based
on previous knowledge we hypothesize that suitable habi-
tats of SGP through their life cycle may be strongly influ-
enced by environmental factors such as high productivity
and distribution of carrion and fisheries. Moreover, we esti-
mate that the habitat suitability index resulting from ENFA
(during the breeding and non-breeding seasons and for dif-
ferent age classes) may indicate that high use areas would
be similar to the ones previously described by the tracking
of a small number of individuals. Here we intend to deter-
mine the factors that may affect the at-sea distribution of
birds from these two northern Patagonian colonies using
ENFA. We also expect to improve the estimates of potential
at-sea distribution and feeding habitats of the SGP through
the generation of habitat suitability maps.

Materials and methods
Tracking data

Data on the at-sea movements of SGP from Isla Arce
and Gran Robredo were obtained through the instru-
mentation of 17 adults and 9 first year juveniles. Ani-
mals were deployed with satellite transmitters (PTTs-
100, “Platform Terminal Transmitters”, Microwave
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Telemetry, Columbia, MD, USA) during the breeding
(11 adults) and non-breeding period (6 adults, 9 juve-
niles) from 1999 to 2013 (Table 1). Satellite transmitters
were attached using Tesa tape to the mid-dorsal mantle
feathers following Wilson et al. (1997) adapted in Quin-
tana et al. (2010). Argos satellite data was filtered using
Argosfilter 0.62 Package for the R software package (R
Development Core Team 2015). Tracking data was then
hourly resampled using the adehabitat package for R
with redisltraj function (Calenge 2006) to ensure that
individual variation in daily transmission did not influ-
ence the analysis. Different at-sea stages were discrimi-
nated using the flying speed and turning angle (Awker-
man et al. 2005). The normalized cumulative frequencies
of flying speeds (resolution of 1 km h™!) and turning
angle (1° resolution) were calculated and two categories
(residence and displacement) were depicted, where lower
flying speeds and higher turning angles were indicatives
of residence behavior (for details see Blanco et al. 2015).

Only locations indicating residence behavior (as a proxy
of foraging behavior) were included in this article.

Study area

Giant petrels were instrumented on Isla Arce (45° 00'S;
65°29'W) and Isla Gran Robredo (45°08'S; 66°03'W)
in Patagonia, Argentina. These two colonies host 80% of
the Argentinean SGP population and represent the spe-
cies’ northernmost breeding colonies (Copello and Quin-
tana 2009a; Quintana et al. 2005). The at-sea extension of
the study area was determined by extrapolating the maxi-
mum distance from the colony recorded during the track-
ing period (for adults and juveniles) across all directions
in space (see Blanco and Quintana 2014). Thus, for adults,
we selected the area comprised between 38°S and 54°S and
from the coast to 57°W. Similarly, the study area for juve-
niles ranged from 25°S to 55°S and from the coast to 40°W

(Fig. 1).

Table 1 Southern giant petrels (Macronectes giganteus) instrumented with satellite transmitters included in the analysis

Individual Sex Colony Breedingseason  Age Stage Start tracking  End tracking  Total track- Days at sea
ing (days)  post-fledg-
ling
5609 M G. Robredo 1998 Adult Breeding 9-Jan-99 31-Jan-99 22 -
5819 F G. Robredo 1998 Adult Breeding 9-Jan-99 22-Feb-99 44 -
25135 F G. Robredo 1999 Adult Breeding 26-Nov-99 23-Jan-00 58 -
25138 M G. Robredo 1999 Adult Breeding 27-Nov-99 20-Jan-00 54 -
10100 M Arce 2001 Adult Breeding 3-Jan-02 22-Feb-02 50 -
10102 M Arce 2001 Adult Breeding 3-Jan-02 28-Feb-02 56 -
10101 F Arce 2001 Adult Breeding 4-Jan-02 24-Feb-02 51 -
10103 M Arce 2001 Adult Breeding 4-Jan-02 14-Jan-02 10 -
56509 M Arce 2004 Juvenile  Non-breeding  21-Apr-05 12-May-05 21 17
56505 F Arce 2004 Juvenile  Non-breeding  21-Apr-05 6-Aug-05 107 105
56506 M G. Robredo 2004 Adult Non-breeding  22-Apr-05 8-Aug-05 108 -
56507 M G. Robredo 2004 Adult Non-breeding ~ 22-Apr-05 20-Sep-05 151 -
56508 M G. Robredo 2004 Adult Non-breeding ~ 22-Apr-05 8-Jul-05 77 -
44281 F G. Robredo 2005 Adult Non-breeding ~ 24-Apr-06 23-Aug-06 121 -
56505 F G. Robredo 2005 Adult Non-breeding  24-Apr-06 5-Aug-06 103 -
39791 F G. Robredo 2005 Adult Non-breeding ~ 24-Apr-06 31-Jul-06 98 -
39792 M G. Robredo 2005 Juvenile  Non-breeding  24-Apr-06 13-Jul-06 80 79
44282 F G. Robredo 2005 Juvenile  Non-breeding  24-Apr-06 25-May-06 31 29
56507 F G. Robredo 2006 Juvenile  Non-breeding  17-Apr-07 18-May-07 31 26
56509 M G. Robredo 2006 Juvenile  Non-breeding  17-Apr-07 18-Jul-07 92 83
56508 M G. Robredo 2006 Juvenile  Non-breeding  17-Apr-07 22-Jun-07 66 61
79964 F Arce 2007 Juvenile  Non-breeding  15-Apr-08 12-Jul-08 88 79
79965 M Arce 2007 Juvenile  Non-breeding  15-Apr-08 1-Jun-08 47 45
105589 F Arce 2012 Adult Breeding 5-Jan-13 23-Apr-13 108 -
105590 F Arce 2012 Adult Breeding 5-Jan-13 2-Apr-13 87 -
105591 F Arce 2012 Adult Breeding 5-Jan-13 22-Feb-13 48 -

Days at sea post-fledging indicate number of days with location information after juveniles left the colony (from Quintana et al. 2010; Blanco

and Quintana 2014)
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Fig. 1 Tracking locations 65°W
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Eco-geographical variables (EGV)

Model eco-geographical variables comprised geographic,
biological, and oceanographic parameters. All these vari-
ables were calculated to overlap at a spatial and temporal
scale with the tracked animals (Table 2). All these variables
were mapped with a spatial resolution of 4 km.

Geographic variables

Euclidean distance to the coast (km) and Euclidean dis-
tance to the colony (km) were calculated. To obtain depth
gradients (m km™') we used bathymetry from the GEBCO
data base (General Bathymetry Chart of the Oceans, http://
www.gebco.net), and then calculated the gradient for each

@ Springer

Argentina

Brazil

grid point. These variables were calculated using Spatial
Analyst tools for ArcGis 9.3.

Biological variables

During the breeding period, SGP alternate foraging trips
scavenging on Magellanic penguins (Spheniscus magel-
lanicus) and South American sea lions (Otaria flavescens)
carcasses within coastal areas, with long pelagic trips for-
aging mainly on squid ({/llex argentinus) and fisheries dis-
cards (Copello and Quintana 2009b; Copello et al. 2008;
Quintana et al. 2010). Therefore, we gathered information
on distribution of penguin colonies (Falabella et al. 2009)
and Sea Lion rockeries (Crespo et al. 2012; Thompson
et al. 2005) along the coast of the study area, generated
maps, and calculated the distance (km) from the closest
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Table 2 Eco-geographical variables included in the analysis

Breeding adults

Non-breeding adults

First year juveniles

Geographic Distance to coast
Distance to colony
Depth gradient
Biological Distance to penguin colonies

Distance to sea lion rockeries
Squid distribution (Oct—Mar)
Distribution of Fisheries Trawlers
Longliners
Jiggers
SST (Dec—-Mar)
SST gradient (Dec—Mar)
Chl-a (Dec—Mar)
Chl-a gradient (Dec—Mar)
Wind speed (Dec—Mar)
Wind direction (Dec—Mar)

Oceanographic

Distance to coast

Distance to colony

Depth gradient

Squid distribution (Apr—-Aug)

Trawlers

Longliners

Jiggers

SST (Apr—Aug)

SST gradient (Apr—Aug)
Chl-a (Apr-Aug)

Chl-a gradient (Apr-Aug)
Wind speed (Apr—Aug)
Wind direction (Apr—Aug)

Distance to coast

Distance to colony

Depth gradient

Squid distribution (Apr—-Aug)

Trawlers

Longliners

Jiggers

SST (Apr—Aug)

SST gradient (Apr—Aug)
Chl-a (Apr-Aug)

Chl-a gradient (Apr-Aug)
Wind speed (Apr—Aug)
Wind direction (Apr—Aug)

All variables overlap at a spatial and temporal scale with Southern Giant Petrel (Macronectes giganteus) distribution. All variables were

included in the analysis at a spatial resolution of 4 km

penguins and sea lions colony to the center each cell of the
study area. Maps of squid stocks were created using records
of abundance and distribution from Brunetti et al. (1998),
Sacau et al. (2005), Chen et al. (2007), and Perez et al.
(2009), adapting summer and fall/winter distribution of
squid stocks. Distribution of fisheries operating along the
study area were estimated from published literature; thus
utilization maps were generated for trawlers (Copello and
Quintana 2009b; Copello et al. 2014; Favero et al. 2011;
Pezzuto et al. 2006; Seco Pon et al. 2013), jiggers (Copello
and Quintana 2009b; Cozzolino 2014; Falabella et al.
2009), and longliners (Bugoni et al. 2009, 2011; Favero
et al. 2013; Fossette et al. 2014; Gémez-Laich et al. 2006;
Jiménez et al. 2009) along the study area.

Oceanographic variables

Sea surface temperature (SST, °C) data were obtained
from MODIS/Aqua sensor (Physical Oceanography
DAAC, http://podaac.jpl.nasa.gov/) for the period 2003
to 2013 (spatial resolution of 4 km) at monthly resolu-
tion. These monthly means were then averaged on each
period (Breeding: Dec—Mar; Non-breeding: Apr—Aug, see
Table 2). SST gradients (°C km™') were detected comput-
ing the SST derivatives using a centered difference scheme
after smoothing with a Gaussian filter (Nixon and Aguado
2008). Chlorophyll a concentration (Chl-a) (mg m™)
monthly resolution images (2003-2013) at a spatial resolu-
tion of 4 km were obtained from http://giovanni.gsfc.nasa.
gov/. Averages were calculated for each study period. To
obtain the gradient of Chl-a, images were also smoothed,

and centered differences calculated as before (Nixon and
Aguado 2008). Wind images (2003-2013, u and v monthly
composites) were downloaded from ftp://podaac.jpl.nasa.
gov/OceanWinds/ccmp/L3.5a/monthly at a spatial reso-
lution of 25 km. Monthly means were averaged to obtain
wind speed (m s~!) and direction during each study period.
Wind fields were linearly interpolated to resample data at
4 km.

All EGVs (geographic, biological and oceanographic
EGVs) were normalized, linearly transforming them to
zero-mean and unit-variance, before entering the analysis.

Statistical model: Ecological Niche Factor Analysis
(ENFA)

The idea behind ENFA is to compare the global distribu-
tion of some relevant eco-geographical variables (EGV) in
a given area with their distribution in locations where indi-
viduals of the target species have been spotted (Calenge
and Basille 2008; Hirzel et al. 2002).

These EGV (e.g., depth, SST, Chl-a), that have known
(or interpolated) values at all points in the study area, are
interpreted as the coordinates of those geographical points
in some abstract multidimensional space; a subset of those
points corresponds to actual observations of individuals.
ENFA is a factorial analysis that first computes the differ-
ence between the centers of mass of the observations sub-
set and the entire area, what is called the species marginal-
ity. Afterwards, it finds a new set of axes defined in that
abstract space, perpendicular to the marginality axis, and
along which the variance of habitat coordinates becomes
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maximal with respect to the variance of coordinates of
observation points; this defines the specialization eigenval-
ues (the ratios) and axes. The new set of variables defined
by these axes are linear combinations of the original EGVs,
but concentrate the relevant information related to species
distribution in the area. The weights of the old EGVs on
each of the new coordinates ponders the importance of that
EGV on the specialization of the species; irrelevant EGVs
will have small weights along all specialization axes.

In particular, global marginality of a species (a numeri-
cal value) is computed as the length of the marginality
vector, whose components are the differences between
averages of the EGV at the positions of observed individu-
als and the mean values of those EGV on the study area.
Global specialization is calculated as the square root of
the sum of the principal ENFA eigenvalues; we have kept
as many eigenvalues as axes in the Principal Component
Analysis explaining 90% of the total EGV variability (spe-
cialization 1, 2, and 3, see Table 3). Regarding marginality
and specialization mathematical computation, we can inter-
pret that a species will be highly marginal when its margin-
ality value is larger than 1.96 [to find the center of a species
ecological niche at the center of the whole EGV, space will
be less than 5% probable for every variable (Hirzel et al.
2002)]. A species will be specialized when its specializa-
tion value is higher than 1 (a specialization value about 1
means that the species can choose any of the EGV values in
the study area).

The Habitat Suitability Index (HSI) stands for a distance
from the environmental conditions at a given point to the
optimal environmental conditions chosen by a given spe-
cies. Here, we defined the HSI of a cell as the probability of
finding a less suitable point than that cell in the entire study
area (Sanchez-Carnero et al. 2016). We used the Mahalano-
bis distance along the marginality and specialization axes
to assign to each cell in the study area the distance of the
EGYV to the species mean EGV values selected (Calenge
and Basille 2008). Then these distances were ranked from
smaller to larger and the ranks computed, so that each cell
was given an HIS computed as the fraction of cells in the
study area less suitable to the species than the cell itself
based on the EGVs (Sanchez-Carnero et al. 2016).

To assess the accordance between an HSI map and the
actual capture records we used Boyce index (BI) (Bryan
and Metaxas 2007; Galparsoro et al. 2009), defining the

weighted Spearman rank correlation between HSI and the
observed individuals per interval of HSI values over the
HSI histogram to obtain a continuous BI (Sanchez-Carnero
et al. 2016). Given that BI criterion is not related to ENFA
hypotheses or mathematical model, the Boyce index plays
the role of an independent quality assessment of the ENFA
derived HSI map.

All analyses were performed using the Package ade-
habitat (Calenge 2006) for R statistical software (R Core
Team 2015) and costume-made scripts implementing algo-
rithms described above to compute HSI and Boyce index
and automating the processing of data. Analysis was per-
formed based on the three stages of the animal’s life cycle,
considering the differential use of the study area during dif-
ferent periods and age classes (Blanco and Quintana 2014;
Quintana et al. 2010): (1) breeding adults, (2) non-breeding
adults, and (3) first-year juveniles.

In addition, the HSI obtained for non-breeding adults
was introduced as a new EGV in the first-year juvenile
stage, to assess the influence of adult’s presence on juve-
nile’s use of the area (see Blanco and Quintana 2014).

Results
Breeding adults

Application of ENFA to the at-sea distribution of foraging
adults from northern Patagonian colonies depicted a high
marginality component (8.42) which meant that, in gen-
eral terms, adult birds preferred to forage in areas in which
EGV values differed from those more frequent in the study
area. Moreover, breeding SGPs showed a very small toler-
ance to variations in the foraging environment, as shown by
the high values of specialization (9.43 to 27.09, Table 3).
The HSI map obtained for adult breeders was highly accu-
rate (BI=0.923, see Table 3).

Foraging suitable habitats (HSI>0.8) appeared in areas
close to the coast, specifically at central Chubut and along
Santa Cruz Province. This was not the case for the coast of
the San Jorge Gulf, where HSI values ranged from 0 to 0.5.
In addition, breeding adults found suitable areas in only a
section of the study area (Fig. 2a). Interestingly, pixel val-
ues greater than 0.8 were also spread continuously along
the 200 m isobath, indicating that the shelf break is among

Table 3 Marginality and

Specialization 1 ~ Specialization 2  Specialization 3 ~ Boyce index

L Marginality
specialization values for the
three study cases Breeding adults 8.42
Non-breeding adults 1.74
First-year juveniles 13.321

27.09 10.26 9.43 0.923
9.1 6.63 4.74 0.927
15.92 7.26 3.75 0.971

Boyce index indicates the accuracy of the HSI for each group
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Fig. 2 Habitat Suitability Index (HSI) of southern giant petrels (Macronectes giganteus) obtained from ENFA for a adults during the breeding
period (Nov—Feb) and b adults during the non-breeding period (Mar—Sept). The map shows HSI> 0.6

the most suitable environment for this group. The variables
“distance to the coast” and distance to the colony, which
was demonstrated by those variables large components
along both marginality and specialization axes (Table 4),
influenced habitat suitability areas of breeding adults.
Moreover, this group showed strong consistency regarding
variations in EGVs such as distances to penguin colonies
and sea lion rockeries, as indicated by the high values of
contribution to the overall marginality and specialization
for these EGVs.

Regarding oceanographic variables, despite the fact that
breeding SGP were shown to group in areas of high Chl-a
concentration, this was not a strong requirement for them.
On the contrary, breeding adults found suitable habitats
within values different from the average temperature in the
study area (i.e., they showed sensibility to SST). Finally,
direction of wind was an important component of the spe-
cialization, indicating that breeding SGPs are very sensitive
to that variable (see Table 4).

Non-breeding adults

In general, non-breeding SGP foraged in areas whose
overall characteristics were closer to the average of the
study area (marginality=1.74). Habitat suitability of
SGP during winter was determined by a specific range

of values from the ones available in the study area, as
determined by the high specialization value (Table 3).
Boyce index of 0.93 indicated the high accuracy of the
HSTI obtained for this stage of their life cycle (Table 3).
Highly suitable habitats for foraging SGPs during winter
(HSI>0.8) were found in the middle continental shelf
from 44°S to 51°S and along the shelf break (Fig. 2b).
Noticeably, coastal areas were not suitable for non-breed-
ing adults, showing HSI values lower than 0.6.

The habitat suitability seemed to be driven in part
by distance to the SGP colony (marginality component
—0.75) and within a narrow range (specialization compo-
nent —0.28). As suggested by the high marginality val-
ues associated to the distribution of fisheries, an impor-
tant proportion of the habitat suitability was explained
by the areas where trawlers and jiggers commonly oper-
ate. In addition, EGV denoting primary productivity as
Chl-a concentration and its gradient contributed largely
to the overall marginality value for non-breeding SGPs
(Table 4). In addition, foraging environments of this
population were highly influenced by specific ranges of
oceanographic EGVs, being determined by specific wind
directions and wind speeds, in addition to high values of
Chl-a concentration (those EGVs explained most of the
specialization for this group, see Table 4).
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First-year juveniles

Foraging areas of juvenile SGP were determined by values
of EGVs particularly different from the mean EGVs values
of the study area. This last group was the most marginal of
all study cases (13.3). In addition, suitable habitats for this
age class comprised a small range of features present in the
study area as demonstrated by the high specialization coef-
ficient (15.9, Table 3). As for the previous stages, BI=0.97
demonstrated the accuracy of the analysis. Juveniles’ suit-
able areas were spread along almost the entire extension of
the continental shelf (from 25°S to 50°S), expanding also
to the east of the shelf break (Fig. 3).

During their first year at sea, suitable areas of juveniles
were highly related to the presence of fisheries (trawlers
and jiggers) and squid, where high productivity on nearby
coastal areas had also influenced suitable areas (Table 4).
Noticeably, suitable habitat of wintering SGP had an influ-
ence in the habitat suitability of foraging juveniles (Mar-
ginality: —0.310), suggesting that this last group selected
areas where adults” HSI was lower than 0.5 (see Fig. 3).

This age class showed a high degree of specialization for
geographical (distance to the coast and to the SGP colony)

30°S

40°S

50°S

Fig. 3 Habitat Suitability Index (HSI) of the Southern Giant Petrel
(Macronectes giganteus) obtained from ENFA for juveniles during
their first months at-sea. The map shows HSI>0.6

and oceanographic variables. Habitat suitability was deter-
mined by specific ranges of wind speed and SST values
as these four variables contributed the most to the overall
specialization (see Table 4). It is also worth noticing how
values of HSI decreased south of 50°S, probably due to a
decrease in SST.

Discussion

This study analyzed the habitat suitability of southern giant
petrels from northern Patagonian colonies using presence-
only ENFA models. This study overcomes limitations aris-
ing out of density analysis [where prediction of potential
key habitats is not possible (Louzao et al. 2011)], by under-
standing the choices of resources that are unequally used
when they are equally available. ENFA provided expected
results of potential foraging grounds for this population,
consistent with the ones described by a limited number
of individuals (Blanco and Quintana 2014; Quintana et al.
2010). The HS maps included a high proportion of the
foraging locations and represented a set of environmental
characteristics (e.g., high primary productivity, strong wind
conditions, fisheries distribution, etc.) which have been
described to congregate procellariiformes elsewhere (Crox-
all and Wood 2002; Davies et al. 2010; Gutowsky et al.
2014; Phillips et al. 2006a). Furthermore, juveniles habitat
suitability area was also described to be a highly productive
area where several species of other marine vertebrates such
as sea turtles, albatrosses, and otariids gather (Gonzélez
Carman et al. 2016).

HSI for breeding petrels from northern Patagonian
colonies indicated that suitable environments (>0.6) are
found in coastal areas (probably related to the presence
of carrion); for wintering adults, however, those areas
were shown to be not suitable. The northern limit for both
breeding and wintering period was approximately at 42°S;
although, combination of EGVs depicted a smaller HS
for wintering petrels. This is probably due to the absence
of sexual segregation in foraging behavior during that
period (Blanco and Quintana 2014; Gonzalez-Solis et al.
2007a, b). This species is known to have sexual segrega-
tion (Forero et al. 2005; Thiers et al. 2014), where breed-
ing males explore coastal areas foraging on carrion, and
females exploit mostly pelagic environments (Gonzalez-
Solis et al. 2007; Quintana et al. 2010). During winter, car-
rion is not available, therefore males switch to also forage
in oceanic environments (Blanco and Quintana 2014).

All these findings also illustrate the effective perfor-
mance of our model. Previous studies suggested that
some models failed to predict areas where individuals are
observed due to the lack of fundamental variables included
in the models (Doniol-Valcroze et al. 2012). We believe that
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the high performance of ENFA in this study was in part due
to the large number of EGVs included in the analysis.

Role of geographical and biological EGVs

The geographical variables (i.e., distance to the coast and
to the SGP colony) showed a strong influence on the habi-
tat suitability of adults SGP (large projections along the
marginality and specialization axes). During the breeding
period, individuals are constrained to the colony to deliver
food to their chicks. In addition, this population in par-
ticular, remains in the vicinities of the breeding grounds
all year round, visiting the colony periodically also during
winter alternating foraging trips (approximately 12 days)
with 3 days of permanence at the colony (Blanco and Quin-
tana 2014). During their commutes, breeding SGP obtain
their food from carrion of penguins and sea lions (Copello
et al. 2008; Gonzalez-Solis et al. 2000) and occasionally
prey upon on live penguins. These EGVs were included in
the analysis for breeding adults, and as expected, showed
high values of marginality and specialization.

ENFA suggested that the potential at-sea distribution
of foraging juveniles was also driven by the distance to
the coast. Their initial flight may be influenced by adults”
movements as indicated by Blanco and Quintana (2014),
but after that, as specified by the high marginality value of
the EGV HSI of non-breeding adults, juveniles elude areas
where HSI of adults is higher than 0.5. To avoid compe-
tition with adults, particularly in this species where adults
are present near the colony, juveniles move rapidly to dif-
ferent environments (de Grissac et al. 2016). This concurs
what was proposed by Blanco and Quintana (2014) sug-
gesting that dispersion of juveniles to more distant areas is
caused in part to avoid competition with adults. Moreover,
squid distribution seems to be an important factor influenc-
ing foraging behavior of these inexperienced birds, which
may be indicative of the strategy to avoid competition,
since juveniles must disperse to different locations to find
prey (likesson and Weimerskirch 2014).

Interestingly, the EGV depth gradient was also included
in the analysis, being the shelf break the steeper area. In
contrast to the proposed for wandering albatrosses by Lou-
zao et al. (2011), the variable depth gradient had no detri-
mental effect on petrels’ foraging areas, nor did it have a
strong influence on their habitat suitability.

Role of fisheries distribution

Distribution of fisheries (in particular trawlers and jig-
gers), may be significantly influencing the habitat suitabil-
ity of wintering SGP. Considering that the carrion is not
available during winter, SGP must obtain their food from
other sources. As indicated by the high marginality values,

@ Springer

SGP shift their summer foraging behavior and probably
obtain most of their food from interaction with fisheries.
Seabird-fisheries interactions have been broadly described
within the study area (Gonzélez-Zevallos and Yorio 2006;
Gonzélez-Zevallos et al. 2007; Yorio et al. 2010). Recently,
Kriiger et al. (2016) described SGP from southern colo-
nies foraging from jiggers operating along the Argentinean
Shelf. There are some indications that during summer,
seabird-fisheries interactions decrease significantly, which
is attributed to lower bird abundance (Favero et al. 2011).
Even though our analysis does not give enough evidence of
what the animals are eating, it could be the case that SGP
forage mainly from fishery discards during the post-breed-
ing period, while during summer, more food from carrion is
available in areas nearby the breeding grounds. It is impor-
tant to consider that previous studies indicated that there
is a high (> 64%) rate of marine debris ingestion, showing
evidence that these anthropogenic items come from fisher-
ies activities (Copello et al. 2008). More research needs to
be done to reach further conclusions on this topic. In addi-
tion, several variables should be considered, such as the
volume of discards, seasonal operation of fleets, etc.

The short-finned squid (lllex argentinus) is widely
spread in neritic environments off Brazil, Uruguay and
Argentina (Arkhipkin et al. 2015). Squid is one of the main
prey items for Patagonian SGP (Copello et al. 2008) and
also the target of jigging fisheries operating off Argen-
tina (Arkhipkin et al. 2015). Considering that SGP are not
diving birds and 1. argentinus are attracted to the surface
by the lights of this fishing fleet, we believe that, as sug-
gested for adults (Copello and Quintana 2009b; Kriiger
et al. 2016), first year juveniles may be actively interacting
with these fisheries, which could be an important part of
their food sources. Furthermore, interaction between giant
petrels and trawl and longline fisheries along the Brazilian,
Uruguayan and Argentinean shelves have been previously
described (Bugoni et al. 2011; Favero et al. 2011; Yeh et al.
2013).

Role of oceanographic EGVs

High primary productivity indicated by high concentrations
of Chl-a and thermal fronts (SST gradients) appear to be
one of the characteristics shaping foraging habitat suitabil-
ity of petrels along the year. Seabirds rely extensively on
frontal systems predictable in time and space (Akesson and
Weimerskirch 2014; Gutowsky et al. 2014), although spe-
cial attention is needed because in some cases, the relation
between primary productivity and prey availability in fron-
tal areas is not yet well understood (Bost et al. 2009). More-
over, Gonzalez Carman et al. (2016) modelled HS for dif-
ferent marine species (sea turtles, albatrosses, and otariids)
and indicated that frontal areas had lower significance than
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expected. Therefore, although our model points towards a
relationship between the SGP and high Chl-a concentra-
tion, SST, and SST gradients, caution must be taken when
drawing conclusions.

Wind conditions at the study area were also included
in the model as a variable that may influence the forag-
ing areas of this population. Animals in general alter their
behavior to save energy, minimizing movement costs
(Shepard et al. 2013); for some pelagic birds the energetic
costs of flight may be mostly determined by wind (Elliott
et al. 2014). For example, heart rates of wandering alba-
trosses (Diomedea exulans) during favorable wind condi-
tions are close to basal levels (Weimerskirch et al. 2000).
The wind energy is essential to achieve optimal gliding in
procellariiformes species (Davies et al. 2010, and refer-
ences within). However, wind will affect differently the
flight of birds during different behaviors. When animals
are traveling they may try to minimize energy expenditure
by reducing the time to reach their destination, although
during foraging, birds are also influenced by distribution
of resources (Tarroux et al. 2016). In this sense, south-
ern giant petrels from northern Patagonian colonies may
be highly influenced by wind conditions. Our results sug-
gested that specific wind intensity is influencing the habitat
suitability of the SGP. During breeding, adults constrained
to the colony may be taking advantage of the direction
of wind (zonal and meridional) to minimize energy costs
while moving within the foraging areas, as indicated by
the high specialization values. Interestingly, during win-
ter, wind speed also appears to shape SGP distribution.
This group may be relaying on both directionality and
wind speed. Wintering adults perform longer foraging trips
than breeding adults, spending more than 10 days at sea
(Blanco and Quintana 2014; Quintana et al. 2010). During
that time, they may be able to select beneficial wind speeds
for flying, saving energy when moving towards and within
foraging grounds. In addition considering that our analysis
took into account only residence locations, favorable wind
conditions may be a factor selected for this population to
move while foraging, as it was also suggested for other pro-
cellariiformes (Weimerskirch et al. 2007).

Juveniles are helped by wind conditions during their ini-
tial flight out of the colony (Blanco et al. 2015). Moreo-
ver, some species have been documented to sit on water,
waiting for the right wind condition to initiate their flight
(Akesson and Weimerskirch 2014). Our model suggested
that wind speed may be a factor affecting distribution and
foraging areas of first year SGP. This may be helpful for
orientation, which suggests that despite lack of experience,
these immature birds could use wind for orientation, an
innate behavior that would help individuals to find areas to
forage decreasing their energy costs (Riotte-Lambert and
Weimerskirch 2013).

Final considerations

Overall, we believe that ENFA depicted a fair picture of
the variables that influence SGP in their selection of forag-
ing areas. Noticeably different eco-geographical variables
influenced differently the distribution of this population,
depending on the requirements of the different stages of
their life cycle. For example, first year juveniles showed a
high value of marginality; moreover, breeding adults” habi-
tat suitability was determined by a small range of feature
values from the range of values available, showing high
specialization. In contrast, the model indicated that win-
tering petrels showed plasticity in the selection of their
foraging environments, meaning that they may be best
adapted to conditions spread along the study area. Like-
wise, when considering different colonies of the same spe-
cies, we noticed that adult southern giant petrels breeding
at Observatorio Island (54° 39’ 25"S; 64° 08’ 03"W) for-
aged between 50°S and 55°S (Quintana et al. 2010), and
those from South Georgia also foraged in the southern
portion of our study area along the year (Gonzélez-Solis
et al. 2007). Interestingly, neither of those defined foraging
areas resulted in a suitable habitat for southern giant pet-
rels from northern Patagonian colonies. Therefore, despite
of the high performance of ENFA when applied to specific
study cases, caution must be taken when applying this type
of analysis to a single population and then extrapolating
results at the species level in un-sampled areas. As indi-
cated by our findings, results may vary not only from one
population to another, but even within the same population
during different life stages.

Conservation implications

The SGP is listed as Least Concern in the IUCN red list
(BirdLife International 2012) and is also listed in Annex I
of the Agreement on the Conservation of Albatrosses and
Petrels (ACAP). As depicted by ENFA, main priority con-
servation areas for SGP from Islas Arce and Gran Robredo
are located in the Argentinean Shelf from 42°S to 53°S
extending to the west along the shelf break (HSI>06).
That area is currently exploited by fisheries, and although
some mitigation measurements have been implemented
(PAN-Aves 2010), seabirds are still at risk (Phillips et al.
2016). Habitat suitability of juveniles expanded from 25°S
(Brazil) to 50°S in Argentina where the risk of by-catch
increases, considering the extension of the area together
with the strong influence that fisheries had in the habitat
suitability of this age class. Currently, less than 0.5% of
the Argentinean Sea is under some kind of regulation (i.e.,
Marine Park, Provincial Reserve, etc.) and all those pro-
tected areas are located along the coast. Although efforts
to protect pelagic waters included the delimitation of
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fishing closures for management of resources (Foro para
la conservacion del Mar Patagonico y areas de influencia
2008), there are no Marine Protected Areas designed to
protect seabirds where fisheries are banned (Alemany et al.
2013). The suitable habitats described for SGP in this study
also congregate different species of seabirds and marine
mammals (Croxall and Wood 2002; Falabella et al. 2009;
Gonzélez Carman et al. 2016), which highlights the impor-
tance of the Argentinean Shelf for conservation of the
marine environment.

Based on our findings and the discussion above, we
strongly recommend the use of presence-only models and
determination of habitat suitability as a tool for conser-
vation and management for albatrosses and petrels. This
approach is particularly useful, considering that they are
the most threatened group of seabirds and that due to the
remoteness of their breeding colonies and foraging areas,
data collection is difficult.
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