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Abstract
Background: Foraging efficiency determines whether animals will be able to raise healthy broods, maintain their
own condition, avoid predators and ultimately increase their fitness. Using accelerometers and GPS loggers,
features of the habitat and the way animals deal with variable conditions can be translated into energetic costs
of movement, which, in turn, can be translated to energy landscapes.We investigated energy landscapes in
Gentoo Penguins Pygoscelis papua from two colonies at New Island, Falkland/Malvinas Islands.
Results: In our study, the marine areas used by the penguins, parameters of dive depth and the proportion of
pelagic and benthic dives varied both between years and colonies. As a consequence, the energy landscapes also
varied between the years, and we discuss how this was related to differences in food availability, which were also
reflected in differences in carbon and nitrogen stable isotope values and isotopic niche metrics. In the second year,
the energy landscape was characterized by lower foraging costs per energy gain, and breeding success was also
higher in this year. Additionally, an area around three South American Fur Seal Arctocephalus australis colonies was
never used.
Conclusions: These results confirm that energy landscapes vary in time and that the seabirds forage in areas of the
energy landscapes that result in minimized energetic costs. Thus, our results support the view of energy landscapes
and fear of predation as mechanisms underlying animal foraging behaviour. Furthermore, we show that energy
landscapes are useful in linking energy gain and variable energy costs of foraging to breeding success.
Keywords: Energetic costs, Energy landscape, Foraging effort, Foraging strategy, Landscape of fear, Ecological
mechanism, Movement ecology, Non-lethal effects of predation, Tri-axial acceleration, Variable costs of foraging

Background
Animals do not distribute themselves randomly. An extensive literature on wild animal movements and habitat use
shows that some locations are highly used, while other
nearby locations are avoided [1–6]. Understanding the behavioural decisions that makes a place a foraging ‘hot-spot’
as compared to a corridor or even a no-go area will be crucial for securing safe spaces for wild animals facing expanding human influence [7] and climate change [8]. Optimal
foraging theory [9, 10] predicts that animals will select
patches abundant in resources where the gain per unit cost
is high. Any unnecessarily extensive movements might increase the risk of predation, and thus, predator avoidance
also influences the movements of many animals [5, 11, 12].
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In addition to the description of the movement of organisms (e.g. [13]), it is important to consider movements
in the context of ecological factors [5, 14–16]. Foraging
costs have usually been investigated in terms of time, energy gained or energy consumed [17–19]. However, even
minor landscape features may directly affect animal movements by imposing considerable energy barriers on travel
[7]. Likewise, the degree of variation in the landscape will
account for variable energy cost of movements [20], which
can be translated into an energy landscape for animals
foraging in it [21, 22]. Consequently, in landscapes where
resources are not distributed in a way that resembles the
energy landscape, animals will forage in areas of the
energy landscape that result in minimized costs and
maximised net energetic gain [21]. This prediction has
been supported by studies that investigated foraging
movements through energy landscapes using animalattached devices to derive the energetic costs of foraging
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[7, 21–24]. In marine environments or “seascapes”,
oceanographic conditions and currents vary over time
related to oceanographic cycles and climate change
[25–30], resulting in changes in food availability and
distribution and thus, in energy landscapes. Such temporal changes of energy landscapes (between or within
years) and their consequences on animal behaviour
have not been investigated to date. Filling such a gap in
our knowledge is particularly relevant in the context of
climate change.
Seabirds have evolved a multitude of foraging strategies in order to successfully prey on marine food, such
as species-specific preferences of prey or the use of
open-ocean versus coastal habitats [16, 31, 32]. During
the breeding season, seabirds are central-place foragers,
exploiting resources within a given range around their
colonies or nests [18, 33, 34]. In a previous study, we
investigated simultaneous ecological segregation among
species and colonies of a diving seabird assemblage,
sharing a sector of the south-western Atlantic Ocean
during the breeding season [5]. In that study, we deployed
GPS-temperature-depth (GPS-TD) loggers on Gentoo,
Rockhopper, and Magellanic penguins (Pygoscelis papua,
Eudyptes chrysocome, Spheniscus magellanicus), and Imperial Shags (Phalacrocorax atriceps) breeding at New
Island, Falkland / Malvinas Islands, during the breeding
season. Because the studied seabird colonies at New
Island were much closer to each other (2–7 km) than
the average foraging range of the species (9–27 km), we
expected large overlaps among the foraging areas. However, we found little, if any, overlap due to strong spatial
and temporal segregation [5]. Particularly striking, we
observed strong differences in foraging areas, diving
depth, time of foraging and prey choice among birds of
the same species, breeding in different colonies at the
same island [5]. We concluded that the observed differences were most likely caused by optimal foraging of individuals in relation to habitat differences on a local
scale, leading to a complex pattern of interactions with
environmental covariates, combined with avoidance of
predation [5]. Such a flexible foraging strategy was also
observed in Gentoo Penguins from Antarctica, where
differences were found among years [29, 35]. Flexible
foraging habits would provide a buffer against changes
in prey availability [29].
In the present study, we investigated the mechanisms
behind the flexible foraging strategies in Gentoo Penguins.
During two different years, using two colonies of Gentoo
Penguins that previously showed strong spatial and temporal segregation [5], and GPS and tri-axial acceleration
data for the calculation of energetic costs of movement
[21], we aim to show that 1) energy landscapes vary in
time (e.g. between breeding seasons) resembling the interaction between foraging effort and prey availability, 2) the
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seabirds will forage in areas of the energy landscapes
that result in minimized energetic costs, 3) as centralplace foragers are constraint in the area where they can
forage, temporal changes in the energy landscape and associated changes in energy costs of foraging will affect
the breeding success.

Methods
Study site and species

The study was conducted at New Island Nature Reserve
in the Falkland Islands / Islas Malvinas, south-western
Atlantic Ocean [36, 37]. At the continental slope, the
Falkland Current generates a strong upwelling of
productive Sub-Antarctic superficial water ([37] and
references therein). This area of increased productivity
attracts many seabird species, 13 of which breed in
colonies distributed over New I. [38]. Among them is
the Gentoo Penguin, which we investigated in two
breeding colonies: one at the North End (51° 41.402′ S
61° 15.003′ W), and one at the South End (51° 44.677′ S
61°17.683′ W; Fig. 1) of New Island.
In a previous study, we found complete spatial segregation between these two colonies of Gentoo Penguins,
regardless of their proximity (7 km apart), during the
studied breeding season (chick guard 2008) [5]. Our
study also showed that Gentoo Penguins started foraging
very close (from 0.4 to 2.5 km) to the breeding colonies
[5]. Gentoo Penguins have been found to be neritic foragers during the breeding season and among the main
avian benthic consumers of the sub-Antarctic area, their
diet varying greatly between locations and in time [32,
39]. Miller et al. [29] and Handley et al. [40] found that
the prey of Gentoo Penguins comprised mainly benthic
prey but regularly included pelagic prey. An earlier study
of Gentoo Penguins at New I. [41, 42] was in line with
these findings, as the diet comprised mainly lobster krill
(Munida gregaria; 56%), followed by both benthic and
pelagic fish (main items: Micromesistius sp., Nototheniidae and Perciformes; 34%) and squid (mainly Gonatus
antarcticus; 9%) in 1986/87. For the North End colony
at New I., Clausen et al. [43] found that Gentoo Penguins
foraged mainly on pelagic prey (Sprattus fuegensis). In East
Falkland, the principal prey items during chick guard
were rock cod Patagonotothen spp. (78% in 2012), and
Patagonian longfin squid (Loligo gahi) (7% in 2012) [40].
Instrumentation and fieldwork procedures

GPS-temperature-depth (GPS-TD; earth & Ocean Technologies, Kiel, Germany) and micro tri-axial accelerometer (Axy; TechoSmArt Europe, Rome, Italy) loggers
were simultaneously deployed on 32 Gentoo Penguins
from the South End and North End colonies during
chick guard (December) in 2013 and 2014 (Table 1). We
were not allowed to work on the North End colony
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Fig. 1 Location of the Gentoo Penguin Pygoscelis papua colonies studied. New Island (in dark grey) is located in the Falkland Islands/Islas
Malvinas, Southwestern Atlantic. South American Fur seal Arctocephalus australis colonies are indicated with black triangles. See bathymetric
map in Additional File 1: Figure S1

during 2013 due to the activities of a film crew. No loggers were deployed in days of bad weather conditions in
order to ensure an effective protection of the chicks and
the adult birds. Birds were captured mostly by hand, in
the vicinity of their nests, with the occasional help of a

hook attached to a rod [44]. Chicks were also captured
to protect them from predators like Brown Skuas Catharacta antarctica and Striated Caracaras Phalcoboenus
australis during the handling of the adult. Handling time
was kept to a minimum, mostly below 15 min and always

Table 1 Parameters of foraging trips used for the calculations of energy landscapes. The data correspond to Gentoo Penguin
Pygoscelis papua breeding at New Island (Falkland/Malvinas Is.), during chick guard (December) in 2013 and 2014. Only the first
foraging trip of each individual was included in the calculations in order to avoid individuals with more than one trip having
more weight in the analyses
2013

2014

South End

South End

North End

Individuals tagged

16

8

8

Number of complete data sets obtained
(first foraging trips)

13

4

6

Trip length [km]

131.1 ± 59.1 (67.0–281.7)

92.7 ± 64.7 (24.1–169.4)

56.9 ± 13.7 (33.8–75.5)

t-test between seasons

t = 1.113

Mann-Whitney Rank Test between colonies
Maximum distance from colony [km]
Mann-Whitney Rank Test between seasons

P = 0.749

69.1 ± 9.8 (51.3–87.6)

49.6 ± 33.0 (13.8–89.3)

33.3 ± 17.3 (15.3–60.1)

T = 26.000

P = 0.282

t-test between colonies
Trip duration [min]
t-test between seasons

1811.5 ± 754.4 (770.6–2965.1)
t = 0.129

Mann-Whitney Rank Test between colonies
Start time of foraging (local time)
Mann-Whitney Rank Test between seasons
t-test between colonies

P = 0.283
T = 24.000

t = −1.038

P = 0.330

1636.6 ± 1162.8 (320.7–3066.6)

1183.0 ± 353.4 (798.2–1650.8)

P = 0.725
T = 25.000

P = 0.610

07:14:53 ± 06:14:24
(02:12:13–19:16:23)

15:07:12 ± 04:50:53
(08:10:50–18:38:50)

10:22:05 ± 08:05:17
(02:47:49–20:26:48)

T = 54.000

P = 0.048
t = 1.044

P = 0.327

Sample sizes vary with respect to deployments, as not all parameters could be calculated for all individuals, mainly due to some batteries running out before the
finalization of an ongoing trip. Statistically significant values are marked bold
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below 20 min. Extreme care was taken to minimize stress
to the captured birds, with the head covered during handling in order to minimize the risk of adults regurgitating.
During this procedure no great signs of stress were apparent: none of the birds regurgitated. The attachment of the
loggers on the adult penguin was carried out using adhesive Tesa® 4651 tape as described by Wilson et al. [45].
Both loggers (GPS-TD: 75 to 145 g; Axy: 19 g) represent
a maximum of 2.5% of the adult body mass (mean
6459 ± 172 g, n = 16) [5]. In a previous study [46], we
showed that handling and short-term logger attachments like the ones here carried out showed limited effect on the behaviour and physiology of the birds. Other
studies have also found no negative effects of similar
GPS-loggers in the foraging behaviour or the breeding
success of the birds [47–50]. GPS-TD loggers recorded
detailed position (longitude, latitude; sampling interval:
5 min), dive depth (resolution: 3.5 cm; sampling interval:
1 s), and time of day. While at sea, GPS functionality
was pressure controlled so as to attempt to obtain a GPS
fix upon resurfacing from dives. The Axy loggers recorded acceleration (sampling interval: 50 Hz) measured
in three directions (x, y, z, i.e. surge, sway, heave) (e.g.
[51]). After the deployment procedure and immediately
before the release of the adult bird, chicks were returned
to the nest. The adults were released some 20 m from
their nests. All birds returned to their nests and attended
their chicks shortly after being released.
The birds were recaptured in the vicinity of their nests
after 2 to 12 days (median: 5 d) of logger deployment.
All birds were recaptured and loggers recovered except
in one case. Despite intensive efforts, we were not able
to recapture one bird tagged in the South End colony in
December 2014. It may be possible that the penguin
abandoned the nest or that it was predated, as several
Southern Sea Lions Otaria flavescens were intensively
hunting at the penguin landing place during the deployment period. We observed several cases of Gentoo Penguin predation by sea lions while waiting for our tagged
birds to return to the colony. Surprisingly, the two chicks
belonging to the nest with the missing penguin developed
normally, suggesting that they were adequately provisioned by the remaining parent. In any case, the unrecovered device was lost, at latest, during the natural moulting
period (shortly after the breeding season) preventing any
long-term consequences for the bird.
After logger recovery, the penguins were released as
described above. All birds returned to their nests and
attended their chicks shortly after being released except in one case. In this instance, the adult penguin
took longer than usual to return to its nest and two
Striated Caracaras predated the two chicks. No other
cases of nest desertion were recorded and all chicks
survived at least until the starting of the crèche
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period, a time when we were not able to identify individual chicks anymore.
Spatial and temporal data

From 32 deployments in this study, we obtained 23
complete sets of tri-axial acceleration and GPS data,
comprising location, time, and dive depth, which we
used in the following analyses (Tables 1 and 2). Failures to
produce complete data sets were due to 1) three GPS-TD
loggers fully damaged by salt water reaching the electronic
components, 2) two broken GPS antennas, and 3) four
batteries that were unexpectedly depleted before the end
of the first foraging trips. In 2013, seven Axy loggers were
damaged by salt water but the data could be recovered.
In 2014, all Axy loggers were recovered without any
damage, as the logger coating was purposely reinforced
by TechoSmArt and, additionally, the units were placed
inside a tightly closed finger of a lab glove and then inside a heat-shrink tubing before deployment.
As in previous studies (e.g. [5]), we defined foraging
trips from the time when the birds departed from the
colony to the sea until returning to the colony. Bathymetry data were obtained from the global sea floor topography from satellite altimetry and ship depth soundings
(Global Topography; Additional file 1: Figure S1) [52]
available at [53]. Positional data obtained from GPS-TDloggers were used to plot and analyse the trips performed by the birds in ArcGIS 9.3 (ESRI, Redlands,
USA). Trip length was calculated as the total cumulative
linear distance between all positional fixes along the foraging trip, outside of the colony. For each trip, the maximum distance from the colony was calculated as the
linear grand circle distance between the furthest point of
the plotted trip and the geographical coordinates of the
departure colony, determined by GPS. Trip duration was
determined as the time elapsed between departure and
return from the colony. Foraging dives were identified
using purpose-written software in Matlab (The Mathworks Inc., Nattick, USA) and purpose-written script for
IGOR Pro 6.3.7.2 (WaveMetrics, Lake Oswego, USA).
Following Mattern et al. (2007) dive events could only
be accepted when depths >3 m were reached. The bottom phase was defined as a period of the dive with
little vertical undulation following a steady descent
and before a steady ascent back to the surface [50,
54]. The maximum depth (in m) reached during a
dive event (hereafter event maximum depth), and the
number of dive events during a particular foraging
trip were also calculated (Table 2). For each dive, we
calculated a geographical position either by using the
half way point between GPS fixes recorded immediately before and after the dive, or by calculating the
relative position along a linear interpolated line between the last fix obtained and before the first fix
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Table 2 Dive parameters used for the calculations of energy landscapes corresponding to Gentoo Penguin Pygoscelis papua. The
study was conducted on penguins breeding at New Island (Falkland/Malvinas Is.), during chick guard (December) in 2013 and 2014.
Only the first foraging trip of each individual was included in the calculations in order to avoid individuals with more than one trip
having more weight in the analyses. For sample sizes see Table 1. For means, ranges are given in brackets, while for medians 75 and
25% quartiles are given
2013
Maximum dive depth [m]
Mean number of dives per foraging trip (MND)
Mann-Whitney Rank Test between seasons

2014

South End

South End

North End

188.3

178.2

156.3

298 (176–674)

265 (81–648)

280 (192–343)

T = 50.000

P = 0.405

Mann-Whitney Rank Test between colonies
Mean dive duration (DD), benthic dives [s]
Mann-Whitney Rank Test between seasons

166 (112–215)

Mann-Whitney Rank Test between seasons

Mann-Whitney Rank Test between seasons

P = 0.721

109 (87–158)

118 (112–140)

123 (108–146)

t = −1.610

P = 0.126

21.9 (8.0–97.1)
T = 54,929,247.5

Mann-Whitney Rank Test between colonies
Median dive depth of pelagic dives [m]
Mann-Whitney Rank Test between seasons

Mean proportion of pelagic dives (pPD) [%]
t-test between seasons

P = 0.690

45.1 (14.2–93.2)

45.2 (16.0–91.2)

P < 0.001
P = 0.985

15.8 (6.3–77.0)

12.7 (5.8–41.2)

21.1 (9.2–48.9)

T = 1,203,123.5

P < 0.001
T = 834,201.5

P < 0.001

24 (10–40)

54 (22–72)

48 (30–76)

76 (61–90)

46 (27–78)

52 (24–70)

t = −3.828

P = 0.002

t-test between colonies
Minimum benthic bottom time (mBBT) [s]

t = −0.409

T = 34,821,241.0

Mann-Whitney Rank Test between colonies
Mean proportion of benthic dives (pBD) [%]

180 (125–213)

t = 0.367

Mann-Whitney Rank Test between colonies
Median dive event maximum depth [m]

P = 0.445

175 (145–244)
P = 0.002

T = 96

Mann-Whitney Rank Test between colonies
Mean dive duration (DD), pelagic dives [s]

T = 36.000

2

t = −0.426

P = 0.678

3

2

Statistically significant values are marked bold

after the dive occurred based on the time the dive occurred relative to these fixes.
As Gentoo Penguins were found to take both benthic
and pelagic prey at the Falkland Islands [5, 40], the foraging dives performed by the individuals were split in
benthic and pelagic ones for further analyses. This was
done by calculating an index of benthic diving behaviour
developed by Tremblay and Cherel [54]. This method
assumes that benthic divers dive serially to a specific
depth, and therefore consecutive dives reach the same
depth zone. These are called intra-depth zone (IDZ) dives [54]. As in previous studies, the IDZ was defined as
the depth ± 10% of the maximum depth reached by the
preceding dive [16, 55]. During the current study, Gentoo Penguins performed a varying proportion of benthic
and pelagic dives, which was taken into account in the
following analyses (Table 2). As the inspection of histograms showed that the data for pelagic dives was left
shifted, the median dive depth per colony per year was
used for further calculations involving pelagic dives
(Table 2; see Additional file 1: Figure S2; see also

‘Calculation of energy’). The geographical location of
benthic and pelagic dives was checked in order to detect
any potential bias in the distribution of the data. Benthic
and pelagic dives were distributed evenly in the same
depth areas of the ocean around New I. (see Additional
file 1: Figures S3, S4). We also calculated the mean number of dives performed during the foraging trips (Table 1).
In all calculations, only the first foraging trip of each individual was included in order to avoid individuals with
more than one trip having more weight in the data. In a
previous study [5], we found that the Gentoo Penguin
from New I. showed no sexual differences in foraging behaviour parameters. Therefore, in this study, we pooled
the data of males and females.
The nonparametric fixed kernel density estimator was
used to determine the 20, 40, 60 and 80% density contour
areas (estimated foraging range) [56] of dive locations (i.e.
GPS position at the onset of a dive event). Kernel densities
indicate the places in a foraging trip where birds spent
most of their time [56]. Hawth’s Analysis Tools [57]
in ArcGIS 9.3 were used to estimate a fixed kernel
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density using the quartic approximation of a true
Gaussian kernel function [57]. GPS data-points at the
colonies were excluded in order to avoid an overestimation of their importance.
When normality and equal variance tests passed (all
P > 0.05), we used t-tests implemented in R to test for
differences between colonies and seasons on the calculated trip and dive parameters (Tables 1 and 2) [58]. In
cases where normality and equality of variance were
not satisfied (P < 0.05), we used Mann-Whitney rank
sum tests in order to investigate differences.
Calculation of energy

Using a purpose-written script for IGOR Pro 6.3.7.2
(WaveMetrics, Lake Oswego, USA) and tri-axial acceleration data from Axy accelerometers, we calculated the
Overall Dynamic Body Acceleration (ODBA) for all first
foraging trips and individuals. ODBA is a linear proxy
for metabolic energy that can be further converted into
energy expenditure (e.g. [51, 59–63] but see [64]). ODBA
(expressed as gravitational force g) was calculated as described in Wilson et al. [21]. We used the sum of the absolute values of dynamic acceleration from each of the three
spatial axes (i.e. surge, sway, and heave) after subtracting
the static acceleration (= smoothed acceleration) from the
raw acceleration values [21]:
ODBA ¼ jAxj þ jAyj þ jAzj

ð1Þ

Ax , Ay and Az are the derived dynamic accelerations
at any point in time corresponding to the three orthogonal axes.
The sum of ODBA during dives was related to the
maximum dive depth (see Additional file 1: Figures S5–
S10). However, a general additive model (GAM; see
Additional file 1: Table S1) revealed that this relationship
differed between studied years, colonies, and between
benthic and pelagic dives. Thus, the regressions with the
best fit were determined for the different combination of
years, colonies and dive types in SigmaPlot 10.0 (Systat
Software, San Jose, USA; see Additional file 1: Table S2;
Figures S5–S10). We used the regressions between the
sum of ODBA during the dive of the deployed penguins
and the maximum dive depth (see Additional file 1:
Table S2), together with the bathymetric data points
from the Global Topography [52] to calculate benthic
ODBAs for a grid of the marine area around New I.
(approximately 100 km around the island; n = 26,196)
separate for each colony and season. For the pelagic
ODBAs, we used the corresponding regressions (see
Additional file 1: Table S2) and the median dive depth
per colony per year (Table 1; see ‘Analyses of spatial
and temporal data’ for method validation).

The distance between each point in the marine area
grid around New I. for which bathymetric data were
available (see Additional file 1: Figure S1) and the Gentoo Penguin breeding colonies on New I. was calculated
with the Hawth’s Analysis Tools [57] in ArcGIS 9.3.
Using this distance and the mean swimming speed previously calculated for Gentoo Penguins (2.3 m s−1) [65],
we were able to calculate the travel time needed for the
birds to reach each of the 26,196 locations around New
I. for which bathymetric data were available. The travel
time (TT, in s), and their minimum metabolic cost of
transportation (16.1 W kg−1) [65], allowed us subsequently to calculate the minimum cost of travelling (CT,
in J kg−1) to each location:
CT ¼ TT  16:1W kg‐1

ð2Þ

Recent research demonstrated a linear relationship between ODBA and metabolic rate in all species examined
to date (summarised in [21]; but see also [66]). Halsey et
al. [61] investigated the relationship between the rate of
oxygen consumption Vo (in ml min−1; an indirect measure of energy expenditure) and ODBA for 10 different
species including Magellanic and Rockhopper penguins.
The robust results obtained (R2 = 0.99) allowed Halsey
et al. [61] to propose a relationships between the species
mean body mass (BM) and both the slope and intercept
of the predictive relationships for all 10 species (including the two penguin species; P < 0.001 in all cases): intercept, y = 2.75 * BM0.73 slope y = 3.52 * BM0.94. Thus,
following Halsey et al. [61], we first calculated:
Vo ¼ 10:78 þ ODBA  20:45

ð3Þ

Although some inter-species variation can be observed
in the analysis by Halsey et al. [61], the relationship for
both penguin species is quite similar, allowing us to
safely estimate a relationship between Vo and ODBA in
Gentoo Penguins using the calculation method proposed
by these authors.
In order to convert the uptake of 1 l of oxygen into
energy expenditure we used the mean value of the oxidative catabolism of lipids, glucose and protein provided by Heldmaier et al. [67] (20 kJ), such that 1 ml
O2/min equals 0.333 J s−1. To derive the mass-specific
power (MP, in J kg−1 s−1) [21], the energy expenditure
was divided by the mean weight of Gentoo Penguins
(6.5 kg) [5]:
MP ¼ Vo  0:333=6:5kg

ð4Þ

The MP (4) can be calculated for each bathymetric
data point in the grid of the marine area around New I.
separately for benthic dives (MPbenthic, based on bathymetric depth) and pelagic dives (MPpelagic, based on the
median dive depth during pelagic dives).
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Subsequently, we calculated the MP for the grid of the
marine area around New I. (see Additional file 1: Figure
S1) and for both colonies and years, based on the mean
number of dives per foraging trip (MND) and mean dive
duration (DD, duration in s of the dive event; Table 2),
assuming a gradient of bottom depths from 3 m to the
maximum depth (= bathymetric depth), for benthic and
pelagic dives as follows:
MPMND benthic ¼ DDbenthic  MPbenthic ð3 m depthÞ þMPbenthic
MND=2  pBD



ð5Þ
MPMND pelagic ¼ DDpelagic  MPpelagic ð3 m depthÞ þMPpelagic
MND=2  pPD



ð6Þ
where pBD is the mean proportion of benthic dives and
pPD the mean proportion of pelagic dives (Table 2).
These parameters together with previous calculations of
the cost of travelling (CT), allowed us to calculate the
total cost of foraging (TCF, in J kg−1) as:
TCF ¼ MPMND benthic þMPMND pelagic þ CT  2

ð7Þ

In order to build energy landscapes that also take into
account the energy gained during foraging, we calculated
bottom times (duration in s of bottom dive phase) and
minimum benthic bottom times (mBBT; Table 1). The
bottom times from the first foraging trip of each individual showed a relationship with maximum dive depth.
This relationship also differed between studied years,
colonies and between benthic and pelagic dives (GAM;
see Additional file 1: Table S3). The regressions with the
best fit were again determined for the different combination of years, colonies and dive types in SigmaPlot 10.0
(Systat Software, San Jose, USA; see Additional file 1:
Table S4; Figures S11–S16). The regressions between
bottom time and maximum dive depth (see Additional
file 1: Table S4), together with bathymetric data [52]
allowed us to calculate the sum of benthic bottom time
(BBT) for each bathymetric point (see Additional file 1:
Figure S1), separately for each colony and year. The
minimum benthic bottom time for each colony and year
is shown in Table 1. For pelagic bottom times (PBT), we
used the corresponding regressions (see Additional file
1: Table S4) and the median dive depth per colony per
year (Table 2; see ‘Analyses of spatial and temporal data’
for method validation). For the calculation of the total
bottom time (TBT, in s), we took into account that the
birds start diving close to the colony (as also found in
[5]) and increase dive depth while gaining distance. A
mean is calculated and the mean multiplied per the
mean number of dives:

TBT ¼ ðmBBT þ BBTÞ=2  MND  pBD
þ PBT  MND  pPD

ð8Þ

Finally, dividing TCF (7) by TBT (8) we were able to
calculated the total relative cost (TRC, in J kg−1 s−1) as
the total cost of foraging (TCF; diving plus commuting)
relative to the total bottom time (TBT). Using TRC
values calculated for the grid of the marine area around
New I. for which bathymetric data was available
(n = 26,196; see Additional file 1: Figure S1), we constructed the energy landscape by applying the Inverse
Distance Weighted (IDW) interpolation in ArcGIS 9.3
to the resulting data grid. The IDW interpolation was
chosen as 1) a large set of sample values was available,
and 2) the sample data points represented the minimum and maximum values in our surface [68]. Thus,
the energy landscapes here presented are based on the
bathymetry of the area and the total cost of foraging
(diving plus commuting) relative to the bottom time (in
J kg−1 s−1), and take into account the different proportion of benthic and pelagic dives carried out by the
penguins in each studied colony and year.
Stable isotope niche analysis

We analysed carbon (δ13C) and nitrogen (δ15N) stable
isotope values of chick feather samples as a marker of
breeding season foraging ecology. Feathers were sampled
when the chicks were around 2 months old (February),
ensuring that the feathers were grown during the time of
deployment of the loggers (December). Twenty feathers
were analysed from each colony and year except for the
North End colony in 2014, for which we analysed 18
samples. Carbon and nitrogen isotope analyses were carried out on 0.65–0.75 mg sample aliquots, weighed into
tin cups. Carbon and nitrogen isotope ratios were measured simultaneously by continuous-flow isotope ratio
mass spectrometry (CF-IRMS) at the UC Davis Stable
Isotope Facility, using a PDZ Europa ANCA-GSL elemental analyser interfaced to a PDZ Europa 20–20 isotope
ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Laboratory standard measurements have been previously
calibrated against NIST Standard Reference Materials indicated a standard deviation is 0.2‰ for 13C and 0.3‰
for 15N. Stable isotope ratios were expressed in δ notation as parts per thousand (‰) deviation from the international standards V-PeeDee Belemnite for δ13C and to
atmospheric N2 for δ15N.
The isotopic niches of birds from the two colonies
were calculated using SIBER (Stable Isotope Bayesian
Ellipses in R) [69]. In this analysis, the location of the
centroid (LOC) indicates where the niche is centred in
isotope space. A Bayesian approach based on multivariate ellipse metrics was used to calculate the standard
ellipse area (SEA), which represents the core isotope
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niche width as described by Jackson et al. (2011). To
describe the spread of the data points, parameters proposed by Layman et al. [70] were calculated. As proxies
of intra-population trophic diversity, the mean distance
to centroid (CD) and the mean nearest-neighbour distance (NND) are given. Information on the trophic
length of the community is given as the δ15N range
(NR), and an estimate of the diversity of basal resources
is provided by the δ13C range (CR).

Results
The marine areas used by Gentoo Penguins varied
among years, and so did the degree of spatial segregation
between colonies (Fig. 2). This was most evident when
kernel densities were considered (Fig. 3). In 2013, birds
from the South End colony performed the longest trips,
which took them furthest away from the colonies and
which were more extended in time (Table 1). However,
most trip parameters did not differ significantly between
colonies or between years due to large inter-individual
variability (Table 1).
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The mean number of dives per foraging trip was similar
for both colonies and years (Table 2). Birds from the South
End colony carried out more pelagic dives in 2013, while
the proportion of pelagic and benthic dives was almost
equal for both colonies in 2014 (Table 2). The maximum
dive depth was achieved by a bird from the South End colony in 2013 (Table 2). However, the median of the event
maximum depth was largest in 2014 and showed no differences between colonies (Table 2). The deepest pelagic dives
corresponded to birds from the North End colony (Table 2).
Gentoo Penguins preferentially used the areas of the
energy landscape that resulted in lower foraging costs per
bottom time gain, mostly below 225 J kg−1 s−1 in 2013 and
below 175 J kg−1 s−1 in 2014 (Fig. 4). There was no evident
relationship between the foraging areas used by the Gentoo Penguins and depth or distance to the colony (Fig. 3).
The selection of the foraging areas varied noticeably in
space (Figs. 2 and 3) and water depth (Fig. 3, Additional
file 1: Figure S1), but in all cases implied minimal power
requirements compared with other parts of the landscape
accessible to the penguins around the colony (Fig. 4).

Fig. 2 First foraging trips for Gentoo Penguins Pygoscelis papua. The data correspond to penguins breeding at the North End (red lines) and
South End (blue) colonies, New Island (in black), Falkland Islands / Islas Malvinas, during chick guard (December) in 2013 and 2014. Only the first
foraging trip of each individual was included
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Fig. 3 Kernel density distribution (20, 40, 60, and 80%) of dive locations. Kernel density distribution shows the places where the Gentoo Penguins
Pygoscelis papua spent most of their forging time, for birds breeding at the North End (shades of red) and South End (shades of blue) colonies,
New Island (in black), Falkland Islands / Islas Malvinas. Depth zones (in m) are based on data from the Global Topography (Smith & Sandwell
1997) and an IDW interpolation in ArcGIS 9.3. Only dives performed during the first foraging trip of each individual were included

The energy landscapes varied strongly in time (i.e. between the 2 years), but no obvious differences were observed between the energy landscapes calculated for the
two colonies in 2014 (Fig. 4). We compared the foraging costs per bottom time gain extracted from the
energy landscapes and corresponding to the locations
where actual dive events were carried out (distribution
pattern shown in Fig. 5). When comparing the means
for each deployed penguin, the highest mean foraging
costs per bottom time gain was observed for the South
End colony in 2013 (mean ± SD, 2013: 163.7 ± 9.7,
2014: 107.8 ± 22.2, J kg−1 s−1; t = 7.790, d.f. = 17,
P < 0.001). No differences in foraging costs per bottom
time gain were observed between the colonies in 2014
(South End: 107.8 ± 22.2, North End: 106.7 ± 13.8, J kg−1
s−1; t = 0.109, d.f. = 11, P = 0.915).
At the beginning of the fieldwork (December, i.e.
late incubation and early chick-feeding), we counted
all active nests at the colonies. The North End colony
consisted of 2378 nests in 2013 and 2073 nests in
2014. The South End colony contained 2044 nests in
2013 and 2072 nests in 2014. During the crèche period
(mid-January), the colonies were revisited to count the
number of chicks as a measure of breeding success.

The North End colony contained 1352 chicks in 2013
and 3172 in 2014. In the South End colony we
counted 2458 chicks in 2013 and 2171 chicks in 2014.
However, the South End colony was affected by an
outbreak of avian pox in January 2015, which affected
the numbers corresponding to the second season of
this study (December 2014 to February 2015). Despite
this disease, the overall breeding success was higher in
2014 (1.29 chick per nest) than in 2013 (0.86 chicks
per nest).
Stable isotope niche analysis

The SIBER analyses corresponding to Gentoo Penguin
chick feathers revealed differences between the years
(Fig. 6, Table 3). In 2014, we measured lower δ13C
(GLM, effect of site: F = 5.66, P = 0.020, effect of year:
F = 26.68, P < 0.001) and higher δ15N isotope values
(GLM, effect of site: F = 0.37, P = 0.544, effect of year:
F = 14.92, P < 0.001). All niche metrics (Table 3) were
larger in 2013 than in 2014, indicating a higher variability
in the feeding ecology among individuals. Furthermore,
the South End colony (which was represented by the birds
carrying data loggers) had the highest niche metrics
among all four groups (Table 3).
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Fig. 4 Variable energy landscapes. Energy landscapes based on the
bathymetry around New Island and the mass-specific total cost of
foraging (diving plus commuting) by Gentoo Penguins Pygoscelis
papua relative to the bottom time (in J kg−1 s−1), taking into account
the different proportion of benthic and pelagic dives carried out by
the penguins in each colony and breeding season

Discussion
The costs associated to movements are frequently determined by the landscapes through which animals
move [7, 12, 21]. Hence, the energy landscape approach
to movement ecology predicts that individuals will
modulate different foraging parameters in order to
maximize net energy gain during foraging avoiding
costly areas [21, 22, 24].
As in previous studies of animal movement, Gentoo
penguins in our study consistently foraged in areas of
the energy landscape that resulted in lower foraging
costs. However, the results of the present study show
that, in line with our prediction, the energy landscape
changed temporally, namely between the two seasons.
During the first season, in December 2013, Gentoo penguins experienced an energy landscape with increased
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Fig. 5 Frequencies of foraging costs per bottom time gain. Data are
shown in J kg−1 s−1, for each colony and breeding season of Gentoo
Penguins Pygoscelis papua breeding at the North End and South
End colonies, New Island, Falkland Islands / Islas Malvinas, during
chick guard (December) in 2013 and 2014

foraging costs around New Island when compared to the
second season, in December 2014. Despite these higher
costs, Gentoo Penguins in 2013 travelled further (albeit
not statistically significantly), and foraged most of the
time in more costly areas of the energy landscape than
in 2014 (Fig. 5). The breeding success data were in line
with this: in a situation of higher energy expenditure
(2013), the breeding success was low (0.86 chicks/nest),
compared to a situation of lower energy expenditure
(2014: 1.29 chicks/nest).
Variation in energy landscapes over time may be due
to changes in the landscapes that make the movements of
the animal more challenging [21]. In marine environments
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Fig. 6 Isotopic niches based on δ13C and δ15N. Values were
measured in feathers from Gentoo Penguin Pygoscelis papua chicks
grown at the North End and South End colonies, New Island, during
the breeding seasons 2013 and 2014

or “seascapes”, the energy landscapes may vary in time
following changing oceanographic conditions or as a
consequence of fluctuating food availability. In the
Falkland Islands, the total catches of rock cod and Patagonian longfin squid, the two main items in the diet of
Gentoo Penguin during guard [40], were lower in 2013
(32,436 and 40,168 t respectively) than in 2014 (56,686
and 48,702 t respectively) [71]. The Falkland Islands
fisheries statistics thus suggested lower food availability
during 2013 compared with 2014 [71], which was
reflected in the more expensive energy landscape. This
is also in agreement with the lower chlorophyll a concentrations observed in the area southwest of the Falkland Islands in 2013 (see Additional file 1: Figure S17,
A) with respect to 2014 (see Additional file 1: Figure
S17, B; Giovanni Ocean Color Time-Series, National
Aeronautics and Space Administration, USA). Also during 2013, we observed a predominance of lobster krill
remains in the scats of Gentoo Penguins breeding on
New Island. Previous studies showed that lobster krill is
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a less preferred item in the diet of Gentoo Penguins at
the Falkland Islands both during guard and crèche formation [39, 40]. The reduced availability of preferred
prey and the generally lower ocean productivity may
have forced the Gentoo Penguins from New Island to
prey on a less preferred prey in 2013. Additionally,
δ15N was lower in 2013, suggesting lower trophic level
prey (e.g. lobster krill), and all δ13C and δ15N niche
metrics were larger in 2013 than in 2014 (Table 3),
suggesting a higher variability in the feeding ecology
among individuals.
A high degree of plasticity in foraging behaviour and
diet was also reported for Gentoo Penguins both from
Antarctica and Sub-Antarctic islands as a buffer against
changes in prey availability [29, 35, 72]. Similarly, in our
study of Imperial Shags at New Island, we also observed
such plasticity in the diet, diving, and foraging behaviour
over time [16]. In the case of Imperial Shags, pelagic dives dominated in poorer years in terms of breeding success. In our present study, Gentoo Penguins performed
a significantly higher proportion of pelagic dives during
2013 (Table 2), probably preying on the pelagic phase
of lobster krill [73]. This switch to a predominantly pelagic foraging strategy in 2013 could be interpreted as a
strategy to overcome a more expensive energy landscape. In years when food availability makes benthic
foraging altogether too costly, birds could switch to a
more cost-effective pelagic strategy.
The balance between energy gain and variable energy
costs of foraging will directly affect the survival and
reproduction of individuals in a particular landscape
[22, 24]. It follows that in the context of natural selection individuals that move efficiently to areas of the
best energy gain per energy expenditure will increase
their fitness, leading to the evolution of a variety of
energy-saving mechanisms [22]. However, this could be
a too simplistic approach, as movement can also depend
on other factors in addition to the availability of prey, like
the probability of being predated [11, 12, 21, 74].

Table 3 Isotopic niche metrics of Gentoo Penguins Pygoscelis papua. Parameters are based on carbon (δ13C) and nitrogen (δ15N)
stable isotopes of chick feather samples as a marker of breeding season foraging ecology from two colonies at New Island and two
breeding seasons calculated with the SIAR package. SE South End colony, NE North End colony
Symbol

Explanation

NE, 2013

SE, 2013

NE, 2014

SE, 2014

LOC

Location of centroid (mean δ13C, mean δ15N)

n = 20

n = 20

n = 18

n = 20

−15.73, 14.45

−15.49, 14.39

−16.04, 14.75

−15.94, 14.71

SEA

Area of the standard ellipse (isotope niche width)

0.34

0.63

0.15

0.19

SEAc

as above, corrected for sample size

0.36

0.67

0.16

0.20

NR

trophic length (range in δ15N)

1.46

1.74

1.40

0.99

CR

diversity of basal resources (range in δ13C)

0.96

2.19

0.82

0.99

CD

niche width 2 (Mean distance to centroid)

0.43

0.52

0.31

0.29

NND

mean Nearest Neighbour Distance

0.16

0.26

0.13

0.15
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Gentoo Penguins from New Island did not forage in
all areas of the energy landscape with lower foraging
costs. An area with the lowest foraging costs i.e. < 125 J
kg−1 s−1 located to the north-west of New Island was
avoided in both years of this study and also during a previous study (Figs. 2, 3 and 4) [5]. This area surrounds
three South American Fur Seal Arctocephalus australis
colonies (Fig. 1). According to the landscape of fear approach to movement ecology [12, 75], the spatial and
temporal use of the landscapes would be driven by the
fear of being killed (risk of predation). Our results are
also in line with the landscape of fear approach, adding
to a number of studies showing the importance of nonlethal effects of predation on seabird foraging behaviour
(e.g. [11]). Moreover, the foraging movements observed
during this study provide further support to the complementarity of the energy and fear landscape paradigms
proposed by Gallagher et al. [12], as a way of better understanding the mechanistic basis of movement ecology.

Conclusions
This study clearly illustrates that in order to adequately
understand the mechanistic basis of movement ecology
it is necessary to consider a variety of factors and complementary approaches. A complementary approach looking
at the energy gain and variable energy costs of foraging
(energy landscapes) and the non-lethal effects of predation
(landscape of fear) that also considers the fluctuations in
food availability and/or the spatial and temporal changes
of the landscapes will certainly help us understanding the
complex decisions made by wild animals during foraging.
Energy landscapes are also useful in linking energy gain
and variable energy costs of foraging to breeding success.
Thus, long term studies of the energy landscapes experienced by populations of wild animals could also help understanding demographic changes and their consequences
for conservation. Moreover, investigating energy landscapes over time may become a useful tool for the identification of key areas for conservation spatial planning.
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