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Abstract

Penguins are highly specialized divers that are expected to reflect environmental variation by adjusting their foraging behav-
ior. We performed a comprehensive analysis of the at-sea distribution, diving, and foraging performance of Magellanic
penguins (Spheniscus magellanicus) during the early chick-rearing period over two consecutive breeding seasons. The study
was conducted at Cabo dos Bahias, (44° 54’ 50" S; 65° 32’ 37" W) a breeding colony located south of the latitudinal range of
penguins’ main prey item Argentine anchovies (Engraulis anchoita). We also linked penguin foraging behavior to sea surface
temperature (SST) to examine how birds cope with differences in oceanographic conditions. For this, we instrumented 37
adult penguins (18 in 2015 and 19 in 2016) with data loggers. In addition, we recorded chick growth in body mass during
the first 12 days of life. Overall, the diving patterns of adult Magellanic penguins were similar in both breeding seasons.
However, during 2015, adult breeders spent more time at the sea surface between foraging dives and performed more foraging
dives per hour. The time spent foraging was higher in 2016 than in 2015. Foraging penguins also expanded their foraging
range more than 100 km during 2016. Temperature records gathered by diving penguins during 2016 showed significantly
higher temperatures, both at the sea surface as well as at the bottom of dives. Adults performed a higher foraging effort and
chicks gained weight faster during 2016. Site-specific variability in prey distribution and abundance may be responsible for
inter-seasonal discrepancies in the foraging and diving patterns. We reasoned that any environmental change could cause a
shift in the distribution of anchovies, which would change the foraging behavior of penguins as they attempted to optimize
their chick growth. Penguins from Cabo dos Bahias appear to face this environmental challenge with a highly sensitive at-sea
foraging performance by increasing foraging effort when necessary.
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Introduction

Foraging seabirds are known to respond to temporal and
Responsible Editor: T.A. Clay. spatial changes in oceanographic features and associated
prey availability by employing different feeding strategies,
which makes them particularly interesting models with
which to study processes and decisions in foraging ecology
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search effort (Dehnhard et al. 2015). This explains why pen-
guin species have been proposed as good indicators of ocean
health, with ocean change being reflected in their behavior
and breeding performance (Croxall et al. 2002; Le Bohec
et al. 2008).

The Magellanic penguin (Spheniscus magellanicus)
breeds along both coasts of South America. The northern-
most limit on the Atlantic coast is at 41° S, and on the Pacific
coast extends its breeding distribution to 29° S (Boersma
et al. 2013). In the Atlantic coast, their colonies are also
located in insular areas such as Islas Malvinas (Falkland
Islands) and Isla de los Estados, Argentina (Raya Rey et al.
2014). The estimated world population ranges between 2.2
and 3.2 million mature individuals, of which 900,000 breed
along the Argentinean coast (BirdLife International 2000),
making it the most abundant seabird in Patagonia (Pozzi
et al. 2015). On recent decades, population and distributional
changes have occurred in the breeding meta-populations of
Patagonia Argentina, with some colonies declining, others
increasing at high rates and a few newly established colonies
(Pozzi et al. 2015). This has led the IUCN (International
Union for Conservation of Nature) to consider this species
as “Least Concern” (BirdLife International 2000).

Along the coast of Patagonia Argentina, an increase in the
number of breeding pairs (by as much as 2.6% per annum)
has been recorded in colonies in the north of its distribu-
tional range (Schiavini et al. 2005; Pozzi et al. 2015). In con-
trast, Punta Tombo (the second largest colony in the world)
decreased by 22% in the number of breeding pairs between
1987 and 2008 (an annual decrease of approximately
1%), as did other colonies in central Patagonia (Boersma
2008). Sources of these variations have been attributed to
favorable environmental conditions in northern Patagonia
(added to density-dependent processes), and more erratic
and variable conditions in the center of the Magellanic pen-
guin breeding distribution (Pozzi et al. 2015) (see Fig. 1).

The diving and foraging behavior of Magellanic pen-
guins has been widely studied along the Patagonian coast of
Argentina with observed variability between colonies being
ascribed to local differences in prey availability (Wilson
et al. 2005b; Sala et al. 2014). Basically, penguins breed-
ing north of 45° S and south of 50° S prey upon Argentine
anchovy (Engraulis anchoita) and Patagonian sprat (Sprattus
fuegensis), respectively (Ciancio et al. 2018). Conversely,
birds from colonies located between those latitudes show
a broader spectrum of prey species such as other fish (i.e.
Merluccius hubbsi, Austroatherina sp., Eleginops maclovi-
nus) and some squid (Illex sp. and Loligo sp.) (Castillo et al.
2019; Fernandez et al. 2019). Moreover, within the anchovy
geographic domain (north of 45°), penguins from the north-
ernmost colonies, forage mainly on juvenile fish, while birds
from the southern limit feed mainly on adult fish (Ciancio
et al. 2021). The penguin colony of Cabo dos Bahias, (placed
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Fig. 1 Distribution of the Magellanic penguin (Spheniscus magellan-
icus) colonies (black dots) along the coast of Patagonia, Argentina.
Only the studied colony (Cabo dos Bahias) and others mentioned in
the text are named

in the North of San Jorge Gulf) is located at the center of
the distributional range of the species in coastal Patago-
nia, Argentina (Yorio et al. 1998). The surrounding waters
of the colony represent the southern limit of the distribu-
tional range of the Argentine anchovy, the main prey item
of penguins breeding at the northern colonies (Frere et al.
1996; Yorio et al. 2017). The Argentine anchovy extends
from 41° to 48°S, but, during late austral spring and early-
summer [i.e. the early-chick rearing period of the Magel-
lanic penguins from Cabo dos Bahias (G. Blanco and F.
Quintana unpubl. data)], is more abundant between 41° and
45° S, although appreciable inter-annual changes have been
observed (Hansen et al. 2001). Such inter-annual variation
in prey distribution, potentially derived from oceanographic
fluctuations, seems likely to comprise a more variable envi-
ronmental scenario for penguins provisioning offspring at
Cabo dos Bahias. Although the precise drivers of potential
prey species abundance are poorly understood, we reasoned
that even small-scale changes in oceanographic conditions
around Cabo dos Bahias could affect the availability of the
main food sources, and this would be reflected in the forag-
ing and diving behavior of penguins breeding at this colony.

Even though the foraging ecology of Magellanic penguins
has been relatively well studied (Wilson et al. 2007; Boersma
and Rebstock 2009; Rosciano et al. 2018; Fernandez et al.
2019; Ciancio et al. 2021), the high degree of variation (both
within and between breeding sites) highlights the need to
continue, site-specific and long-term studies at different col-
onies (Quintana et al. 2021, in press). Here, we performed
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a comprehensive analysis of the at-sea distribution, diving
and foraging behavior of Magellanic penguins from Cabo
dos Bahias during the early chick-rearing period over two
consecutive breeding seasons. Additionally, we examined
the extent to which penguin foraging behavior might be tied
to SST to determine responses to oceanographic features
(i.e. SST) in this species. We also aimed to compare our
results with those of Magellanic penguins breeding at other
colonies, to understand the dynamics and plasticity of their
foraging performance.

Methodology
Study area

Field work was conducted during early chick-rearing period,
over two consecutive breeding seasons (2015-2016) at Cabo
dos Bahias (44° 54’ 50" S; 65° 32’ 37" W, Fig. 1), located
at the north limit of the San Jorge Gulf. This colony hosts
approximately 12,000 breeding pairs spread over an area of
22 ha (Capurro et al. 1988; Pozzi et al. 2015). A few counts
suggested that there have been no variation in the number
of breeding pairs over 15 years, indicating population sta-
bility (Pozzi et al. 2015), although the most recent counts
suggest that the number of breeding pairs have decreased at
approximately 7% per annum since the last record in 2010
(G. Blanco and F. Quintana unpub. data).

Deployment of animal-attached devices

Data loggers were deployed on adult penguins (N=37)
during the early chick-rearing period. In 2015, between
December 7th and 13th, 18 birds were instrumented (seven
females, eight males and three birds of unknown sex). In
2016, between December 9th and 13th, 19 birds (11 females,
four males, and four of unknown sex) were instrumented.
Sex was determined using morphometric measurements
following Bertellotti et al. (2002). Penguins were equipped
with either an Axy-trek® (three birds in 2015 and nine in
2016), which incorporates a GPS, accelerometer (records not
included in this study), depth (i.e. pressure) and temperature
sensors (www.technosmart.eu), or a Gipsy-4® (GPS only),
together with a small Axy-Depth ® including temperature
and depth recorders (25 birds) (www.technosmart.eu). All
devices were programmed to collect positional data at 1 Hz
sampling frequency (increasing the accuracy of locations to
2 m) and 8-bit resolution (Axy treck® Manual). Tempera-
ture resolution was 0.1 °C (range —20 to+ 60 °C) and depth
(i.e. pressure) resolution was 20 mbar. We used the records
of water temperature to derive in situ surface and bottom
temperatures. To avoid delays that may occur in tempera-
ture sensor response times (Sala et al. 2017), we computed

the surface temperature by considering mean temperature
records at depths between 2.5 and 5 m of each dive. We
considered that the bottom temperature corresponded to the
mean temperature of the bottom phase of each foraging dive
(Sala et al. 2017).

We monitored nests daily recording the presence of
adults. In general, the individual that was present in the
nest during two consecutive surveys, was promptly to start
a foraging trip. Those animals were selected for deployment
to avoid logger’s battery consumption when penguins were
still in the nest. We gently removed the penguins from their
nest and attached the loggers to their lower back following
Wilson et al. (1997). Loggers were attached using 4 strips of
tesa tape® 4651. We first place the tape under the feathers
with the glue facing up, then place the logger and wrapped
the tape around it. Finally, one last piece of tape was placed
over the device to cover the unions of the strips of the tape.

The instrumentation procedure lasted less than ten min-
utes and birds were returned to their nest after deploy-
ment. We removed all data-loggers after a single foraging
trip (range 7-74 h). In addition, we monitored all nests of
equipped animals every three to five days until the end of
December (late chick rearing period) to ascertain that all
nests continued to breed normally.

Dive analysis

Diving behavior was analyzed using the software MTDIVE
(Jensen Software System), designed to classify the phases
of a complete dive (descent, bottom, and ascent phase). A
dive was considered as every submersion deeper than 1.5 m
following previous analysis performed on the same species
(Sala et al. 2012b). We classified foraging and non-foraging
dives by calculating the frequency distribution of maximum
dive depths and the total time spent at the bottom per dive.
Based on the bimodal distribution in maximum dive depth
for both seasons, we considered as foraging dives only those
with bottom durations longer than 2 s and to depths greater
than 16 and 14 m for 2015 and 2016, respectively [see Sala
et al. (2014)]. Even though in some cases penguins could
predate at shallower depths, recent studies showed that, in
Cabo dos Bahias, captures in the first meters of the water
column occurred in less than 3% of the dives (Del Caifio
et al. 2021).

We thus obtained both the total number of dives and the
number of foraging dives per trip. Dive depth (m), dive dura-
tion (s), post-dive interval (s) (recovery time between con-
secutive foraging dives), total time diving (h) and total time
foraging (h) (defined as the summed duration of foraging
dives) were calculated. We also obtained the time invested
in the descent, bottom and ascent phases (s) of each dive for
every foraging trip (Simeone and Wilson 2003; Bost et al.
2007; Sala et al. 2014). We defined diving effort as the ratio
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between dive duration and dive cycle duration (dive dura-
tion + post-dive interval). The diving rate was calculated as
the number of foraging dives per hour [modified from Raya
Rey et al. (2012), Sala et al. (2014)].

Spatial analysis and foraging trip variables

We mapped and analyzed the trajectories of all individuals
using ArcGIS 9.3. When we used two different devices on
a single bird (Gipsy-4® (GPS only), + Axy-Depth ®, see
“Deployment of animal-attached devices”), information (i.e.
location and dive data) from both sources had to be merged
by matching times and, therefore, each location was assigned
to a particular dive. As a result, at-sea locations were also
classified as non-foraging or foraging locations following the
depth-duration diving threshold above mentioned.

We calculated trip duration as the elapsed time between
the first and the last location in the water, even if tracks
were incomplete because the logger did not record the
majority of the inbound track, when possible, time of the
last location in the water before going back to the nest was
retrieved. Other foraging trip variables such as; maximum
distance to colony (km) (distance between the location of
the nest and the farthest point of the track), total distance
traveled (km, calculated by adding the distance between
consecutive locations for the complete track), and track
sinuosity (obtained from dividing maximum distance to
the colony by the total distance traveled (Weimerskirch
et al. 2002) were also calculated. Using the outbound
tracks of birds, we calculated a linear directional mean
to describe the mean direction of the birds heading to the
foraging areas. To compare individual variations in area
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Fig.2 Foraging areas of Magellanic penguins breeding at Cabo dos
Bahias (CDB) during two consecutive breeding seasons (2015, 2016)
represented by Kernel contours. Black arrow represents outbound
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used, we defined the total foraging range by calculating
Minimum Convex Polygons (MCP) for each individual,
including all locations associated to foraging dives and the
total range by calculating MCP that included all locations
for each individual (modified from Pichegru et al. (2013).
We also performed a fixed Kernel Density Analysis (Wor-
ton 1989) using Hawth’s tools for ArcGis 9.3 (Beyer 2004)
with a smoothing factor 2 =1000 m, to compare foraging
areas between the two years of study as it estimates the
probability densities for the season. We estimated Kernel
contours using foraging locations for both years (90, 50
and 25% Utilization Distribution Areas). In addition, the
bathymetry of the areas in which the animals were foraging
was calculated by overlapping the foraging locations with
a bathymetry map generated for the study area (Sanchez
Carnero, pers. com., see Fig. 2). We also overlapped spa-
tially and temporarily, all foraging locations with SST for
the study area. SST images were obtained from MODIS
(https://oceancolor.gsfc.nasa.gov) at 1 km spatial resolu-
tion. The presence of clouds during days when animals
were tracked, had at some specific locations clouds that
inhibited the use of satellite images to each specific day.
Therefore, we derived weekly composites to overlap the
time in which animals travelled during each studied sea-
son. As such, we assigned a SST value to each location to
calculate SST experienced by individuals. In addition, we
calculated overall mean SST of the study area to compare
overall variation in SST between years.

We analyzed all spatial variables using ArcGis 9.3,
extensions: data management, spatial statistics, and spa-
tial analyst tools.
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Nest monitoring and chick growth

At the beginning of the breeding season, nests were marked
and monitored weekly. Once the eggs hatched, nests were
revisited daily. Chicks were marked using a livestock crayon
indicating hatching order. Body mass was recorded every
3-5 days, using a 100 g, 300 g, 600 g, or 1000 g spring scale
(Barrionuevo 2015; Giudici et al. 2017). We selected for
this analysis, all chicks from instrumented nests and chicks
that hatched within the same week of those chicks from
experimental nests (58 and 35 nests, for 2015 and 2016,
respectively).

Statistical analysis

Since there were no differences between spatial and diving
parameters (e.g. total number of dives, number of foraging
dives, total time of foraging dives, dive rate, trip duration,
total distance traveled, maximum distance to colony, sinuos-
ity, MCP) between sexes, data from females and males were
pooled (z test, Mann—Whitney U tests all p>0.05).

To analyze differences between years, we compared all
spatial variables and those diving variables for which we
obtained a unique value per individual (e.g. total number of
dives, number of foraging dives, total time diving, total time
foraging, and dive rate), using ¢ tests or Mann—Whitney U
tests depending on normality of data (Zar 1999).

General mixed effects models (GLMM) fitted by maxi-
mum likelihood (ML) were used to test differences between
years for those diving variables with more than one value per
individual (e.g. dive depth, dive duration, post-dive inter-
val, decent, bottom, and ascent duration, diving effort). For
these analyses, year was included as a fixed factor and bird
identity as a random factor to account for potential pseudor-
eplication (Crawley 2007; Zuur et al. 2009). Additionally, for
those parameters with several measurements per animal we
obtained a mean value per parameter per individual. Then
we used these mean values to calculate a grand mean per
year, the standard deviation, and its range.

Because maximum dive depth has an important effect on
dive duration, post-dive interval, descent, bottom and ascent
duration; the analysis of these variables included the effect
of dive depth as covariate (Tremblay and Cherel 2000). To
deal with non-Gaussian distributions, we used GLMMs with
poisson errors and log-link function corrected for over dis-
persion (Crawley 2007).

Non-Linear Mixed Models (NLMM) were used to evalu-
ate differences between years in early chick growth in body
mass (until 12 days of age) (Pinheiro and Bates 2000). Body
mass was fitted to a linear equation where yf is chick mass
at age t, and a and b, are the growth rate and the intercept,
respectively. This equation has been shown to fit early chick
growth of Magellanic penguins adequately (Barrionuevo

2015). Breeding season was included as predictor vari-
able. Because chick growth may depend on hatching order
and brood size (Barrionuevo et al. 2018), we also included
rearing conditions (i.e. combination of the hatching order
(O) and brood size (BS) at 12 days) as predictor variable.
Growth parameters (a and b) were modeled by predictor
variables. Growth parameters and chick identity nested on
nest identity were included as random effects.

GLMMs were run using the function /mer from the
package Ime4. For the NLMM we used the function nlme
from the package nlme. We compared the models with and
without the eliminated variables with the function anova
using the Chi-square test goodness of fit (2 parameter) for
GLMM and the likelihood ratio test (L-ratio) for NLMM.
All statistical analyses were performed using open-source
statistical package R version 3.6.1 (R Development Core
Team 2019) with a level of significance of p <0.05. Results
are shown as mean + standard deviation (SD).

Results

We recorded dive information of one complete foraging
trip from 34 of 37 instrumented individuals, consisting of
21,694 dives (two loggers did not record information and
one recorded a partial trip). The GPS units (both those on
Axy-trek and Gipsy 4) recorded 22 complete foraging trips
(13 GPS recorded incomplete tracks mostly due to failure to
record the inbound trajectory).

Diving and foraging behavior

Departures to the sea occurred all day, being slightly higher at
late afternoon (departure local times: 00:00-06:00=16.7%,
06:00-12:00 =20%, 12:00-18:00=23.3%,
18:00-00:00=40%). Arrival local time to the colony also
took place across the 24 h cycle with a maximum in the
early afternoon (0:00-06:00=10%, 06:00-12:00 =20%,
12:00-18:00=43.3%, 18:00-00:00=26.7%).

Overall, the diving pattern of adult Magellanic penguins
was similar for both breeding seasons (Table 1). However,
during 2015, adult breeders spent more time at the sea sur-
face between foraging dives (35.2+8.8 vs. 32.7+9.3 s;
GLMM, ;(2 (1)=7.202, p <0.0072; Table 1) and performed
more foraging dives per hour (37.1+6.3 vs. 31.0+5.0; ¢
test=3.05, p=0.0047; Table 1). The time foraging was
higher in 2016 than in 2015 (11.2+5.0 vs. 7.1 +£2.8 h; ¢
test=2.90, p=0.007; Table 1). The maximum dive depth
recorded was 89.3 m although adult breeders generally for-
aged at depths ranging from 20 to 60 m. Maximum dive
duration recorded was 251 s (4.2 min), while mean foraging
dive duration ranged between 79 and 147 s. Foraging dives
mainly occurred during daylight hours (05:00-21:20 h at the
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Table 1 Diving behavior, at-sea movements and oceanographic features of the areas used by Magellanic penguins (Spheniscus magellanicus)
breeding at Cabo dos Bahias during two consecutive breeding seasons (2015-2016) during the early chick-rearing period

Dives N (birds) 2015 2016 p value
Mean+SD Range Mean+SD Range
Total no. of dives (n) 34 589+185 330-942 682+ 504 99-2159 0.73
Trip duration (h) 30 233+7.2 10.3-36.0 30.4+16.7 7.0-74.3 0.13
No. of foraging dives (n) 34 258+104 69-411 342+160 74-788 0.11
Percentage of foraging dives (%) 34 49+17 18-67 59+19 24-91 0.11
Dive depth (m) 35 36.1+£8.3 22.9-59.8 41.8+11.6 20.3-60.3 0.15
Dive duration (s) 35 103.9+19.5 79.2-147.0 115.69 88.0-137.9 0.13
Post-dive interval (s)** 35 352+8.8 26.9-43.0 32.7+9.3 26.13-39.36 0.0072
Total time diving (h) 33 11.0+2.8 7.7-16.6 19.0+15.1 2.6-68.6 0.05
Total time of foraging dives (h) ** 33 7.1+£2.8 3.3-13.0 11.2+5.0 2.4-20.1 0.007
Descent phase (s) 35 30.3+£8.2 18.3-51.2 353+5.8 21.7-41.0 0.15
Bottom time (s) 35 40.1+7.7 24.5-56.5 434472 28.0-61.1 0.28
Ascent phase (s) 35 31.6+134 2-102 3734373 1-113 0.16
Diving effort 35 0.8+0.04 0.7-0.8 0.8+0.05 0.7-0.9 0.16
Dive rate (foraging dives h™!)** 33 37.1+6.3 26.3-46.1 31.0+5.0 19.9-40.9 0.0047
At sea movements
Max. distance to colony (km) 23 17.6+4.4 11.5-24.8 39.3+359 7.9-113.4 0.16
Total distance traveled (km) 22 76.1+23.9 38.3-111.2 142.8+95.1 24.7-335.4 0.05
Sinuosity of the foraging path 21 0.2+0.0 0.2-0.3 0.2+0.1 0.2-0.3 0.93
Foraging range (MCP, km?) 22 82.3+73.8 13.9-273.4 493.2+772.6 4.0-2291.2 0.09
Total range (MCP, km?) 24 103.1+854 16.6-321.6 544.4+783.7 9.1-2491.4 0.08
Oceanic features
Mean temperature at bottom of dive** 35 11.7+0.53 10.3-12.4 12.3+0.5 11.6-13.4 0.0001
Temperature at surface™* 35 12.7+0.5 12.4-13.3 13.5+04 13.0-14.2 0.007

Bold values indicate statistical significance
All dive statistics referred to foraging dives (see text)

“*Statistical differences between years of study

study area during the study period) with almost no foraging
dives during dark hours (just 2%).

Use of marine areas, at sea movements and foraging
parameters

During the early chick-rearing period 2015, penguins from
Cabo dos Bahias headed north-northwest (outbound mean
direction 346.2°) on the way to their foraging areas. Post
travelling, these individuals foraged inside Camarones’ Bay
(Fig. 2a). During the following season, penguins moved
northeast (outbound mean direction 57.5°) but expanded
the foraging areas outside the Camarones’ Bay by more than
100 km to the East (Fig. 2b) although there were no statis-
tical differences between seasons (Table 1, Fig. 2b). The
apparent variation in the foraging range between seasons
was primarily due to a particular individual that exploited an
extensive area of 2,291 km? (Fig. 2b). Overall, we found no
significant difference in any of the characteristics of forag-
ing trips between seasons (Table 1), even after considering
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the particular foraging pattern of one of the instrumented
penguin. Only the total distance travelled appeared slightly
higher during 2016 (Kruskal-Wallis test, df=1, ;(2 (1)=3.88,
p=0.05, Table 1), but this slight difference could have been
driven by that one individual during 2016. In general, foraging
trips lasted approximately one day covering average maxi-
mum distance of approximately 100 km during which time
the penguins reached a maximum average distance from the
colony of 23.5 km (range: 7.9-113.4 km) (Table 1).

The use of the foraging areas differed between years
(Fig. 2). During 2015, penguins foraged in a more local-
ized area than during 2016. The total area used to forage
in 2015 (represented by 95% UD) was 300.5 km? and was
significantly smaller than that of 2016 (i.e. 675.3 km?).
The foraging areas of both seasons overlapped almost
exclusively inside Camarones Bay (187.5 km?) where 62%
of the area used during 2015 was also exploited during
2016 breeding season. Interestingly 25% core area (22 km?
in 2015 and 38 km? in 2016) also showed an overlap of 12
km? inside the bay.
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Oceanographic features

Penguins foraging during 2015 explored shallower waters
than those in 2016. The mean depth of 2015 foraging areas
was 36.7 +14.4 m, while the area used by penguins during
2016 was 59.3+21.6 m (Fig. 2). In addition, during 2016,
penguins foraged over warmer waters than those for 2015.
Temperature records gathered by diving penguins during
2016 showed significantly higher values of temperatures
both at surface (GLMM, y* (1)=7.264, p <0.007; Table 1)
as well as bottom dive depths (GLMM, 7 (1)=14.19,
p<0.0001; Table 1). In agreement with the penguins’ tag
data, the mean SST obtained from overlapping individual
locations with satellite images was also higher in 2016 than
in 2015 (12.2+0.4 °C in 2015 and 13.1+0.4 °C in 2016,
Fig. 3a). The SST across the whole study area varied as
much as 3—4 °C between years (Fig. 3b).

Early chick growth

During 2016, chicks gain mass at a higher absolute
rate, as year was the significant variable that affected
ordinate at the origin (b) and growth rate (a) (NLMM:
a: L-ratio=108.53, p<0.0001; b: L-ratio=18.72,

65°40'W

65°20'W 65°0'W 64°40'W

44°40'S

45°0'S

44°40'S

45°0'S

Fig. 3 a Mean satellite derived SST for the study area for December
7-13th in 2015 and 2016. Black dots represent foraging Magellanic
Penguin tracks. b Differences in SST in the study area calculated by
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Fig.4 Early chick growth (in body mass) during the first 12 days
of age of 58 nests in 2015 and 36 in 2016. All measurements cor-
responded to nests of instrumented adults or to nests in which chicks
hatched at the same dates of those nests with instrumented adults.
Growth data were fitted to polynomial equation

p <0.0001; Fig. 4), while the rearing conditions only
affected the growth rate (NLMM; a: L-ratio=240.93,
p<0.001; b: L-ratio=2.59, p=0.45).

65°40'W 65°20'W 65°0'W 64°40'W

subtracting values from 2015 to 2016 SST. Scale represents differ-
ence in °C. White spots indicate no data
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Discussion

In this study, we described for the first time the foraging
behavior of Magellanic penguins from Cabo dos Bahias
during consecutive years with different thermal condi-
tions. Cabo dos Bahias is located south of the latitudinal
range of the penguins’ main prey, the anchovy (Frere et al.
1996; Hansen et al. 2001). The abundance of this pelagic
school fish can vary considerably during the chick-rearing
phase in the vicinities of the Magellanic penguins colo-
nies located in the center of their breeding distributional
range, along the Patagonian coast of Argentina, as the fish
population effectively expands into, and out of, its dis-
tributional limits (Wilson et al. 2011). Such site-specific
variability in prey distribution and abundance can result
in corresponding inter-seasonal variation in the foraging
and diving patterns of the Magellanic penguin. We rea-
soned that even slight environmental change could cause
a shift in the distribution of anchovies forcing penguins
from Cabo dos Bahias to adapt their foraging behavior to
provision their chicks most effectively. We believe that
the small environmental variations made apparent by our
study are behind the subtle changes in the foraging and
diving of the penguins that we observed during the early
chick-rearing period. Previous studies have shown that this
species has remarkable plasticity in the face of environ-
mental change, adjusting its foraging and diving behavior
in response to heterogeneity of marine productivity (Wil-
son et al. 2005a; Boersma and Rebstock 2009; Sala et al.
2012a, 2014; Gémez-Laich et al. 2015). Our results add
another study case and area to this framework, explaining,
at least in part, the distributional and at-sea behavioral
changes that this species is exhibiting (Gémez-Laich et al.
2015).

Diving behavior

Although we did not perform any diet evaluation during
the study period, it is reasonable to assume that Magellanic
penguins during the chick-rearing periods of 2015 and 2016
were foraging on similar prey items. Birds in the north of
the latitudinal range mainly consume anchovy (Ciancio et al.
2018; Fernandez et al. 2019) and diet studies at neighbor-
ing colonies, all located ~45° S, show that anchovy is the
main prey item delivered to chicks during early chick-rearing
period (Yorio et al. 2017; Ciancio et al. 2018), with other
fish species and squid occurring at lower frequencies (Cas-
tillo et al. 2019). Moreover, our data showed that birds from
Cabo dos Bahias are acquiring their prey at depths ~40 m
which accords with the vertical distribution of anchovies
at this time of the year (i.e. 2040 m) (Hansen et al. 2001;
Péjaro et al. 2005).

@ Springer

During 2015, penguins performed more dives per unit
time at sea (dive rate, foraging dives h™!), and spent more
time at the surface recovering oxygen between dives (post
dive duration), but the total time invested in foraging dives
was higher in 2016. Sala et al. (2012b) described how pen-
guins from colonies where prey acquisition was more prof-
itable (a higher incidence of prey ingestion per unit time),
spent less time underwater, indicating that the variation in
prey size and prey encounter rate can be compensated by
increasing the total time diving. In fish-eating penguins,
prey capture involves high energy expenditure as birds will
pursuit prey by increasing their swimming speed, so that
oxygen reserves are used faster (Wilson et al. 2002), curtail-
ing (depth-dependent (Peters et al. 1998)) dive duration. As
a result penguins facing high prey availability will invest
overall less time underwater. Conversely, long dives are
likely to be indicative of birds using minimized power as
they search the water column for prey. Variation in foraging
behavior of diving birds has been attributed to differences
in prey availability and prey items (i.e. prey size) (Elliott
et al. 2008). For example, strong yearly differences in for-
aging behavior of Magellanic penguin from a Beagle Chan-
nel colony (54° 53" S; 67° 34" W) have been explained by
changes in food availability near the breeding grounds (Sci-
oscia et al. 2016). Similarly, Wilson et al. (2005a, b) mod-
elled how Magellanic penguins adjust their at-sea behavior
to prey movements to maximize foraging performance. They
showed that when prey abundance is low, penguins must
spend more time underwater to increase the overall prob-
ability of finding prey by effectively increasing search effort.
To do that, birds may increase their total (and proportionate)
time underwater and, as a consequence, reduce the number
of foraging dives per unit time (Sala et al. 2014). This was
also concluded for Magellanic penguins breeding in south-
ern colonies of costal Patagonia where a greater diving effort
was observed as the main prey decreased (Scioscia et al.
2016).

Although, anchovy is present within the foraging range of
penguins from Cabo dos Bahias, during the chick provision-
ing period (early December), anchovy spawning adults tend
to move north of 45° S where reproduction occurs (Ehrlich
et al. 2000; Hansen et al. 2001). In addition, anchovy distri-
bution correlates tightly with thermal fronts, and it has been
suggested that there is appreciable variability in the inter-
annual position of thermal fronts at latitudes relevant for our
study (Romero et al. 2006; Glembocki et al. 2015). Changes
in the temperature of the water column but mainly in SST
between seasons, recorded by both our tags and satellite
imagery could have influenced the distribution of the main
prey of penguins and explain the variability observed in the
foraging behavior of birds from this colony. A greater forag-
ing effort during the warmer late spring of 2016 could have
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also generated the observed increase (although not signifi-
cant) in the foraging trip duration during 2016. Inter-annual
comparison of the at sea behavior of foraging penguins from
this particular colony suggests an apparently more efficient
foraging performance during 2015. Thus, we may suggest
that animals had to increase their effort to acquire food dur-
ing 2016.

Our analyses of chick growth, showed inter-seasonal dif-
ferences in early growth rate. Chicks from 1 to 12 days old
gained weight faster during 2016 than in 2015 breeding sea-
son, seemingly at odds with the foraging effort. This brings
in to question the precise mechanisms by which birds locate
prey and ultimately reduce movement away from the colony
as a function of prey density. Being central place foragers,
penguins move radially out from their colonies travelling
presumably to move rapidly through the colony-dependent
prey-depleted area (Ashmole’s HaloFurness and Birkhead
1984; Birt et al. 1987)). As birds travel out, they engage in
V-shaped dives of variable depth, which is considered to
be an effective way of sampling the water column for prey
before adopting U-shaped dives at sites where they actively
forage. Optimal foraging theory (Krebs et al. 1983; Parker
and Smith 1990) predicts that central place foragers should
reduce radial travel to optimize the net rate of energy uptake
(Andersson 1978; Bovet and Benhamou 1991; Cresswell
et al. 2000; Dornhaus et al. 2006). But an appreciable prob-
lem is that animals often cannot know about the availability
of resources in places farther away; sites where they have not
visited. We propose that, in this instance, the conditions for
active foraging in 2016 were inadequate for it to take place
in the areas exploited by birds in 2015, relatively close to
the colony. Instead, birds travelled further, and in so doing,
encountered relatively greater prey densities than in 2015,
which ultimately led to better provisioning of chicks in 2016
than 2015.

At sea movements and foraging distribution

Penguins were consistent with the heading to the foraging
grounds within seasons. However, inter-annual differences
between travel directions during the outbound phases of the
foraging trips were notable. Such differences are expected
as seabirds foraging areas may change frequently in rela-
tion to the ocean characteristics that drive prey distribution
(Bonadonna et al. 2003). The direction of the path followed
by penguins may be related to predictability of resources.
For instance, in colonies where prey distribution is stable,
penguins appear to follow the same movement patterns over
years (Raya Rey et al. 2010; Sala et al. 2012a; Wilson et al.
2015). A clear example of heading and location consistency
of the foraging areas has been documented for Magellanic
penguins from Punta Norte, San Lorenzo, colony at Penin-
sula Valdes (42° 04’ S; 63° 49’ W) for more than 10 years

(Quintana and Wilson unpub. data). At this colony, located
at the northern limit of the anchovy distribution, penguins
are exposed to a clear and stable environmentally driven
scenario of prey availability (Sala et al. 2014; Gémez-Laich
et al. 2015). Accordingly, this colony became the most abun-
dant along the Patagonian coast (Garcia Borboroglu et al.
2019), increasing at an annual rate of 1.2% (Pozzi et al.
2010). The fact that birds from Cabo dos Bahias changed
their outbound directions between their two consecutive
breeding seasons may indicate that resources in the north
of the San Jorge gulf may become less profitable, inciting
penguins to adapt to these conditions through flexible forag-
ing behavior. We also note that heading to the foraging areas
during 2016 was more variable which also supports the idea
of low predictability of prey during that season. Moreover,
although the foraging areas for both seasons overlapped to
some degree, during 2016, penguins considerably extended
the area covered to forage, up to the double that of 2015.
This points to the importance of Camarones Bay as a key
marine indicator sector for foraging penguins from Cabo
dos Bahias. The overlap between seasons occurred almost
exclusively in this bay, also highlighting the importance of
this coastal area for the adult breeders of this colony.

The Patagonian shelf is characterized by strong tidal
regimes and intense offshore winds (Palma et al. 2004),
which have a direct effect on the areas used by penguins
from Cabo dos Bahias to forage. As such, tidal mixing
produces sharp gradients between vertically homogeneous
coastal waters and mid-shelf stratified waters, generating
tidal fronts. Although a near coastal chlorophyll-a bloom
develops between 45° S and 52° S in the summer, some
areas along this region have marked inter-annual variability
(Romero et al. 2006). Even if the location of fronts are sta-
ble, their intensity could vary depending on the variation of
wind and heat flux. For example, westerly winds in Camar-
ones Bay are very intense and persistent averaging 7.8 m s™!
(Labraga 1994), and reversal velocities with maxima that
exceeded 1 m s™! associated with tidal currents were reg-
istered (Pisoni et al. unpub. data). Thus, animals breeding
at Cabo dos Bahias are exposed to oceanographic features
where the proximity of frontal areas would seem to increase
their probability of finding food, but the mentioned vari-
ability of the region may decrease the overall predictability
of the resources.

Environmental data such as SST is known to provide val-
uable insights on how the distribution of primary productiv-
ity drives the distribution of predators. Indeed, even small
changes in SST can cause large changes in fish distribution
(Roy et al. 2007; Silva et al. 2016). Our results demonstrate
that SST at the study area can vary by almost 1 °C between
years. Moreover, in some sections of the study area, SST
was 3—4 °C higher in 2016 (see Fig. 3). Anchovy is gener-
ally found in temperatures ranging from 8 to 16 °C, but it
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is particularly strongly associated with waters between 10.5
and 13.5 °C (Hansen et al. 2001; Sala et al. 2017). Although
penguins at Cabo dos Bahias foraged in waters within this
temperature range, when birds experienced temperatures
closer to the higher end of the range (13 °C), they could be
increasing their foraging effort. Therefore, this variability
in SST and the subsequent change in foraging effort during
2016 could have been driven by the inter-annual differences
in SST in the study area. These findings accord with obser-
vations on Magellanic penguins at the north end of this spe-
cies’ distribution, which increase foraging effort when they
experience high SST (Sala et al. 2017).

Barrionuevo et al. (2018) suggested that only extreme
SST variations could be an indirect indicator of breeding
performance in the Magellanic penguin; the lower the SST,
the higher the growth rate of chicks, indicative of enhanced
foraging performance. However, small changes in SST did
not appear to be a good indicator of breeding performance;
this could be the case of penguins from Cabo dos Bahias
as the SST variation between years was compensated by
increasing foraging effort achieving a better growth rate of
chicks when temperature was higher (but still within the
range of their preferred prey). We note that SST has been
described as an indirect predictor of penguin distribution,
breeding success, mass at fledging, and timing of egg laying
(among other variables) in several penguin species around
the world (Guinet et al. 1997; Cullen et al. 2009; Boersma
and Rebstock 2014; Karnauskas et al. 2015; Carroll et al.
2016).

Comparison with other colonies

Penguins from Cabo dos Bahias travel very short distances
to find their food (~ 24 km) when compared to other colo-
nies along coastal Patagonia (Boersma and Rebstock 2009;
Goémez-Laich et al. 2015; Rosciano et al. 2018). However,
they spend considerable amount of time at sea and move
greater distances within the foraging areas (~ 100 km).
Additionally, the sinuosity of the tracks demonstrated a
high proportion of loop-shaped trips (see Rosciano et al.
(2018)). In colonies located north of Cabo dos Bahias (i.e.
Punta Norte/San Lorenzo), penguins travel longer dis-
tances to reach feeding grounds, but spend less time within
the foraging area. On the contrary, penguins from Bahia
Bustamante (80 km south from Cabo dos Bahias) invest a
greater amount of time in the foraging trips (~ 38 h) (Sala
et al. 2012a) than penguins from Cabo dos Bahias. The
total time that animals spend in the foraging area may
be an indication of prey acquisition; implying that birds
in areas with high prey availability would complete their
energetic demands in shorter periods. Therefore, in areas
with low resources, penguins would take longer finding
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food for them and their chicks to the same extent that was
observed at this colony during the period of this study.

Another indication of differences in prey availability
may be explained by the percentage of foraging dives per-
formed in one trip: while penguins from Cabo dos Bahias
foraged on average during 54% of their dives, the foraging
dives of penguins from colonies located in north Patago-
nia constitute 82% of their total dives (Sala et al. 2014;
Gomez-Laich et al. 2015). By contrast, at colonies located
within the same distributional range as Cabo dos Bahias,
this percentage is lower than 40% (Sala et al. 2014).
Additionally, another source of this variation could be
explained on the fact that individuals from northern colo-
nies may be preying upon juvenile fish while colonies sur-
rounding Cabo dos Bahias prey on adult fish (Ciancio et al.
2021). Although fish recruits tend to be more sensitive to
changes in the environment, the areas where penguins are
foraging upon this age class seem to be more stable as high
productivity areas (i.e. Valdés front) are influenced by the
bathymetry (Pisoni et al. 2015).

Overall, although based on two years of study, our
results suggested that this population might be adjusting
its behavior to variability of local environmental condi-
tions because foraging behavior reflected unpredictability
of resources within the foraging range of Magellanic pen-
guins breeding at Cabo dos Bahias. Continuation of this
research complemented with population monitoring and
studies describing penguins’ diet throughout the years (e.g.
stable isotopes or metabarcoding), would help to elucidate
if modifications in the long-term oceanographic conditions
that are taking place in this area, will be mirrored in the
behavior and survival of these colonies.
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