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Pedral and Islote Lobos may be implicated in the increase 
in these two relatively new colonies.

Introduction

Foraging is an important component of animal behavior, 
and its enhanced efficiency is assumed to increase fitness 
(Stephens and Krebs 1986). For the particular case of cen-
tral place foragers such as seabirds, both the amount of 
time and energy allocated for foraging are particularly con-
strained during the breeding season (Orians and Pearson 
1979) when parents have to obtain enough food for self-
provisioning as well as for their brood and do so at appro-
priate rates (Stearns 1992).

In addition, seabirds exploit a heterogeneous environ-
ment and are expected to adjust their behavior in order to 
cope with different scenarios of prey abundance and avail-
ability (Pyke 1984; Hunt 1990; Fauchald and Erikstad 
2002). This capacity of buffering changes in prey availabil-
ity through modifications in their foraging behavior makes 
seabirds good models to monitor feeding conditions around 
breeding areas (Jodice et al. 2006; Hamer et al. 2006; Hard-
ing et al. 2007). Moreover, the quantification of foraging 
parameters during the breeding season has proven to be a 
powerful short-term indicator of breeding performance in 
several seabird species (Lewis et al. 2001, 2006; Grémillet 
et al. 2006; Sala et al. 2012a, 2014a).

Penguins are highly specialized diving seabirds whose 
foraging behavior has been extensively studied thanks to 
the advances in electronic technology (e.g., Wilson 1995; 
Burger and Shaffer 2008). The use of miniaturized highly 
sensitive sensors has allowed researchers to study in detail 
the foraging movements of these birds and even examine 
food consumption rates (Wilson et al. 2007; Sala et al. 
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2012b). The latter has been possible because feeding pen-
guins display marked undulations in their depth profiles 
(presented graphically as depth against time) that can be 
used as a powerful proxy for foraging success (Simeone 
and Wilson 2003; Bost et al. 2007; Hanuise et al. 2010; 
Sala et al. 2012b).

The Magellanic penguin Spheniscus magellanicus is an 
important top predator of the Southern Hemisphere oceans, 
being ranked 20th in terms of projected global annual food 
consumption of all seabird species (Brooke 2004). This 
species breeds at mainland and island colonies on both 
coasts of South America as well as on the Malvinas/Falk-
land Islands (Williams 1995; Schiavini et al. 2005). Sev-
eral studies have been performed on the foraging behavior 
of this species along the Patagonia coast (e.g., Wilson et al. 
2005; Boersma and Rebstock 2009; Boersma et al. 2009; 
Sala et al. 2012a, b, 2014a, b), and at least four of these 
have revealed important relationships between several 
aspects of Magellanic penguin foraging effort and popula-
tion growth rates (Boersma and Rebstock 2009; Sala et al. 
2012a, b, 2014a). For example, Magellanic penguins breed-
ing at colonies with lower population growth rates have 
been observed to make longer trips, travel greater distances 
and have higher diving effort than those coming from col-
onies with higher growth rates and these differences have 
been attributed to disparities in food availability around 
breeding sites (Sala et al. 2012a, b, 2014a).

Over the last decade, Magellanic penguins have colo-
nized two new coastal sites, increasing the number of colo-
nies along the north of Patagonia (Schiavini et al. 2005). 
These two new colonies, known as El Pedral and Islote 
Lobos (Fig. 1), are increasing at fast rates with a lambda 
value of 1.91 and 2.63 for Islote Lobos and El Pedral, 
respectively (for more information, see Pozzi et al. 2015), 
probably due to enhanced foraging conditions although 
neither site has, as yet, been examined with regard to forag-
ing behavior. Punta Norte, an older and bigger colony of 
north Patagonia, has also increased during the last years 
(λ = 1.21); however, its rate of increase is lower than that 
of Islote Lobos and El Pedral (Pozzi et al. 2015). A recent 
work suggests that the steady increase in northern Patagon-
ian colonies would be principally associated with the immi-
gration of young birds from southern colonies (Pozzi et al. 
2015).

In this work, we examine several foraging parameters 
(e.g., foraging range, diving behavior and capture rates) of 
Magellanic penguins breeding at Islote Lobos, El Pedral 
and Punta Norte, the three northernmost colonies along 
the Magellanic penguin breeding distributional range at 
the Patagonian coast. Our specific aim was to determine 
whether there were differences between the foraging 
behavior of penguins from the recently established colonies 
and that of animals from the older colony of Punta Norte. 

Behind these objectives underlies the hypothesis that forag-
ing effort shall be a proxy of population growth rate.

Materials and methods

Field work was conducted during early chick-rearing 
between mid-November and the first week of December 
2011 at three Magellanic penguin colonies: Islote Lobos 
(41°26ʹS, 65°02ʹW), Punta Norte/San Lorenzo (42°04ʹS, 
63°49ʹW) and El Pedral (42°56ʹS, 64°20ʹW) (Fig. 1). Islote 
Lobos is the most northerly Magellanic penguin colony 
along the Patagonia coast. It is situated on the west coast 
of the San Matías Gulf and has increased from 22 breed-
ing pairs in 2002 to approximately 4750 in 2011 (Schiavini 
et al. 2005; Pozzi et al. 2015). Punta Norte/San Lorenzo is 
localized on the southern coast of San Matías Gulf. This 
colony is 170 km from Islote Lobos and holds 1,35,000 
breeding pairs (Pozzi et al. 2015) (Fig. 1). El Pedral is a 
small, new colony situated in the coast of the Nuevo Gulf 
(Fig. 1). Its first nests were observed in 2009, and in 2011, 
this colony held 175 breeding pairs (Pozzi et al. 2015). This 
breeding site is situated 160 km south from Punta Norte/
San Lorenzo colony.

A total of twenty-four Magellanic penguins (eight 
from each colony comprising a total of eight males and 
16 females) brooding two chicks of less than 1 week old 
were equipped with GPS loggers (GPS-TDlog, Earth and 
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Fig. 1  Map showing the localization of the three colonies where 
Magellanic penguins (Spheniscus magellanicus) were instrumented 
with GPS devices and the main oceanographic features in the study 
site (indicated with red dashed lines). The oceanographic features 
shown are 1—Coastal upwelling events (Pisoni et al. 2014), 2—Ther-
mohaline front (Piola and Scasso 1988) and 3—Península Valdés 
tidal front (Tonini et al. 2013)
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Ocean Technologies; 96 × 39 × 27 mm (L × W × H), 
comprising ~6.5 % of the cross-sectional area of the bird’s 
body). Each bird was removed from its nest, sexed by its 
bill depth and length (Gandini et al. 1992; Bertellotti et al. 
2002) and equipped with a logger on the lower back using 
TESA tape (Wilson et al. 1997). The instruments were pro-
grammed to record latitude and longitude every 1 s and 
depth every 2 s. The horizontal accuracy of the positional 
fixes was better than 5 m for 90 % of the fixes (GPS-TDlog 
Manual), while depth data were recorded with an abso-
lute accuracy better than 0.3 m. The weight of male and 
female was 4501 ± 402 and 3708 ± 355 g, respectively 
(Bertellotti et al. 2002); thus, the weight of the devices 
was 1.7 ± 0.15 % of male’s body mass and 2 ± 0.2 % 
of female’s body mass. The instrumentation procedure 
was completed in less than 5 min, and birds were quickly 
returned to their nests. Penguins were allowed to forage 
for a single trip before the devices were retrieved. All birds 
carrying devices continued to feed the chicks normally 
while they were instrumented. The Magellanic penguin is 
a slightly dimorphic species (Gandini et al. 1992), and no 
differences have been reported in the foraging parameters 
between sexes during the chick-rearing period (Boersma 
and Rebstock 2009; Raya Ray et al. 2012). Thus, data from 
females and males were pooled together.

Spatial analysis

Spatial analyses were conducted using the open-source 
statistical package R version 2.13.0 (R Development Core 
Team 2011). The total home range size of each colony was 
determined using the minimum convex polygon method 
(function mcp, package adehabitatHR, Calenge 2006). 
Kernel analyses to assess habitat use from GPS locations 
(Worton 1989) were performed using the function kernel 
UD from the library adehabitatHR. We used a smoothing 
parameter h = 3000 with a cell size of 1000 m to determine 
kernel contours of 50, 75 and 95 %. Distribution maps were 
produced for the complete data set of the foraging trips.

Foraging trip analysis

For each foraging trip, the following variables were calcu-
lated: (1) total trip length (km), defined as the total cumula-
tive horizontal distance between all positional fixes along 
the track; (2) total trip duration (h), obtained by calcula-
tion of the time elapsed between the first and last position 
recorded in the water; and (3) the maximum distance from 
the colony (km), defined by the maximum straight-line 
distance between the bird and its nest site. Each penguin 
foraging trip was divided into three segments, separated 
according to comparisons of running mean speeds over 
10-min periods with the overall mean swimming speed 

recorded for the daylight hours of the relevant trip (i.e., 
between 4:00 a.m. and 10:00 p.m.). This methodology has 
been extensively used and assumes that penguins decrease 
their horizontal speed while they forage and travel faster 
when commuting to their feeding grounds and on their 
way back to the colony (e.g., Boersma et al. 2009; Raya 
Rey et al. 2010; Sala et al. 2012a). The three trip segments 
were defined as follows: (1) outbound phase, the travel 
period between the colony and the foraging area; (2) for-
aging phase, the period while the penguin forages; and 
(3) the inbound phase, the period between the end of the 
foraging phase and the return to the colony. The classifi-
cation of each fix into one of the trip phases was obtained 
by an algorithm developed with the open-source statisti-
cal package R 2.13.0 (R Development Core Team 2011). 
For each penguin, the path length and the mean horizontal 
speed of each of the three phases were calculated. Foraging 
phase fixes were classified as belonging to day (≥4 am and 
<10 pm) or night hours (≥10 pm and <4 am). This clas-
sification allowed us to calculate the amount of time each 
penguin spent foraging during daylight hours. Foraging trip 
parameters were calculated using the standard or base R 
packages plus the library chron.

Data analysis on diving behavior

Penguin diving behavior was analyzed using the program 
MTDIVE (Jensen Software System), specially designed 
to detect automatically the three characteristic phases of a 
dive (descent, bottom and ascent phase) based on changes 
in the rate of descent/ascent. All submersions deeper 
than 1.5 m were considered as dives (Sala et al. 2012b). 
Each dive was classified as belonging to one of the previ-
ously mentioned trip phases (i.e., outbound, foraging or 
inbound). Moreover, foraging dives were classified as hav-
ing been performed during daylight or night hours. For 
each trip, the following variables were calculated: (1) the 
total amount of time spent underwater during foraging day-
time dives; (2) the total amount of time spent in the bottom 
phase of foraging daytime dives; and (3) the total number 
of foraging daytime dives. For each foraging daytime dive, 
we calculated (1) its total duration (defined as the total time 
the bird spent underwater during an immersion), (2) the 
maximum reached depth, (3) the bottom duration (defined 
in Sala et al. 2012b), (4) the post-dive interval (defined as 
the surface period between two consecutive dives) and (5) 
the dive efficiency [defined as the bottom duration/(dive 
duration + post-dive interval)]. To explore the relationship 
between the ratio of maximum dive duration and mini-
mum pause and depth, foraging daytime dives were clas-
sified into 1-m bins of dive depth (e.g., 5–6 m). For each 
1-m-depth interval, the ratio between maximum dive dura-
tion and the minimum pause duration was calculated.
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Prey capture estimation

Undulations in the dive profile, commonly known as “wig-
gles,” have been reported to indicate prey capture events 
(Simeone and Wilson 2003) and have been adopted as 
such by a number of authors (see above). Using parameters 
defined in Sala et al. 2012b, a single wiggle was defined as 
two or three serial points of inflexion (SPI) of >0.5 m/s and 
each wiggle was taken to represent a prey capture event. 
For each animal, we calculated the total amount of wiggles 
performed during daytime foraging dives. Since penguins 
mostly feed on the bottom diving phase (Simeone and 
Wilson 2003; Wilson et al. 2010), the number of wiggles 
per bottom time of a dive was considered as a measure of 
“catch per unit effort” (CPUE) (Sala et al. 2012b). A CPUE 
value was calculated for each foraging daytime dive.

Speed measurements

To investigate whether penguins changed their rate of hori-
zontal movement in relation to catch-per-unit-effort (CPUE) 
metrics, we calculated the horizontal speed between the 
beginning and end of each dive and considered this as a 
measure of the traveling speed in two dimensions. For this, 
first we obtained the position (lat, long) of the beginning 
and end of each dive and calculated the distance between 
both positions. The horizontal speed was obtained from the 
division of distance by dive duration. The horizontal speed 

was only estimated for those dives where we could imme-
diately measure the exact position at the beginning and end 
(to within 10 s). This analysis was performed with the com-
plete set of dives (not only for foraging daytime dives).

Statistical analysis

Differences between colonies in foraging trip parameters 
were tested using ANOVA or Kruskal–Wallis depending on 
normality. When a significant difference was detected, Tuk-
ey’s post hoc test or Mann–Whitney pair-wise comparisons 
were performed, respectively. In order to control for pseu-
doreplication, linear mixed effect models (LMM) fitted by 
maximum likelihood (ML) were used for all dive analyses. 
In these analyses, colony was set as a fixed factor, while bird 
identity was set as a random factor. Where data were not nor-
mally distributed, generalized mixed effect models (GLMM) 
with Poisson distribution were performed. Because maxi-
mum dive depth has an important effect on dive duration, 
bottom duration, pause duration, dive efficiency and horizon-
tal speed, the analysis of these factors included the effect of 
dive depth as a covariate (Tremblay and Cherel 2000).

For those foraging trip parameters analyzed by means of 
LMM or GLMM (e.g., where there were several measure-
ments per animal), the results presented in Tables 1 and 2 
were obtained in the following way. First, we obtained a 
mean value per parameter per individual. Then these mean 
values were used to calculate a grand mean per colony, the 

Table 1  Spheniscus magellanicus. Comparison of foraging trip parameters (mean ± SD and range [Max–Min]) of Magellanic penguins from 
three colonies in northern Patagonia, Argentina

Significant statistical tests are indicated in bold
a, b  and c indicate significant differences between colonies: a Punta Norte versus Islote Lobos, b Punta Norte versus El Pedral and c Islote Lobos 
versus El Pedral

Parameter Islote Lobos (n = 8) Punta Norte (n = 8) El Pedral (n = 5) Statistical test P

Trip length (km) 73.9 (17.5)
[33.3–86.2]a

169 (56.3)
[76.7–254.5]ab

67.1 (14.6)
[45.2–80.4]b

KW χ2

(2) = 11.7 0.003

Maximum distance from the colony (km) 26.3 (7.5)
[12.4–34.9]a

50.7 (14.3)
 [20.1–65.5]ab

21.1 (5.8)
[14.0–29.4]b

KW χ2

(2) = 10.1 0.007

Trip duration (h) 22.4 (5.3)
[10.7–27.6]

33.9 (12.1)
[15.3–49.8]b

19.1 (4.3)
[12.9–24.4]b

KW χ2

(2) = 6.5 0.038

Outbound patch length (km) 10.2 (4.7)
[2.3–19.1]

21.8 (15.9)
[1.1–43.7]

14.6 (4.6)
[10.7–20.3]

KW χ2

(2) = 3.0 0.220

Outbound horizontal speed (m/s) 0.7 (0.1)
[0.5–0.8]ac

1.4 (0.5)
[0.7–2]ab

0.9 (0.09)
[0.7–0.9]bc

GLMM χ2

(2) = 21.3 0.001

Foraging patch length (km) 51.9 (19.8)
[14.5–70.9]a

119.8 (54.7)
[51.2–197.7]ab

39.4 (9.0)
[26.3–48.1]b

KW χ2

(2) = 11.4 0.003

Foraging horizontal speed (m/s) 0.5 (0.05)
[0.5–0.6]ac

1.1 (0.3)
[0.7–1.5]ab

0.6 (0.1)
[0.4–0.7]bc

GLMM χ2

(2) = 28.1 0.001

Inbound path length (km) 11.8 (10.3)
[3.7–35.1]

28.0 (19.8)
[4.0–59.1]

13.0 (7.9)
[6.9–25.3]

KW χ2

(2) = 4.4 0.111

Inbound horizontal speed (m/s) 0.6 (0.05)
[0.6–0.7]ac

1.3 (0.5)
[0.6–1.9]ab

0.6 (0.2)
[0.4–0.9]bc

GLMM χ2

(2) = 24.1 0.001
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standard deviation and range. To study the effect of the 
CPUE on the horizontal speed of penguins from the three 
colonies, the former was divided into three categories: (1) 
values of CPUE below 1; (2) values between 1 and less 
than 2; and (3) values equal to or higher than 2. CPUE val-
ues were classified into these categories in order to have a 
similar amount of dives in each one of them.

LMMs were performed using the function lme from the 
package nlme, while GLMMs were run using the function 
lmer from the package lme4. In all analyses, we applied a 
backward selection procedure, removing nonsignificant terms 
from the model one by one and comparing the models with 
progressively simplified fixed effects using the anova func-
tion from the package stats (Crawley 2007). Post hoc testing 
was performed using the function glht from the library multi-
comp. All statistical analyses were performed using the open-
source statistical package R version 2.13.0 (R Development 
Core Team 2011) with a level of significance of P < 0.05. 
Results are shown as mean ± standard deviation (SD).

Results

Of a total of 24 instrumented animals, we recorded 21 com-
plete foraging trips constituting 11,053 dives. One of the 

penguins from El Pedral could not be recaptured, and two 
of the devices from this colony failed to record data. Thus, 
the following results were obtained from the analysis of 
the foraging trips performed by eight penguins from Punta 
Norte, eight penguins from Islote Lobos and five penguins 
from El Pedral.

At sea distribution and foraging areas

During the early chick-rearing period, penguins from Punta 
Norte exploited an area six times larger than that used by 
penguins from Islote Lobos and ten times larger than the 
area visited by penguins from El Pedral (4879, 794 and 
468 km2, Punta Norte, Islote Lobos and El Pedral, respec-
tively). Birds from Islote Lobos foraged principally in an 
area located northeast of the colony in the waters of the 
San Matías Gulf (Fig. 2). This area is characterized by the 
presence of upwelling events and high primary productivity 
(Fig. 1). Penguins from Punta Norte exploited areas to the 
northeast and southeast of the colony in the Atlantic Ocean. 
They also foraged to the north and northwest of the colony 
in waters of the San Matías Gulf (Fig. 2). During the austral 
summer, an important thermohaline front develops in this 
area around 41°50ʹS (from west to east) (Fig. 1). Positions 
at sea from the five penguins from El Pedral revealed that 

Table 2  Spheniscus magellanicus. Diving parameters for Magellanic penguins breeding at three colonies situated in northern Patagonia

Significant statistical tests are indicated in bold

Mean values are presented together with their standard deviations (SD), and ranges [Max–Min]a, b  and c indicate significant differences between 
colonies: a Punta Norte versus Islote Lobos, b Punta Norte versus El Pedral and c Islote Lobos versus El Pedral. All of these analyses are per-
formed subtracting the hours of darkness from the total time at sea

Parameter Islote Lobos (n = 8) Punta Norte (n = 8) El Pedral (n = 5) Statistic test P

Duration of the foraging phase (h) 12.5 (4.5)
[5.8–18.0]

20.7 (7.9)
[11.2–31.9]b

11.2 (2.5)
[8.9–14.1]b

KW χ2

(2) = 6.2 0.045

Time underwater (h) 7.5 (2.9)
[2.7–10.7]a

14.1 (5.7)
[5.3–22.0]ab

7.1 (1.2)
[5.9–8.5]b

KW χ2

(2) = 7.7 0.022

Time at the bottom (h) 2.7 (1.0)
[1.1–4.0]a

6.5 (2.6)
[2.6–10.3]ab

2.3 (0.5)
[1.8–2.8]b

KW χ2

(2) = 10.9 0.004

No of foraging dives 458.6 (239.5)
[148–903]

644.6 (305.6)
[199–1033]

329.4 (109.9)
[192–484]

KW χ2

(2) = 2.7 0.097

Dive depth (m) 33.0 (17.0)
[15–59]

37.0 (15.0)
[22–62]

46.0 (14.0)
[34–65]

GLMM χ2

(2) = 3.1 0.209

Dive duration (s) 71.0 (19.0)
[48–102]a

93.0 (22.0)
[67–127]ab

88.0 (20.0)
[65–112]b

GLMM χ2

(2) = 47.7 <0.000

Bottom duration (s) 27 (6.9)
[22–41]a

44 (11)
[32–60]ab

29.0 (4.0)
[24–33]b

LMM L ratio(2) = 27.1 <0.000

Pause duration (s) 25 (8.3)
[17–35]

26.0 (13)
[13–52]

33.0 (9.9)
[20–45]

GLMM χ2

(2) = 1.3 0.520

Dive efficiency (bottom duration/dive cycle 
duration)

0.3 (0.03)
[0.3–0.4]a

0.4 (0.03)
[0.3–0.4]ab

0.3 (0.08)
[0.2–0.4]b

GLMM χ2

(2) = 17.9 <0.000

Total wiggles 248.7 (90.4)
[110–354]a

477.4 (180.8)
[222.4–655.6]ab

194.2 (44.7)
[145.6–250.4]b

KW χ2

(2) = 8.2 0.017

Wiggles per bottom time of a dive (min) 2.3 (0.4)
[1.8–3.1]a

1.6 (0.2)
[1.3–1.8]ab

1.9 (0.1)
[1.8–2.0]b

GLMM χ2

(2) = 19.3 <0.000
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they foraged north and northwest of the colony in waters of 
the Nuevo Gulf (Fig. 2).

Foraging behavior

Overall trip characteristics are shown in Table 1. Penguins 
from the three studied colonies travelled between 33.3 and 
254 km, with the longest foraging trips being performed by 
birds from Punta Norte (Kruskal–Wallis test, χ2

(2) = 11.7, 
P < 0.05; Table 1). Penguins from Punta Norte reached 
the furthest distance from the colony (Kruskal–Wallis 
test, χ2

(2) = 10.1, P < 0.05; Table 1). The total time spent 
at sea ranged between 10.7 and 49.8 h and was greater for 
birds from Punta Norte than for birds breeding at El Pedral 
(Kruskal–Wallis test, χ2

(2) = 6.5, P < 0.05; Table 1). The 
mean distances travelled to reach the foraging areas and to 
return to the colony were similar between penguins from 
the three studied colonies (Kruskal–Wallis test, χ2

(2) = 3.0, 
P > 0.05; χ2

(2) = 4.4, P > 0.05, respectively; Table 1). Dur-
ing the foraging phase, penguins from Punta Norte cov-
ered more distance than penguins from Islote Lobos and El 
Pedral (Kruskal–Wallis test, χ2

(2) = 11.4, P < 0.05; Table 1). 
Penguins from Punta Norte travelled almost twice as fast 
as penguins from Islote Lobos and El Pedral during the 
three trip phases (GLMM, likelihood ratio test χ2

(2) = 21.3, 
P < 0.001; GLMM, likelihood ratio test χ2

(2) = 28.3, 
P < 0.05 and GLMM, likelihood ratio test χ2

(2) = 24.1, 
P < 0.001 for the outbound, foraging and inbound phase, 
respectively; Table 1).

Diving behavior

There were substantial differences between colonies in the 
mean amount of time spent foraging during daylight hours, 
with penguins from Punta Norte spending almost twice the 
time spent by penguins from El Pedral (Kruskal–Wallis 
test, χ2

(2) = 6.2, P < 0.05; Table 2).
Penguins from Punta Norte spent more time underwater 

than penguins from the other two colonies (Kruskal–Wallis 
test, χ2

(2) = 7.7, P < 0.05; Table 2). Once underwater, the 
total time spent at the bottom was also higher for penguins 
from Punta Norte than for penguins from Islote Lobos 
and El Pedral (Kruskal–Wallis test, χ2

(2) = 10.9, P < 0.05; 
Table 2). There was, however, no difference between col-
onies in the number of foraging dives performed per trip 
(Kruskal–Wallis test, χ2

(2) = 2.7, P = 0.1; Table 2). The 
grand mean of dive depth for daytime foraging immer-
sions was 38 ± 15 m with the deepest dive registered from 
a bird at Islote Lobos at 148 m. Penguins from the three 
sites dived in average to similar depths (GLMM, likelihood 
ratio test, χ2

(2) = 3.1, P = 0.2; Table 2); however, there were 
differences in the depth frequency distribution of foraging 
dives (Fig. 3). Penguins from Islote Lobos and Punta Norte 
performed 78 and 85 % of their daytime foraging dives 
in the first 50 m of the water column, respectively. How-
ever, penguins from Islote Lobos reached depths greater 
than penguins from Punta Norte (Fig. 3). Animals from 
El Pedral showed a bimodal distribution of the maximum 
depth reached during foraging dives with a first peak in the 
first 20 m of the water column and a second one at depths 
between 70 and 80 m (Fig. 3).

Both mean dive duration and mean bottom times were 
longer for penguins from Punta Norte than birds from 
Islote Lobos and El Pedral (GLMM, likelihood ratio test 
χ2

(2) = 47.7, P < 0.01; LMM Lratio = 27.1, P < 0.001; 
Table 2); however, no differences were observed in 
the mean pause duration (GLMM, likelihood ratio test 
χ2

(2) = 1.3, P = 0.5; Table 2). Accordingly, penguins from 
Punta Norte had a higher diving efficiency than those from 
Islote Lobos and El Pedral, spending a higher proportion 
of the complete diving cycle at the bottom phase of their 
dives (GLMM, likelihood ratio test χ2

(2) = 17.9, P < 0.001; 
Table 2). The total amount of wiggles (i.e., indicative of 
prey capture) performed during daytime foraging dives 
was highest in birds from Punta Norte; however, penguins 
from this colony had the lowest CPUE (Kruskal–Wal-
lis test, χ2

(2) = 8.2, P = 0.02; GLMM, likelihood ratio test 
χ2 = 19.3, P < 0.001, respectively, Table 2).

The ratio between maximum dive duration and mini-
mum pause duration diminished as maximum depth 
increased, and it was always higher for penguins from 
Punta Norte than for penguins from Islote Lobos and El 

Islote Lobos

Punta Norte

El Pedral

100 m

Atlantic Ocean

San Matías 
Gulf

Nuevo
Gulf

43°

64° 63° W

S

0 20 40 60 km

42°

Chubut 
Province

Río Negro 
Province

65°

N

Fig. 2  At-sea distribution (95, 75 and 50 % kernel contours) of 
Magellanic penguins (Spheniscus magellanicus) tracked from Islote 
Lobos (in blue tones), Punta Norte (in green tones) and El Pedral (in 
red tones). The dashed line represents the 100 m isobath
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Pedral (depth effect: LMM, Lratio = 309, P < 0.001; colony 
effect: LMM, Lratio = 97.5, P < 0.001; Fig. 4).

Horizontal speed versus CPUE

The horizontal speed of dives from Islote Lobos was not 
affected neither by the maximum depth reached during a 
dive (GLMM, likelihood ratio test χ2

(1) < 0.001, P = 0.9) 
nor by the CPUE (GLMM, likelihood ratio test χ2

(2) = 1.8, 
P = 0.4) (y = 0.05e5.10−7x, y = −0.0003e4.7.10−7x and 
y = −0.05e4.7.10−7x for values of 0–1 CPUE, between 1 
and 2 CPUE and equal or higher than 2 CPUE, respec-
tively) (Fig. 5a). At Punta Norte, however, the horizontal 
speed was affected by the maximum depth reached during 
a particular dive, deeper dives being associated with lower 
horizontal speeds (GLMM, likelihood ratio test χ2

(1) = 9.7, 
P = 0.002). The horizontal speed by penguins from this 
colony was also affected by the CPUE (GLMM, likelihood 
ratio test χ2

(2) = 7.9, P = 0.02), and for a particular div-
ing depth, penguins moved slower in the horizontal dimen-
sion as the CPUE increased (Fig. 5b). The relationship 
between horizontal speed and maximum dive depth was 
y = 0.35e−0.0041x, y = 0.29e−0.0041x and y = 0.18e−0.0041x 
for values of 0–1 CPUE, between 1 and 2 CPUE and equal 

Fig. 3  Frequency distribution (%) of maximum depth reached on 
foraging day dives of Magellanic penguins (Spheniscus magellani-
cus) breeding at Islote Lobos, Punta Norte and El Pedral

Fig. 4  Relationship between maximum dive duration–minimum 
pause duration ratio and maximum dive depth of Magellanic pen-
guins (Spheniscus magellanicus) from Islote Lobos (blue line), Punta 
Norte (green line) and El Pedral (red line)
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or higher than 2 CPUE, respectively (Fig. 5b). For penguins 
from El Pedral, the horizontal speed diminished as the 
maximum dive depth increased (GLMM, likelihood ratio 
test χ2

(1) = 5.6, P = 0.02); however, it was not affected by 
CPUE (GLMM, likelihood ratio test χ2

(2)  = 4.9, P = 0.08) 
(y = 0.1e−0.003x, y = 0.06e−0.003x and y = −0.04e−0.003x for 
values of 0–1 CPUE, between 1 and 2 CPUE and equal or 
higher than 2 CPUE, respectively) (Fig. 5c).

Discussion

Previous studies performed on Magellanic penguins breed-
ing along the Patagonian coast of Argentina have revealed 
significant differences in the foraging behavior of the spe-
cies along its latitudinal range. These differences have 
been principally attributed to birds adjusting their behavior 
to varying conditions of prey abundance and type (Wil-
son et al. 2005; Boersma et al. 2009; Sala et al. 2012a, b, 
2014a). Our study reinforces these findings, noting substan-
tive differences in the foraging behavior between penguins 
from the three studied colonies. In contrast to previous stud-
ies though, our approach was performed on a much smaller 
spatial scale and with a smaller sample size. Despite the par-
ticularly small sample size at Punta Norte, our results are in 
line with that obtained for the same colony during previous 
years (Sala et al. 2012a, 2014a). Even though penguins from 
Islote Lobos may be ingesting Patagonian redfish Sebastes 
oculatus during their deepest dives (Ciancio et al. unpub-
lished work), over the studied region penguins would be 
principally consuming the same prey species, Argentinean 
anchovy Engraulis anchoita (Scolaro et al. 1999; Wilson 
et al. 2005). Therefore, differences in the foraging behavior 
of penguins from Islote Lobos, El Pedral and Punta Norte 
would be principally related to dissimilar scenarios of prey 
abundance and distribution.

Differences in apparent prey densities around the three 
colonies could be linked to different intraspecific compe-
tition around each breeding site. Ashmole’s halo hypoth-
esis (Ashmole 1963) predicts that if resources are evenly 
distributed, seabirds from larger colonies should have to 
travel further to find food than birds from smaller colo-
nies. Several works have supported this idea (Lewis et al. 
2001; Gaston 2004; Gaston et al. 2007); however, recent 
studies on the foraging behavior of Magellanic penguins 
along the Patagonian coast did not find a positive relation-
ship between colony size and trip length, maximum forag-
ing range or trip duration and this has been explained by 
the substantial heterogeneity in marine productivity along 
the Patagonian shelf (Boersma et al. 2009; Sala et al. 
2012a). The contrast between our results and those pre-
viously found could be at least partially explained by the 
fact that our study was performed at a smaller spatial scale, 

Fig. 5  Relationship between horizontal speed and maximum dive depth 
for dives from Islote Lobos, Punta Norte and El Pedral. On each panel, 
the three relationships shown correspond to dives with CPUE values 
between 0 and 1 (blue line), dives with CPUE values between 1 and 2 
(green line) and dives with CPUE values equal or higher than 2 (red line)
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possibly comprising a less heterogeneous area. In addi-
tion, in marked contrast to previous studies (Boersma et al. 
2009; Sala et al. 2012a), data from the three colonies were 
collected during the same breeding season, eliminating the 
effect of interannual variability. Finally, the size differ-
ence between the studied colonies (180, 4750 and 135,000 
breeding pairs for El Pedral, Islote Lobos and Punta Norte, 
respectively) (Schiavini et al. 2005; Pozzi et al. 2015) 
exceeds, by far, the difference in size between the colonies 
studied in previous works (e.g., Sala et al. 2012a).

Penguins from the three breeding sites concentrated their 
foraging effort in specific areas. Birds from Islote Lobos fed 
relatively near to the colony along the western coast of the 
San Matías Gulf. Upwelling events that carry subsurface, 
nutrient-rich waters to the upper layer and frequently lead to 
high primary productivity are common in this area (Pisoni 
et al. 2014) (Fig. 1). Prey supply could be increased in these 
zones of enhanced local primary production, thereby gen-
erating food-rich waters for penguins (Acha et al. 2004). 
Some of the areas exploited along the San Matías Gulf by 
penguins from Punta Norte also coincide with the presence 
of an oceanographic feature, in this case a thermohaline 
front. This front located during the austral summer around 
41°50ʹS (from west to east) divides the gulf into saltier and 
warmer waters to the north and fresher and less salty waters 
to the south (Piola and Scasso 1988) (Fig. 1). The formation 
of this front attracts dense shoals of fish (Ocampo-Reinaldo 
et al. 2013), providing productive feeding grounds for pen-
guins. Birds from El Pedral may be also exploiting waters 
with high densities of fish. Previous studies performed along 
the Nuevo Gulf revealed high concentrations of anchovy in 
the southern coast of the gulf (Degrati 2011), just where 
penguins from this study fed.

Comparisons of foraging parameters between colonies 
revealed that penguins from Punta Norte moved at higher 
horizontal speeds than birds from El Pedral and Islote 
Lobos, coinciding with the lowest CPUE values and imply-
ing that birds were working harder. Lower net rates of 
energy gain should tie in with longer foraging trips since 
birds have to spend more time looking for food and pay-
ing for the extra energy used to find it (e.g., Ballance et al. 
2009; Sala et al. 2012a). Our results were in line with this: 
Penguins from Punta Norte not only made the longest forag-
ing trips but also spent more time per dive underwater and 
more (depth-corrected) time at the bottom, which would 
increase the probability of finding prey (Wilson et al. 1996). 
All this would point to higher rates of energy expenditure, 
presumably because this strategy is necessary to maintain 
appropriate provisioning rates (Ropert-Coudert et al. 2004; 
Sala et al. 2014b). The overall higher energy expenditure 
would also presumably necessitate higher total amounts of 
prey caught per trip, which is what we observed, manifest 
in penguins from Punta Norte exhibiting more wiggles per 

foraging trip than birds from the other two colonies. Consid-
ering the negative relationship between the foraging effort 
and the rate of population change found in the Magellanic 
penguin (Sala et al. 2012a, 2014b) and in other seabird spe-
cies (e.g., Lewis et al. 2006), we would expect Punta Norte 
colony to have the lowest rate of population change of the 
three studied sites. This is in fact what was recently showed 
by Pozzi et al. 2015.

Air-breathing divers must balance the time between the 
surface and the feeding site at depth in order to maximize 
the proportion of time spent foraging (Kramer 1988; Wil-
son 2003). Extended pause durations can be an optimal 
strategy if the rate of prey acquisition in a given patch is 
high (Mori 1998a, b, 1999) although theoretical treatises on 
this assume that the patch is not temporarily limited while 
some work on penguins indicates that it is (e.g., Wilson 
et al. 2010). However, under less favorable scenarios, and 
particularly if patch size is only available for a short time 
(as would be the case, for example, where a small shoal of 
fish at depth could only be relocated if the dive–pause were 
minimal—cf. Wilson et al. 2011), divers are expected to 
minimize the time spent on the surface in order to increase 
the probability of encountering another prey patch (Wil-
son and Wilson 1995). This might explain the differential 
results in dive–pause ratios in birds from Punta Norte com-
pared to penguins from Islote Lobos and El Pedral.

Optimal foraging theory predicts that animals should 
spend more time on higher quality “patches” (McNair 1982; 
Stephens and Krebs 1986). Our study of a corollary of this, 
traveling speed, in diving birds is complicated by dive 
depth because vertical displacement increases in deeper 
dives (Petersen et al. 2006; Boersma and Rebstock 2009; 
Raya Rey et al. 2010; Sala et al. 2012a) due to greater dive 
angles (Wilson et al. 1996; Ropert-Coudert et al. 2001). 
Thus, deeper dives are generally correlated with lower 
horizontal speeds (Cotté et al. 2007; Wilson et al. 2005; 
Boersma and Rebstock 2009; Raya Rey et al. 2010; Sala 
et al. 2012a). Once prey is detected, predators are expected 
to increase their search effort, this being linked to the high 
probability of encountering other prey items nearby (Fau-
chald and Tveraa 2003; Weimerskirch et al. 2007). This 
would be especially the case for those predators feeding on 
prey that form aggregations such as penguins feeding on 
schools of pelagic fish. However, lower horizontal speeds 
were associated with higher derived prey abundance only 
at Punta Norte. The differences between sites in the rela-
tionship between the horizontal speed and CPUE could be 
linked to dissimilarities in the way anchovy shoals are dis-
tributed along the three foraging areas. Under a scenario of 
scattered shoals, we would expect penguins to remain more 
time and move slowly once a shoal is found and travel 
quickly between shoals. However, under a situation where 
fish is relatively more homogenously distributed, it might 
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not be as necessary to diminish speed as CPUE increases. 
Although there are no studies that compare how anchovy is 
distributed along the areas where penguins from this study 
foraged, our results suggest more scattered shoals of fish in 
the vicinity of Punta Norte than around Islote Lobos and 
El Pedral. A detailed analysis on the relationship between 
penguin’s horizontal movement and prey abundance and 
distribution would be crucial since it may be used to pre-
dict certain prey characteristics around an area by the use 
of speed information. Moreover, for penguins preying on a 
commercial fish species such as Magellanic penguins feed-
ing on Argentinean anchovy, the existence of a relationship 
between speed data and prey distribution and abundance 
would allow the former to be used as an additional tool for 
fish stock assessment and management.

Our results suggest that there would appear to be differ-
ences in the abundance and distribution of anchovy around 
the breeding sites. This can be inferred by analyzing general 
foraging trip parameters and also by studying the relation-
ship between horizontal movement and CPUE. Moreover, 
our results show that it is crucial to continue monitoring the 
foraging effort of Magellanic penguins. Despite a reduced 
sample size, specially at Punta Norte where 135,000 breeding 
pairs reproduce (Pozzi et al. 2015), our results suggest that the 
good foraging conditions around El Pedral and Islote Lobos, 
together with nest-site suitability and availability and no prev-
alence of predators, would promote the increase in these two 
relatively new colonies. Monitoring the breeding output and 
foraging success of both colonies in relation to resource dis-
tribution and environmental variability would help elucidate to 
what extent food availability is responsible of the northward 
breeding range expansion of this penguin species.
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