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ABSTRACT: In long-lived species such as seabirds, foraging success is considered to be related to
breeding success, so quantification of foraging parameters during the breeding season should
help understand population trends. Using GPS units, we studied the foraging effort of 55 breeding
Magellanic penguins Spheniscus magellanicus from 5 colonies in coastal Patagonia, Argentina
(42 to 54°S): Punta Norte, Bahia Bustamante, Puerto Deseado, Puerto San Julidn and Isla Martillo,
in an attempt to relate this to differences in breeding population trends. Measures of foraging
effort—trip duration, total distance covered and maximun distance of the foraging trips from the
breeding colony—decreased with increasing rate of population change. This information sug-
gests that there are large differences in foraging effort and success among Patagonian penguin
colonies, and penguins from Bahia Bustamante and Puerto Deseado, which are in the centre of the
geographic range, require the highest foraging effort but are the least successful. It is plausible
that lower population growth rates in these 2 colonies stem from the differences in food availabil-
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ity rather than any other process on land.
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INTRODUCTION

The strategy to breed in colonies is widespread in
birds, especially in seabirds, where 98 % of the spe-
cies breed colonially (Rolland et al. 1998). The condi-
tions modulating colony size within species appear
complex (Brown & Brown 2000), but aside from limi-
tations imposed by the availability of breeding sites
(e.g. Duffy 1983), food availability is often given as
the reason to explain much of the variability in
colony size (Lack 1968). This idea dates back to Ash-
mole (1963), who predicted that colony size should
affect the foraging effort of central place foragers
such as seabirds, with birds from larger colonies
having to work harder to obtain food due to density-
dependent intraspecific competition caused either by
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localized prey depletion or reduced prey availability
due to interference (Lewis et al. 2001). Empirical sup-
port for Ashmole's (1963) hypothesis comes from the
relationships between colony size and spacing (Fur-
ness & Birkhead 1984), reproductive success and
chick growth (Hunt et al. 1986) and direct measures
of foraging effort and reduced prey density close
to colonies (Lewis et al. 2001, Forero et al. 2002).
Although a number of studies specifically looking at
foraging effort have provided partial support for Ash-
mole's (1963) hypothesis (e.g. Lewis et al. 2001, Gas-
ton et al. 2007), the specifics of how foraging effort,
coupled with food availability, might modulate popu-
lation numbers and trends are often poorly eluci-
dated (but see Grémillet et al. 2006, Lewis et al. 2006,
Pichegru et al. 2007). Lewis et al. (2006) recently sug-

© Inter-Research 2012 - www.int-res.com



274 Mar Ecol Prog Ser 464: 273-287, 2012

gested that in long-lived species such as seabirds,
foraging parameters recorded during the breeding
season could be used to improve understanding pop-
ulation limits and changes. Foraging trips can be
studied within a much shorter time frame than popu-
lation studies, and therefore can be used as a rapid
base for management strategies (Grémillet et al.
2006, Pichegru et al. 2007). This is particularly ger-
mane since population studies of long-lived, endan-
gered species often provide the only warning signals
after the situation has degraded beyond the point of
no return (Beissinger & Westphal 1998). This ex-
plains the recent surge in interest in foraging metrics,
such as trip duration, foraging path length, maximum
distance from the colony and travel speed, all of
which can act as behavioural proxies reflecting pop-
ulation trends (Lewis et al. 2006, Petersen et al.
2006). Based on this approach, Grémillet et al. (2006)
demonstrated that foraging effort can be used as a
powerful short-term indicator of population health in
the northern gannet Morus bassanus. This process is
facilitated by recent advances in miniaturized elec-
tronic instruments (Wilson & Vandenabeele 2012),
which provide opportunities to accurately correlate
behavioural traits with food availability as well as
energy expenditure in free-living species (Petersen
et al. 2006, Wilson et al. 2008). To determine how for-
aging effort relates to population trends in seabirds,
a number of authors have used GPS loggers (Grémil-
let et al. 2006, Lewis et al. 2006, Petersen et al. 2006,
Pichegru et al. 2007). Most of these studies have been
undertaken during the rearing phase, because this
is the most demanding period due to the additional
food requirements of the brood, constraints of central
place foraging and consumptive intraspecific compe-
tition (Forero et al. 2002, Grémillet et al. 2006, Lewis
et al. 2006, Petersen et al. 2006).

Among seabirds, penguins are the most highly
specialized for swimming and diving (Williams 1995)
and therefore should reflect regional oceanic varia-
tion in 3 dimensions particularly well (e.g. Cotté et al.
2007). Indeed, studies have used penguins to allude
to changes in oceanographic productivity and human-
induced changes in the environment, including
fishing pressure, climate variation and oil pollution
(Boersma 2008, Boersma et al. 2009, Yorio et al. 2010).

Magellanic penguins Spheniscus magellanicus
breed at mainland and island colonies on both coasts
of South America, as far north as 41°S on the Atlantic
coast, as well as on the Malvinas/Falkland Islands
(Williams 1995, Schiavini et al. 2005). The species is
classified as ‘Near Threatened’, because the popula-
tion is declining (Birdlife International 2012). There

is concern for this species because in Patagonia,
Argentina, the species is currently affected by com-
mercial and artisanal fishing activities (Yorio et al.
2010), competition for food with the fisheries (Frere
et al. 1996a), oil pollution and other contaminants
such as lead and organochlorine pesticides (Garcia-
Borboroglu et al. 2006). In the area of the Patagonian
shelf, Magellanic penguins eat primarily small
pelagic fishes (Engraulis anchoita, Sprattus fuegen-
sis, Sardinops sp.), hake Merluccius hubbsi and
squid (Illex sp., Loligo sp.) (Williams 1995, Frere et
al. 1996b, Wilson et al. 2005), which are all taxa
frequently associated with oceanographic frontal
systems (Acha et al. 2004). Population trends of the
Patagonian coast Magellanic penguin colonies do not
follow a common pattern. An increase in the number
of breeding pairs has been recorded in penguin
colonies located in the north of Peninsula Valdés as
well as in the north of Golfo San Jorge (Schiavini et
al. 2005, Croxall et al. 2008; Fig. 1). In contrast, the
colony at Punta Tombo (the largest Magellanic pen-
guin colony in the world and located between the
Peninsula Valdés and Golfo San Jorge; Fig. 1) has
decreased by 22% in the number of breeding pairs
since 1987 (Boersma 2008, Croxall et al. 2008).

We used GPS technology attached to free-living
Magellanic penguins to examine a suite of foraging
parameters of birds from 5 colonies ranging in distri-
bution from the north of their latitudinal range in
Argentina to the most southerly sites (Fig. 1) and
examined these parameters with respect to popula-
tion status and changes. We expected foraging birds
to be working hardest in the colonies where popula-
tions are doing less well and examined the hypothe-
sis that the foraging effort of Magellanic penguins
can explain the general population status and trends
found in the colonies of Patagonia, Argentina.

MATERIALS AND METHODS

Study sites, device deployments
and data logger specifications

Field work was conducted in 5 Magellanic penguin
colonies along the Patagonian coast of Argentina.
Colonies were classified as those located in the north:
Punta Norte (42°04'S, 63°49' W); centre: Bahia Bus-
tamante (45°10'S, 66°29'W) and Puerto Deseado
(47°45'S, 65°52'W); and south: Puerto San Julidn
(49°16'S, 67°42' W) and Isla Martillo, Beagle Chan-
nel (54°54'S, 67°22' W) (Fig. 1, Table 1). This classi-
fication was undertaken according to geographic
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Fig. 1. Location of the 5 colonies in Argentina where Magel-
lanic penguins were equipped with devices. Punta Tombo,
the largest colony for this species was also incorporated in to
the analysis using data published in the literature (see
‘Materials and methods'). Numbers of devices deployed per

colony are given in Table 2

(latitude) as well as after consideration of the diet
composition per region (e.g. birds are mainly mono-
phagic in the north and south, but take a broader
spectrum of prey species in the centre; Frere et al.
1996b, Wilson et al. 2005, Boersma et al. 2009). Field-
work was carried out during the early chick-rearing
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period between November and December of the
2006, 2007 and 2008 breeding seasons (Table 2).

Sixty Magellanic penguins were equipped with
GPS loggers (GPS-TDlog, Earth and Ocean Tech-
nologies), which recorded time, latitude, longitude
and speed data every second. As in previous studies
there were no reported differences between sexes for
the variables studied (e.g. Boersma & Rebstock 2009,
Raya Rey et al. 2010), so the data were pooled with-
out distinction between sexes (although the propor-
tion of instrumented males and females from each
colony was similar). The horizontal accuracy of posi-
tional fixes derived from the GPS units was consid-
ered to be better than 5 m for 90 % of the fixes (GPS-
TDlog Manual). The loggers measured 96 x 48 x
24 mm and weighed 70 g, less than 1.6 % of adult
body mass (mean 4.4 kg, range 2.7 to 7.2 kg)
(Williams 1995). All of the 60 devices placed were
recovered, although 5 of them showed no consistent
GPS positions (latitude, longitude) and thus were dis-
carded from the analysis. We consequently report
information from 55 Magellanic penguins (Table 2).
Birds were gently removed from their nests while
they brooded chicks, and devices were attached to
the feathers of the lower back using waterproof tape
(Wilson et al. 1997) to minimize hydrodynamic drag
(Bannasch et al. 1994). Every effort was taken to
minimize the stress caused to the birds during
manipulation. The attachment procedure was com-
pleted in less than 5 min and the birds were therefore
quickly returned to their nests. GPS devices were
retrieved after a single foraging trip and recovered at
the moment when birds came back from the sea to
return to the nest. All birds equipped with devices
continued breeding during the study period. All field
activities were conducted under the appropriate per-
mits of the different provincial offices of conservation
and protected areas.

Table 1. Spheniscus magellanicus. Location, population size (number of pairs) and rate of population change (RPC, %) from
the 6 colonies of Magellanic penguins analyzed in this study. Values are presented for the last available census and the year of
its realization. N: number of counts of breeding pairs (census) available for each colony

Colony Location Size Year RPC (N) Source

Punta Norte 42°04 S,63°49 W 56737 2003 12.03 (2) Schiavini et al. (2005)
Punta Tombo 44°02 S,65°11 W ~128000* 2006 -1.21 (15) Boersma (2008)

Bahia Bustamante 45°10 S,66°29 W 32337 2003 3.99 (2) Schiavini et al. (2005)
Puerto Deseado 47°55 S, 65°52 W 20287 2007 -1.21 (4) E. Frere (unpubl. data)
Puerto San Julidn 49°16 S, 67°42 W 56792 2005 3.54 (2) E. Frere (unpubl. data)
Isla Martillo 54° 54 S,67°22 W 2000 2005 10.06 (3) Schiavini et al. (2005)
“Value represents a population size index calculated as the number of active nests (see ‘Materials and methods: Rates of
population change')
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Table 2. Spheniscus magellanicus. Summary of GPS telemetry data ob-
tained from 55 of 60 instrumented Magellanic penguins from Patagonian
colonies during the early chick-rearing period. Number of birds with data
was used to perform kernel analysis; number of birds with complete trips

was used to calculate the foraging variables

and last point of the trip phase divided by
the sum of the consecutive distances
between all pairs of points within that trip
phase (see below).

All behavioural data were derived from

Colony Study No.of No. of No. of Recording our own database except for the birds

year instru- Dbirds birds with period from Punta Tombo where mean (+SD)

mented with ~ complete  (dd/mm) values of the maximum distance from the

birds — data trips colony (92 + 6.5 km) and trip duration

were taken from Boersma & Rebstock

Punta Norte 2008 12 12 10 28/11-01/12 (2009) and Boersma et al. (2007), respec-

Bahia Bustamante 2006 5 5 3 29/11-03/12 tively. Knowing that trip length and max-

2007 13 10 6 03/12-10/12 imum distance from the colony showed

Puerto Deseado 2006 4 4 3 04/12-08/12 a significant and positive linear relation-

Puerto San Julidn 2007 15 13 118 10/12-17/12 gt p

Isla Martillo 2006 7 7 5" 03/12-07/12 ship (R*=0.82, F 43=200, p <0.0001, n =

2007 4 4 3 07/12-10/12 44 trips; all data pooled), we used this

Total 60 55 41 linear relationship to estimate the aver-
4One male and one female performed 2 complete trips age trip lengt.h. ) o .

POne male performed 2 complete trips Each foraging trip was divided into 3

Data analysis

Spatial analyses were undertaken with ArcView
3.2 (ESRI) by using the Animal Movement extension
to ArcView v. 2.0 for kernel analysis to assess habitat
use from GPS locations (fixed kernel method) (Wor-
ton 1989). We used a smoothing factor h = 3000 m
with cell size of 1000 m to determine kernel contours
of 50, 75 and 95%. The smoothing factor was cho-
sen according to the least-squares cross-validation
method (Girard et al. 2002). Distribution maps were
produced for the complete data set of the foraging
trips. We estimated the density of birds foraging at
sea using the actual number of penguins with posi-
tion records divided by the area within 95 % kernel
contours.

Five behavioural variables were derived from the
loggers and were calculated for each of the instru-
mented penguin— (1) trip duration (h): time elapsed
between the first position recorded in the water dur-
ing the outward leg of the foraging trip and the point
at which the bird first touched land at the colony on
the return leg; (2) trip length (km): total cumulative
horizontal distance between all positional fixes along
the foraging track; (3) maximum distance from the
colony (km): maximum straight-line distance at any
time during the foraging trip between the bird and its
nest site; (4) maximum straight-line distance to the
coast (km): greatest straight-line distance between
the bird and the nearest point on the coast at any
point during the foraging trip; (5) overall track tortu-
osity: total straight-line distance between the first

phases on the basis of fix classifications,
which involved comparing running mean
speed values during a 30 min period with the mean
swimming speed for the whole trip (Fig. 2a). We
assumed that Magellanic penguins decrease their
travelling speed during foraging due to a general
decrease in their horizontal displacement, while
vertical movement increases due to deeper diving
depths. This accords with observations by various
authors (Cotté et al. 2007 for king penguins Apten-
odytes patagonicus, Petersen et al. 2006 for African
penguins Spheniscus demersus and Wilson et al.
2005, Boersma & Rebstock 2009, Boersma et al. 2009,
Raya Rey et al. 2010 for Magellanic penguins). The 3
phases were defined as (1) outbound phase, i.e. the
travel period between the colony and the foraging
area, where the running means of swimming speeds
were higher than the mean speed of the whole trip;
(2) foraging, which began when the birds first slowed
down to a speed lower than that of the overall mean
of the trip (point i in Fig. 2a) and finished when the
running mean increased above the overall mean for
the last time (point ii in Fig. 2a); (3) inbound, the
period between the end of the foraging phase (see
above) and the return to the colony. Classification of
fixes as part of 1 of the 3 phases was obtained by an
algorithm developed with the open source statistical
package R v.2.13.0 (R Development Core Team
2011), which allowed us to select the limits of each
phase on the graphs (points i and ii in Fig. 2a) inter-
actively. To measure the tortuosity of penguin tracks
for each trip phase, we used the index following
Boersma et al. (2009), called the net-to-gross dis-
placement ratio (NTGDR). We divided the straight-
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line distance between the first and last location for
the phase by the total distance that the penguin
swam in that segment (the sum of the distances
between adjacent locations). If a penguin swam in a
straight line, the NTGDR was 1. The more the pen-
guin deviated from a straight line, the closer the
NTGDR was to 0.

Rates of population change
Magellanic penguin colonies are widespread

along the Argentinian Patagonian coast spanning
>2200 km of coastline from 41° to 54°S (Schiavini et

Fig. 2. Spheniscus magellanicus. (a) Distance to
the colony (black line) and travelling horizontal
speed (plotted as running average every 30 min,
gray dots and line), as a function of travel time (h)
for a foraging adult Magellanic penguin from
Puerto Deseado, Argentina. The start and the end
of the foraging phase are determined by the points
i and ii, respectively, as indicated by vertical
dashed lines (see ‘Materials and methods'). Hori-
zontal dashed line indicates the mean travelling
speed for the entire foraging trip. (b) Map plot of
the same track showing fixes classified as out-
bound, foraging, and inbound

al. 2005). The approximate size of the breeding pop-
ulation is known for most sites, but in many cases
population trends are unknown (but see Schiavini et
al. 2005). We used published data (counts of breed-
ing pairs) to assess changes in breeding population
size of our 5 study colonies and Punta Tombo, using
data from Schiavini et al. (2005), Boersma (2008)
and E. Frere (unpubl. data) (Table 1). Comparisons
between foraging effort variables with population
change were made using recent population growth
rates calculated from available counts between 1992
and 2008 (n = 2 to 15 counts per colony). Population
size index values from Punta Tombo were derived
from Fig. 9 in Boersma (2008) by using the graph
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digitizer software xyExtract 5.1 (freeware by Wilton
P. Silva, available at wiltonps@uol.com.br). This
index represents the number of active nests, which
is very similar to the number of breeding pairs used
for the other colonies.

Statistical analysis

Average values below are given with =1 SD. In
cases where we had data from more than one breed-
ing season (Bahia Bustamante and Isla Martillo),
these were compared using the nonparametric
Mann-Whitney U-test (Zar 1999). When significant
differences between colonies were detected with the
nonparametric Kruskal-Wallis (KW) test, the differ-
ences among means were tested by Dunn's post hoc
contrasts (Zar 1999). When it was necessary to com-
pare colony pairs, we used nonparametric Mann-
Whitney tests (Zar 1999). Proportional data (e.g.
NTGDR) were averaged for individual penguins, arc-
sin-transformed to normalize them, and used in a
KW test with a Dunn's multiple comparisions post
hoc test to compare between colonies and trip seg-
ments (Zar 1999).

Database

Although we did not undertake a specific study to
document potential effects of our handling or device
attachment to the penguins, we observed no obvious
differences in behaviour between our GPS-equipped
birds and unequipped conspecifics. In particular, we
did observe device-equipped birds feeding chicks,
indicating that our study penguins had fed at sea.

We recorded a total of 1589 h at sea from 55
penguins equipped with GPS loggers comprising
1782030 fixes and completing a total of 58 foraging
trips (completely or partially recorded). Most pen-
guins (52 of 55) performed just a single foraging trip
during the instrumented period although 3 birds per-
formed 2 foraging trips (2 from Puerto San Julidn and
1 from Isla Martillo; Table 2). While all foraging trips
(n = 58) were used to perform kernel contours, only
those in which almost the entire track was recorded
(n = 44) were used to calculate the foraging variables
(e.g. trip duration, length). We had 2 cases (from
Puerto Deseado) of battery exhaustion before the
start of the inbound phase owing to the very long for-
aging trips undertaken by birds from this colony (see
below). Here, trip phases could not be properly dis-
tinguished, reducing our full data set to 42 foraging

trips. Since there were no differences between mea-
sured parameters (e.g. trip duration, length and max-
imum foraging range) as a function of year (for
breeding sites with more than 1 yr of records: Bahia
Bustamante and Isla Martillo), data from all breeding
seasons were pooled (Mann-Whitney U-tests: Z=4.0
to 7.0 and 3.0 to 7.0 for Bahia Bustamante and Isla
Martillo, respectively; all p > 0.05).

RESULTS
General foraging pattern

During foraging trips penguins performed mainly
‘direct return trips' (72 % of cases), going straight to
particular foraging areas and then returning to the
colony, following essentially the same path or a path
parallel to that of the outward leg (Fig. 3a). In con-
trast, the remaining 28% of the birds conducted
'loop-shaped trips’, with clearly different legs for the
departure and return phases of the trips (Fig. 3b).
Birds from the southern colonies (Puerto San Julidn
and Isla Martillo) performed proportionally more
direct return trips than those at other colonies (e.g.
89% from Isla Martillo vs. 50% from Puerto De-
seado). Direct return trips had a greater tortuosity of
displacement (greater NTGDR) in the foraging areas
than did the loop-shaped trips (0.23 + 0.21 vs. 0.39 =
0.21, respectively; Mann-Whitney U-test: Z = 90.50,
p = 0.01; Fig. 3).

Distribution at sea and foraging areas

Penguins from Punta Norte, the northernmost
colony, swam to the northeast where they exploited a
distinctive area located between 25 to 65 km from the
coast of Peninsula Valdés (Fig. 4a). In both study
years, birds from Bahia Bustamante foraged in areas
located south of the colony, mostly following the
coastline (Fig. 4b). Foraging tracks of Puerto Deseado
penguins were less consistent, with penguins swim-
ming in various directions (north, northeast and east,
Fig. 4c). In general, individuals from Puerto San
Julidn moved along the coastline both to the south
(~40%) and to the north (~60%) of their colonies
(Fig. 4d). However, one of the birds performed a clear
'loop-shaped trip’ to a more pelagic area at the north-
east (Fig. 4d). Finally, breeding penguins from Isla
Martillo, the southernmost colony, travelled in a
southeast direction towards the the mouth of the Bea-
gle Channel (Fig. 4e).
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Fig. 3. Spheniscus magellanicus. Example of (a) 'direct re-

turn trip' and (b) ‘loop-shaped trip' (see ‘Results: General

foraging pattern’) from 2 adult Magellanic penguins from
Puerto San Julian, Argentina

The main utilization areas of adult breeders from
the 5 nesting sites were estimated as kernel proba-
bility contours of 50, 75 and 95 % (Fig. 4). The major
foraging area (2093 km?, kernel contour of 95%) of
Magellanic penguins from Punta Norte was located
at the northeast of Peninsula Valdés (41°35" to
42°10'S, 63°08' to 63°57' W; Fig. 4a). Two important
marine areas (kernel contours of 95%) of a total of
2525 km? were identified for penguins from Bahia
Bustamante: one was located to the east of the the
colony in the north of Golfo San Jorge, while the
other occupied a wide coastal sector to the south

and southwest (Fig. 4b). Positions at sea from the 4
birds instrumented at Puerto Deseado highlighted 4
small areas (95 % kernel contours) occupying a total
of 1188 km?: 2 were located close to the colony in an
east-northeasterly direction, one was to the south of
Golfo San Jorge (100 km to the north of the colony)
and one was to the east-southeast at a maximum
distance of 70 km from the colony (Fig. 4c). The
main area of activity for birds from Puerto San
Julidn was located adjacent to the colony in coastal
waters to the north and south of the breeding site
(Fig. 4d). Another secondary, and smaller, area was
situated 30 km to the northeast. Together, these
sites covered 1063 km? (Fig. 4d). The only area used
by penguins from Isla Martillo was in the waters
inside the Beagle Channel and covered 628 km?
(Fig. 4e).

There was a significant and positive linear relation-
ship between the actual density of foraging birds
within the areas bounded by the 95% kernel
contours and the proportion of 'direct return trips’
among colonies (R2 =0.95, F; 4 =49.96, p = 0.0058), of
which the more southern colonies (Puerto San Julidn
and Isla Martillo) had the highest densities and most
direct return trips exploiting the smallest feeding
areas.

Foraging behaviour

During the early chick-rearing period, penguins
from the 5 studied colonies travelled distances rang-
ing between 31 km (Isla Martillo) and 283 km (Puerto
Deseado), while trip duration ranged from ca. 8 (Isla
Martillo) to 74 h (Bahia Bustamante) (Table 3). Maxi-
mum foraging distances varied by almost an order of
magnitude and ranged from 14 km (Isla Martillo) to
120 km (Bahia Bustamante). The maximum distance
that the penguins moved away from the shore ranged
from ca. 2.5 km (Isla Martillo) to 74 km (Puerto
Deseado) (Table 3).

Overall, foraging trips can be classified into 2 dif-
ferent latitudinal patterns according to distances
travelled. Penguins from northern (Punta Norte) and
central (Bahia Bustamante and Puerto Deseado)
colonies travelled farther and longer than those of
the southern colonies at Puerto San Julian and Isla
Martillo (KW: H, = 19.97, p = 0.0005; Table 3, Fig. 4).
Birds from Puerto Deseado travelled 2.6 times farther
than those from Isla Martillo (Table 3) and had a
maximum distance from the colony that was almost
3.5 times greater than for Isla Martillo (KW: H, =
19.40, p = 0.0007; Table 3).
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limited for this site. However, 5 Magel-
lanic penguins from Puerto Deseado
were equipped with temperature and
depth recorders at the same time as our
study birds as part of another study, all of
which were at sea for between 20 and
>40 h (mean 30.3 h, J. E. Sala et al. un-
publ. data), confirming the excessively

Utilization long foraging trips for this site.
Generally, trips of longer duration

were positively correlated with birds

travelling greater distances for birds

from all colonies (Table 4). Penguins

areas
(kernel contours)

from the central colonies (Bahia Busta-
mante and Puerto Deseado) took longer
to reach the foraging areas than did
those from the other colonies (KW: H; =
8.06, p = 0045; Table 5). These birds also
spent longer in the feeding zones (KW:
H; = 9.11, p = 0.028; Table 5). In Bahia
Bustamante, for example, birds spent
twice as long foraging as those recorded
from Isla Martillo (22.8 vs. 11.1 h). How-
ever, all birds returned to their nests
rapidly, and no statistical differences
were apparent between colonies in the

time spent on the return leg of the trip
(p =0.12; Table 5).

The distances covered for the out-
bound path length ranged from 17.9 to
57.5 km and differed between colonies

Fig. 4. Spheniscus magellanicus. At- (KW: Hz =10.43, p = 0.015; Table 5). The

sea distribution (95, 75 and 50%
kernel contours ) of Magellanic pen-
guins tracked from: (a) Punta Norte,
(b) Bahia Bustamante, (c) Puerto
Deseado, (d) Puerto San Julidn and (e)
Isla Martillo during the early chick-
rearing period. Maps correspond to
the complete data set of the foraging

main differences were that penguins
from Bahia Bustamente travelled twice
as far to their foraging areas as did birds
from Isla Martillo (Table 5). A similar pat-
tern was found in the distance travelled
during the foraging phase in which
birds from Bahia Bustamante travelled

trips

Penguins from the 2 central colonies spent longer at
sea than birds from Punta Norte and the 2 southerly
sites (KW: H; = 11.21, p = 0.02; Table 3) and, for exam-
ple, penguins from Puerto Deseado spent a mean of
41.4 £ 15.0 h at sea, about twice as long as birds from
Punta Norte (24.5 = 6.6 h; Table 3). The limited num-
ber of birds (4 ind.) equipped with GPS units at Puerto
Deseado coupled with the lack of information on the
complete foraging trips from 2 of these birds (due to
the devices exhausting their batteries before the birds
returned) meant that sample sizes giving comprehen-
sive information on the foraging trip parameters were

farthest (69.3 vs. 31.1 km for Bahia Bus-

tamente and Isla Martillo, respectively;
KW: H;=9.57, p =0.0226; Table 5). The inbound path
length also differed between colonies (KW: H; =
10.60, p = 0.012; Table 5), and penguins from the
southern colonies (Puerto San Julian and Isla Mar-
tillo) travelled only about half the distance than the
more northerly birds did (Table 5).

The time spent in the foraging area was positively
related to the distance between the colony and the
foraging ground, both when all 5 colonies were
pooled (Fy 4; = 19.33, p < 0.0001, R? = 0.32), as well as
in each colony considered separately (F;; = 40.84,
p =0.0078, R? = 0.93).
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Table 3. Spheniscus magellanicus. Characteristics of completed foraging trips performed by Magellanic penguins during the early
chick-rearing period at 5 colonies in Patagonia, Argentina. Mean (+SD) values are given, along with range (minimum-maximum).
Data were derived from the GPS loggers. Significant statistical tests are shown in bold. Kruskal-Wallis (KW) test with a Dunn's multi-
ple comparisions test was used to compare between colonies; footnotes describe colonies which significantly differ from each other

(p < 0.05). Sample size (number of birds) per colony is given in parentheses

Parameter Punta Bahia Puerto Puerto San Isla Hywas = 4) P
Norte (10)  Bustamante (9) Deseado (3) Julién (11) Martillo (8)
Trip length (km) 128.30 £ 39.83 144.33 +60.23 181.97 + 88.57 95.70 £ 26.28 69.56 + 32.39 19.97  0.0005
95.49-231.00* 73.07-247.61° 116.60-282.80° 68.54-157.10 31.40-121.20%"¢
Trip duration (h) 24.51 +6.56 38.74 +18.36 41.37 + 14.99 27.00 £ 7.55 20.69 + 10.40 11.21 0.0243
19.40-41.22 15.56-73.76 28.81-57.97 19.28-42.11 8.04-35.94
Maximum distance 45.35+ 12,47 47.57 +£20.43 82.95+19.66 30.33 +14.75 24.31+11.82 19.4 0.0007
from the colony (km) 31.06-71.60*  24.66-83.21 63.06-102.36°  15.45-67.87¢ 14.20-44.23%
Maximum straight-line 40.27 +12.44 22,78 +12.44  46.96 + 25.03 11.25 + 7.39 5.90 + 2.88 28.08 <0.0001
distance from the coast (km) 25.66-65.30%¢ 4.73-39.96 24.39-73.88¢ 5.30-34.66° 2.43-10.97%¢

apunta Norte vs. Isla Martillo; "Bahia Bustamante vs. Isla Martillo; “Puerto Deseado vs. Isla Martillo; 9Puerto Deseado vs. Puerto
San Julidn; *Punta Norte vs. Puerto San Julidn

As expected, the NTGDR showed the highest val-
ues (least tortuosity) during the outbound and the
inbound phase of the foraging trips (NTGDR mean
ranges = 0.75-0.92 vs. 0.20-0.34 for commuting and
foraging phase, respectively; Table 5). Penguins
swam in almost straight lines (with NTGDR values
close to 1) during the commuting phases but in-
creased the tortuosity of the track (low values of
NTGDR) during the foraging phase (Table 5, e.g.
see Fig. 2b). Tortuosity during the inbound phase
was similar for all colonies (p = 0.53; Table 5). How-
ever, penguins from Bahia Bustamante followed a
significantly less straight line path during the out-
bound phase (NTGDR = 0.75 = 0.16) than those
made by birds from the other sites (KW: H; = 9.99,
p = 0.0186; Table 5). Tortuosity during the foraging
phase was similar between colonies (p = 0.44;
Table 5).

Colony-specific rates of population change
and foraging effort

Examination of available colony counts over a
period of 16 yr allowed us to estimate the growth rate
of each study colony as well as for Punta Tombo (see
‘Materials and methods') (Table 1). The comparison
among colonies of growth rate and colony size did
not provide evidence of density-dependent growth in
Magellanic penguin colonies (R? = 0.18, p = 0.40,
n = 6). Moreover, colony size was not a good predic-
tor of trip length, maximum foraging range and trip
duration (thrip length = 0.49, Rzmaximum foraging range = 0.29,
R?4ip duration = 0.30, all p > 0.25, n = 6).

Foraging effort variables of penguins decreased
with increasing rate of population change (Fig. 5):
trip duration decreased with increasing colony
growth rate (p < 0.05) (Fig. 5a), total distance covered

Table 4. Spheniscus magellanicus. Summary of regression line parameters for the relationships between trip duration (TD, h)
(dependent variable) and (a) trip length (TL, km), (b) maximum distance from the nest (MDN, km) (or foraging range) in
Magellanic penguins from 5 study colonies. Significant statistical tests are shown in bold

Colony Regression line R? T Fiap p

(@) Punta Norte TD =0.15 x TL + 3.86 0.82 0.91 36.741,9 0.0003
Bahia Bustamante TD =0.30 x TL - 3.91 0.94 0.97 108.59 1,5 <0.0001
Puerto Deseado TD =0.21 x TL + 1.90 0.94 0.97 32.36(1,9) 0.03
Puerto San Julian TD = 0.27 x TL + 1.50 0.86 0.93 67.11(1,19 <0.0001
Isla Martillo TD =0.31 x TL - 0.93 0.94 0.97 105.99; 5 <0.0001

(b) Punta Norte TD = 0.37 x MDN + 7.90 0.48 0.70 7.51(1,9) 0.02
Bahia Bustamante TD = 0.85 x MDN - 1.77 0.90 0.95 61.45(; 5 0.0001
Puerto Deseado TD = 0.97 x MDN - 41.99 0.84 0.92 10.934,9 0.08
Puerto San Julidn TD =0.32 x MDN + 17.24 0.39 0.62 7.18(1,12) 0.02
Isla Martillo TD = 0.67 x MDN + 1.84 0.76 0.87 18.76(15) 0.005
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Table 5. Spheniscus magellanicus. Summary statistics per colony of the track length, duration and net-to-gross ratio for each of the 3
foraging trip phases (outbound, foraging, inbound). Mean (+SD) values are given, along with range (minimum-maximum). Data were
derived from the GPS loggers. Significant statistical tests are showed in bold. Kruskal-Wallis (KW) test with a Dunn's multiple compar-
isions test was used to compare between colonies (see footnotes). Sample size (number of birds) per colony is given in parentheses

Parameter Punta Norte Bahia Busta- Puerto San Isla Martillo Puerto Hywat =3 P
(10) mante (9) Julidn (11) (8) Deseado (1)®

Outbound path length (km) 28.70 + 11.04  34.97 + 16.30 21.03 + 7.33 17.87 = 10.09 57.54 10.43 0.0153
7.53-46.22 18.23-68.05" 12.90-38.71 8.46-36.49°

Outbound time (h) 4.27 +1.62 8.14 + 5.37 5.29 +2.45 4.85 + 3.42 6.64 8.06 0.045
1.78-7.63 3.81-20.73 2.69-11.25 1.75-11.24

Outbound net-to-gross ratio 0.91 £ 0.06 0.75+0.16 0.83 +£0.11 0.89 + 0.08 0.91 9.99 0.0186
0.79-0.97¢ 0.47-0.92¢ 0.63-0.96 0.73-0.99

Foraging path length (km) 58.76 + 16.73  69.34 + 33.55 50.77 + 18.27  31.07 + 27.40 183.97 9.57 0.0226

40.89-89.36 18.74-122.80°  32.30-92.83 5.83-85.78"

Foraging time (h) 13.52 £ 5.02 22.82 +11.44 16.35 + 5.36 11.08 + 8.74 45.95 9.11 0.028
8.75-26.08 4.02-39.92° 11.48-29.90 2.76-28.39P

Foraging net-to-gross ratio 0.32+0.20 0.34 +£0.29 0.20 £ 0.14 0.24 +0.20 0.11 2.71 0.4382
0.14-0.81 0.01-0.95 0.01-0.52 0.01-0.59

Inbound path length (km) 41.14 £21.49  40.02 + 18.72 2391 +11.13 20.62+11.28 41.31 10.9 0.0123

18.64-86.59 22.30-71.89 7.08-40.73 10.43-44.42

Inbound time (h) 6.65 +4.13 7.76 £ 3.72 5.14 £2.93 4.48 + 2.55 5.21 5.79 0.123
2.19-15.65 4.37-15.89 1.19-12.88 2.36-10.04

Inbound net-to-gross ratio 0.85+0.11 0.83+0.13 0.83 £0.15 0.92 £ 0.05 0.95 2.23 0.5253
0.70-0.99 0.54-0.99 0.63-0.99 0.83-0.98

“Excluded from statistical analysis, because we were not able to classify the fixes of the other 2 individuals with the entire trip
PBahfa Bustamante versus Isla Martillo differ significantly (p < 0.05)
‘Punta Norte versus Bahia Bustamante differ significantly (p < 0.05)

decreased with increasing growth rate (p = 0.06)
(Fig. 5b) and the maximum distance reached de-
creased with increasing growth rate (p < 0.09)
(Fig. 5¢).

DISCUSSION

General foraging patterns and
colony-specific strategy

Animals in an overall energetically steady state on
a foraging trip should acquire enough energy to meet
the energetic demands of the foraging process, the
energy expenditure during the nonforaging period,
and also provide enough food for appropriate brood
growth. Under this scenario, a reduction in resource
abundance will increase the duration of the foraging
trip, primarily because more time must be spent ac-
quiring food, and also because this necessarily longer
period must also be paid for in acquisition of re-
sources. Our results show considerable variation in
the length of the foraging trips executed by Magel-
lenic penguins from different colonies (Table 3),
implying different prey acquisition rates. Since pen-

guins acquire prey as a function of the distance they
travel (Wilson 1985) and tend to travel at fairly con-
stant speeds (Culik et al. 1994, Wilson & Wilson 1995),
the implication is that the birds spending longer at
sea will also be travelling farther (Tables 3 & 4).
A correlation between foraging trip duration and
foraging path length (the cumulative distance for the
whole foraging trip measured between positional
fixes) has been reported for Adélie penguins Py-
goscelis adeliae (Clarke et al. 1998) and king pen-
guins (Wienecke & Robertson 2002), as well as for
Spheniscus penguins in general (Petersen et al. 2006,
Raya Rey et al. 2010).

Given the strong link between foraging trip dura-
tion and distance covered, a primary determinant of
the extent to which trip duration correlates with max-
imum distance to the colony will be the variation in
directionality, or tortuosity, of the track. Our results
show a tight correlation between foraging trip dura-
tion and maximum range (Table 4b), indicating over-
all similar tortuosity at the scale of the whole foraging
trip. Similar correlations have been noted for king
penguins (Wienecke & Robertson 2002) and royal
penguins Eudyptes schlegeli (Hull et al. 1997), as
well as for Magellanic penguins from Punta Tombo
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Fig. 5. Spheniscus magellanicus. (a) Trip duration (h + SE),
(b) trip length (km + SE) and (c) maximum foraging range
(km + SE) in relation to recent population changes in
6 breeding sites of the Magellanic penguin from coastal

Patagonia

(Boersma et al. 2007, Boersma & Rebstock 2009) and
Isla Martillo (Raya Rey et al. 2010).

The temporarily finely resolved data acquired

using GPS systems enables us to refine our under-
standing of the features in penguin foraging patterns
that lead to the observed intercolony variability be-
yond consideration of how maximum foraging dis-
tance relates to time away from the colony. As central
place foragers (sensu Orians & Pearson 1979), pen-
guins have 3 distinct phases in their foraging trips: (1)
a highly directional outward leg (Petersen et al. 2006,

Raya Rey et al. 2010), during which they execute
short, shallow dives (cf. Wilson & Wilson 1995), that
serve to take the birds into likely foraging areas with
minimum costs of transport (cf. Culik et al. 1994); (2)
a foraging phase, where dives are longer and deeper
and the overall speed of movement away from
the colony drops substantially (Petersen et al. 2006,
Boersma et al. 2009, Raya Rey et al. 2010); (3) areturn
phase, which is similar, in essence, to the outward leg
(Raya Rey et al. 2010). Using these parameters we
were able to define the characteristics of the different
phases of the trip (see ‘Materials and methods') and
examine how they may relate to the observed pat-
terns of population size and/or growth (e.g. Petersen
et al. 2006, Boersma & Rebstock 2009).

As in other studies, our data from Magellanic pen-
guins showed 2 distinct elements in their foraging
trips: a variable period of commuting to and from the
foraging site and a variable period within the forag-
ing site. The times allocated to these 2 elements
(which are proportional to the distances travelled
during those times) appear to play a key role in deter-
mining overall foraging success (cf. Orians & Pearson
1979). In essence, the shorter any of these elements
are, the better the conditions are for foraging and the
more likely the population will do well because
brood provisioning rates are higher (cf. Ropert-
Coudert et al. 2004). Predictability of prey resources
in space presumably plays a substantial role in this; it
may be better for birds to travel farther to known
areas of high prey density because the greater
energy invested in transit can, nonetheless, be
rapidly recouped. Some indication of the predictabil-
ity of prey resources in space may be mirrored in the
form of the track; birds may use areas with pre-
dictable high prey densitiestherefore executing
more direct trips, and may tend to use well-defined
colony-specific areas that may have high bird densi-
ties. In this regard it is notable that this is exactly
what our data showed, with the density of birds
within the 95 % kernel contours being related to the
proportion of direct return trips (see above).

In a general sense, our data indicated that the most
favourable conditions for foraging occurred in the
north and the south of the species range, where tran-
sit time and presumed energetic costs were low. The
short periods spent in the foraging area seem to indi-
cate high rates of prey acquisition. The colony of
Punta Norte differed from the other 2 range edge
sites (Isla Martillo and Puerto San Julidn) in having
appreciably longer and therefore more energetically
demanding transit phases, taking these birds sub-
stantial distances from the coast (Table 3, Fig. 4).
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However, the short times spent in the foraging areas
would indicate this colony had one of the highest net
rates of prey acquisition among any of the colonies
(Tables 3 & 5). It appears that, although the foraging
areas were distant from the colony (Fig. 4), the pro-
ductivity was such that penguins could feed rapidly
to maintain a high provisioning rate of the chicks.
Penguins from this site feed primarily on anchovy
Engraulis anchoita (Frere et al. 1996b, Wilson et al.
2005), predominantly caught at tidal mixing fronts
east of Peninsula Valdés (Wilson et al. 1995, Acha et
al. 2004).

This contrasts with the colonies to the far south (Isla
Martillo and Puerto San Julidn) where penguins from
both colonies had lower transit costs, particularly the
birds from Isla Martillo (Tables 3 & 5, Fig. 4). This
area has thermohaline fronts due to low-salinity
water emanating from the Straits of Magellan and a
recirculation cell in southern Santa Cruz Province
where small pelagic fishes such as Fuegian sprat
Sprattus fuegensis and silversides (Austroatherina
sp. and Odonthestes smitti) (Sdnchez & Deciechom-
ski 1995) spawn. Tidal mixing fronts also appear
important for penguins further north where, for
example, an inshore front delineates vertically mixed
water from offshore, more stratified waters (Rivas et
al. 2006, Boersma et al. 2009). Penguins from Puerto
San Julian appear to use this area (Fig. 4). The move-
ment of penguins from Isla Martillo, directed to the
southeast, kept them close to the colony and the coast
(Fig. 4, Table 3), where they presumably fed on their
primary prey of the region, Fuegian sprat and lobster
krill Munida gregaria (Schiavini et al. 2005, Raya
Rey et al. 2010).

In contrast to the colonies at the edge of the spe-
cies' distributional range, the 2 sites in the centre of
the range (Bahia Bustamante and Puerto Deseado)
had high transit times and long periods ascribed
to foraging, which indicate low net rates of energy
acquisition in the foraging area. Birds also showed
more looping trips (see above). This presumably
reflects reduced availability of prey close to these
colonies, with the attendant implications for the
colony (Forero et al. 2002). The generally centre-
north and centre-northwest directionality of tracks in
the Golfo San Jorge (Fig. 4) by birds from Bahia Bus-
tamante is probably due to penguins foraging in the
spawning and nursery areas for anchovy and hake
Merluccius hubbsi (e.g. Frere et al. 1996b, Rivas et al.
2006), themselves benefitting from tidal mixing fronts.
Most penguins from Puerto Deseado appeared to
forage in the waters that create fronts to the north
where the coastal current interfaces with the coast

(Rivas et al. 2006, Boersma et al. 2009) although
some birds used offshore areas (Fig. 4). All these
results accord with movements reported by Boersma
et al. (2009, their Fig. 3) and in the present study
(Fig. 2b).

Where observed patterns are consistent over peri-
ods of years this implies stability in foraging condi-
tions, although we note that many seabirds have to
forage in oceanographic systems that display vari-
ability in time and space (cf. Weimerskirch 2007).
Our limited data set does not allow us to consider
variation in time in any detail, but we do note that the
oceanography of the Patagonian Shelf is considered
comparatively stable (Acha et al. 2004). This presum-
ably accounts for the remarkable interannual consis-
tency in the foraging routes taken by Magellanic
penguins from Punta Tombo as documented by
Boersma et al. (2009).

Foraging effort and population trends

Population growth rate is determined by the inter-
action of intrinsic and extrinsic effects (Lewis et al.
2001, 2006). Among colonial species, intrinsic pro-
cesses are likely to be intensified during the breed-
ing season due to the aggregations of individuals
associated with colonies and obligate central-place
foraging (Birkhead & Furness 1985). Many studies
have indicated that food availability around seabird
breeding areas limits population sizes, but authors
have found both density-dependent (Lewis et al.
2001, Forero et al. 2002) and density-independent
mechanisms (Boersma & Rebstock 2009) are im-
portant. We found no relationship between growth
rate and colony size, indicating that extrinsic effects
are the main determinant of recent population
trends, there being no strong evidence for density-
dependence in the study area and period.

Ashmole's halo hypothesis (Ashmole 1963) would
predict that birds from the relatively small colonies of
Bahia Bustamante and Puerto Deseado should be
able to obtain their food requirements in shorter for-
aging trips closer to the colony than birds breeding in
the larger colonies such as Puerto San Julidn
(Table 1). A consequence of individuals of larger
colonies having to forage farther from the colony
should lead to larger colonies growing slower than
smaller ones (Grémillet et al. 2006). Our results found
the opposite, with colony size being a poor predictor
of trip length, maximum foraging range and trip
duration, which is in accordance with data reported
by Boersma et al. (2009). In practice, Ashmole's hypo-
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thesis would only be true if all resources were dis-
tributed evenly at all sites (Furness & Birkhead 1984).
Given the heterogeneity of marine resources (Wei-
merskirch 2007, Boersma et al. 2009; but see Forero
et al. 2002) this is unlikely and our calculations do not
support this.

According to Lewis et al. (2006), in the absence of
any evidence that seabird colonies are being
adversely affected by nest site availability, disease,
predation and/or human disturbance (e.g. Boersma
2008 and references therein), rates of population
change should be driven by food availability during
the breeding season. At Punta Tombo—the colony
with the largest rate of population decrease—the
main cause of chick death is starvation (e.g. Boersma
2008 and references therein). When the extent of
starvation is severe and continues over several sea-
sons, recruitment to the colony is affected. Our study
confirms this and supports the hypothesis by Lewis et
al. (2006). It is probably significant that, in a recent
study undertaken at Punta Tombo (Boersma & Reb-
stock 2009), there was a clear negative relationship
between the maximum foraging range (measured as
maximum distance from the colony) and repro-
ductive success. Apparently, birds foraging long dis-
tances cannot provision chicks at an appropriate rate,
and this is exemplified by Magellanic penguins from
Bahia Bustamante, which travel farther for food and
have lower fledging success (Yorio et al. 2001) than
birds nesting, for example, at New Island in the
Malvinas/Falkland Islands, where foraging trips are
shorter (Piitz et al. 2001, Boersma et al. 2002). Simi-
larly, little penguins Eudyptula minor raising chicks
at Motuara, New Zealand, made shorter trips and
fledged significantly more chicks than those that
bred at Oamaru (Numata et al. 2000).

Our results highlight the value of a mechanistic
approach to understanding population processes.
There was broad concordance across the variables
we measured, with all relationships backing up
each other with the majority being, in any event,
statistically significant, which lends weight to our
findings. Although our data are limited to a short
time frame (early chick-rearing stage) and just 3
austral summers, it would seem that the relatively
poor foraging conditions we inferred in the central
region of the reproductive distribution (boundaries
of Golfo San Jorge) may account for the observed
lower population productivity of Bahia Bustamante
and Puerto Deseado colonies (Fig. 5, Table 1). If our
results are genuinely typical of the foraging condi-
tions at the 5 sites studied, it is plausible that the
slowing in population growth rates at Bahia Busta-

mante and Puerto Deseado stems from the differ-
ences in food availability rather than any other pro-
cess on land. Certainly, the results gained with the
GPS loggers suggest that this is the case although
local prey availability may not always be a good
indicator of demographic parameters.

We have used this theoretical and empirical frame-
work to evaluate population trends and foraging
parameters of Magellanic penguins at a regional
level. This case study indicates that foraging para-
meters can provide powerful indices of population
health in the short term, and that such studies of for-
aging strategies in marine predators could therefore
be an essential tool for management policies (e.g.
Grémillet et al. 2006, Pichegru et al. 2007), although
cognizance of other factors must always be given to
provide a holistic picture.
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