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Abstract.—Behavior by a foraging seabird during the breeding season can be examined by analyzing time invested 
throughout the foraging route to determine the presence of Area-Restricted Search (ARS) as well as other character-
istics related to the shape of the foraging path and activity (flying, resting or diving). Forty-six Imperial Cormorants 
(Phalacrocorax atriceps), 18 males and 28 females breeding at Punta León, Argentina (43°04’S; 64°2’W), were fitted 
with GPS loggers recording one foraging trip (sampling interval: 1 second) in 2004, 2005, 2007 and 2008. Trip dura-
tion was longer, on average, for females (6.3 ± 1.9 h) than males (5.3 ± 1.6 h) (Mann-Whitney U test z 1,45 = 2.23, P 
= 0.026), but year had no significant effect on any of the path characteristics. ARS was detected in 43 individuals, 22 
of which made smaller-scaled searches nested within larger ARS areas. Search scale was not correlated to maximum 
distance reached and did not differ between sexes nor years. Cluster analysis separated four types of behavior: short 
direct return trips (N = 7), long direct return trips (N = 31), random flight searches (N = 6) and loops (N = 2), with 
each behavioral type present in both sexes. Behavioral variability within a population may be due to differences in 
targeted prey type and spatio-temporal stability during the season, as well as to individual physiological constraints 
and life-history traits linked to how individuals search for food at sea. Received 8 June 2011, accepted 28 October 2011.
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Seabirds must find prey in a highly het-
erogeneous and dynamic oceanic envi-
ronment (Orians and Pearson 1979; Fau-
chald et al. 2000; Pinaud and Weimerskirch 
2007). In order to do so, marine predators 
possess physical (White et al. 2008), physi-
ological (Angelier et al. 2007) and/or be-
havioral traits (Davoren et al. 2003; Pinaud 
and Weimerskirch 2005; Weimerskirch et 
al. 2007) that maximize their probability 
of prey acquisition and, ultimately, impact 
positively on their fitness (Charnov 1976).

Predators searching for prey that is dis-
tributed in patches can perform a Correlat-
ed Random Walk (CRW) (Kareiva and Shige-
sada 1983), which is represented by a sum of 
straight movements of random length with 
a given degree of correlation between each 
move. CRWs are effective when a predator’s 
perceptual range is small (Zollner and Lima 
1999) or when prey systems are unpredict-
able or unstable in space and time (Hawkes 
2009). However, if the predator has addition-
al information regarding the location of prey 
patches, such as through perceived naviga-
tional cues or local enhancement (Davoren 

et al. 2003; Fauchald 2009), and/or is able 
to learn from previous experience, oriented 
and memory-based movements may be de-
veloped (Mueller and Fagan 2008). Among 
oriented behaviors, Area-Restricted Search 
(ARS) (Kareiva and Odell 1987) is one that 
involves an increase in time invested in cer-
tain areas of the foraging path (Fauchald and 
Tveraa 2003). An increase in search effort 
triggered by prey detection, either directly 
or by its correlation with oceanographic 
variation, has been described for both large-
scale marine foragers such as albatrosses and 
petrels (Fritz et al. 2003; Suryan et al. 2006; 
Pinaud and Weimerskirch 2007), and small- 
to medium-scale foragers such as Northern 
Gannets (Morus bassanus), Guanay Cormo-
rants (Phalacrocorax bougainvilli) and boo-
bies (Sula sp.) (Hamer et al. 2009; Weimer-
skirch et al. 2009; Zavalaga et al. 2010).

Prey distribution at-sea may be predict-
ably linked to environmental variables such 
as sea temperature (Pájaro et al. 2005), 
depth range (Fernández et al. 2007), local 
substrate and/or its own food source (Pá-
jaro 2002). Seabirds may begin searching 
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at a larger scale, tracking environmental 
cues of prey presence, followed by a small-
er-scale search to home in on prey using 
a strategy termed nested Area-Restricted 
Search (Fauchald and Tveraa 2006). Indi-
viduals that search at more than one scale 
may be detecting different variables at each 
scale (as in Paiva et al. 2010) and even use 
more than one mechanism to search for 
prey, such as olfaction in procellariiforms 
(Nevitt 1999), or vision in species that rely 
mostly on sight above and below water for 
foraging (White et al. 2008). Within a stable 
environment a benthic prey that is not vis-
ible to a seabird searching while in flight 
may be subject to this kind of behavior.

A given foraging trip is the outcome of a 
predator-prey interaction within an ecologi-
cal and temporal context (Perry and Pianka 
1997; Fauchald 2009) and will depend on 
the ability of the predator to track prey, or 
environmental characteristics indicating 
prey presence, that may remain relatively 
stationary or change with time (e.g. daily 
or seasonal migrations of pelagic fish (Pá-
jaro 2002)). If prey distribution varies from 
one breeding season to the next, foraging 
behavior by individuals from a given colony 
may also differ between years (Quillfeldt et 
al. 2011). Sinuosity of a predator foraging 
track may respond to prey abundance, and/
or distribution, as well as to satiation (Zoll-
ner and Lima 1999), with individuals mov-
ing in straighter paths when prey is scarce 
or when their energetic levels are low. Segre-
gation of search areas, time of day of forag-
ing and depth exploitation according to sex 
has been detected for various species of sea-
birds (Lewis et al. 2002; Quintana et al. 2011, 
among others). Age can also influence for-
aging behavior, as inexperienced individuals 
of a given species are sometimes less efficient 
foragers than older individuals (Daunt et al. 
2007). Further, interactions with conspecif-
ics at-sea may influence an individual’s for-
aging decisions (Weimerskirch et al. 2010).

Imperial Cormorants (Phalacrocorax atri-
ceps) are coastal foragers (Schreiber and 
Clapp 1987) distributed throughout the 
southern Atlantic and Pacific coast of Argen-
tina and Chile (Murphy 1936). In Patago-

nia, Argentina, where colonies contain up to 
6,000 pairs in more than 57 locations (Frere 
et al. 2005), birds feed mainly on benthic 
and in some cases pelagic prey (Malacalza et 
al. 1994; González Miri and Malacalza 1999; 
Bulgarella et al. 2008; Yorio et al. 2010) by 
dive pursuit (Wilson and Quintana 2004; 
Quintana et al. 2007). During the breeding 
season, males and females alternate <30 km 
daily foraging trips with caring for offspring 
at the nest (Quintana et al. 2011). Impe-
rial Cormorants present sexual dimorphism 
(Svagelj and Quintana 2007) that could re-
flect different physiological (Wilson et al. 
2006) and, consequently, behavioral con-
straints to foraging (Quintana et al. 2011).

The objective of this research was to 
analyze the movements of adult breed-
ing Imperial Cormorants while searching 
for food at-sea to determine the existence 
of different types of search behaviors. The 
specific objectives were to: i) determine 
if individuals performed Area-Restricted 
Search (ARS) and, if so, whether a nested 
ARS strategy occurred; ii) characterize the 
identified ARS areas, and iii) determine 
if different search behaviors could be de-
tected based on the various characteristics 
of foraging paths and search scales used.

METHODS

Study Site

Field-work was conducted during the breeding 
seasons (November) of 2004, 2005, 2007 and 2008, at 
Punta León colony (43°04’S; 64°2’W). Imperial Cor-
morants (N = 3,894 pairs, Quintana et al. 2011) breed 
alongside Kelp Gulls (Larus dominicanus), two species 
of terns (Thalasseus maximus and Thalasseus sandvicensis 
eurygnatha) and other marine birds (Yorio et al. 1994) in 
a mixed species assembly.

Forty-six breeding Imperial Cormorants (five males 
and seven females in 2004, six males and eight females 
in 2005, three males and five females in 2007, and four 
males and eight females in 2008) were caught at their 
nest prior to a foraging trip and equipped with GPS log-
gers (95  48  24 mm; weight <75g) (GPSlog, Earth 
and Ocean Technologies, Kiel, Germany) attached to 
their lower back feathers using waterproof tape (Wilson 
et al. 1997). Research was carried out in the Punta León 
provincial protected area under the project “Ecología 
pelágica de aves marinas buceadoras: determinación 
de movimientos y comportamiento en el mar mediante 
la utilización de registradores electrónicos de alta reso-
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lución” directed by F. Quintana and authorized by the 
Province of Chubut (permit 2004/2005: Disp. N°19/04-
DGCAP, Aut. N°13/04-DFyFS; 2006/2007: Disp. 
N°38/06-DGCAP, Aut. N°17/06-DFyFS; 2008/2009: 
Disp. N°13/08-DGCAP, Aut. N°31/08-DFyFS). Loggers 
were programmed to gather information on location 
(error ± 5 m) in continuous mode (one fix per sec-
ond) lasting the duration of one foraging trip (< 12 h). 
Based on this information it was possible to differenti-
ate moments when the bird was: traveling (speed > 9 
km/h with no signal interruptions); floating (speed < 
8 km/h) and diving (fix acquisition was interrupted as 
the animal submerged) according to Quintana et al. 
(2011). Dive duration was estimated by the interval of 
time the GPS did not record during each presumed 
dive (see Quintana et al. 2011 for details). When more 
than one trip was performed and recorded within the 
day, only the first was used. If the beginning of the first 
trip was not complete because individuals left the colo-
ny before devices began recording, the second trip was 
analyzed instead. Maximum distance reached was mea-
sured from the furthest location recorded to the initial 
position (the nest), and trip duration was determined 
from the moment the individual began moving until it 
returned to the colony.

Existence of Area-Restricted Search (ARS) was eval-
uated for each trip. GPS positions were converted from 
geographic to UTM and transformed using a uniform 
distance interval of 5 m, to ensure points were equally 
represented (equivalent to Hamer et al. 2009, at a small-
er scale). First-passage time analysis (fpt) was then per-
formed using adehabitat and ade4 packages in R 2.9.1. 
The time necessary to pass through a circle of a given 
diameter throughout the trajectory was determined for 
circles of increasing size at two scales: large = [0-10 km] 
every 100 m (error of estimation: 0.1 km), and small = 
[0-0.1 km] every 10 m (error of estimation: 0.01 km). By 
plotting the variance in first-passage time as a function 
of circle size, peaks of maximum variance were identi-
fied. The size of the circle corresponding to these peaks 
is the search scale (Fauchald and Tveraa 2003). Finally, 
first-passage time (for each search scale) was plotted 
against time elapsed and intervals of ARS were identi-
fied. To be more conservative in our detection of ARS 
areas and avoid false positives by individuals retracing 
their tracks as they returned to the colony, only intervals 
of passage time within the upper third of the passage 
time detected for the whole trip were included. 

Tracks were visualized using a geographical infor-
mation system program (ArcInfo 9.3 ESRI). ARS areas 
were defined as the smallest circles that included all the 
locations of increased passage time (following Hamer 
2009). The resolution used for estimating ARS areas 
was that of the minimum radius at large (0.1 km2) and 
small (0.001 km2) scales. If more than one search scale 
was identified for one individual, the existence of one 
intensively searched area nested within a larger scale 
ARS was explored. The number and duration of dives 
before and during ARS areas were calculated and each 
of the latter was characterized by its size, geographical 
location and distance to the colony. Average bathym-

etry within each ARS area was extracted from a grid of 
1.852 km resolution (GEBCO 2003) and the number 
and duration of dives before and during ARS were cal-
culated. If more than one ARS area was identified for 
one individual, the largest ARS area was selected to de-
termine the search scale used. Distance from the colony 
to the ARS area, proportion of dives before, during 
and after, as well as distance between the last dive prior 
to entering the ARS area and the ARS area itself, was 
determined. The correlation coefficient was estimated 
between search scale used and the following parame-
ters: ARS area size, depth and distance from the colony, 
number of dives and dive duration within ARS, percent-
age of dives before and during Area-Restricted Search. 
The relationship between maximum distance reached 
and distance to ARS area as well as between depth and 
dive duration was also examined.

Other parameters calculated for each trip included 
percentage of time flying and diving, global straightness 
index (D/L) given by the maximum distance divided 
by the total distance covered (Benhamou 2004), total 
area/maximum distance (calculated as the area en-
closed by the path divided by the maximum distance 
reached), landing rate calculated as the number of 
times the individual slowed down to < 8 km/h (float-
ing) divided by the trip duration and distance from the 
colony to the first dive (distances under 1 km from the 
colony were discarded as individuals often landed on 
the water close inshore to cleanse before heading off 
to forage). Cluster analysis was performed on standard-
ized variables: trip duration, maximum distance, (D/L), 
percentage of time flying, percentage of time diving, 
average dive duration, total area/ maximum distance, 
distance from the colony to first dive and number of 
landings per hour to select variables with less than 50% 
similarity and eliminate redundancy produced by high-
ly correlated indicators. A cluster analysis of the tracks 
was then performed using the selected variables. The 
resulting groups of tracks (with a 50% similarity cut off 
level) were described based on common characteristics 
and search scales. Within each group, individuals with-
out ARS were excluded from the calculation of average 
search scale, percentage of dives within ARS and dis-
tance from the last dive prior to entering the ARS and 
the ARS area.

General Linear Models were constructed to deter-
mine the effect of sex, year and their interaction on 
the depth of the ARS areas. The effect of sex (Mann-
Whitney) and year (Kruskal-Wallis) were evaluated 
on the following parameters: maximum distance, trip 
duration, search scale, distance to ARS area, distance 
between the previous dive to and the ARS area itself, 
percentage of dives before and during ARS, as well as 
depth of ARS areas. Correlations between parameters 
were determined using the Spearman rank correla-
tion test. Analyses were performed using STATISTICA 
7.0 (significance set at P < 0.05). Cluster analysis was 
performed using the complete linkage method of the 
Squared Pearson Distance measure (cut off level of 50% 
similarity) in MINITAB 13.3. In all cases means were 
given ± SD.
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RESULTS

Foraging trips of 18 male and 28 fe-
male Imperial Cormorants instrumented 
in 2004, 2005, 2007 or 2008 were recorded. 
Daily trips were performed in an easterly to 
south-westerly direction from the colony, 
reaching a maximum distance of 28 ± 11 km 
from the colony, with no differences being 
detected between gender or year (Mann-
Whitney U test, z1,45 = - 0.43, P = 0.67 and 
Kruskal-Wallis H3,45 = 3.38, P = 0.34). On av-
erage, trip duration was longer for females 
than for males (6.3 ± 1.9 h vs. 5.3 ± 1.6 h) 
(Mann-Whitney U test z1,45 = 2.23, P = 0.026).

Area-Restricted Search Areas

Area-Restricted Search (ARS) zones, de-
tected by first-passage time, were identified 
for 43 of the 46 individuals analyzed (see 
example in Fig. 1). ARS scales ranged from 
0.03 ± 0.01 km to 6.0 ± 0.1 km (average: 1.7 
± 1.5 km), with individuals using one, two 
or three search scales during a single forag-
ing trip. The resulting ARS areas, for a given 
scale, differed in size and time spent within 
them (approximately 3 km2 and 2 h in the 
example in Fig. 1). ARS areas ranged from 
0.01 km2 to 33.0 km2 and individuals spent 
between 2 and 326 min within them. Search 

scale size, distance from the colony to the 
ARS area and from the last dive prior to and 
the given ARS area, as well as the percent-
age of dives performed before and during 
Area-Restricted Search did not differ signifi-
cantly between sexes and years (Table 1). A 
total of 84 areas were identified for these 43 
individuals, as some individuals searched 
intensively in up to three distinct locations.

Nested ARS

A nested search strategy was detected in 
22 (13 males and nine females) of the 43 
individuals that performed ARS (four of 
eleven in 2004, eight of twelve in 2005, five 
of eight in 2007 and five of twelve in 2008, 
Fig. 2). During these trips, at least two ARS 
areas were identified, with the smaller scale 
area (average scale 0.4 ± 0.5 km, N = 27) lo-
cated within the larger area (average scale 
2.7 ± 1.7 km, N = 23). Individuals without 
nested ARS presented intermediate search 
scales (average scale 0.9 ± 1.1 km, N = 34).

ARS Scales

For the 84 identified ARS areas, search 
scales were positively correlated to ARS area 
size (Spearman rank correlation rs = 0.84, 
P < 0.005), though not to the bathymetric 
depth of the given area (rs = 0.03, P = 0.84). 
Search scales were also positively correlated 
to the number of dives performed within 
these areas (rs = 0.53, P < 0.005) but not to 
their duration (rs = - 0.17, P = 0.12) (Table 2).

Within each trip evidencing Area-Re-
stricted Search (N = 43), distance to the 
largest ARS area was highly correlated to 
maximum distance reached (rs = 0.99, P 
< 0.01) and ARS areas were located at the 
maximum distance in 72% of these trips. 
However, distance to a given ARS area 
was not correlated to the magnitude of its 
search scale (Spearman rank correlation 
rs = 0.26, P = 0.10). Search scale used in 
each case was negatively correlated to the 
percentage of dives performed before and 
positively correlated to the percentage of 
dives during ARS (rs = - 0.41, P = 0.006 be-
fore and rs = 0.59, P < 0.005 during ARS).

Figure 1. Foraging track of a male Imperial Cormorant 
(Phalacrocorax atriceps) from Punta León in 2008 breed-
ing season. Dotted lines indicate flight, thicker lines in-
dicate floating and grey circles indicate dives. ARS area 
enclosed by hollow circle. 15 meter isobaths indicated 
with dotted lines.
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Depth of ARS areas ranged between 1 
and 60 m, and dive duration within these 
areas was significantly correlated to depth 
(Spearman rank correlation rs = - 0.40, P < 
0.005, N = 84). Average depth did not vary 
between sexes or years alone, but there was a 

significant effect of the interaction between 
sex and year (GLM with sex F1,38 = 3.64, P 
= 0.06, year F3,38= 1.03, P = 0.389 and sex ´ 
year F3,38 = 3.20, P = 0.034). In 2004, average 
depth of ARS areas was 28 ± 16 m, with no 
differences detected between sexes (Mann-
Whitney z1,11 = 1.70, P = 0.09), though most 
females searched intensively within the 30 
to 45 m depth range. In 2005, males dived 
in waters of an average depth of 36 ± 21 m 
and females of 8 ± 6 m (Mann-Whitney z1,12 

= 2.24, P = 0.02). In 2007, average depth of 
these areas was 34 ± 9 m, with no signifi-
cant differences occurring between gen-
ders (Mann-Whitney z1,8 = 0.596, P = 0.55), 
though most females searched intensively in 
the 45 to 60 m depth range. And in 2008, the 
average depth of ARS areas was 28 ± 16 m, 
with no differences between gender (Mann-
Whitney z1,12 = 0.17, P = 0.87). In general, fe-
males seemed to use a narrower depth range 
within each year than males. The location of 
ARS areas also varied amongst years (Fig. 2).

Search Behaviors

Following a cluster analysis, seven vari-
ables with low correlation between them 
were selected (Fig. 3). A new cluster analy-
sis of the tracks using these variables with 
a 50% similarity cut off level revealed four 
search behaviors (Fig. 4 and Table 3, indi-
cated with letters in Fig. 2). Based on search 
scale and foraging path characteristics, 
foraging tracks were classified as follows:

Cluster 1: Short direct return trips. Four 
males and three females (15% of studied 
birds) belonged to this group. For one 
male and two females this was their sec-
ond trip within that day. Individuals trav-

Table 1. Characteristics of the foraging paths of 43 Imperial Cormorants (Phalacrocorax atriceps) breeding at Punta 
León that presented Area-Restricted Search. Comparisons between gender (17 males and 26 females, Mann-Whit-
ney U test) and years (2004, 2005, 2007 and 2008, Kruskal-Wallis test), z1,42, H3,42 and P-values are given, significance 
at P < 0.05.

Variable mean ± SD gender year 

Search scale (km)  1.7 ± 1.5 z1,42 = -0.87 P = 0.87 H3,42 = 3.14 P = 0.37
Distance to ARS area (km) 27 ± 11 z1,42 = -0.12 P = 0.90 H3,42 = 4.09 P = 0.25
Distance between last dive previous to 
and ARS area (km)   4 ± 5 z1,42 = -0.12 P = 0.90 H3,42 = 2.88 P = 0.41
% dives before ARS 27 ± 17 z 1,42 = 0.41 P = 0.68 H3,42 = 1.21 P = 0.75
% dives during ARS 51 ± 29 z1,42 = -1.17 P = 0.24 H3,42 = 0.91 P = 0.82

Figure 2. ARS areas of 43 Imperial Cormorants (Phala-
crocorax atriceps) symbolized by circles (year 2004 filled 
in black, 2005 in dark grey, 2007 thatched and 2008 in 
white). Males (N = 18) in the upper panel and females 
(N = 26) in the lower panel. Trips classified as: S: short 
direct return trips; L: loops; R: random flight searches, 
the rest were long direct return trips. Nested ARS indi-
cated with n. 15 meter isobaths indicated with dotted 
lines.
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eled short distances to a given feeding 
area (short maximum distance) (Table 3), 
where they performed approximately 28 ± 
19 dives per hour at an average depth of 19 
± 19 m. Trips were characterized by short 
total duration in which a high percent-
age of time was spent diving. Search scales 
covered a large range (0.03 km to 2.9 km), 

though more than 57% of search scales were 
smaller than 0.5 km (Fig. 5a and Table 3).

Cluster 2: Long direct return trips. Eleven 
males and 20 females (68% of studied birds) 

Table 2. Characteristics of all identified search scales (N = 84), of the 43 Imperial Cormorants (Phalacrocorax atri-
ceps) that presented ARS, grouped into categories. m: male, f: female. Number of individuals indicated between 
brackets. * search scales calculated using a radius size error of 0.01 km; for the rest of the scales, error of 0.1 km.

ARS scale 
(km) Gender Year

ARS area 
(km2)

time in ARS 
(min)

n dives in 
ARS

Dive duration 
ARS (min)

Depth ARS 
area (m)

2004 (4)
2005 (6)

m (9) 2007 (2)

0 - 0.10* f (9) 2008 (6) 0.15 ± 0.21 29 ± 33 8 ± 10 2 ± 1 30 ± 18
2004 (1)
2005 (6)

m (4) 2007 (3)
0.1 - 0.5 f (11) 2008 (5) 1.3 ± 1.8 72 ± 35 24 ± 22 2 ± 1 32 ± 15

2004 (4)
2005(11)

m (8) 2007 (2)
0.5 - 1 f (13) 2008 (4) 1.1 ± 1.5 90 ± 38 31 ± 23 1 ± 1 21 ± 16

2004 (7)
2005 (1)

m (9) 2007 (5)
1 - 2.5 f (8) 2008 (4) 4.6 ± 4.6 123 ± 77 35 ± 36 2 ± 1 34 ± 15

2004 (2)
2005 (6)

m (6) 2007 (3)
> 2.5 f (7) 2008 (2) 10.8 ± 8.5 165 ± 90 34 ± 14 2 ± 1 27 ± 14

Figure 3. Cluster analysis of the variables: trip duration, 
maximum distance, global straightness index (D/L), % 
time flying, % time diving, average dive duration, total 
area/maximum distance, distance to 1st dive and land-
ings per hour using the complete linkage method to 
evaluate the absolute correlation between them. Using a 
50% similarity cut off level, seven variables are selected: 
trip duration, maximum distance, D/L, % diving, aver-
age dive duration, total area/maximum distance and 
landings per hour.

Figure 4. Cluster analysis of 46 tracks of Imperial Cor-
morants (Phalacrocorax atriceps) using complete method 
of the Square Pearson distance measure on the standard-
ized variables: trip duration, maximum distance, D/L, % 
time diving, average dive duration, total area/maximum 
distance and number of landings per hour. Using 50% 
similarity cut off level, four clusters are separated: 1: 
four males (2005, 2007 and 2008), three females (2004 
and 2005); 2: eleven males (2004, 2005, 2007 and 2008), 
20 females (2004, 2005, 2007 and 2008); 3: two males 
(2004 and 2008), four females (2005 and 2008); 4: one 
male (2004), one female (2007). Males: m, females: f. 
Symbols for sex and year indicated in inset. Individuals 
without detectable ARS indicated with *.



318 WATERBIRDS

belonged to this group. Individuals traveled 
further away from the colony to a given ARS 
area, usually located at the furthest point 
of their trajectory (time spent within ARS 
area: 2.5 ± 1.5 h). Relatively few long dives 
were made. The highest percentage of dives 
took place within ARS areas, with few dives 

occurring before and after. This group pre-
sented the largest average search scale and 
most individuals (19 of 30) presented more 
than one search scale, in some cases with the 
smaller area (scale 0.4 ± 0.5 km, N = 24) nest-
ed within a larger one (scale 2.5 ± 1.6 km, 
N = 20) (Table 3). Isolated dives during the 
outgoing phase of the trip were interspaced 
with relatively straight flight paths and ori-
entation towards the ARS areas was not 
significantly modified in flight thereafter. 
Search scales covered a large range, though 
32% of the trips had search scales within 
the 1 to 2.5 km range (Fig. 5b and Table 3).

Cluster 3: Random flight search. Two males 
and four females (13% of studied birds) 
were classified as belonging to this type. For-
aging paths presented the highest tortuosity 
(lowest D/L) and lowest average ARS scale 
size (two individuals with no detectable ARS 
belong to this group). Individuals spent a 
higher percentage of time floating than 
others and performed a large amount of 
dives, but a relatively low proportion within 
ARS areas. Fifty percent of this kind of trip 
had search scales smaller than 0.1 km and 
the largest was 0.7 km (Fig. 5c and Table 3).

Table 3. Foraging trip characteristics for each of the four search behaviors Imperial Cormorants (Phalacrocorax 
atriceps) presented in seasons 2004, 2005, 2007 and 2008, identified by cluster analysis. m: male, f: female. Number 
of individuals indicated between brackets.

 
Description

Cluster 1 Cluster 2 Cluster 3 Cluster 4

short direct 
 return trip

long direct  
return trip

random  
flight search

Loop-shaped 
 trip

Sex m (4) 22% m (11) 61% m (2) 11%a m (1) 6%
f (3) 11% f (20) 71%a f (4) 14%a f (1) 4%

Year 2004 (1) 8.3% 2004 (9) 75% 2004 (1) 8.3%a 2004 (1) 8.3%
2005 (3) 21.4% 2005 (10) 71.4%a 2005 (1) 7.1%a 2005 0%
2007 (2) 25% 2007 (5) 62.5% 2007 0% 2007 (1) 12.5%
2008 (1) 8.3% 2008 (7) 58.3% 2008 (4) 33.3% 2008 0% 

Trip duration (h)  3.6 ± 1.7  5.9 ± 1.2  7.9 ± 2.0  8.3 ± 0.4
Mode scale range (km) [0.1-0.5] [1-2.5] [0-0.1] [0.1-0.5]
Search scale average (km)  0.9 ± 1.1  2.1 ± 1.5 0.4 ± 0.3  0.4 ± 0.1
n with nested ARS/total 3 / 7 19 / 31 0 / 6 0 / 2
Maximum distance (km) 15 ± 5 29 ± 9 26 ± 8   52 ± 3
% flying 26 ± 15 24 ± 14 20 ± 11   46 ± 28
% diving 41 ± 15 30 ± 8 24 ± 11   16 ± 9
% floating 33 ± 8 47 ± 11 56 ± 15     38 ± 19
Total n dives 142 ± 107 77 ± 42 114 ± 34 135 ± 14
% dives ARS 44 ± 35 57 ± 25   27 ± 44   18 ± 12
Average dive duration (min)  1.2 ± 0.7  1.6 ± 0.6  1.0 ± 0.5  0.6 ± 0.3
Distance previous dive to ARS (km)  2. ± 2     4 ± 6     4 ± 4    3 ± 1
Landings per hour   3 ± 1     2 ± 1     3 ± 1    2 ± 1

aincludes one individual without detectable ARS.

Figure 5. a) Foraging tracks of Imperial Cormorants 
(Phalacrocorax atriceps) classified in each type of behav-
ior: Cluster 1: Short direct return trips; b) Cluster 2: Long 
direct return trips; c) Cluster 3: Random flight searches; d) 
Cluster 4: Loop-shaped trips. Male dives are indicated 
with (●) and female dives are indicated with ( ).
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Cluster 4: Loop-shaped trips. One male 
and one female (4% of studied birds) 
belonged to this group. Trajectories cov-
ered the largest total area relative to maxi-
mum distance reached and individuals 
traveled furthest from the colony (Table 
3). They spent most of their time in flight 
and a low percentage diving. Search scales 
were maintained within the 0.1 to 0.5 km 
range. Landing rate was the lowest and 
trip duration was the longest (average: 8.3 
± 0.4 h). Average dive duration through-
out was the shortest (Fig. 5d and Table 3).

DISCUSSION

Forty-three of 46 Imperial Cormorants 
studied in the Punta León colony performed 
Area-Restricted Search, searching at fine 
to coarse scales. Most intensively searched 
areas were at the furthest distance reached 
from the colony and 22 individuals (47%) 
searched at two scales, with the smaller nest-
ed within a larger area. Search scales were 
related to size of ARS areas as well as num-
ber of dives before and within these areas, 
linking search behavior to dive occurrence. 
However, search scales were not related to lo-
cation of ARS areas, and year and sex did not 
have a significant effect on the search scales 
used. Four search behaviors were separated 
by analysis based on various characteristics of 
the foraging paths and search scales detect-
ed: short direct return trips, long direct re-
turn trips, random flight searches and loop-
shaped trips. Males and females presented 
the four kinds of behavior and no significant 
differences were detected between years.

Individuals with ARS increased the 
amount of time invested in a certain area at 
some point during their foraging trip, and 
dived at least twice within it. Given the ef-
fort required for prey acquisition in this 
species (Shepard et al. 2009), an increase 
in time and dive occurrence may be neces-
sary for cormorants to obtain prey whereby 
an absence of ARS could be indicative of 
individuals being unsuccessful at acquir-
ing prey. Of the three individuals that did 
not exhibit ARS behavior, two did random 
flight searches, a male in 2004 and a female 

in 2005, and one female did a long direct 
return trip in 2005. In these cases, the par-
ticular prey type being targeted may have 
been depleted or have moved from the lo-
cation where individuals were searching. 
All remaining trips included ARS, indepen-
dently from the search behavior individuals 
displayed, and search scales were linked to 
how, but not where, individuals foraged.

If orientation towards prey is based on 
perception of environmental cues or by 
detecting prey patches directly, the search 
scale used will be defined by the individu-
al’s perceptual range (Olden et al. 2004). 
As cormorants depend, at least partly, on 
vision to detect prey the maximum range 
individuals are able to cover at each loca-
tion will be determined, to some extent, 
by the visual range they can achieve both 
above and under water linked to the prey 
type consumed (Elliott et al. 2009). Below 
the surface, other mechanisms as well as 
vision (White et al. 2007) may be used to 
search for prey on vertical and horizontal 
planes as some prey species may have cryp-
tic coloration and/or hide in the seafloor 
substrate. The use of more than one search 
scale nested within a larger one may indicate 
a higher level of complexity in foraging be-
havior, which would be advantageous at this 
colony during the spring-summer when the 
Sistema Frontal Nordpatagónico is present 
and generates a stable nutrient-rich environ-
ment for prey (Acha et al. 2004; Rivas 2006).

Search scales reflect the predators’ ori-
entation mechanisms as well as the type and 
distribution of prey (Fauchald et al. 2000; 
Pinaud and Weimerskirch 2007; Mueller and 
Fagan 2008). If prey is distributed in abun-
dant, stable patches and predators can track 
the system effectively, then the memory com-
ponent of their behavior may become stron-
ger (Cook et al. 2005; Fauchald and Tveraa 
2006). In this case, the extent of tuning to a 
specific prey location will depend on previ-
ous foraging success (Fauchald 2009). Long 
and short direct return trips, consisting of 
straight flight paths to and from the feeding 
area, would emerge from a combination of 
perceptual and memory-based mechanisms. 
Individuals grouped here presented a range 
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of small to large search scales (up to 6 km) 
and were the most common across all years. 
Consistent with these results, the most com-
mon prey consumed by Imperial Cormorants 
during the breeding season (according to 
Malacalza et al. 1994) are demersal fish spe-
cies Raneya fluminensis and Triathalassothia 
argentina and to a lesser extent the more in-
shore benthic species Ribeiroclinus eigenman-
ni and Agonopsis chiloensis. As targeted prey 
are associated with the sea floor to a certain 
degree, due to their feeding and/or repro-
ductive habits (FishBase 2011), birds could 
be searching at larger scales for substrates or 
depths where prey presence is more likely.

If individuals do not use any mechanism 
to orientate towards prey, the most effective 
way of coming across randomly distributed 
prey patches is with an almost straight tra-
jectory (Zollner and Lima 1999) as occurs 
in loop-shaped trips (Benhamou 2004; Pin-
aud and Weimerskirch 2007; Zavalaga et al. 
2010). Trips identified as loops in this study 
showed smaller search scales than long di-
rect return trips, even though birds traveled 
further from the colony. In this case, indi-
viduals could be searching for a particular 
prey without having any information on its 
current location, either because prey is spa-
tio-temporally unpredictable or because the 
individual has not tapped into a prey source 
that may be stable. Some individuals from 
this colony feed on hake (Merluccius hubbsi), 
an offshore pelagic fish that migrates clos-
er to shore to spawn in summer (Pájaro et 
al. 2005) coming within range of individu-
als that will try to cover the largest area 
and go as far as possible on an initial trip 
to maximize probability of an encounter.

Search scales that depend on perceptual 
traits could also be reduced by local en-
hancement, either by conspecifics or other 
species feeding on target prey (Davoren et 
al. 2003; Weimerskirch et al. 2010). Visu-
alization of other birds flying to or from 
feeding areas could improve detection of 
prey and therefore reduce the search scale 
used. Consistent with these assumptions, in-
dividuals with random flight searches pre-
sented small or even non-existent search 
scales, an effective opportunistic behav-

ior especially when foraging close to the 
colony. Anchovy, Engraulis anchoita, is a 
pelagic schooling fish that migrates south 
into the region surrounding the colony of 
Punta León in November (Pájaro 2002) 
and becomes an important item in the 
diet of cormorants at this time (Malacalza 
et al. 1994). Given the mobility of school-
ing anchovy, multispecies aggregations 
may form at these locations and individu-
als could then join these feeding groups.

Foraging is a costly activity for the indi-
vidual (Wilson et al. 2006) and therefore 
optimization of at least one behavioral trait 
is expected to occur (Charnov 1976; Perry 
and Pianka 1997). During long direct re-
turn trips, individuals could be maximizing 
gross energy intake (Shepard et al. 2009) by 
consuming either more or higher quality 
prey (González Miri and Malacalza 1999) 
further away from the colony with the con-
sequent increase in time and/or energy in-
vestment. Individuals with short direct re-
turn trips had the lowest journey duration 
and area covered, minimizing time invested 
in the trip. Short foraging trips would be 
advantageous when prey is abundant close 
to the colony, but individuals may be sub-
ject to intra- and even interspecific compe-
tition and, in the long term, depletion of 
resources close by (Ashmole 1963; Gaston 
et al. 2007). In some cases, individuals per-
formed two trips within a day in which sec-
ond trips were consistently short direct re-
turn trips where time would be the limiting 
factor for food searching. Individuals could 
be feeding on readily accessible polychaete 
and molluscs or even crustaceans and small 
fish. Random flight searches would be ex-
pected if prey were unpredictable in space 
and/or time or if individuals are not able 
to track the system effectively, in which case 
the behavior of conspecific or other species 
may become important. Loops would be de-
veloped as an effective way of maximizing 
the area covered by individuals with little or 
no information on location of prey patches.

ARS scale size has been related to spe-
cies and oceanographic characteristics in 
large-scale foragers such as albatrosses and 
petrels (Fritz et al. 2003; Suryan et al. 2006; 
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Pinaud and Weimerskirch 2007). Within 
a population of a given species, different 
search strategies have been identified, such 
as “sit-and-wait” and “foraging in flight” in 
Yellow-nosed Albatross (Thalassarche chlo-
rorhynchos), short and long foraging trips 
in Antarctic Petrels (Thalassoica antarctica) 
and Cory’s Shearwaters (Calonectris dio-
medea), or the presence of “direct return” 
and “loop-shaped trips” in Guanay Cormo-
rants (Phalacrocorax bougainvilli) and Peru-
vian Boobies (Sula variegata) (Pinaud and 
Weimerskirch 2005; Fauchald and Tveraa 
2006; Weimerskirch et al. 2007, 2010; Zava-
laga et al. 2010; Paiva et al. 2010; Quintana et 
al. 2011). The coexistence of several search 
strategies within a population can produce 
a stabilizing effect on the oceanic environ-
ment used, reducing intraspecific competi-
tion, either by diversifying behavior while 
searching for similar prey or by targeting 
different prey types. Predators adjust their 
behavior to the current prey system and the 
bigger the area available for predator-prey 
interaction, the larger the stabilizing ef-
fect given by these behavioral adjustments 
(Fauchald 2009; Weimerskirch et al. 2010). 
The four behavioral types identified in this 
study occurred in more than one breeding 
season, reinforcing the idea that behavioral 
variability in foraging strategies is present 
in this population. No significant differenc-
es were detected between sexes for all years 
taken together, though females seemed to 
use narrower depth ranges than males dur-
ing each breeding season. Further research 
is needed to determine if behavioral dif-
ferences are related to prey type (Trem-
blay et al. 2005; Garthe et al. 2006; Elliott et 
al. 2008) and distribution (Fauchald et al. 
2000; Garthe et al. 2007; Hamer et al. 2009), 
reproductive stage or individual character-
istics, such as experience (Cook et al. 2005; 
Daunt et al. 2007; Weimerskirch et al. 2010) 
and body condition (Woo et al. 2008) and to 
infer the level of foraging plasticity required 
when faced with environmental change 
caused by seasonal migrations of prey (Pá-
jaro 2002) or longer-term modifications in 
the South-western Atlantic Ocean that these 
and other seabirds exploit (Boersma 2008).
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