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ABSTRACT: The foraging behaviour of animals depends on the distribution, abundance and pre-
dictability of their food resources. In the marine environment, top predators such as seabirds are
known to concentrate their foraging effort in specific oceanic features where productivity is elevated
or prey concentrated. When marine productivity is low and prey distribution unpredictable, such as
in tropical waters, selection should favour the evolution of flexible foraging strategies. By using GPS,
Argos transmitters and activity recorders, we studied the foraging strategy of red-footed boobies
(RFBs) Sula sula breeding on Europa Island in the Mozambique Channel, to examine the way a cen-
tral place forager searches for prey in tropical waters. RFBs only foraged during the day-time and
never sat on the water at night; thus, they consequently had a limited maximum foraging range of
148 km. Primary production within this range was low overall (average 0.165 mg chlorophyll m™3),
with a high spatial and temporal heterogeneity due to the presence of strong geostrophic currents
and surface mixing by storms. RFBs appear to adjust their foraging strategy to cope with this situa-
tion. Individual birds do not return to the same oceanic sites from one trip to the next, but generally
head in the direction of zones where productivity is enhanced. Active foraging, i.e. periods when
birds spent time on the sea surface or dived, occurred at the most distant part of the foraging trip.
Despite their limited foraging range and the low productivity of surrounding waters, red-footed boo-
bies are able to track zones of prey availability located in areas of enhanced primary production.
Searching is probably favoured by the presence of sub-surface predators that chase prey to the sur-
face. The foraging strategy of this tropical sulid appears to differ extensively from that of temperate
or polar seabirds whose prey distribution and availability are more predictable.
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INTRODUCTION

The way predators forage and distribute themselves
with respect to the environment depends on the distri-
bution, abundance and predictability of prey (Bell
1991). In the oceans, marine predators are generally
assumed to be searching for prey in a featureless envi-
ronment, but very little information is available on the
foraging strategies used by these predators because of
the difficulty of studying marine animals in the open
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ocean. Seabirds are exceptions because they are large
and conspicuous predators that can be studied from
research vessels or from land-based sites during the
breeding period. Physical processes are known to
affect the distribution of plankton (Wolanski & Hamner
1988, Francks 1992) and recent studies have shown
that seabirds respond to fronts, shelf edges or up-
welling where productivity is enhanced or where
prey are passively concentrated (review in Hunt et al.
1999). Seabirds distribute themselves according to
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these physical mechanisms and can concentrate in
large numbers at these specific foraging sites. Further-
more, the preferences exhibited by individual birds for
particular foraging sites suggest that birds can remem-
ber the location of particular oceanographic features;
however, the predictability of oceanic processes and
prey aggregations is dependent upon the spatial and
temporal scales considered (Hunt & Schneider 1987,
Schneider 1993), and is probably only high at meso-
scale (100s of kilometres) or larger scales (Hunt et al.
1999). At smaller scales, birds must actively search
for prey patches that are sparse and unpredictably
located, and often adopt specific foraging strategies
based on spotting the behaviour of congeners or other
predators, and on restricting their searches to small
size sectors once these cues have been detected
(review in Nevitt & Veit 1999).

In polar and temperate waters, many ship-based
studies on the factors affecting the distribution and
abundance of birds at sea (see review in Hunt et al.
1999), and land-based studies using newly developed
miniaturised loggers and telemetry systems (e.g.
Guinet et al. 1997, Nel et al. 2001, Hyrenbach et al.
2002), have demonstrated the importance of physical
scale-dependent processes on the foraging ecology of
seabirds and the diversity of foraging strategies that
are used (Shealer 2001). In tropical waters, there have
been much fewer ship-based studies of seabirds (Bai-
ley 1967, Pocklington 1979, Ballance et al. 1997, Spear
et al. 2001, Jaquemet et al. 2004) and almost no land-
based studies using telemetry systems; yet, the tropical
marine environment constitutes an interesting case
study for comparative purposes to test hypotheses
about the importance of scale-dependent processes on
the distribution of marine predators or the evolution of
foraging strategies. Indeed, in tropical waters, produc-
tion is overall low compared to temperate and polar
waters (Longhurst & Pauly 1987), and the distribution
and abundance of seabird prey is believed to be
more unpredictable than in colder waters (Ashmole
1971); thus, it is often hypothesised that these extreme
conditions should have led to the evolution of specific
energy-efficient foraging strategies in tropical sea-
birds (Flint & Nagy 1984, Ballance & Pitman 1999). In
addition, the constraints imposed by the marine envi-
ronment on foraging are particularly strong during
breeding, when seabirds must commute between the
colony and feeding grounds. At this time, the proximity
of prey aggregations to colonies or the ability of sea-
birds to forage efficiently and to reach distant prey
patches at low energetic costs become critical; thus,
selection for improving the foraging efficiency of sea-
birds has probably been a major evolutionary force
resulting in a wide variety of foraging strategies and
morphological adaptations (Ashmole & Ashmole 1967,

Pennycuick 1987, Spear & Ainley 1998, Ballance &
Pitman 1999). In addition, rather than solely physical
processes (e.g. prey aggregation at fronts and con-
vergences), biological processes, in particular the asso-
ciation with sub-surface predators such as tuna or
dolphins, appear to be of overwhelming importance in
the foraging success of tropical seabirds (Au & Pitman
1986, Ballance et al. 1997, Jaquemet et al. 2004). This
is particularly the case for piscivorous species associ-
ated with surface-dwelling tunas in areas of strong
vertical thermal gradients (e.g. thermocline depth) in
the tropical Pacific (Spear et al. 2001).

The family Sulidae includes the large gannets and
the smaller boobies. Whereas the 3 species of gannets
are temperate or cold-water foragers, boobies include
6 species that breed at tropical latitudes (Nelson 1978).
The red-footed booby Sula sula (RFB) is the smallest of
the Sulidae. Most authors consider the RFB as the most
pelagic booby (Nelson 1978, Schreiber et al. 1996).
Since small clutch size is often related to pelagic
habits in seabirds (Lack 1968, Weimerskirch 2001), the
strictly 1 egg clutch of RFBs, compared to the other
species with 1 to 4 eggs per clutch, reinforces the sug-
gestion of pelagic habits of this species; however, no
study has yet determined the actual foraging range of
breeding birds. It can be expected that the extreme
foraging adaptations and strategies that may have
evolved in tropical seabirds should be particularly
apparent in a species such as the RFB.

The aim of this study was to precisely describe the
way a tropical central-place seabird forages for food
and to examine whether this foraging strategy differs
from those of closely related temperate species, or from
other temperate or polar seabirds. We were particu-
larly interested to test whether the low productivity
may promote specific ways of foraging, and how tropi-
cal species deal with more unpredictable prey patches.
We studied RFBs breeding on Europa Island in the
Mozambique Channel using a suite of recently devel-
oped miniaturised loggers, which allowed us to recon-
struct the foraging ecology of this tropical seabird.

MATERIALS AND METHODS

The study was conducted on Europa Island (22.3° S,
40.3° E) in the Mozambique Channel (Fig. 1) between
18 August and 30 September 2003. Approximately
2800 to 3800 pairs of RFBs breed on Europa Island,
with all colonies located in the dry Euphorbia steno-
clada forest of the northern part of the island (Le Corre
& Jouventin 1997). RFBs are seasonal breeders at
Europa, with most egg-laying occurring between July
and October (Le Corre 2001); thus, during the course of
our study, most pairs were incubating or brooding
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Fig. 1. Map of the central Mozambique Channel showing the
location of Europa Island and surrounding seamounts. The
arrow on the inset shows the location of Europa Island

young chicks. RFBs show several plumage morphs that
vary extensively according to localities (Nelson 1978).
In the Indian Ocean, most extant colonies contain birds
of the white morph, except at Europa where 98.5% of
the birds are of the white-tailed brown morph and
1.5% of the white morph (Le Corre 1999).

Our main study plot included about 50 nests built on
trees at 1 to 6 m from the ground. At the beginning of
the study period, each nest was numbered with a plas-
tic tag and the colony mapped, and in each nest, 1 bird
of each pair was marked with a yellow patch of picric
acid on the white tail using a sprayer without handling
the birds. This yellow patch allowed us to rapidly iden-
tify birds at a distance. The study colony was moni-
tored 3 to 4 times per day (at dawn and dusk, i.e. at
06:00 and 17:45 h, and once or twice in the middle of
the day) to determine which member of the pair was in
the nest and, thus, to infer departure and return of
birds fitted with loggers. To attach loggers, birds were
captured by hand for those accessible from the ground,
or with a 6 m telescopic fishing pole fitted with a nylon
noose for the birds nesting higher in the trees. When
captured for the first time, birds were measured (cul-
men length, beak width and maximum height, wing
length), weighed and banded with a stainless steel
band. When recaptured for logger recovery, they were
only weighed.

To study movements, 16 birds were fitted for 2 to 5
successive foraging trips (46 foraging trips in total)
with Platform Terminal Transmitters PTT 100 Argos
satellite transmitters (Microwave telemetry) weighing
20 g. The PTTs transmitted continuously, with a repe-
tition time of 60 to 90 s. We used service+ from the
Argos system that uses 3 satellites for location of ani-
mals (Argos 1989) and allowed us to obtain 14.4 + 2.2
locations per day. In addition, we fitted 16 different
individuals for a single trip with a GPS receiver with
an integrated antenna and a 1 Mb flash memory
operated by a rechargeable battery (Newbehavior;
Steiner et al. 2000) recording at 10 s intervals. The
loggers were sealed into small polyethylene bags.
The overall weight of the device and its waterproof
package was 32 g. The PTTs and GPS loggers were
taped under the 3 central tail feathers using Tesa
tape.

To study activity patterns, we used 6 g activity
recorders (IMV2, Immersion Monitor Version 2, Fergu-
son Manufacturing) that record the presence of sea-
water across electrodes to infer immersion time.
The sampling rate was 1 recording s™!. The activity
recorders were fitted on a metal leg band with tape,
and precisely measured the time of landing or diving
on water and of taking off, and thus the duration
of bouts spent on the water and in flight.

As RFBs are relatively small seabirds (mass 780 to
1050 g), only 1 type of logger was fitted on each
bird (representing a maximum of 3 to 4 % of the bird
body mass for the GPS) except for activity recorders
that were deployed together with PTTs to 12 indi-
viduals (2.5 to 3.3% of the bird body mass in total)
to derive the location of landings. No deleterious
effects of loggers were noted; birds returned to their
nest every evening just as birds not fitted with
loggers.

We used all location types provided by the Argos
system, but the locations were filtered following
Weimerskirch et al. (1993), with a maximum flight
speed of 95 km h™! for RFBs, based on the GPS
recording (see 'Results’). We also discarded locations
too closely separated in time, by less than 10 min,
discarding the less accurate one following the clas-
sification provided by Argos, because the distance
that a bird could travel during this short time is
that of the inherent error of the locations. Data were
then treated using a custom software package (‘Dio-
medea’, D. Filippi, see Weimerskirch et al. 2000 for
details and other examples of its usage). This soft-
ware takes into account the time spent on the water
and in flight by activity logger-equipped birds, so
that the real mean speed of travel between succes-
sive satellite locations can be estimated as well as the
location of landings, based on the assumption that
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birds fly in a straight line between locations. It calcu-
lates a location every 10 s so that data from the GPS
and the PTTs can be pooled for the estimates of for-
aging areas. To estimate foraging areas, we pooled
the location obtained from the GPS and the PTTs. We
used the fixed kernel method (Worton 1995) and the
least square algorithm (Seaman & Powell 1996). We
estimated contour levels including 10 to 90% of the
locations distribution (Wood et al. 2000, Hyrenbach et
al. 2002).

Locations of active foraging or foraging bouts were
derived from periods when birds were sitting on the
water as recorded by the activity recorders fitted with
PTTs, or for speeds lower than 10 km h! for the GPS
recording (Weimerskirch et al. 2005). Isolated short
landings were not considered as foraging bouts. For
each foraging trip, we estimated a destination head-
ing as the bearing between the colony and the first
zone of active foraging (or the most distant point of a
trip when no foraging patch was detected). To mea-
sure how consistent birds were in their foraging desti-
nations, we measured the difference in bearing
between successive trips. Wind direction at the depar-
ture of foraging trips was measured each morning
from the meteorological station located 100 m from
the study colony.

Sea-surface height anomalies and associated
geostrophic current strengths were obtained from the
AVISO data base of the CLS Physical Oceanography
Division (http://www.aviso.oceanobs.com/). Sea-sur-
face chlorophyll concentrations were derived from the
SeaWiFS Local Area Coverage (LAC) ocean colour
data, acquired and processed at the IRD-SEAS track-
ing station in La Réunion (under agreement with
NASA). Individual swaths were assembled to cover the
entire Mozambique Channel and moving averages
were calculated with a 7 d period to reduce the propor-
tion of cloudy pixels. The original spatial resolution
(1 km) was degraded to 2 km. Data were then mapped
with SURFER 7.0 (Anonymous 1999) using the kriging
interpolator with a linear variogram, assuming no
nuggets effects (Barnes 1991). The study period was
divided into 2 periods with similar numbers of tracks:
25 August to 12 September 2003 and 13 to 28 Septem-
ber 2003.

Statistical analyses were performed with STATIS-
TICA 6.0. As the individuals were tracked for several
successive trips, to avoid pseudoreplication prob-
lems, we analysed the data on the characteristics of
the trips using mixed-model ANOVAs. Speed, range,
distance covered, activity etc. were the depen-
dent variables; categories (period, stage etc.) were
entered as fixed factors; and individual was consid-
ered as a random factor. Values are given as average
+1 SD.

RESULTS

The duration of foraging trips was 10.1 + 1.9 h during
the incubation (range 4.8 to 12.5) and 5.0 £ 2.0 h (range
1.1 to 7.3 h) during the brooding period (mixed
ANOVA F, 3, = 86.0, p < 0.0001). During incubation,
birds departed from the colony early in the morning
between 06:00 and 08:00 h, and returned in the after-
noon before dusk, and occasionally at night. During
brooding, departure times were spread throughout the
day. Day length was on average 12.5 h during the
study period (range 12.2 to 12.8 h).

Activity

During their foraging trips, birds spent 66.7 + 14.9 %
(range 36.0 to 94.8) of the time in flight and the remain-
ing time sitting on the water or diving. The proportion of
time spent on the water was similar during incubation
and brooding (mixed ANOVA, F; 5, = 0.02, p = 0.933).
Most flight time occurred during the morning and
evening, with almost half of the time sitting on the water
occurring in the middle of the day (Fig. 2). Landing and
take-offs peaked in the afternoon (Fig. 2). Birds landed
on the sea (or dived) on average 29.6 + 12.2 times h™!
(range 8 to 65), at similar rates during brooding and incu-
bation (mixed ANOVA, F, 1,=0.305, p =0.895).
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Fig. 2. Sula sula. (a) Frequency distribution of sea landings
and take-offs throughout the day. (b) Percentage of the time
spent on the water each hour
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Foraging movements

When leaving the colony, birds headed directly for
foraging grounds. Most trips (71.7 %) were directional
return trips with fairly parallel, and close outward and
return paths, the remaining were loop shaped
(Fig. 3a,b, respectively). The median speed recorded
by GPS was 38 km h™!, with a maximum speed of
95 km h™'. The trips were typically divided into 3
phases. First, the bird moved rapidly away from the
colony, at a high and constant speed, with a linear or
curvilinear route. Second, the bird started to change
direction and speed continuously, suggestive of forag-
ing activity. During this time, the birds landed on the
water, or dived, frequently. There were between 1 and
4 (average 2.2 + 1.0) foraging bouts per trip. Finally,
the bird returned to the colony, at a more constant
flight speed, and with a relatively straight route.
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During incubation, birds forage at an average
range of 67.2 + 34.0 km from the colony (range 12 to
148 km). During brooding, the range decreased to
39.2 + 28.5 km (range 10 to 114 km) (mixed ANOVA,
Fio = 52, p = 0.035). The distance covered was
169.6 + 82.2 km during incubation and 117.3 =+
65.5 km during brooding (mixed-model ANOVA,
F) 24 = 4.3, p = 0.0575). The duration of foraging trips
was related to the maximum foraging range (maxi-
mum range = 5.4212 duration - 1.0555, R* = 0.4179,

= 55, p < 0.001). Foraging activity generally took
place within the most distant section of the foraging
trip (Fig. 4).
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None of the 13 individuals tracked for at least 2 suc-
cessive trips returned to the same area to forage
(Fig. 5); however, in 70.4 % of the 27 pairs of successive
trips by the same individual, birds headed in the same
direction (angular difference between successive flight
direction <30°). Although birds often flew in the same
direction, they moved at various ranges and, thus, had
their foraging activities in different areas (Fig. 5).
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Foraging zone

Birds did not head in all directions evenly when mov-
ing away from the colonies (Fig. 6, y%3= 17.4, p < 0.001,
n = 56); the majority of trips were directed toward the
west, south and north of the island, with very few trips
to the east. Trips during the first part of the study were
mostly directed to the north and south, whereas those
during the second part were directed to the west (Fig. 6,
x%;3=14.1, p = 0.003). Wind direction was similar during
the 2 periods (x% = 1.7, p = 0.522), blowing mainly from
the south (59 % of the days) and, to a lesser extent, from
the east (27.9 %) and north (13.1 %). The main foraging
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study period (23 August to 12 September, 13 to 28 September,
respectively)
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areas were concentrated to the south and north during
the first part of the study, and to the west of Europa
during the second part (Fig. 7).

Oceanographic conditions and primary production

The central part of the Mozambique Channel is a
zone of deep waters and since there is no shelf (water
depth <200 m) around Europa, or in the vicinity
around the Bassas da India bank, birds forage solely
over deep oceanic waters (Fig. 1). In this sector, strong
cyclonic and anticyclonic eddies move southward and
are associated with strong geostrophic currents
(Fig. 7c). The ocean productivity, as measured by satel-
lite chlorophyll concentration, was low overall (aver-
age 0.165 mg chlorophyll m~®), but patchy in space and

time (Fig. 7b). During the course of the study, the
oceanographic conditions changed extensively around
Europa (Fig. 7). Zones of higher productivity (>0.2 mg
chlorophyll m™®) occurred in the foraging range of
RFBs, but changed in intensity and in location over
time, probably transported by geostrophic currents
and/or mixed by a strong gale that occurred between
14 and 17 September (Fig. 7b).

Within the range of RFBs, the foraging zones
appeared to be related to the location of zones of
higher primary production. During the first part of the
study period, when production was high within the for-
aging range of RFB, to the south and north of Europa,
most birds moved to the south or north (Fig. 7a,b). Dur-
ing the second part of the study, most birds moved to
the west where ocean productivity appeared higher
(Fig. 7a,b).
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DISCUSSION
Foraging range

Traditionally, the RFB has been considered to be the
most pelagic of all boobies (Nelson 1978, Schreiber et
al. 1996). Our study shows that breeding RFBs left their
colonies for a maximum of 12.5 h, a bit longer than the
duration of daylight at the latitude of Europa in winter
(12 h); thus, their foraging range is limited primarily by
the duration of their available foraging time. With an
average flight speed of 38 km h™!, a 12.5 h return flight
would give a potential maximum range of 237 km. The
actual maximum range recorded in this study was only
148 km. This discrepancy is due to the time required
for foraging, i.e. to actively search and follow feeding
opportunities, forage and dive. If we subtract the
average proportion of time spent on the water during a
trip (33.3 %), the maximum theoretical range is 158 km,
i.e. a value very close to that observed. An oceano-
graphic cruise (ECOTEM-9 cruise, IRD-Thetis) con-
ducted around Europa at the same time as our study
indicates that the maximum distance at which RFBs
were observed was 157 km, confirming the limited
range of the breeding population, but also of the non-
breeding birds (Jaquemet et al. in press). Previous
ship-based studies conducted in the Indian Ocean
only recorded RFBs in the vicinity of breeding colonies
(Bailey 1967).

The only other tracking study on boobies, using
radio tracking, gives an estimated foraging range of
65 km from the colony for masked boobies Sula dacty-
latra (Anderson & Ricklefs 1987). The much larger
northern gannet Morus bassanus forages at a maxi-
mum range of 540 km (mean 232 km) with trips lasting
13 to 84 h (Hamer et al. 2000). Cape gannets Morus
capensis forage at maximum distances of 242 km
(mean 85 km), with trips lasting 1.5 to 48 h (Grémillet
et al. 2004); thus, the foraging range in the larger tem-
perate species is extended by their ability to spend the
night at sea, in addition to their higher flight speed.
The only locality where RFBs foraging trips are longer
than 1 d is the Galapagos, where birds leave the colony
for several days during severe El Nino (Nelson 1978);
however, being absent from the nest for several days
does not necessarily mean that birds are spending the
night at sea, as we have shown for Europa birds. They
could land at night either on their breeding island or on
other islands of the Galapagos archipelago.

Foraging strategies in tropical waters

During the study period, RFBs were mainly feeding
on flying fishes (Family Exocaetidae) and flying squids

(Family Ommastrephidae) (M. Le Corre unpubl. data),
i.e. similar prey as in other localities (Nelson 1978, Har-
rison et al. 1983, Schreiber et al. 1996). RFBs do not
dive deeper than 2.4 m (Weimerskirch et al. 2005).
They can only catch prey that either naturally occur
near the surface, or that are chased to the surface. In
the Pacific Ocean (Au & Pitman 1986, Ballance et al.
1997), RFBs are generally observed feeding in associa-
tion with sub-surface predators such as tuna, or dol-
phins, that chase prey to the surface, making them
available to seabirds.

The foraging strategy of RFBs was to leave the
colony rapidly in a particular direction; flight direc-
tions at departure were not related to the prevailing
wind direction but to the flight direction of the previ-
ous day. Birds spent most of their time in flight dur-
ing the outward part of the flight. In the middle of
the day, birds became more active by landing and
taking off frequently. The change in activity in the
middle of the day is probably related to birds having
reached prey patches after a period of commuting,
rather than to the higher availability of prey at this
particular time of the day as shown in long range
frigatebirds that feed on the same prey mainly in the
morning and evening (Weimerskirch et al. 2004). In
areas of high activity, presumably a prey patch, birds
are extremely active. This increased activity with
continuous landing and take offs, often associated
with changes in flight direction and flight speed has
been described as Area Restricted Search (ARS,
Kareiva & Odell 1987). In pelagic seabirds, ARS
seems to be a common strategy (Nevitt et al. 1995,
Veit & Prince 1997); once a bird has detected prey, it
changes its flight route from very directional to very
erratic. By increasing its turning rate, the forager
remains within the vicinity of the prey. In RFB, ARS
is clearly apparent in the GPS tracks (Fig. 3a). Obser-
vations at sea around Europa suggest that this
behaviour is often that of birds feeding over sub-sur-
face predators (Jaquemet et al. in press). Another
strategy, not as typical as ARS, is when RFB continu-
ously change direction, but still continue on a linear
trajectory on a large scale with numerous brief land-
ings, resulting in a reduced travelling speed of only 5
to 10 km h™! (Fig. 3b). This strategy may correspond
to birds following sub-surface predators such as tuna
schools that travel at speeds of 4 to 7 km h™! (Marsac
& Cayré 1998) and perhaps prey on large organisms
such as flying fish. An energetic study carried out in
the Pacific on RFB, with activity budgets similar to
those of RFB from Europa, indicates that the cost of
foraging may be particularly low (Ballance 1995).
This is surprising in view of the extremely high activ-
ity, but may be due to the extensive use of wind by
RFB to reduce flight costs.
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Foraging zones in relation to oceanography

In temperate and polar regions, seabirds are well
known to associate with fairly predictable foraging
zones where prey are available in association with spe-
cific physical features such as fronts, seamounts or
shelf edges (Hunt et al. 1999). As RFBs are central
place foragers with a restricted range, they have a lim-
ited choice of foraging habitats, particularly compared
to species that move widely, such as frigatebirds that
were tracked at distances greater than 600 km from
Europa when breeding (Weimerskirch et al. 2004). As
there is no shelf around Europa, RFB cannot reach pro-
ductive zones associated with shelf areas and are,
therefore, strictly oceanic foragers. Within the foraging
range of RFB, the extensive Bassas da India and Jaguar
sea mounts (Fig. 1) may constitute a zone of upwelling,
but this is not apparent when examining the distribu-
tion of primary production from SeaWifs imagery.
Seamounts are known to be favourable foraging
grounds for tuna schools, which tend to aggregate
above them throughout the tropical oceans (Fonteneau
1991). The tracked RFBs did not preferentially forage
above, or in the wake of these seamounts that are
located 120 km from Europa, i.e. at the limit of the for-
aging range of the species. The Mozambique Channel
is well known for a persistent field of mesoscale anticy-
clonic gyres very slowly moving southward (Schouten
et al. 2003). The cyclonic vortices associated with these
eddies can enhance productivity through horizontal
transport by geostrophic current or through upwelling
(Quartly & Srokosz 2004). Due to their southward
movement, the location of the eddies constitutes an
unpredictable oceanographic feature (Fig. 7). Further-
more, their intensity is not constant but cyclic and con-
sequently induces a high degree of variability in the
magnitude of the upwelled waters responsible for
enhancing the phytoplanktonic production. In addi-
tion, surface mixing due to strong gales may also influ-
ence the level of primary production at the surface.
Ocean productivity around Europa is, therefore, fairly
low and its distribution is heterogeneous, changing
within as little time as a week (Fig. 7).

Vessel-based surveys in the eastern Pacific Ocean
indicate that RFB flocks only occur in the vicinity of
breeding grounds, located in the eastern part of the
Eastern Tropical Pacific (Ballance et al. 1997). These
authors attributed the RFB distribution to the higher
productivity of the surface waters (0.17 mg m™3 of
chlorophyll) and to the proximity of their breeding
grounds. The Mozambique Channel waters around
Europa had an average chlorophyll concentration of
0.165 mg m~3 during the study period, comparable to
the oceanic waters of the eastern Pacific inhabited by
RFBs. Although water productivity may also be impor-

tant in determining the presence of boobies, our study
suggests that the proximity of breeding grounds con-
strains the oceanic range of breeding and, possibly,
non-breeding, birds. Within their foraging range, RFBs
appear to be attracted by zones of enhanced productiv-
ity. These zones may concentrate zooplankton and
their associated predators such as flying fish and squid,
which are themselves preyed upon by tuna and marine
mammals that chase them to the surface.

Foraging in an unpredictable environment for
ephemeral prey patches

The oceanographic conditions surrounding Europa
suggest that RFBs forage in a zone of generally low pri-
mary productivity, with some patches of enhanced pro-
ductivity whose distribution is mobile and location is
unpredictable. Successive trips by the same bird indi-
cate that individuals do not return to the same foraging
area from one trip to the next; however, birds generally
head in the same direction as on the previous day until
they encounter a prey patch, which is found at a vari-
able range from the colony from one day to the next.
The direction taken is probably related to a higher pre-
dictability at a mesoscale of the location of zones of
high productivity; however, because zones of higher
productivity can disappear rapidly or shift location
advected by geostrophic currents, such zones may only
be spatially predictable within a period of a few days,
forcing the birds to regularly change flight direction.
The rule of thumb may be that individuals select a par-
ticular direction according to the foraging success of
the previous day. If unsuccessful, RFB should change
direction, either randomly, or according to the behav-
iour of other birds. Since foragers generally leave the
island in small groups, they could also follow other
birds that had a good foraging success the previous
day, but such a hypothesis based on the existence of an
information centre (Ward & Zahavi 1973) has yet to be
demonstrated. Such foraging decisions only concern
mesoscale features that are temporarily available, but
the way they are able to head to the most productive
patches has to be evaluated (see for example Davoren
et al. 2003).

After choosing a particular heading unrelated to
wind direction, birds encounter prey patches at various
distances from the colony. At a coarse scale (kilometres
to 100s of metres), foraging birds probably locate prey
patches by the activity of sub-surface predators close
to the surface (Au & Pitman 1986). At greater dis-
tances, they probably locate feeding opportunities by
local enhancement (see review by Nevitt & Veit 1999),
i.e. by observing the behaviour of congeners or other
surface-feeding seabirds such as the superabundant
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sooty terns. Such behaviour may result in a network
foraging (Wittenberger & Hunt 1985), which is proba-
bly an efficient way of detecting ephemeral resources.
Our results suggest that feeding bouts in association
with tunas and marine mammals may be ephemeral,
lasting only a few minutes to several 10s of minutes as
recorded by the bouts of activity. We do not know
whether the brevity is due to the brevity of the event
itself, or whether in some cases the bird leaves the
feeding opportunity when enough prey have been
captured. Since feeding opportunities can occur sev-
eral times during the course of a foraging trip, it is
likely that they are ephemeral for seabirds.

In the Galapagos, radio-tracked masked boobies ap-
pear to change flight direction from one day to the next,
suggesting that prey location was also unpredictable
(Anderson & Rickelfs 1987). In contrast, in temperate
and polar waters, many species return to the same ar-
eas from one foraging trip to the next (see review in
Hunt et al. 1999). Hamer et al. (2001) found very similar
bearings and distances travelled on successive foraging
trips for the temperate northern gannets, suggesting a
predictable spatial distribution of prey patches in the
North Atlantic. Cape gannets concentrate their forag-
ing effort in zones of coastal upwelling in the Benguela
Current (Grémillet et al. 2004). This difference, and the
relation between foraging and productivity, is consis-
tent with the idea that marine habitats are less pre-
dictable in tropical than in temperate regions. We can
hypothesise that this critical difference leads to con-
trasted foraging strategies between the 2 environ-
ments. Further comparative studies have to be carried
out to elucidate how different environmental conditions
have led to the evolution of contrasted life histories be-
tween tropical and other marine environments.
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