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a b s t r a c t

The Mozambique Channel (western Indian Ocean) is a dynamic environment characterised by strong
mesoscale features, which influence all biological components of the pelagic ecosystem. We investigated
the distribution, abundance and feeding behaviour of seabirds in the Mozambique Channel in relation to
physical and biological environmental variables, with a specific interest in mesoscale features. Seabird
censuses were conducted in summer and winter during 7 cruises in the southern and northern
Mozambique Channel. Tropical species accounted for 49% of the 37 species identified and 97% of the
individuals, and species from the sub-Antarctic region constituted 30% of the identifications. The typically
tropical sooty tern (Onychoprion fuscata) was the dominant species during all cruises, and overall accounted
for 74% of the species observations and 85% of counted birds. Outputs of Generalised Linear Models at the
scale of the Mozambique Channel suggested that higher densities of flying and feeding birds occurred in
areas with lower sea surface temperatures and lower surface chlorophyll a concentrations. Most of the flocks
of feeding birds did not associate with surface schools of fish or marine mammals, but when they did, these
flocks were larger, especially when associated with tuna. While tropical species seemed to favour cyclonic
eddies, frontal and divergence zones, non-tropical species were more frequently recorded over shelf waters.
Sooty terns foraged preferentially in cyclonic eddies where zooplankton, micronekton and tuna schools were
abundant. Among other major tropical species, frigatebirds (Fregata spp.) predominated in frontal zones
between eddies, where tuna schools also frequently occurred and where geostrophic currents were the
strongest. Red-footed boobies (Sula sula) concentrated in divergence zones characterised by low sea level
anomalies, low geostrophic currents, and high zooplankton biomass close to the surface. Our results highlight
the importance of mescoscale features in structuring the tropical seabird community in the Mozambique
Channel, in addition to segregating tropical and non-tropical species. The mechanisms underlying the
segregation of tropical seabirds seem to partially differ from that of other tropical regions, and this may be a
consequence of the strong local mesoscale activity, affecting prey size and availability schemes. Beyond
characterising the foraging habitats of the seabird community of the Mozambique Channel, this study
highlights the importance of this region as a hot spot for seabirds; especially the southern part, where several
endangered sub-Antarctic species over-winter.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Marine environments are not spatially and temporally uniform,
with nutrients and food resources for marine organisms tending

to be patchily distributed and ephemeral (Ashmole, 1971;
Weimerskirch, 2007). High productivity increases prey density
and subsequently attracts and concentrates foraging predators
(Piontkovski and Williams, 1995; Hunt et al., 1999; Olson, 2002).
Along the continental shelf, wind-induced upwelling (Hunt, 1997;
Hoefer, 2000), and in the open ocean, fronts (Spear et al., 2001;
Olson, 2002) or areas of strong geostrophic activities (Lima et al.,
2002; Bakun, 2006) promote the concentration of high trophic
level predators by stimulating primary production and increasing
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the aggregation or advection of buoyant and weakly swimming
organisms, including neuston, plankton and fish (Olson and
Backus, 1985; Franks, 1992; Olson, 2002; Hyrenbach et al., 2006).

Among oceanic features aggregating predators, mesoscale
eddies are known to be of primary importance because they
strongly modulate the structure and biomass of open ocean
ecosystems (Owen, 1981; McGillicuddy et al., 1998). Eddies are
especially important in tropical areas (Piontkovski and Williams,
1995) where waters are otherwise typically oligotrophic and less
vertically structured than at higher latitudes (McGillicuddy et al.,
1998; Miller, 2004). Mesoscale eddies are large (�100 km2 dia-
meter), persistent (weeks) and pervasive features in the world's
oceans (Owen, 1981; Oschlies and Garçon, 1998). These ubiquitous
structures play a critical role in ocean biogeochemistry by increas-
ing nutrient supply, primary production, and efficiency of the
biological pump (Benitez-Nelson et al., 2007). Anticyclones (coun-
ter-clockwise in the southern hemisphere) generate a predomi-
nately convergent flow pattern of surface chlorophyll-depleted
waters at the centre of the eddy, thus, favouring the accumulation
of minute weakly-swimming organisms in the slowly sinking
waters close to the eddy core. In contrast, cyclones (clockwise in
the southern hemisphere) tend to have a divergent surface flow
pattern that raises deep, cold and nutrient-rich waters toward the
surface, which enhances primary production. Depending on eddy
maturation, however, upwelling and downwelling can reverse or
slow down in the inner and outer parts of these structures (Bakun,
2006), thus leading to different patterns in the biomass distribu-
tion. Eddy–eddy interactions are common and usually result in
local biomass enhancement in the frontal zone between eddies
(Lima et al., 2002).

Recent studies have demonstrated the importance of mesoscale
eddies in enhancing primary production and in aggregating lower
and intermediate trophic level organisms (Strzelecki et al., 2007;
Sabarros et al., 2009; Kolasinski et al., 2012; Huggett, 2014;
Béhagle et al., 2014), thus providing foraging opportunities for
marine predators such as seabirds (Nel et al., 2001; Weimerskirch
et al., 2004; Cotté et al., 2007) and marine mammals (Davies et al.,
2002; Bailleul et al., 2010). In the Mozambique Channel, Kolasinski
et al. (2012) showed that primary production of cyclonic origin
within a mature dipole flowing along the continental shelf was
quickly exported into the frontal zone at the interface between the
two eddies at a depth of o100 m, while chlorophyll-rich coastal
waters were entrained offshore into the dipole and particularly
into the convergent flow of the anticyclone. This transport and
concentration of phytoplankton often lead to the development of
chlorophyll filaments in the frontal area between eddies (Quartly
and Srokosz, 2004; Tew-Kai and Marsac, 2009). Such sub-
mesoscale filaments are related to the stretch, shear and deforma-
tion rate of the geostrophic current (Tew-Kai and Marsac, 2010). In
addition, zooplankton biovolumes were shown to peak at a depth
of o100 m and were on average twice as large in cyclonic than in
anticyclonic eddies, with intermediate biovolumes found at the
eddy frontal area (Huggett, 2014). In the same area, similarly,
higher micronekton acoustic biomass was more often associated
with the edges of cyclonic eddies rather than anticyclones, with
intermediate biomass in the eddy frontal area (Béhagle et al.,
2014). Longline albacore (Thunnus alalunga) catches in American
Samoa increased when they were eddy-associated, particularly at
the edge of the eddies (Domokos et al., 2007). Surface tuna schools
harvested by purse seiners tended to be more abundant in the core
eddies and at their boundary than anywhere else (Tew-Kai and
Marsac, 2010). Similarly, seabirds in the Southern ocean (Nel et al.,
2001) and in the Mozambique Channel (Weimerskirch et al., 2004)
have been shown to forage preferentially at the periphery of eddies
or actively target the boundary area between two eddies, where
geostrophic currents are strongest. From at-sea observations in the

eastern Indian Ocean, Hyrenbach et al. (2006) showed that tropical
seabirds were significantly more frequent and numerous within
convergence areas (upstream of the interface of the two paired
eddies in a dipole structure).

The Mozambique Channel is a highly dynamic environment with
a resultant southward flow along the east African coast (Lutjeharms,
2004). North of the Davies ridge (171S), the circulation is dominated
by an anticyclonic loop in the centre and mesoscale features along
the coastlines (Schouten et al., 2003). This loop temporally pinches
off anticyclonic eddies that travel southward along the Mozambican
coast at a frequency of 4–5 per year (Ridderinkhof and De Ruitjer,
2003; Schouten et al., 2003). The interaction between successive
eddies generates strong dynamic gradients, especially in the central
Mozambique Channel (Tew-Kai and Marsac, 2009). Eddies are also
generated on the continental shelf at the southern tip of Madagas-
car, and some of them flow northward along the southwest coast
(Di Marco et al., 2000; Quartly and Srokosz, 2004). Eddy formation
may also occur east of the channel, along the west coast of
Madagascar (Halo et al., 2014).

The seabird community of the Mozambique Channel is abun-
dant and diversified (Le Corre and Jaquemet, 2005). Previous
studies showed that seabirds from Europa Island in the southern
Mozambique Channel tend to forage over productive waters
characterised by high chlorophyll a concentrations (Jaquemet
et al., 2005) or at frontal areas with strong geostrophic currents
(Weimerskirch et al., 2004). In these areas, they were more likely
to encounter surface schools of tuna, which they often associate
with to access prey (Au and Pitman, 1986; Jaquemet et al., 2004).
Surface tuna tend to concentrate prey at the surface, which then
become available to non-diving tropical seabirds. Stable isotope
and diet studies at the community scale have shown segregation
in the trophic niches of the different bird species (Cherel et al.,
2008). Large species like frigatebirds (Fregata spp.) and red-footed
booby (Sula sula) primarily target large squids and flying fish
(Weimerskirch et al., 2004, 2005). Sooty terns have a larger diet
spectrum composed of small epipelagic fish, fish larvae, squids,
and crustaceans (Jaquemet et al., 2008).

There is increasing interest in relating the distribution, abundance
and behaviour of seabirds to their biotic and abiotic environments
(Tremblay et al., 2009). As high trophic level organisms, marine birds
are sensitive to changes in the production and distribution of
biomass in their foraging habitats and are consequently considered
as good indicators of environmental conditions (Furness and
Camphuysen, 1997; Ballance, 2007). Recently, an increasing number
of studies using tracking devices have greatly contributed to our
understanding of the at-sea ecology of seabirds, but also indirectly to
the structure and functioning of marine ecosystems (Tremblay et al.,
2009; Ainley et al., 2012). Tracking techniques however have their
own inherent limitations. Firstly they do not strongly inform on
biotic interactions with conspecifics, with competitors and with prey,
and secondly they usually allow single-species studies only. In
contrast, at-sea surveys collect data representing a real-time picture
of seabirds at the community level (Ballance, 2007; Ainley et al.,
2012). They can inform on ontogenetic and learning processes
(Jaquemet, 2010), and on interactions with other marine organisms
such as surface schools of fish or pods of marine mammals (Au and
Pitman, 1986; Jaquemet et al., 2004), which can only be hypothesised
in tracking studies (see Weimerskirch et al., 2004, 2005).

In this study, at-sea observations of seabirds recorded during
research cruises carried out in the Mozambique Channel between
2002 and 2010 were analysed to investigate the distribution and
abundance of birds in relation to mesoscale dynamics and biotic
factors. The main aim was to examine functional relationships
between the distribution and abundance of seabirds and environ-
mental variables, specifically those related to mesoscale features.
Although strong relationships between mesoscale eddies and seabird
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distribution in different regions have been demonstrated (Ribic et al.,
1997; Nel et al., 2001; Weimerskirch et al., 2004; Cotté et al., 2007),
such studies remain scarce compared to those conducted at larger
spatial scales (Tremblay et al., 2009), especially in tropical regions.
We hypothesised that in a relatively unproductive and heteroge-
neous environment, seabirds in the Mozambique Channel would
selectively target specific mesoscale features in order to increase
their foraging success, by increasing their encounter and capture
rates of prey due to higher densities of plankton, micronekton and
surface predators. Secondly, regarding species-specific flying, fishing
and energetic constraints, we hypothesised that different seabird
species would associate with different mesoscale features over which
they can access prey more efficiently.

2. Methods

2.1. Data collection

Visual surveys were conducted throughout the Mozambique
Channel during 7 multidisciplinary oceanographic cruises aboard
longliners and research vessels during winter (May–October) and
summer (November–April) seasons (Fig. 1, Table 1, Ternon et al.,

2014). One observer was on the bridge, eye height of �10 m above
the sea level, when the ship was underway at a constant speed and
whenweather and sea conditions were suitable to survey seabirds.
Surveys were conducted along strip transects following a standar-
dized method (Tasker et al., 1984). As the overall density of
seabirds is low in the region (Jaquemet et al., 2004, 2005), the
transect width was increased to 500 m each side of the ship
instead of the 300 m usually recommended in temperate and
polar regions (Tasker et al., 1984). For each observation, individuals
were counted and identified to species or lowest possible taxo-
nomic level, and the behaviour was recorded and classified in
3 categories (flying, feeding, and sitting on the water). Flying birds
were all considered as foraging, i.e. actively searching for prey. No
correction for over counting were conducted, as the number of
flying birds and their density in the region is low (Jaquemet et al.,
2005) and they do not interact with vessels. Birds sitting on the
surface represented �1% of the observations and o0.1% of the
number of individuals. Excepted for density calculations, they
were not considered in the analysis as it was not possible to
distinguish between individuals resting after a successful feeding
event and those just sitting on the water for other reasons. Feeding
was defined as an active interaction with prey, when birds pursued
their prey close to the surface or when they plunged to catch prey.

AFRICA

Fig. 1. Map of the Mozambique Channel showing (A) the different transects performed during the seabird survey. Each sign corresponds to a sampling unit. The grey and the
black stars indicate the location of Europa and Juan de Nova islands respectively. (B) Sea level anomalies (SLAs) on the 19th September 2007 during the MC07 cruise, and the
sampling units classified by mesoscale features along the transects.

Table 1
Summary of the sampling effort, the number of species, the number of individuals and the mean density of total and foraging seabirds recorded along strip transects
performed during the seven cruises in the southern (S) and northern (N) Mozambique Channel in austral summer (Su) and winter (W). Code for the cruises according to
Ternon et al. (2014).

Cruises MC02 MC03 MC04A MC07 MC08A MC09B MC10A

Year 2002 2003 2004 2007 2008 2009 2010
Season W W W W Su Su W
Zone S–N S N S S–N S S–N
Eddies dedicated cruise No No No Yes Yes Yes Yes
Surface surveyed (km2) 1001.8 780.3 1517.4 1624.0 1231.0 935.8 665.2
Number of species (% tropical) 19 (74) 10 (70) 18 (67) 15 (67) 18 (67) 7 (71) 15 (73)
Number of individuals 3516 4472 1739 4667 4895 1343 3581
Density (indiv km�2)7SD 4.074.4 6.376.6 1.071.6 3.375.3 6.3711.4 1.672.5 7.5715.1
Density foraging (indiv km�2)7SD 2.273.1 2.372.1 0.671.2 0.670.8 2.577.1 0.470.4 0.871.6
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Subsurface predators associated with seabirds were identified
whenever possible. Three categories of association were defined
(tuna and other large pelagic fish, marine mammals, small pelagic
fish) and a fourth feeding category was defined as non-associated.
Feeding flocks were defined as a group of at least 5 birds, except
for frigatebirds that were considered individually. For each trans-
ect, survey effort was partitioned into 10 min bins, sequentially, in
continuous counts that are defined hereafter as sampling units.

2.2. Environmental data

Satellite-derived oceanographic data along each transect were
used to describe seabird habitats and to link the specificities of the
different water masses to the presence of marine bird species and
to their behaviour. The variables of interest were: (a) sea-surface
temperature (SST) and (b) chlorophyll a concentration (CHL a),
which were extracted from http://modis.gsfc.nasa.gov/ (7 days,
9 km of resolution); (c) sea level anomalies (SLAs), produced by
Ssalto/Duacs and distributed by AVISO, with support of CNES
(http://www.aviso.oceanobs.com, we used the delayed time pro-
duct, Reference “Ref”, 0.331�0.331 spatial resolution on a Mercator
grid); (d) bathymetry (BATHY), from ETOPO1 Global Topography
distributed by NOAA (http://www.ngdc.noaa.gov/mgg/global/global.
html); (e) the zonal (u) and meridional (v) components of surface
geostrophic currents, which were derived from the AVISO SLA
product. Eddy kinetic energy (EKE) was computed from the geos-
trophic velocity as follows, EKE¼0.5(u2þv2). Five classes of mesos-
cale features (anticyclonic eddy, cyclonic eddy, frontal zone,
divergence zone and shelf waters) were defined (Lamont et al.,
2014) and attributed to each sampling unit. This classification was
processed using three explanatory variables (SLAs, geostrophic
velocity and BATHY), together with a discriminant function esti-
mated from an extra training dataset. Mesoscale feature classes
were predicted for each station using the linear discriminant
analysis and the values of the three explanatory variables at the
corresponding temporal and spatial position. Cyclonic eddies were
associated with large negative SLAs and anticyclonic eddies with
large positive SLAs and both eddies had weak geostrophic currents.
Frontal zones had SLAs close to zero and strong geostrophic
currents. Divergence and shelf stations had SLAs close to zero and
slow geostrophic currents, with shelf stations being discriminated
by their shallow bathymetry (o1300 m).

2.3. Statistical analyses

Autocorrelation in the seabird distribution and co-variation in
the explanatory environmental variables were assessed before
analysing the seabird–habitat associations (Hyrenbach et al.,
2006). The co-variation of longitude, latitude and the 7 selected
environmental variables already mentioned was investigated
using pair-wise Spearman rank correlation. The joint-count statis-
tic (Sokal and Oden, 1978) was used to test the independency or
correlation between contiguous sampling units regarding the
number of seabirds. The Rookcase Excel Add-In software, with
the rook adjacency rule, was used to compute the observed and
expected number of presence/presence, presence/absence, and
absence/absence, given the total number of bird occurrences along
each transect (Sawada, 1999; Hyrenbach et al., 2006). Differences
between observed and expected proportions of the presence and
absence for each transects were assessed using G-tests (Sokal and
Rolf, 1994).

General linear models (GLM) were used to estimate the density
of flying and feeding birds as a function of the physical and
biological environment. Due to a high number of zero (no bird
occurrence in the sampling unit) and single bird observations
relative to all other bird abundances, models were adjusted with a

Poisson distribution and a log-link function. The Akaike's Informa-
tion Criterion (AIC) was used to evaluate the most parsimonious
models. GLM procedures were also used to evaluate the influence
of the different mesoscale features, the nature of the feeding flocks
and the presence of surface predators on the density of birds. For
these models, a quasi-Poisson distribution was used with a square
root link, as the residuals were over-dispersed.

Data were tested for normality and homoscedasticity using
Shapiro–Wilk and Barlett tests respectively. Non-parametric pro-
cedures were used when data did not fulfil these assumptions.
Non-parametric tests of variance (Kruskal–Wallis test followed by
non-parametric multiple comparison tests) were performed on
the number of seabirds per sampling units according to the type of
association and the classes of mesoscale features. Chi-square tests
were used to assess for differences in the frequency of association
between seabirds and specific classes of mesoscale features or
specific surface predators. Mann–Whitney tests were used to
assess for differences in the SST and CHL a between seasons and
geographic areas, in the density of foraging and feeding birds, and
in the size of monospecific and multispecific flocks. All statistical
analyses were conducted using R (R version 2.8.1), and all
significance was assessed at α¼0.05. All results are presented
with means and standard deviations.

3. Results

3.1. Oceanographic conditions

The different cruise tracks were located within variable oceanic
conditions that were characterised overall by strong spatial and
temporal heterogeneities. On all cruises, SST ranged between 22.4 1C
and 30.3 1C and CHL a between 0.06 g m�3 and 0.94 g m�3, and
they averaged 27 1C and 0.14 g m�3 respectively. Along transects,
sea surface waters were warmer overall in the northern Mozambi-
que Channel and in summer, and more productive (i.e. higher CHL a)
in the southern Mozambique Channel and in winter (all Mann–
Whitney test po0.05). At smaller temporal and spatial scales,
however, these general trends were not straightforward. Pair-wise
correlations performed on the set of environmental descriptors
associated with the sampling units revealed a high degree of co-
linearity between them. Of the 36 pair-wise comparisons, 72% were
significantly correlated (Table 2). SST positively correlated with both
latitude (LAT) and longitude (LONG), while CHL a showed the
opposite pattern, suggesting an overall decrease of temperature
and an overall increase of productivity from north to south and from
east to west. The positive and negative relationships between LAT
and LONG with SLAs and EKE respectively indicated a global
increase of mesoscale cyclonic eddy activity in the south-western
part of the Mozambique Channel during the sampling period.
Finally, SST and CHL a did not correlate significantly but were
positively and negatively correlated with SLAs respectively. This
suggests upwelling activity, characterised by cooler and more
productive waters in areas where surface waters diverged; typically
cyclonic eddies and to a lesser extent divergence zones. Such
mesoscale patterns were consistent in time, as the correlations
(not shown) were similar when considering the summer and winter
periods separately. Moreover, these results agreed with previous
studies conducted at larger spatial scales (Donguy and Meyers, 1996;
Quartly and Srokosz, 2004; Tew-Kai and Marsac, 2009).

3.2. Composition of the Mozambique Channel seabird community

During the 7 cruises, 275 transects were carried out, totalling
�7755 km2 of sea surface surveyed for seabirds (Table 1). Seabirds
were primarily surveyed in divergence zones (45.7% of the
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Table 3
Seasonal and geographic occurrence, and abundance of seabird species recorded in the Mozambique Channel according to their breeding regions and their foraging habitats.
Tr: tropical, SA: sub-Antarctic, T: temperate, A: arctic; S: south, N: north; Su: summer, and W: winter.

Species Number of
observations

Occurrence
(%)

Number of
individuals

Numbers
(%)

Nesting
zone

Foraging
habitats

Distribution
area

Season of
observations

Onychoprion fuscata 2104 74.06 20,645 85.26 Tr Oceanic S–N Su–W
Sula sula 158 5.56 914 3.77 Tr Oceanic S–N Su–W
Puffinus carneipes 79 2.78 99 0.41 SA Oceanic S Su–W
Fregata sp. 40 1.41 91 0.38 Tr Oceanic S-N W
Pterdroma mollis 34 1.20 51 0.21 SA Oceanic S Su–W
Thalasseus bengalensis 33 1.16 151 0.62 Tr Coastal S–N Su–W
Oceanodroma monorhis 32 1.13 42 0.17 T Oceanic S–N W
Anous stolidus 29 1.02 475 1.96 Tr Oceanic S–N Su–W
Fregata minor (m) 29 1.02 44 0.18 Tr Oceanic S–N Su–W
Phaethon lepturus 28 0.99 31 0.13 Tr Oceanic S–N Su–W
Fregata minor 25 0.88 48 0.20 Tr Oceanic S–N Su–W
Fregata minor (f) 18 0.63 20 0.08 Tr Oceanic S–N Su–W
Sterna hirundo 17 0.60 363 1.50 T Coastal S–N Su–W
Puffinus lherminieri 16 0.56 22 0.09 Tr Oceanic S–N Su–W
Daption capensis 16 0.56 19 0.08 SA Oceanic S W
Unident. Species 14 0.49 50 0.21 S–N W
Puffinus pacificus 14 0.49 16 0.07 Tr Oceanic S–N Su–W
Phaethon rubricauda 13 0.46 20 0.08 Tr Oceanic S–N Su–W
Sterna sp. 12 0.42 22 0.09 S W
Bulweria bulwerii 12 0.42 12 0.05 Tr Oceanic S–N W
Fregetta tropica 11 0.39 14 0.06 SA Oceanic S–N Su–W
Sterna sumatrana 10 0.35 69 0.28 Tr Coastal S Su
Bulweria fallax 10 0.35 10 0.04 Tr Oceanic S–N Su–W
Thalasseus sandvicensis 8 0.28 23 0.09 T Coastal S Su
Procellaria aequinoctialis 8 0.28 10 0.04 SA Oceanic S W
Sterna dougallii 7 0.25 858 3.54 Tr Coastal S–N W
Thalassarche
chlororhynchos

6 0.21 8 0.03 SA Oceanic S W

Puffinus sp. 5 0.18 7 0.03 S W
Catharacta lonnbergi 5 0.18 6 0.02 SA Oceanic S–N Su–W
Oceanites oceanicus 5 0.18 5 0.02 SA Oceanic S–N Su–W
Anous sp. 4 0.14 8 0.03 Tr S W
Onychoprion anaetheus 4 0.14 7 0.03 Tr Oceanic N W
Anous tenuirostris 3 0.11 10 0.04 Tr Coastal S–N W
Sula sp. 3 0.11 6 0.02 Tr S W
Sternula albifrons 3 0.11 5 0.02 T Coastal S–N Su–W
Stercorarius parasiticus 3 0.11 3 0.01 A Oceanic S–N Su
Fregetta grallaria 3 0.11 3 0.01 SA Oceanic S W
Thalassarche
melanophris

2 0.07 3 0.01 SA Oceanic S W

Thalasseus bergii 2 0.07 3 0.01 Tr Coastal N W
Fregata ariel 2 0.07 3 Tr Oceanic S W
Pelagodroma marina 2 0.07 2 0.01 SA Oceanic S–N W
Sula dactylatra 2 0.07 2 0.01 Tr Oceanic S–N W
Fregetta sp. 1 0.04 3 0.01 SA Oceanic S W
Stercorarius pomarinus 1 0.04 2 0.01 A Oceanic S Su
Sterna paradisae 1 0.04 1 o0.01 A Oceanic N W
Unident. Albatross 1 0.04 1 o0.01 SA Oceanic S W
Hydroprogne caspia 1 0.04 1 o0.01 T Coastal S W
Unident. Storm Petrel 1 0.04 1 o0.01 S W
Undient. Petrel 4 0.14 4 0.02 S–N W

TOTAL 2841 100 24,213 100

Table 2
Pair-wise correlations between environmental variables used to characterise oceanic seabird distributions (i.e. bathymetry4200 m). p: p-Value, rs: value of the Spearman
rank correlation test. Results in bold indicate significant correlations (po0.05). See Section 2 for details of the abbreviations.

rs p

SST CHL a SLAs EKE BATHY LAT LONG U V

SST – 0.778 o0.001 0.004 o0.001 o0.001 o0.001 1 o0.001
CHL a �0.045 – o0.001 1 o0.001 o0.001 o0.001 o0.001 1
SLAs 0.130 �0.334 – o0.001 0.156 0.024 o0.001 0.047 o0.001
EKE �0.068 �0.003 �0.115 – 1 o0.001 o0.001 o0.001 o0.001
BATHY 0.122 0.313 �0.050 �0.015 – o0.001 o0.001 o0.001 0.003
LAT 0.695 �0.105 0.061 �0.106 o0.001 – o0.001 1 o0.001
LONG 0.468 �0.146 0.126 �0.272 o0.001 0.815 – 1 0.106
U �0.031 �0.107 0.058 0.455 �0.130 0.015 �0.038 – 1
V 0.126 �0.019 0.083 �0.211 0.070 0.082 0.055 0.002 –
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sampling units), and almost equally in the other four mesoscale
features (from 12.2% of the sampling units in anticyclonic eddies to
15.2% in shelf waters). A total of 24,213 individuals were recorded,
belonging to 49 categories, of which 80% were identified to the
species level (Table 3). Tropical species accounted for 49% of the 37
species identified and 97% of the individuals recorded. The other
species mostly originated from the sub-Antarctic region (30% of
total species). Oceanic species were dominant in the census (78%
of the species and 93% of the individuals). Coastal species, which
all were terns, were only ever observed on the continental shelf
(bathymetryo200 m), and were not further considered in this
study as their highly coastal distribution could not be related to
offshore mesoscale eddies. Non-tropical species were observed
mostly during their non-breeding season (Table 3). The sooty tern
(Onychoprion fuscata) was the dominant species during all cruises,
and overall accounted for 74% of all observations and 85% of the
total number of recorded birds. The other most frequently
observed species were the red-footed booby (Sula sula, 5% of the
observations), the great frigatebird (Fregata minor, 1.5% of the
observations) and the flesh-footed shearwater (Puffinus carneipes,
3% of the observations). In number of individuals, red-footed
boobies accounted for almost 4% of the total, and roseate terns
(Sterna dougallii), brown noddies (Anous stolidus) and common
terns (Sterna hirundo) for more than 1.5% of total individuals each.
All other species were scarce, with 15 of them being sighted not
more than 5 times (Table 3).

Seabird abundance was neither related to the sampling effort
nor to species diversity (Table 1). Average seabird densities ranged
from 171.6 to 7.5715.1 indiv km�2 and the number of species
recorded per cruise ranged from 7 to 19. The relative contribution
of tropical species was steady at �70% (67–74%). Interestingly, the
density of birds was more variable (i.e. higher standard deviation)
during eddy-dedicated cruises. When considering non-feeding (i.e.
flying and sitting) birds only, densities declined, and then ranged
from 0.470.4 to 2.577.1 birds km�2. The MC10A cruise had the
largest difference in bird densities when considering all birds and
non-feeding birds only (Table 1), indicating that very large feeding
flocks were recorded during this cruise. All other cruises ranked

similarly, with MC04A in the northern Mozambique Channel and
MC09B in the western Mozambique Channel being the cruises
with the lowest densities of birds. MC08A passed close to Juan de
Nova Island, where the largest colony of sooty terns in the region
breed in summer (Le Corre and Jaquemet, 2005), and MC03
around Europa Island, with large winter breeding colonies of
several seabird species among which is the sooty tern (Le Corre
and Jaquemet, 2005), had the highest densities of birds.

3.3. Foraging and feeding habitats of seabirds in the
Mozambique Channel

The autocorrelation analyses revealed that overall there were
no significant patterns for the total number of seabirds, as less
than 4% of all tests indicated significant differences (e.g. n¼10 on
275 transects). We therefore considered that each sampling unit
(i.e. survey bins of 10 min period) was independent from neigh-
bouring ones, and which allowed the use of generalised linear
models. Moreover, this absence of autocorrelation suggests that
birds tend to forage over vast oceanic area and not in flocks.

Since most of the environmental variables were significantly
correlated, only the SST and the CHL a were retained as explora-
tory factors to assess offshore foraging habitats of seabirds in
parsimonious generalised linear models. The model relating the
density of foraging seabirds to SST, CHL a and the interaction
between these two factors was highly significant (po0.01), but
only accounted for 6.3% of the variance when considering all
oceanic species and for 6.5% when considering tropical species
only (Table 4). Outputs of the model suggested that higher
densities of foraging birds occurred in areas with both lower SST
and CHL a concentration independent of latitude during winter. In
summer, the distribution of the seabirds was only significantly
influenced by low CHL a (Table 4). As expected, generalised linear
models indicated that feeding birds showed similar affinities to
flying birds for cooler waters with low CHL a (all models po0.01).
While the model considering all seabird species explained 6.3% of
the variance, this value declined to 2.2% when considering tropical
species only, suggesting that other parameters might have a

Table 4
Outputs of generalised linear models predicting the number of foraging birds in relation to sea surface temperatures (SST) and chlorophyll a concentration (CHL a) for all
seasons in the northern and southern Mozambique Channel and in winter and summer.

Model Term Total number of foraging seabirds Total number of foraging seabirds (tropical species only)

Estimates7SD z p AIC p Model Explained
variance (%)

Estimates7SD z p AIC p Model Explained
variance (%)

Total 24,589 o0.01 6.31 24,177 o0.01 6.46
SST �0.3870.01 �23.44 o0.01 �0.4070.01 �23.96 o0.01
CHL a �23.1672.62 �8.82 o0.01 �25.2472.72 �9.27 o0.01
SST �CHL a 0.9570.10 9.58 o0.01 1.0470.10 10.03 o0.01

North 5063.6 o0.01 3.20 4921.7 o0.01 3.07
SST �0.4670.08 �5.79 o0.01 �0.4770.08 �5.64 o0.01
CHL a �44.01713.69 �3.22 0.01 �41.53714.71 �2.82 0.01
SST �CHL a 1.7070.50 3.38 o0.01 1.6070.54 2.95 0.01

South 19,469 o0.01 4.10 19,211 o0.01 4.23
SST �0.3170.02 �15.93 o0.01 �0.3470.02 �16.64 o0.01
CHL a �16.9772.86 �5.93 o0.01 �19.3072.93 �6.60 o0.01
SST �CHL a 0.7370.11 6.53 o0.01 0.8270.11 7.22 o0.01

Winter 20,278 o0.01 7.93 20,068 o0.01 8.19
SST �0.3770.02 �18.62 o0.01 �0.3970.02 �18.87 o0.01
CHL a �13.0773.91 �3.34 o0.01 �13.5174.06 �3.33 o0.01
SST �CHL a 0.4970.15 3.19 0.01 0.5070.16 3.15 0.01

Summer 3616 o0.01 6.28 3336.9 o0.01 8.29
SST �0.1070.07 �1.42 0.16 �0.1270.08 �1.51 0.13
CHL a �86.04720.40 �4.22 o0.01 �116.74722.88 �5.10 o0.01
SST �CHL a 3.0470.69 4.40 o0.01 4.0670.77 5.26 o0.01

S. Jaquemet et al. / Deep-Sea Research II 100 (2014) 200–211 205



Author's personal copy

stronger influence on the number of feeding birds for tropical
species.

3.4. Feeding flocks and association with surface predators

The mean number of individuals per observation was signifi-
cantly larger when feeding than when flying (U¼35.22, po0.001).
When feeding, seabird multispecific flocks were significantly
larger than monospecific flocks (U¼4.93, po0.001). Sooty terns
were present in 91.3% of the feeding flocks (n¼252) and con-
stituted 87% of the monospecific flocks (n¼207). Only one flock (S.
hirundo) was recorded without tropical species, during the MC08A
cruise, along the coast of Mozambique.

Most of the feeding flocks did not associate with surface
schools of fish or marine mammals (χ2¼49.52, po0.001). All
seabird flocks were monospecific when associated with marine
mammals. Those associated with schools of small pelagic fish
(χ2¼5.66, po0.05) and tuna (χ2¼20.48, po0.001) were more
often also monospecific. Flock size also varied with the presence or
absence of surface predators (H¼10.4, p¼0.03). This difference
however was only significant in the case of smaller feeding flocks
associated with shoals of small pelagic fish compared to flocks
associated with schools of surface tuna (post-hoc test p¼0.012).
All other pair-wise comparisons (tuna, marine mammals, small
pelagic schools and non-associated groups of birds) showed no
significant differences in the mean size of feeding flocks (all post-
hoc test p40.05). The same patterns persisted when considering
the total number of birds or tropical species only, when consider-
ing the season independently, and when considering the north
and the south of the Mozambique Channel separately.

3.5. Distribution and abundance of seabirds in relation with
mesoscale features

The mean number of flying birds per sampling unit was the
lowest (172.8) in anticyclonic eddies, the highest (2.779.6) in
cyclonic eddies, and intermediate in divergence (2.178.3), shelf
area (2.376.6) and frontal zones (2.3712.4). The difference in the
mean number of flying birds, however, was significant only
between anticyclonic and cyclonic eddies (H¼14.05, p¼0.007;
post-hoc test po0.05). This result was similar considering the
total number of flying birds or tropical species only.

Differences in the number of feeding birds per sampling unit in
the most parsimonious and significant (po0.001) generalised
linear model (28.4% of the variance) was explained by the nature
of the flocks (monospecific vs multispecific), the types of mesos-
cale features and the interactions between these two variables.
The association with non-avian predators was not a significant
variable of the model. This agrees with results presented in Section
3.4 (no significant size difference between associated and non-
associated flocks, except for association with small pelagic fish and
tuna schools). The model also revealed that the number of fishing
birds was positively and significantly linked to shelf waters
(t¼3.563, po0.001) and to multispecific flocks (t¼2.604, po0.05).
The interaction between these two variables was negative and
almost significant (t¼�1.903, p¼0.058), suggesting however that
the larger multispecific flocks were not recorded over shelf waters.

Only monospecific flocks of sooty terns were recorded in
cyclonic eddies (Fig. 2). In the other four classes of mesoscale
feature, multispecific flocks were larger than monospecific flocks,
though flock size significantly differed only in anticyclonic eddies
(t¼3.451, p¼0.00151) and divergence zones (t¼6.691, po0.001).
The mean size of multispecific flocks did not significantly differ
among the different mesoscale features (Fig. 2), but monospecific
flocks were significantly larger in shelf waters compared to

anticyclonic eddies (t¼3.707, p¼0.00184), cyclonic eddies
(t¼4.198, po0.001) and divergence zones (t¼4.841, po0.001).

Non-associated feeding flocks and those in association with
surface tuna occurred in all mesoscale features, whereas all types
of association with marine predators were recorded in divergence
zones only (Fig. 3). In this class of mesoscale feature, the associa-
tion with tuna occurred more frequently than in other features
(χ2¼21.4, po0.001). In frontal zones, only the association
between feeding flocks and tuna was observed, and when asso-
ciated, seabird flocks were significantly larger than non-associated
ones (t¼2.155, p¼0.0381). These patterns persisted when con-
sidering all birds or only tropical species. Seasonal and geographic
variations (i.e. north vs south) were not considered, due to the
absence of a sufficient amount of data.

The specific abundance of tropical and non-tropical species
showed similar patterns, with the divergence zones having higher
(17 and 9 species recorded respectively) and anticyclonic eddies
lower species abundance (9 and 4 species respectively). However,
tropical and non-tropical species did not show the same affinities
for the different mesoscale features (Fig. 4). While tropical species
seemed to favour cyclonic eddies and to a lesser extent anticylonic
eddies, frontal and divergence zones, non-tropical species were

*

*
a

a,b

bbb

Fig. 2. Mean (þSD) monospecific and multispecific flock sizes in the different
mesoscale features. A: anticyclonic eddies, C: cyclonic eddies, F: frontal zones,
D: divergence zones, and S: shelf waters. Different letters indicate significant
differences (po0.05) in pair-wise tests on monospecific flock size between features
and stars significant differences between monospecific and multispecific flocks
within features.

*

Fig. 3. Mean number of fishing seabirds (þSD) per sampling units according to the
mesoscale features and the nature of the association with surface marine predators.
A: anticyclonic eddies, C: cyclonic eddies, F: frontal zones, D: divergence zones, and
S: shelf waters. n: Significant differences (po0.05) in the number of birds according
to the association within mesoscale features.
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more frequently recorded over shelf waters. The mean number of
birds per sampling unit for both tropical (H¼74.43, po0.001;
post-hoc tests po0.001) and non-tropical (H¼53.98, po0.001;
post-hoc tests po0.001) species was significantly larger over shelf
waters compared to all other features.

Among tropical species, sooty terns were observed less fre-
quently over shelf waters (20% of the surveyed sampling units in
this feature) and more frequently in cyclonic eddies (40.7%).
Frigatebirds were 1.6–2.5 times more frequently observed in
frontal zones (4.7%) than in other mesoscale features. Red-
footed boobies preferentially concentrated in divergence zones
(5.8%) rather than in other features (1–1.8%). All other tropical
species (grouped together) were observed more frequently in
divergence zones (5.3%) and cyclonic eddies (5.4%) and less
frequently in anticyclonic eddies (2%). As opposed to their
distribution, sooty terns were significantly more abundant per
sampling unit over shelf waters compared to all other mesoscale
features (H¼52.903, po0.001; post-hoc tests po0.001). For
frigatebirds the pattern was less clear since there was an overall
significant difference between all features (H¼9.59, p¼0.0479)
but the paired differences were not significant (post-hoc tests).
However, frigatebirds tended to be more abundant in frontal
zones compared to cyclonic eddies (p¼0.087) and shelf waters
(p¼0.091). For red-footed boobies, the mean number of birds per
sampling unit was in accordance with their distribution (the
highest densities in divergence zones compared to all other
features: H¼52.93, po0.001; all post-hoc tests po0.001). All
other tropical seabird species were significantly less abundant in
anticyclonic eddies compared to all other features (H¼11.06,
p¼0.026; post-hoc tests po0.001).

4. Discussion

The first significant observation emerging from this study is
that the seabird community of the Mozambique Channel is very
diversified (�40 species), and composed in winter of numerous
sub-Antarctic species in addition to resident species. This can be
attributed to the presence of strong mesoscale activity that
enhances and concentrates the biomass of lower trophic levels
(i.e. prey), and to the fact that waters in the southern part of the
channel provide suitable conditions for both tropical and non-
tropical species. A second major finding is the influence of
mesoscale features in structuring the seabird community, by

segregating tropical and non-tropical species in different foraging
habitats, and by segregating individual tropical species. This later
segregation is clearly a new finding as previous studies were
mostly monospecific (Weimerskirch et al., 2004; Tew-Kai et al.,
2009; Tew-Kai and Marsac, 2010) or did not investigate specifically
the influence of mesoscale features on seabirds (Jaquemet et al.,
2005; Weimerskirch et al., 2005; Le Corre et al., 2012). Although
the mechanisms underlying this segregation of foraging habitats
are not completely clear, they are most likely related to the
distribution of prey driven by the development, maturation, and
movement of mesoscale eddies along the continental shelves of
Africa and Madagascar.

4.1. The Mozambique Channel: a hot spot for seabirds

Our results confirm that the Mozambique Channel is a region
where tropical seabird communities are exceptionally abundant
and diversified (Le Corre and Jaquemet, 2005; Le Corre et al.,
2012). They also highlight the importance of the southern Mozam-
bique Channel as an over-wintering area for many sub-Antarctic
species, including endangered albatrosses and petrels. These
observations agree with previous reports that revealed tropical
and sub-tropical waters to be wintering areas for several sub-
Antarctic seabirds (Phillips et al., 2005; Péron et al., 2010). The
results also show that sub-Antarctic species favoured shelf waters
to forage, and did not strongly interact with tropical seabirds when
present in the same region.

The oceanic productivity is elevated in the western Indian
Ocean compared to the eastern part of the basin, due to the
presence of numerous upwelling cells (Bakun et al., 1998). This is
also the region where industrial tuna catches are the highest, and
in the southern Mozambique Channel, where exploited species are
among the most diverse (Fonteneau, 1997). The central and
southern Mozambique Channel are regions of intense mesoscale
activity (Schouten et al., 2003; Tew-Kai and Marsac, 2009). More-
over, the Sofala Bight along the Mozambican coast is considered to
be an important retention area and source of “seed stock” to
maintain the function and diversity of the larger regional biologi-
cal ecosystems (Bakun et al., 1998). These different elements are
favourable for the aggregation of a high marine biodiversity,
including high-level predators like pelagic fish and seabirds, most
likely as the result of a global and persistent enhancement of the
biological production at low trophic levels.

Seabird specific abundance at a regional scale peaked in the
southern Mozambique Channel, probably as a consequence of the
presence of active mesoscale eddies compared to the northern
part (Tew-Kai and Marsac, 2009). This region also corresponds to
the 20–301 latitude area, which has previously been shown to
constitute an area of peak diversity for large oceanic predators on
an ocean-basin scale (Worm et al., 2003), and for several zoo-
plankton groups (Angel, 1997; Rutherford et al., 1999; Worm et al.,
2003). One possible explanation is that SST at these latitudes is
favourable for both temperate and tropical species, a mechanism
that seems to apply to seabirds as well.

4.2. General patterns and species-specific relationships with
mesoscale features

In tropical waters, the variability of zooplankton biomass at the
range of hundreds of kilometres is due to enhanced circulation
dynamics at the same scale, which is mostly linked with open-
ocean mesoscale eddy fields (Piontkovski and Williams, 1995).
More generally, prey availability at larger spatial scales is a factor
influencing the strength of small-scale correlations between
marine birds and prey (Vliestra, 2005). In the southern Mozambi-
que Channel, the presence of successive eddies flowing along

Fig. 4. Weighted abundance of tropical and non-tropical species in number of
sampling units (%) according to the different mesoscale features. A: anticyclonic
eddies, C: cyclonic eddies, F: frontal zones, D: divergence zones, and S: shelf waters.
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continental shelves has been shown to provide favourable foraging
conditions for great frigatebirds (Weimerskirch et al., 2004; Tew-
Kai et al., 2009; Tew-Kai and Marsac, 2010), and to increase
catches of surface tuna (Tew-Kai and Marsac, 2010). By foraging
over these waters, seabirds were more likely to encounter prey
patches and feeding opportunities provided by other marine
predators, such as surface tuna that drive prey to the surface and
make them available for surface-feeding bird species.

In the Mozambique Channel, cyclonic and anticyclonic eddies
frequently occur as dipoles. Based on combined analysis of SLAs,
geostrophic currents and bathymetry, Lamont et al. (2014)
defined five classes of mesoscale features for this region. Con-
vergence areas, upstream of the interface between the two
eddies within a dipole (Bakun, 2006), were not discriminated in
this approach. Indeed, due to the overall close proximity of
eddies to the continental shelf (Di Marco et al., 2000;
Lutjeharms, 2004), most of the convergence zones occurred on
or close to the shelf in the Mozambique Channel and were thus
incorporated into the “shelf” class in the classification. Using this
classification, however, our study demonstrates that the different
mesoscale features efficiently structure the seabird community in
terms of foraging habitats.

4.2.1. Tropical and non-tropical seabird species segregation
Tropical and non-tropical seabird species were segregated in

their distribution in the Mozambique Channel. Non-tropical
species were primarily associated with shelf waters, while
tropical species tended to avoid them, though they did occa-
sionally form large multispecific feeding flocks associated with
surface tuna. Shelf waters were more productive (Kolasinski
et al., 2012; Huggett, 2013) and shallower compared to the other
mesoscale features (Lamont et al., 2014), resulting in an habitat
similar to foraging habitats of some of the sub-Antarctic species
during their breeding season (Catard et al., 2000; Weimerskirch
et al., 2002). Foraging over continental shelves of subtropical
regions during their wintering period has previously been
suggested for several species of albatrosses and petrels
(Weimerskirch et al., 1999; Phillips et al., 2005; Péron et al.,
2010). Another major difference between non-tropical and tropi-
cal species was that the former were mostly recorded individually
even when feeding (except for skuas that occurred in joint feeding
flocks), while tropical birds could form large multispecific feeding
flocks (hundreds of individuals).

Overall, tropical species tended to avoid shelf waters and
anticyclonic eddies, and concentrated in cyclonic eddies, frontal
and divergence zones. This finding may at first seem counter-
intuitive, as shelf waters are very productive and anticyclonic
eddies are supposed to concentrate drifting materials and act as
retention zones for small potential prey organisms (Bakun, 2006).
In our study, tropical bird distributions seemed closely related to
the distribution of zooplankton as measured in situ with nets
(Huggett, 2014) and with micronekton biomass as determined
onboard by acoustic surveys (Béhagle et al., 2014). Both observa-
tions revealed that prey biomass was usually more abundant in
cyclones, then at the interface between eddies and finally in
anticyclones. In shelf waters, zooplankton biomass was high but
often occurred at greater depths than in cyclones and divergences
(Huggett., 2014) and may therefore put prey out of the reach of
most tropical bird species.

Large multispecific feeding flocks associated with tuna were
occasionally recorded in anticyclones, suggesting that prey tar-
geted by both tuna and seabirds can aggregate close to the
surface in anticyclones and shelf waters, under conditions that
are not well understood. This complements the presence of high
micronektonic biomass in anticyclones during the MC10A cruise as

evidenced by acoustic surveys (Béhagle et al., 2014). Overall, the
dominant downwelling movements of water in anticyclones and
deeper zooplankton biomass in shelf waters are however mostly
unfavourable for tropical seabirds, which mostly feed at the surface.

4.2.2. Sooty terns and cyclonic eddies
Individual tropical seabird species seemed to segregate amongst

mesoscale foraging habitats and to concentrate in specific mesoscale
features. Sooty terns mostly foraged in cyclonic eddies, frigatebirds
concentrated in frontal zones, and red-footed boobies in divergence
zones. This spatial segregation is similar to that observed in the
Pacific (Ballance et al., 1997), which was related to the production of
the water masses and to energetic constraints of seabirds. Moreover
this result agrees with the well-defined trophic segregation within
the community of seabirds from Europa evidenced by stable isotope
analysis, in which sooty terns had 13C-depleted blood values
compared to frigatebirds and red-footy boobies, the latter having
intermediate values (Cherel et al., 2008). More recently, Kolasinski
et al. (2012) showed that, in the Mozambique Channel, particulate
organic matter (POM) in cyclonic eddies was 13C-depleted compared
to POM in anticyclonic eddies and boundary areas, which exhibited
more enriched values. This trend of 13C enrichment or depletion
relative to catch location within the eddy dipole was retained in
primary and secondary consumers of POM (Kaehler, unpublished
data), reinforcing the idea that 13C-depleted sooty terns primarily
target mesoscale cyclonic eddies, while frigatebirds and red-footed
boobies forage more actively in boundary areas (frontal and diver-
gence zones).

Upwelling in cyclonic eddies supports higher phytoplankton
biomass, which leads to an aggregation of zooplankton (Huggett,
2014) and probably small fish larvae that feed upon the phyto-
plankton. This biomass development and concentration most
likely attracts micronektonic organisms that are abundant on the
edges of cyclones (Béhagle et al., 2014), which represent a more
mature stage in the system. Fish larvae, crustaceans, small fish and
squids are the main food of sooty terns in the Mozambique
Channel (Jaquemet et al., 2008). Surface tuna schools also tend
to be more abundant in cyclonic eddies and at their boundaries in
the Mozambique Channel (Tew-Kai and Marsac, 2010). This could
be related to the foraging of sooty terns over these mesoscale
features, as the species is known to be a near-obligate commensal
of surface tuna (Au and Pitman, 1986; Jaquemet et al., 2005).

4.2.3. Frigatebirds and frontal zones
Frigatebirds were mostly associated with frontal zones char-

acterised by strong geostrophic currents (Lamont et al., 2014), and
clearly avoided the cores of eddies. This agrees with previous
results of tracking experiments, which revealed that frigatebirds in
the Mozambique Channel forage on the edge of mesoscale eddies
where geostrophic currents were the strongest (Weimerskirch
et al., 2004; Tew-Kai et al., 2009, 2010). Frontal zones are known
to aggregate mobile marine predators such as tuna, billfish and
marine mammals, and this can be attributed to “frontal enhance-
ment” (Olson et al., 1994). Lower trophic level species with limited
mobility are passively advected into such areas (Olson, 2002;
Bakun, 2006) and consequently, highly mobile marine predators
such as seabirds actively aggregate in frontal zones (Schneider,
1990; Spear et al., 2001). From acoustic surveys in the Mozambi-
que Channel, Sabarros et al. (2009) showed that, during daytime,
micronektonic organisms gather into large aggregations in frontal
zones rather than within eddies. This is consistent with the
observation of schools of surface tuna on the edge of eddies
(Tew-Kai and Marsac, 2010). In contrast, Béhagle et al. (2014)
found that micronekton biomass was lower in frontal zones than
in cyclonic eddies from recent acoustic surveys in the same area.
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These differences, however, might result from an artefact in the
classification of mesoscale features. Indeed, these classifications
are based on the range of environmental data (SLAs, geostrophic
current and bathymetry in the classification used by Béhagle et al.
(2014); geostrophic current only in the study by Sabarros et al.
(2009)) to represent in situ continuous gradients. Alternatively,
the maturation of eddies could act on the distribution of biomass
at lower and intermediate trophic levels (Bakun, 2006) that could
explain these differences.

Due to their flight capabilities, frigatebirds are probably the
only tropical seabirds able to access food at frontal zones at a low
energetic cost. For species having a more active flight, like boobies,
gaining access to their prey in such a dynamic environment might
be energetically too costly. The concentration of larger prey in
frontal areas might also disadvantage sooty terns when compared
to frigatebirds. The large feeding flocks of seabirds in association
with tuna occasionally recorded in frontal zones, however, high-
lighted the greater productivity of these areas.

4.2.4. Red-footed boobies and divergence zones
Red-footed boobies were found almost exclusively associated

with divergences, which are characterised by geostrophic current
that are weaker than in frontal zones and SLAs close to zero. In
such areas, zooplankton biovolumes were smaller than in cyclones
but remained at noteworthy levels and their vertical distribution
was closer to the surface than in frontal zones (Huggett, 2013).
These distributions agree with the mechanism of horizontal
dilution for zooplankton under frontolysis, which induces a raising
of zooplankton to the near surface (Olson, 2002). In addition,
association between feeding flocks of seabirds and surface pre-
dators were frequent in divergence zones. However, flocks asso-
ciated with tuna were smaller in these areas than in any other
mesoscale feature. Red-footed boobies feed upon flying fish and
half-beaks (Weimerskirch et al., 2005; Cherel et al., 2008), which
themselves seek out planktonic organisms very close to the sur-
face (Piontkovski and Williams, 1995). Divergence zones, where
zooplankton patches extend horizontally and geostrophic current
speeds are low, might be better suited for small dense patches of
flying fish and half-beaks. The overall abundance of micronekton
was high in divergence zones in the Mozambique Channel
(Béhagle et al., 2014), confirming that these areas can provide
good feeding opportunities for seabirds. Red-footed boobies are
limited in their foraging range when breeding at Europa Island and
they might not be able to reach the more active eddy field in the
western Mozambique Channel (Weimerskirch et al., 2005). There-
fore it is not totally clear whether divergence zones are more
ubiquitous than the other mesoscale features in the vicinity of
Europa or whether the good feeding conditions they provide
primarily explains the link we observed between this class of
mesoscale feature and red-footed boobies, and more generally
with the seabird diversity.

4.2.5. Other tropical species
The other tropical seabird species did not show overall pre-

ferences in their foraging habitats, except by actively avoiding
anticyclonic eddies. This could partially be the consequence of the
very low densities of these species that did not allow robust
statistical analyses. Alternatively, food quality may have been
inappropriate within the anticyclones. During the MC08A cruise,
for example, it was found that most of the planktonic biomass
consisted of unfavourable prey species such as salps and other
gelatinous zooplankton (Kaehler, unpublished). When considering
wedge-tailed shearwaters (Puffinus pacificus) alone, they seemed
to preferentially forage in convergence zones (i.e. shelf waters
with higher geostrophic speed, part of the “shelf” class in this

study), a pattern already described in the eastern tropical Pacific
(Ballance et al., 1997) and in the eastern Indian Ocean (Hyrenbach
et al., 2006). This could be explained by the surface diving
capabilities of this species, which is able to access food concentra-
tions occurring in sub-surface waters in convergences (Olson,
2002), similar to many sub-Antarctic species.

5. Conclusions

For most tropical seabirds, an association with schools of
surface predators remains the best feeding strategy to access
food at the local scale. Such schools are however elusive at the
surface and may be insufficiently abundant to sustain bird
populations, especially when individuals are tied by breeding
constraints. Tuna and marine mammals, in addition, are migra-
tory and the occurrence of schools is likely to vary seasonally, as
shown by tuna catches in the Mozambique Channel (Fonteneau,
1997). Different tropical seabird species would have to adopt
more reliable foraging strategies, in a heterogeneous environ-
ment, to optimise the likelihood of locating surface predators
(and/or favourable prey). Similarly to the eastern tropical Pacific
(Ballance et al., 1997), it seems that different bird species
segregate into different foraging habitats in the Mozambique
Channel. The vertical and horizontal dynamics of the water
masses, and the prey size and their availability to seabirds might
be the main factors explaining the spatial segregation between
species. Sooty terns, which rely on small prey (Jaquemet et al.,
2008), preferentially forage in cyclonic eddies close to sources of
primary production. Frigatebirds with their flying skills seem to
forage in the most dynamic habitats, where micronekton
(Sabarros et al., 2009; Béhagle et al., 2014) and schools of surface
tuna (Tew-Kai and Marsac, 2010) can be abundant. Red-footed
boobies feed in the low dynamic divergence zones where prey
are diluted near the surface, but are accessible below the sea
surface by diving. This model of community structure differs
slightly from the one observed in the Pacific (Ballance et al.,
1997), though seabird flying and energetic constraints remain
important. This highlights the plasticity of tropical organisms,
and the importance of mescoscale features in determining the
structure and functioning of marine ecosystems. A moderate to
strong interannual variability in mesoscale dynamics exists in the
Mozambique Channel (Ridderinkhof et al., 2010), and this most
likely has consequences for biomass production and distribution.
It will be then of interest to test the response of seabirds to this
variability to better understand the overall impact of mesoscale
features on seabird population dynamics.
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