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Productivity was shown to structuremegavertebrate communities, particularly in tropical oceanswhere theymay
be under selective pressure to maintain their foraging success in these low productivity environments. However,
overall oligotrophic tropical oceans may encompass contrasting ecosystems. In the western tropical Atlantic, the
Antilles and Guiana belong to two different biogeographic provinces and surface chlorophyll concentration is on
average 10 times higher in Guiana. The aim of this study was to document megavertebrate communities in
terms of encounter rates, species composition, abundance and spatial distribution and to compare them between
these two contrasting regions. As part of an aerial census of cetaceans and other megavertebrates, line transect
surveys were conducted across the French Antilles and Guiana. Both distance sampling and geostatistics were
used to estimate abundance and geostatistics also provided maps of local density. Cetacean encounter rate was
3 times higher in Guiana (1.8 sightings/100 km) compared to the Antilles (0.6 sightings/100 km). Moreover,
small delphinids strongly dominated in Guiana (representing 83% of the odontocete sightings) with a high abun-
dance of bottlenose dolphins (Tursiops truncatus) (34,965 individuals, CV=0.28). Seabird encounter ratewas sim-
ilar in both regions (4.7 sightings/100 km in the Antilles and 3.6 sightings/100 km in Guiana). Charadriiformes,
mainly represented by terns, were abundant in both regions whereas Pelecaniformes were only abundant in the
Antilles and represented by frigatebirds, tropicbirds and boobies. Additionally, cetaceans and seabirdsweremainly
distributed close to the islands in the Antilles and were more widely distributed in Guiana. This study provided
new information about megavertebrates which are poorly documented in these waters and highlighted differ-
ences in communities between these contrasting ecosystems. In particular, odontocete communities appeared
to respond to productivity and may be structured by a differential distribution of resources through the water
column.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Top marine predators, or upper trophic level predators, refer to large
marine vertebrates which have no predators of their own (Pimm et al.,
1991) and occupy a food's web highest trophic level (Estes et al.,
2001). Along with some mid trophic level predators, they form the
megavertebrates, which include a variety of taxa:marinemammals, sea-
birds, sea turtles, elasmobranches, predatory fishes… Megavertebrates
(especially air breathing species), form one of the few components of
pelagic biodiversity that can be seen from the surface of the ocean and
: +33 5 46 50 76 63.
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be surveyed across large oceanic regions; it is therefore expected that
their species assemblages reveal some of the major properties of the
underlying ecosystems. This characteristic is referred to as the indicator
value (Boyd et al., 2006; Zacharias and Roff, 2001).

Indeed, megavertebrates respond to the variability of the ecosys-
tems in which they live. Notably, changes in prey abundance are
thought to affect cetaceans and seabirds in many ecosystems
(Furness and Tasker, 2000; MacLeod et al., 2007; Reid et al., 2005;
Soto et al., 2004). However, as extensive sampling of prey is difficult,
surface productivity is often used as a proxy for prey abundance over
large spatial domains (e.g. Ballance et al., 1997). Surface productivity
has been shown to structure cetacean and seabird communities over
large spatial scales in the three oceans (Ballance et al., 1997;
s from two contrasting ecosystems in the western tropical Atlantic,
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Hyrenbach et al., 2007; Schick et al., 2011; Smith and Hyrenbach,
2003). In the eastern tropical Pacific, seabird communities were
structured along a surface productivity gradient (Ballance et al.,
1997). In the Indian Ocean, Hyrenbach et al. (2007) observed changes
in seabird density and community composition along a latitudinal
gradient; seabird densities being higher in the cooler and productive
sub-Antarctic waters compared to the less productive subtropical wa-
ters. Schick et al. (2011) studied cetacean community structure over
three biogeographic provinces in the Atlantic Ocean and described
two different groups of cetaceans along a surface chlorophyll
gradient.

Tropical oceans, which represent 50% of total ocean area, are charac-
terized by low productivity and hence scarce food resources (Longhurst
and Pauly, 1987). Therefore, tropical species may be under selective
pressure to maintain their foraging success in the face of these dimin-
ished feeding opportunities (Ballance and Pitman, 1999). Unfortunately,
little is known about megavertebrates inhabiting tropical open oceans.
While some regions have been intensively surveyed in space and time
(e.g. the eastern tropical Pacific Ballance et al., 1997, 2006; Redfern
et al., 2008), nearly nothing is known in certain regions (in general
studies have focused on inshore areas whereas pelagic waters were
poorly surveyed).

The REMMOA program (REcensements des Mammifères marins
et autre Mégafaune pélagique par Observation Aérienne, Census of
marine mammals and other pelagic megafauna by aerial survey) was
implemented to establish a baseline knowledge on megavertebrates
in French tropical waters. The first dedicated surveys were conducted
in 2008, across the Exclusive Economic Zones (EEZs) of the Antilles
and Guiana, in the western tropical Atlantic. Indeed, apart from the
Gulf of Mexico, where large scale surveys resulted in a basic under-
standing of distribution, abundance and habitats of cetaceans and
seabirds (e.g. Baumgartner et al., 2001; Davis et al., 2002; Fulling et al.,
2003), little information is available on megavertebrates in the
Caribbean and western tropical Atlantic.

The Antilles and Guiana belong to two connected biogeographic
provinces, respectively the “Caribbean Province” including the Gulf of
Mexico and the Northern Caribbean Sea and the “Guianas coastal prov-
ince” running fromNorthern Brazil to Trinidad.Whereas Guiana is char-
acterized by a high and seasonal productivity owing to the variability of
river discharge, offshore waters are oligotrophic in the Antilles, where
wind has a major influence on oceanographic processes (Longhurst,
2007). Hence, although they are geographically close to each other, the
Antilles and Guiana are characterized by contrasting oceanographic
conditions and productivity levels.

In this study, we document several aspects of megavertebrate com-
munities in the Antilles and Guiana: encounter rates, species composi-
tion, density, abundance and spatial distribution. We used both
distance sampling (Buckland et al., 2001; Thomas et al., 2010) and
geostatistics (Bellier et al., 2011;Monestiez et al., 2006) to estimate den-
sity and abundance with associated uncertainties, relying on different
assumptions. Geostatisticswere implemented (1) to incorporate spatial
autocorrelation between observations and transects in the estimation of
density and abundance (Bellier et al., 2011) and (2) to provide maps of
local density of sightings over the study regions (Monestiez et al., 2006).
This study gives new insights about seabirds and cetaceans which are
poorly documented as a whole in the Lesser Antilles and Guiana. Yet,
cetaceans have been mainly documented through stranding records
(Cardona-Maldonado and Mignucci-Giannoni, 1999), sightings (Gero
et al., 2007; Swartz et al., 2003; Yoshida et al., 2010) or bycatch
(VanWaerebeek, 1990) and seabirds, through censuses at breeding col-
onies (Boyé et al., 2009; Levesque andMathurin, 2008) as well as satel-
lite tracking studies (Weimerskirch et al., 2003, 2006). In addition, this
work gives the opportunity to investigate differences in communities
between these regions of contrasting oceanography and productivity
and to discuss ecological mechanisms responsible for the observed
patterns.
Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
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2. Material and methods

2.1. Study regions

In Guiana, the French EEZ (4–9°N, 49–54°W), spanning 132,000 km2,
extends 200NM into the Atlantic Ocean, including a broad continental
shelf, a slope, wider on its western part and an abyssal plain where
depths approach 4500 m (Fig. 1). Several rivers open into these waters
(Approuague, Oyapock, and Maroni) as well as the Amazon plume. As a
consequence, extensive mudflats are present along the coast and coastal
waters are highly turbid (Froidefond et al., 1988). Local oceanography
is strongly influenced by the variability of river discharge, maximum
in May–June and minimum in November. The Amazon plume is
retroflected during boreal summer (July to December) when the North
Brazilian Current is the strongest (Longhurst, 2007, Fig. 1). Moreover,
wind-driven coastal upwelling occurs, as indicated by the presence of
cool water in the upper 10 m (Gibbs, 1980). Productivity is highly
seasonal and maximal during summer. However, chlorophyll biomass
inferred from remote sensing may be unreliable since the color of the
water in the river plumes is dominated by dissolved organic matters
rather than chlorophyll light absorption (Hu et al., 2004).

The French EEZ in the Antilles (14–19°N, 57–64°W), spanning
143,000 km2, extends from Guadeloupe and Martinique Islands,
200NM into the Atlantic Ocean and 80NM into the Caribbean Sea
and northward around St Barthélemy and St Martin islands (Fig. 1).
These volcanic islands are characterized by narrow submarine shelves
and a steep dropping of the sea floor, especially in the Caribbean Sea.
Despite high biological productivity along the coasts, Caribbean
pelagic waters are relatively oligotrophic and characterized by a
permanent stratification (Longhurst, 2007). The regime of winds,
influenced by the displacement of the Intertropical Convergence
Zone, has a strong influence on oceanographic processes (Longhurst,
2007). The southern Caribbean shelf resembles ecologically the
Guianean shelf, the turbid water from the Guyana Current passing
along the southern Caribbean (near Trinidad and Tobago) to form
the Caribbean Current (Johns et al., 1998, Fig. 1). However, water
entering the Caribbean through the Lesser Antilles arc is largely dom-
inated by the flow of the North Equatorial Current and of low surface
chlorophyll concentration (Borstad, 1982). The seasonal cycle is of
small amplitude but is complex with annual and seasonal variability
and chlorophyll maxima in both boreal winter and summer (the
second possibly induced by the Orinoco discharge plume passing in
the southeastern Caribbean) (Longhurst, 2007).

As a result of these contrasting oceanographic processes, surface
chlorophyll concentration is on average 10 times higher in Guiana
compared to the Antilles. In 2008, the year of the aerial surveys,
mean annual chlorophyll concentrations were 1.189 mg·m−3 in Gui-
ana and 0.101 mg·m−3 in the Antilles (http://oceancolor.gsfc.nasa.
gov/). We considered chlorophyll concentration to be a good
indicator of primary production and later in the text we preferably
use the term productivity (the rate at which primary producers fix
the carbon).
2.2. Survey period and survey design

Aerial surveys were conducted from the 4 February to the 5 March
2008 (15 days on effort) across the French Antilles and from the 29
September to the 10 October 2008 (12 days on effort) off French
Guiana. In the Antilles, the survey was stratified according to the
windward/leeward side of the islands and depth, including three
strata: inshore Caribbean, inshore Atlantic and offshore Atlantic
(Fig. 1, Table 1). In Guiana, a stratified survey design was implemented
according to approximate depth categories, including three strata:
neritic (0–200 m), slope (200–2000 m) and oceanic (>2000 m)
(Fig. 1, Table 1). Zigzag survey designs were implemented to provide
s from two contrasting ecosystems in the western tropical Atlantic,
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Fig. 1. Map of the study regions (French Antilles and French Guiana) in the western tropical Atlantic. Surveyed strata are shown in the Antilles (1: inshore Caribbean, including the
Caribbean side of Martinique and Guadeloupe; 2: inshore Atlantic, including the Atlantic side of Martinique and Guadeloupe and St Bartélémy and St Martin islands and 3: offshore
Atlantic) and in Guiana (4: neritic, 5: slope and 6: oceanic). Data source for bathymetry is GEBCO 08 1 min resolution grid (General Physiographic Chart of the Ocean; http://www.
gebco.net/). Main currents are indicated according to (Johns et al., 1998).
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a good spatial coverage within strata and improved flight efficiency
(maximizing flight time spent on effort) (Buckland et al., 2001).

2.3. Aerial survey methods

Aerial surveys were based on standard line transect sampling
(Buckland et al., 2001). Transects were sampled at a target altitude
of 182 m (600 ft) and a ground speed of 90 knots (167 km·h−1).
Survey platform was a Partenavia P68, a high-wing, double-engine
aircraft equipped with bubble windows so that observers could scan
right underneath the plane. Survey crew consisted in two trained
observers observing with naked eyes and a flight leader in charge of
data collection on a laptop computer. A GPS, logged to a computer
equipped with ‘VOR’ software (designed for the aerial survey of the
Table 1
Realized effort and surface area for each stratum during the aerial surveys.

Study region Stratum Transect length (km) Surface area (km2)

Antilles Inshore Caribbean 2609 26,179
Inshore Atlantic 3237 36,692
Offshore Atlantic 2640 79,699
All strata 8486 142,570

Guiana Neritic 2826 39,409
Slope 2405 38,062
Oceanic 2544 55,009
All strata 7775 132,480

Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
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SCANS-II program Hammond et al., 2006), collected positional infor-
mation every 2 s. Additionally, Beaufort Sea state, turbidity, glare,
cloud coverage as well as an overall subjective assessment of sighting
conditions were collected at the beginning of each track line and
whenever any of these values changed.

The general protocol corresponded to published protocols pre-
pared for small cetaceans (e.g. SCANS programs, Hammond et al.,
2002, 2006). In addition to this, presence and group size of larger
cetaceans, seabirds, sea turtles and elasmobranches were collected
as well. Information recorded included identification to the taxonom-
ic level, group size and angle to the track line, measured with a
hand-held clinometer. Together with the altitude of the aircraft, the
angle provided the perpendicular distance of the animal from the
track line, which allowed distance sampling analyses to be conducted
(Buckland et al., 2001). However, for seabirds, data was collected
using the strip transect methodology based on the assumption that
all seabirds within the strip are detected (Eberhardt 1978; Tasker
et al. 1984). This methodology was used in an attempt to avoid
disrupting the attention of the observers from the target species
(cetaceans) in areas of high seabird densities. Strip width was
500 m on both sides of the track line in the Antilles and 150 m in
Guiana. Identification was made to the lowest taxonomic level when-
ever possible, but groupings were inevitable for animals that could
not be told apart from the air. Brown terns and brown boobies
are examples of such groupings in the Antilles (see footnotes in
Tables 2 and 3).
s from two contrasting ecosystems in the western tropical Atlantic,
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Table 2
Number of sightings and individuals recorded on effort in the Antilles. Number of individuals refers to the total number of recorded individuals for each taxon.

Taxon Number of sightings Number of individuals

Cetacea Unidentified Cetacea 2 2
Mysticetes Balaenoptera edeni/Balaenoptera edeni borealis 1 1

Balaenoptera acutorostrata 2 2
Megaptera novaeangliae 7 9

Sperm and beaked whales Unidentified Ziphiidae 4 8
Ziphius cavirostris 2 3
Physeter macrocephalus 7 13
Kogia spp. 2 4

Large delphinids Globicephala macrorhynchus 5 54
Pseudorca crassidens 2 11
Orcinus orca 2 4

Small delphinids Unidentified small delphinid 7 98
Tursiops truncatus 2 34
Lagenodelphis hosei 4 116

Total cetaceans 49 359

Procellariiformes Unidentified Procellariidae 2 2
Puffinus puffinus/P. lherminieri 4 13
Unidentified Hydrobatidae 8 8

Pelecaniformes Fregata magnificens 19 24
Phaethon aethereus/Phaethon lepturus 171 187
Sula sula/Sula leucogaster a 57 134

Charadriiformes Catharacta spp. 6 6
Sterna fuscata/Sterna anaethetus b 110 657
Sterna dougalii/Sterna hirundo/Sterna antillarium 6 13
Sterna maxima 3 3
Anous stolidus 13 17

Total seabirds 399 1064

Unidentified Cheloniidae 12 12
Dermochelys coriacea 4 4

Total sea turtles 16 16

Unidentified sharks 6 10

Total elasmobranches 6 10

a Referred to as brown boobies in text.
b Referred to as brown terns in text.
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2.4. Analytical methods

We used both distance sampling (Buckland et al., 2001; Thomas et
al., 2010) and geostatistics (Bellier et al., 2011; Monestiez et al., 2006)
to estimate density and abundance in our study regions. In addition,
geostatistics allowed mapping local density of sightings.

2.4.1. The distance sampling approach
Distance sampling (Buckland et al., 2001; Thomas et al., 2010)

provides estimates of abundance and density in a study region with
associated uncertainties (e.g. Williams & Thomas 2007; Hammond
et al., 2002). It relies on 2 stages. First, one has to fit a detection func-
tion to distance data in order to estimate the proportion of missed
animals in the covered region. In conventional distance sampling
(Buckland et al., 2001), as implemented here, detection probability
depends only on the distance from the track line. The second stage
consists in extrapolating the number of animals seen in the covered
region to the whole study region, the so-called design based estimate
of abundance. For this, it is crucial that the lines be placed randomly
with respect to the distribution of animals. Indeed, random line place-
ment justifies the extrapolation of the sample statistics to the popula-
tion and ensures that the surveyed lines are representative of the
study region. Additionally, three assumptions are critical: (1) the
probability of detecting an animal on the transect is certain, referred
as the g(0)=1 assumption, (2) no responsive movement occurred
prior to detection and (3) distances are measured accurately.

Here, we applied conventional distance sampling on portions of
transects with homogeneous detection conditions. We truncated 5%
Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
J. Mar. Syst. (2012), http://dx.doi.org/10.1016/j.jmarsys.2012.11.002
of the sightings detected at the largest distances (Buckland et al.,
2001). Then, detection models (uniform, hazard rate and half normal)
were fitted to the distribution of perpendicular distances. The model
that minimized the Akaike Information Criterion (AIC) was selected.
For seabirds, for which data was collected using the strip transect
methodology, a uniform detection function was used. Buckland
et al. (2001) recommend at least 60 sightings for detection function
fit, although a reliable detection model can be obtained from smaller
samples, depending on the data.

Density of sightings (number of sightings per unit area) was
estimated in the study region as:

D̂ ¼ n
2μ̂L

where n is the number of detected sightings, L the total length of the
transects and μ̂ the effective strip width. Density of individuals (number

of individuals per unit area) was obtained by multiplying D̂ by the

expected group size Ê sð Þ
� �

, estimated as the arithmetic mean of group

sizes. The mean was calculated separately for each stratum only when
group sizes differed significantly between strata and there were at least
10 sightings per stratum. Then, abundance (number of individuals)
was estimated by multiplying density of individuals by the surface area
of the study region (A):

N̂ ¼ nÊ sð ÞA
2μ̂L
s from two contrasting ecosystems in the western tropical Atlantic,
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Table 3
Number of sightings and individuals recorded on effort in Guiana. Number of individuals refers to the total number of recorded individuals for each taxon.

Taxon Number of sightings Number of individuals

Cetacea Unidentified Cetacea 2 4
Mysticetes Unidentified Balenopteridae 1 1

Balaenoptera physalus 2 2
Sperm and beaked whales Unidentified Ziphiidae 2 2

Mesoplodon spp. 2 4
Ziphius cavirostris 3 5
Physeter macrocephalus 3 10

Large delphinids Grampus griseus 1 1
Peponocephala electra/Feresa attenuata 3 50
Globicephala macrorhynchus 8 162
Globicephala macrorhynchus/Pseudorca crassidens 1 1

Small delphinids Unidentified small delphinid 19 178
Tursiops truncatus 68 1277
Sotalia guianensis 22 59

Total cetaceans 137 1756

Procellariiformes Unidentified Procellariidae 3 3
Unidentified Hydrobatidae 1 5

Pelecaniformes Fregata magnificens 58 128
Phaethon aethereus/Phaethon lepturus 4 4
Sula spp. 1 1

Charadriiformes Catharacta skua 1 1
Unidentified Laridae 3 40
Larus atricilla 6 18
Sterna fuscata 87 688
Sterna sandvicensis/Sterna maxima/Sterna hirundo/Sterna dougallii/Sterna albifonsa 116 438
Anous stolidus 3 5

Total seabirds 283 1331

Unidentified Cheloniidae 30 30
Dermochelys coriacea 2 2

Total sea turtles 32 32

Unidentified shark 17 19
Sphyrna spp. 7 7
Unidentified ray 10 14
Manta birostris 100 127

Total elasmobranches 134 167

a Referred to as gray terns in text.
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The uncertainty of density and abundance was described by the
coefficient of variation (CV). It had an encounter rate component, a
detection function component and a group size component and was
computed analytically using the delta method (Buckland et al., 2001).

2.4.2. The geostatistical approach
We also implemented a geostatistical approach (Bellier et al., 2011;

Monestiez et al., 2006) for two reasons. First, zigzag designs employed
in our non rectangular study regions produced a non homogeneous dis-
tribution of transects (Strindberg and Buckland, 2004) and the distribu-
tion of animals may not be independent of the positions of transects.
Geostatistics take into account the spatial autocorrelation between ob-
servations and transect segments in density and abundance estimations
(Van der Meer and Leopold, 1995). Second, geostatistics allowed
mapping local density of sightings (Monestiez et al., 2006). Basically,
the geostatistical approach has two stages. First, one has to model
the spatial dependence in the data and estimate its parameters
(variographic analysis). The second stage consists in kriging the density
of sightings over the study region in order to obtain a map of local
density of sightings that minimizes the interpolation error given the
spatial dependence. Multiplying this local density of sightings by
mean group size and integrating it over the study region provides an
estimate of abundance. The choice of the spatial dependence model is
a crucial stage. The underlying hypothesis is stationarity of the animal's
distribution (i.e. processes that leads to the spatial distribution are
independent of localization or direction) (Wackernagel, 2003). A conse-
quence is that covariance between two observations only depends on
the distance between them.
Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
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As detection probability was not directly accessible from the
geostatistical methodology, it necessarily relied on the detection func-
tion fitted in the distance sampling approach to estimate the proportion
of missed animals in the covered region. Prior to the analysis, transects
were split into 10 km segments. We used the modified kriging de-
scribed by Monestiez et al. (2006) that includes a Poisson modeling of
the observation process, to map local density of sightings. Then we
used block kriging (Bellier et al., 2011) to estimate density of sightings
and abundance in the study regions.

The first stage was the variographic analysis. The variogram corre-
sponds to half of the squared difference between two observations
separated by a distance h. Estimating a classical variogram from count
data, that tend to be positively skewed and depart from normality,
may lead to poor variogram estimates. Hence, we estimated a modified
variogram as described in Monestiez et al. (2006) as:

γ� hð Þ ¼ 1
2N hð Þ∑α;β

lα lβ
lα þ lβ

Zα

lα
−

Zβ

lβ

 !2

−m

( )

where lα and lβ are the effort traveled on segment α and β and Zα and Zβ
are the number of sightings observed on segment α and β separated by
distance h,m is themean density in the study area and N(h) is a normal-
izing constant. Subsequently, we fitted a variogrammodel (pure nugget
effect, exponential, Gaussian or spherical model) and its parameters
were estimated using the least squared method. Variograms were fitted
for each taxon by using the data of the entire region (except for
s from two contrasting ecosystems in the western tropical Atlantic,
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Cheloniidae in Guiana for which variogram models were fitted for each
stratum separately).

The second stage was spatial interpolation. In contrast to Bellier
et al. (2011), which considered non stationarity in the process, we
assumed constant mean and variance within each stratum and we ap-
plied the block kriging in each stratum. We defined a 0.1° of longitude
by 0.1° of latitude grid over the area to krige in the Antilles and
Guiana. We considered a stationary random field Y(x) of density
and a sample of n points, xα, where the count variable Zα is measured,
and where Zα follows a Poisson distribution with density Yα as param-
eter. Given the known variogram γ(h), the kriging estimator is the
best linear predictor of Y(x0) in a non observed location x0 of the
form:

Y�
0 ¼

Xn
α¼1

λα
Zα
lα

where λα are the weights obtained by solving the following kriging
system of (n+1) equations:

Xn
β¼1

λβγ Yα−Yβ

� �
þ λα

m
lα

þ μ ¼ γ Yα−Y0ð Þ for α ¼ 1;…;n

Xn
α¼1

λα ¼ 1

with μ the Lagrangian multiplier. The minimized prediction variance
was expressed as:

Var Y�
0−Y0

� � ¼ σY
2−
Xn
α¼1

λαγ Yα−Y0ð Þ−μ:

In both distance sampling and geostatistical approaches, density of
sightings, abundance and their associated uncertainties were estimated
for each stratum and for the whole study regions. The overall density of
sightings was calculated as the sum of the estimates for each stratum
weighted by the surface areas. The overall abundance was calculated
as the sum of the abundances of each stratum. Overall CVs were com-
puted according to the delta method, assuming independence between
strata (Buckland et al., 2001). The analyses were conducted for taxa for
which therewere at least 20 sightings. Distance sampling analyseswere
performed in Distance software (Thomas et al., 2010) and geostatistical
analyses were entirely programmed in R.

2.4.3. Relation to physiographic features
Together with the maps of local density provided by geostatistics,

we used simple physiographic variables to describe megavertebrates'
distribution.We used ARCGIS 10 to co-locate the position of 10 km seg-
ments with depth and distance from the coast, based on the values at
the mid points of the segments. Depth was derived from GEBCO 08
1 min resolution grid (General Physiographic Chart of the Ocean;
http://www.gebco.net/). The coastline was isolated with XToolsPro
7.1.0 extension for ArcGIS 10 (Data East 2010, available from http://
www.xtoolspro.com/). We compiled descriptive statistics (mean, stan-
dard deviation and range) of depth and distance from the coast
associated with the segments where each taxon was present, as well
as the statistics for the covered region (considering all segments).

3. Results

3.1. General description

During the Antilles survey, sea state was suboptimal (62% of effort
was flown with a Beaufort sea state of 3 or lower and 33% with a Beau-
fort sea state of 4) in spite of the survey being planned after the trade
wind season. These weather limitations prevented from fully covering
Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
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the offshore Atlantic stratum. The survey covered 8486 km (or 71 h)
of effort. A total of 49 sightings of cetaceans were collected on effort,
representing 359 individuals. 67% of the sightings were identified to
species level and 9 species were identified including 2 mysticetes, 2
sperm and beaked whales, 3 large delphinids and 2 small delphinids
(Table 2, Appendix A.1). Humpback whales (Megaptera novaeangliae)
and sperm whales (Physeter macrocephalus) were the most sighted ce-
tacean species (both encountered on 7 occasions). A total of 399 seabird
sightings were recorded (1064 individuals), comprising 11 taxa includ-
ing 3 Procellariiformes, 3 Pelecaniformes and 5 Charadriiformes
(Table 2, Appendix A.2). Tropicbirds (Phaethon aethereus and Phaethon
lepturus) were the most frequently encountered (171 sightings)
followed by Sterna fuscata and Sterna anaethetus (referred to as brown
terns) (110 sightings) and Sula sula and Sula leucogaster (referred to
as brown boobies) (57 sightings). Additionally, we recorded 16
sightings of sea turtles (12 of Cheloniidae and 4 of the leatherback tur-
tle, Dermochelys coriacea) and 6 sightings of unidentified sharks
(Table 2, Appendix A.3).

During the Guiana survey, sea state was excellent (90% of effort
was flown with a Beaufort sea state of 2 or lower) although water
turbidity sometimes limited the aerial observation in the very coastal
waters. Achieved effort was 7775 km (or 63 h). A total of 137
sightings of cetaceans were collected on effort, representing 1756 in-
dividuals. 78% of the sightings were identified to species level and 7
species were identified, including 1 mysticete, 2 sperm and beaked
whales, 3 large delphinids and 2 small delphinids (Table 3, Appendix
A.1). Bottlenose dolphins (Tursiops truncatus) were by far the most
frequently sighted species (68 sightings), followed by Guiana dol-
phins (Sotalia guianensis) (22 sightings). A total of 283 seabird
sightings were collected (1331 individuals), comprising 11 taxa, in-
cluding 2 Procellariiformes, 3 Pelecaniformes and 6 Charadriiformes
(Table 3, Appendix A.2). Sterna sandvicensis, Sterna maxima, Sterna
hirundo, Sterna dougallii and Sterna albifons (referred to as gray
terns) and the Sooty tern (S. fuscata) were themost frequently seen (re-
spectively 116 and 87 sightings). Magnificent Frigatebird (Fregata
magnificens) was also a frequently seen species (58 sightings). Addition-
ally, we recorded 32 sea turtles (30 Cheloniidae and 2 leatherback tur-
tles) and 134 sightings of elasmobranches; manta ray (Manta birostris)
being the most commonly sighted species (100 sightings) (Table 3, Ap-
pendix A.3).
3.2. Encounter rates

In Guiana, the encounter rate of cetaceans (1.76 sightings/
100 km) was 3 times greater than in the Antilles (0.58 sightings/
100 km); this difference was even more pronounced in terms of
individuals (respectively 22.59 and 4.23 individuals/100 km). In the
Antilles, 0.12 sightings of mysticetes and 0.44 sightings of
odontocetes were encountered per 100 km of effort. In Guiana, 0.04
sightings of mysticetes and 1.70 sightings of odontocetes were en-
countered per 100 km of effort. Overall, the encounter rate of sperm
and beaked whale was higher in the Antilles (0.18 sightings/100 km)
compared to Guiana (0.13 sightings/100 km). Large delphinid encoun-
ter rate was higher in Guiana (0.17 sightings/100 km) compared to the
Antilles (0.11 sightings/100 km). Finally, the encounter rate of small
delphinids was almost 10 times higher in Guiana (1.40, compared to
0.15 sightings/100 km in the Antilles).

The encounter rate of seabirds was slightly greater in the Antilles
(4.70 sightings/100 km, 12.54 individuals/100 km) compared to Guiana
(3.64 sightings/100 km, 17.12 individuals/100 km). Procellariiformes
were rarely encountered in both regions. Charadriiformesweremore fre-
quently encountered inGuiana (2.82 sightings/100 km) compared to the
Antilles (1.56 sightings/100 km). The encounter rate of Pelecaniformes
was 4 times higher in the Antilles (2.92 sightings/100 km) compared to
Guiana (0.81 sightings/100 km).
s from two contrasting ecosystems in the western tropical Atlantic,
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Fig. 2. Composition of the odontocete community (sightings and individuals) in the Antilles (a) and in Guiana (b).
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Sea turtles and elasmobranches were more frequently encountered
in Guiana (respectively 0.46 and 2.07 sightings/100 km) than in the
Antilles (respectively 0.25 and 0.07 sightings/100 km).

3.3. Composition of odontocete and seabird communities

In the Antilles, odontocete sightingswere almost equally partitioned
between small delphinids, large delphinids and sperm and beaked
whales, the later being slightly more frequently recorded (40.5% of the
sightings) (Fig. 2a). However, in terms of individuals, small delphinids
dominated (representing 71.9% of the individuals). In Guiana, the com-
position of the odontocete community was different. Small delphinids
(mostly represented by bottlenose dolphins) dominated in terms of
sightings (82.6%) and individuals (86.6%) (Fig. 2b). Subsequently,
sightings were almost equally partitioned between large delphinids
and sperm and beaked whales.

In the Antilles, Pelecaniformes dominated in terms of sightings
(61.9%) (Fig. 3a) and were represented by 69.2% of tropicbirds, 23.1%
of boobies and 7.7% of frigatebirds. Charadriiformes totalized 34.6% of
the sightings and were mainly represented by terns. However, in
Fig. 3. Composition of the seabird community (sightings a
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terms of individuals, Charadriiformes dominated. In Guiana, the seabird
community was strongly dominated by Charadriiformes (76.3% of the
sightings and 89.4% of the individuals) (Fig. 3b), within which, as in
the Antilles, terns accounted for more than 95%. Pelecaniformes total-
ized 22.3% of the sightings and were almost exclusively represented
by frigatebirds.
3.4. Abundance

Analytical details are given in Appendix B for distance sampling and
Appendix C for geostatistics. Overall, both approaches provided similar
estimates of abundance for the analyzed taxa in the Antilles and Guiana
(Tables 4 and 5). For Cheloniidae, abundance estimates from both ap-
proaches were equal. However, for Magnificent Frigatebird in Guiana,
the overall geostatistical estimate was lower. Additionally, when there
was no sighting in a stratum, distance sampling estimated an abundance
of 0 and a CV of 0 whereas geostatistics estimated a non zero abundance
and a relatively high CV (for example for Guiana dolphin). Distance
sampling results only are presented in the text.
nd individuals) in the Antilles (a) and in Guiana (b).

s from two contrasting ecosystems in the western tropical Atlantic,
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Table 4
Estimated abundance and density of sightings from distance sampling and geostatistics in the Antilles. Brown boobies include Sula sula and Sula leucogaster, brown terns include
Sterna fuscata and Sterna anaethetus and tropicbirds, Phaethon aethereus and Phaethon lepturus. We provide by stratum and combined estimates. Coefficients of variation are given in
parentheses. Geostatistics were not applied to Magnificent frigatebirds due to low sighting numbers.
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In the Antilles, cetacean sightings were too low to fit detection
functions and provide species-specific estimates of abundance. How-
ever, in Guiana, sighting numbers were appropriate for bottlenose
dolphin and Guiana dolphin (Table 5). Bottlenose dolphin was the
most abundant cetacean, with an estimation of 34,965 individuals
(CV=0.28). For Guiana dolphin, the overall estimate was of 2076 in-
dividuals (CV=0.44), all located in the neritic stratum.

We estimated abundances for several taxa of seabirds in both regions
(Tables 4 and 5). In the Antilles, the abundance of brown terns was esti-
mated at 7870 individuals (CV=0.23). For brown boobies, we estimated
1693 individuals (CV=0.23). For both taxa, abundance was lower in the
offshore Atlantic stratum. The estimate for tropicbirds was of 2647 indi-
viduals (CV=0.11). Additionally, we estimated an abundance of 349
Magnificent Frigatebirds (CV=0.30). In Guiana, Sooty terns appeared to
be the most abundant species (40,996 individuals (CV=0.27)) and
their abundance was greater in the oceanic strata. In contrast, Magnifi-
cent Frigatebirds and gray terns were abundant in the neritic stratum
(respectively 5389 individuals (CV=0.52) and 16,999 individuals
(CV=0.34)).

In Guiana, we also obtained abundance estimates for manta rays
and Cheloniidae (Table 5).

3.5. Distribution

In the Antilles, cetaceans were mainly encountered over the inshore
Atlantic and Caribbean strata, with more numerous sightings in slope
habitat, especially in the Atlantic (Appendix A.1). In Guiana, cetacean
sightings were fairly evenly distributed across all strata albeit sightings
Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
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were more numerous in the neritic stratum (Appendix A.1). The
geostatistical analysis was applied to bottlenose dolphins and Guiana
dolphins. Bottlenose dolphins were widely sighted and their distribu-
tion seemed to be random (pure nugget effect in the variogram,
Appendix C). Geostatistics estimated a constant density (1.27 sightings/
100 km2) across all strata (Table 5); as a result we obtained a flat map
(Fig. 4a). Bottlenose dolphins showed no preference for the analyzed
physiographic features (Table 6) but they were not observed closer
than 14 km from the coast. In contrast, Guiana dolphins had a very
coastal distribution (Fig. 4b). Most sightings were within the first
10 km, with only one sighting located further offshore (36 km from the
coast). Mean depth used by Guiana dolphins was 7.5 m (sd=11.2 m;
Table 6).

In the Antilles, seabirds were more frequently encountered in the
inshore Atlantic and Caribbean strata (Appendix A.2). Tropicbirds
were mainly aggregated around the islands, with a lower density of
sightings offshore (Fig. 5a). Brown boobies were sighted in both in-
shore Atlantic and Caribbean strata but density of sightings was higher
in the latter. They were aggregated around the islands (notably East of
Martinique, West of Guadeloupe) (Fig. 5b). Brown terns were recorded
in all strata with noticeable aggregations in the South of the region.
Density of sightings was the highest in the inshore Atlantic stratum
and the lowest in the offshore Atlantic stratum (Fig. 5c). In Guiana, sea-
birds were mainly distributed along the coast and in the oceanic strata.
The deeper part of the continental shelf and the inner slopewere poorly
frequented (Appendix A.2). Sooty terns were exclusively distributed in
slope and oceanic strata, with a higher density of sightings in oceanic
waters (Fig. 6a). They used the offshore part of the study region
s from two contrasting ecosystems in the western tropical Atlantic,
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Table 5
Estimated abundance and density of sightings from distance sampling and geostatistics in Guiana. Gray terns include Sterna sandvicensis, Sterna maxima, Sterna hirundo, Sterna
dougallii and Sterna albifons. We provide by stratum and combined estimates. Coefficients of variation are given in parentheses.

Bottlenose dolphin Guiana dolphin Magnificent Frigatebird Sooty tern Gray terns Cheloniidae Manta ray

Descriptive results
Number of sightingsa Neritic 27 20 45 0 91 20 82

Slope 22 0 1 15 6 3 13
Oceanic 16 0 0 51 4 5 1
TOTAL 65 20 46 66 101 28 96

Mean group size Neritic 6.22 (0.16) _
Slope 27.13 (0.25) 2.45 (0.11) 2.46 (0.44) 3.13 (0.40) 3.83 (0.27) 1 (0) 1.28 (0.06)
Oceanic 30.62 (0.27) 10.23 (0.21)

Conventional distance sampling

Abundance (individuals) Neritic 3449 (0.30) 2076 (0.44) 5389 (0.52) 0 (0) 16,999 (0.34) 366 (0.23) 2712 (0.49)
Slope 16,533 (0.42) 0 (0) 162 (1.04) 3091 (0.49) 1512 (0.57) 76 (0.71) 588 (0.39)
Oceanic 14,983 (0.40) 0 (0) 0 (0) 37,905 (0.29) 1113 (0.53) 136 (0.42) 49 (0.98)
TOTAL 34,965 (0.28) 2076 (0.44) 5551 (0.52) 40,996 (0.27) 19,624 (0.33) 576 (0.20) 3350 (0.41)

Density of sightings (sightings/100 km2) Neritic 1.40 (0.26) 2.14 (0.43) 5.56 (0.29) 0 (0) 11.25 (0.21) 0.93 (0.23) 5.37 (0.49)
Slope 1.60 (0.34) 0 (0) 0.17 (0.94) 2.59 (0.29) 1.03 (0.45) 0.19 (0.71) 1.18 (0.38)
Oceanic 0.88 (0.29) 0 (0) 0 (0) 6.73 (0.20) 0.52 (0.45) 0.25 (0.42) 0.06 (0.98)
TOTAL 1.24 (0.20) 0.63 (0.43) 1.70 (0.28) 3.54 (0.17) 3.86 (0.19) 0.43 (0.20) 1.96 (0.40)

Geostatistical analysis

Abundance (individuals) Neritic 3122 (0.13) 1968 (0.16) 3440 (0.17) 603 (1.47) 17,102 (0.78) 365 (25) 2480 (0.12)
Slope 13,154 (0.13) 21 (15.73) 366 (1.71) 3130 (0.30) 2101 (0.68) 74 (0.67) 691 (0.43)
Oceanic 21,456 (0.13) 38 (8.11) 14 (60.89) 32,066 (0.13) 1638 (1.17) 136 (0.51) 101 (4.39)
TOTAL 37,732 (0.13) 2027 (0.54) 3820 (0.53) 35,799 (0.23) 20,841 (0.22) 575 (0.38) 3272 (0.40)

Density of sightings (sightings/100 km2) Neritic 1.27 (0.13) 2.04 (0.16) 3.55 (0.17) 0.49 (1.47) 11.33 (0.78) 0.93 (0.25) 4.91 (0.12)
Slope 1.27 (0.13) 0.02 (15.73) 0.39 (1.71) 2.63 (0.30) 1.44 (0.68) 0.19 (0.67) 1.41 (0.43)
Oceanic 1.27 (0.13) 0.04 (8.11) 0.01 (60.89) 5.70 (0.13) 0.78 (1.17) 0.25 (0.51) 0.14 (4.39)
TOTAL 1.27 (0.13) 0.63 (0.54) 1.17 (0.53) 3.27 (0.23) 4.11 (0.22) 0.43 (0.38) 1.93 (0.40)

a Number of sightings are given after truncation for cetaceans.
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(mean=260.1 km, sd=66.6 km; Table 6). In contrast, Magnificent
Frigatebirds and gray terns used inshore waters (respectively means
of 21.46 kmand 63.55 km, Table 6). Density ofMagnificent Frigatebirds
was high between the Approuague and Oyapock rivers and around
Grand Connétable Island (Fig. 6b). High densities of gray terns were
found along the coast, with some sightings in the outer continental
shelf and further offshore (Fig. 6c).

In the Antilles, other megavertebrates were more commonly seen
close to the islands (Appendix A.3). Sea turtles were mainly encoun-
tered around Martinique and Guadeloupe. In Guiana, sea turtles and
elasmobranches were preferentially distributed in the neritic and
slope strata (Appendix A.3). Sea turtles were seen throughout the con-
tinental shelf and occasionally on the inner slope and further offshore.
Manta rays were almost exclusively distributed in the neritic stratum
and were highly aggregated (Fig. 4c).

4. Discussion

4.1. Methodological considerations

4.1.1. Survey methods
A dedicated aerial survey methodology was chosen for its capacity

to cover vast areas at a much lower cost than dedicated ship surveys
and for its flexibility of implementation which allows a quick reaction
to changing weather conditions, hence resulting in a higher rate of
platform usage in optimal detection conditions.

A combination of two components makes our abundance estimates
negatively biased. First, animals under the surfacewhile in the observa-
tion area are not detected by observers (availability bias, Pollock et al.,
2006). Second, observers may miss some animals at the surface, given
that they are available for detection (perception bias, Pollock et al.,
2006). Availability bias can be estimated from a double platform
methodology (aircrafts flying in tandem, Hiby and Lovell, 1998), from
Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
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the deployment of time depth recorders on individuals (Pollock et al.,
2006) or the observation of diving behavior (Laake et al. 1997). Percep-
tion bias can be estimated using a tandem team of two observers on
either side of the aircraft (Pollock et al., 2006). However, our objective
was more to investigate differences in communities than to conduct a
thorough quantitative analysis.

Survey conditions were not homogeneous between both regions.
In Guiana, the high turbidity of the very coastal waters (Froidefond
et al., 1988) could have prevented the detection of animals swimming
under the surface. In addition, sea state was higher in the Antilles
compared to Guiana. Animals swimming at or under the surface
could have been missed and the consequence is an underestimation
of their abundance in the Antilles. Hence, sea state could have con-
tributed to the observed differences in communities between regions.

For seabirds, sometimes encountered in high densities and strongly
aggregated, the strip transect methodology has proven to be more
adapted and useful for monitoring populations at very large scales
(Certain and Bretagnolle, 2008). In our surveys, the strip width was
reduced from 500 m in the Antilles to 150 m in Guiana. Certain and
Bretagnolle (2008) showed that variation of detection probability in
aerial surveys of pelagic seabirds did not occur in a strip of 150 m and
that the effect up to 230 m was very weak. Hence, seabird abundance
may have been under-evaluated in the Antilles, albeit this may be less
the case for large species like frigatebirds or boobies, frequent in this
region.

Although observerswere trained to recognize local species, surveying
different species at the same time is not easy. First, an overestimation of
detectable species compared to cryptic ones can occur (Ballance, 2008).
Then, particularly for seabirds, identification to the species level was
rarely possible from the aircraft. In the case of high density situations
quickly gathering data is difficult, so we decided to focus on cetaceans.
This could have caused an underestimation of seabird abundance, nota-
bly in coastal waters.
s from two contrasting ecosystems in the western tropical Atlantic,
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Fig. 4. Local density of sightings for bottlenose dolphin (a), Guiana dolphin (b) and
manta ray (c) in Guiana. For bottlenose dolphin, density of sightings was constant
over the study region (1.27 sightings/100 km2). Transects were divided in 10 km seg-
ments for the analysis. Analytical details of the geostatistical approach are given in Ap-
pendix C.
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The aerial surveys were carried out in two different seasons. In
the Antilles, it coincided with the migration of humpback whales
(Clapham, 2002), thus leading to a higher encounter rate of mysticetes
compared to Guiana. However, in our analysis of community composi-
tion we were mainly interested in odontocetes, which may be resident
in the region. Additionally, the dependence of seabirds on colonies may
Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
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have caused a “colony effect” (Hyrenbach et al., 2007) if surveys were
conducted during the breeding period. Hence, our surveys provided a
real-time picture of communities but only reflect a given situation of
the environment (i.e. snapshot). For this reason, results on distribution
and abundance should be related to the sampled periods.

4.1.2. Analytical methods
We used both distance sampling and geostatistics to estimate

density and abundance in our study regions. When sightings were
not uniformly distributed and this distribution was not independent
from the distribution of transects, geostatistics corrected the esti-
mates (e.g. for Magnificent Frigatebirds in Guiana, Table 5). When
there were no sightings in a stratum, distance sampling estimated
an abundance of 0 and a CV of 0 whereas geostatistics estimated a
non zero abundance and a very high CV (e.g. for Guiana dolphins,
Table 5). However, the zero abundance estimated by distance sam-
pling is still included in the confidence interval of geostatistics,
which probably give a more realistic result. Nevertheless, due to
low sighting numbers, we were close to the limit of utilization of
both approaches. As they rely directly on the effective strip width
estimated from detection function fitting, geostatistics cannot be
used independently from distance sampling. Geostatistics allow
mapping local density across a study region, giving information
on an animal distribution. Hence, geostatistics are a good comple-
ment to distance sampling (Bellier & Monestiez 2008).

Despite these methodological considerations, it is clear that these
multispecific surveys added new knowledge on megavertebrates
inhabiting these poorly documented regions. Indeed, we provided for
the first time an integrated and large scale vision of the diversity
and distribution of megavertebrates inhabiting the French EEZ of the
Antilles and Guiana. Furthermore, we derived estimates of abundance
for two cetacean species in Guiana and for several seabird taxa in the
Antilles and Guiana. This provided a useful baseline, in particular for
cetaceans for which few estimates of abundance exist in the western
tropical Atlantic (Waring et al., 2000).

4.2. Comparison with previous studies in the Caribbean and western
tropical Atlantic

4.2.1. Cetaceans
Dedicated effort has been limited in the Caribbean and western trop-

ical Atlantic, excepted in the Gulf ofMexico and quantitative information
is rare. Nevertheless according to strandings (Cardona-Maldonado and
Mignucci-Giannoni, 1999) and sightings (Gero et al., 2007; Swartz
et al., 2003; Yoshida et al., 2010), the region appear to be inhabited by
a diverse cetacean fauna. All cetacean species identified during our
surveys had been previously reported in the Wider Caribbean (Ward
et al., 2001). We will focus on the most commonly encountered species.

In Guiana the most frequently seen cetaceans were Guiana dolphins
and bottlenose dolphins. Guiana dolphin, S. guianensis, is the marine
species of the genus Sotalia, recently separated from the riverine species
(Sotalia fluviatilis) (Caballero et al., 2007; Cunha et al., 2005; Monteiro-
Filho et al., 2002). It is continuously distributed from southern Brazil
to Honduras (Da Silva et al., 2010; Flores and DaSilva, 2008) and its eco-
logical niche is defined as a narrow strip of coastal waters (Wedekin et
al., 2010). This is consistent with our results as they were restricted to
coastal and shallow waters and aggregated close to river mouths and
estuaries (Edwards and Schnell, 2001; Rossi-Santos et al., 2006). Our
estimate was of 2076 individuals (CV=44.32). The only published
abundances are from studies of portions of Brazilian coastal waters
(Cantor et al., 2012; Torres and Beasley, 2003), not comparable with
the extent of the area prospected during our survey. Bottlenose dol-
phins were widely distributed in Guiana and showed no preferences
for specific physiographic features. The same pattern was observed in
Abrolhos Bank (Brazil) where they were widespread and using various
depth, whereas Guiana dolphins were the only species using waters
s from two contrasting ecosystems in the western tropical Atlantic,
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Table 6
Descriptive statistics (mean, standard deviation (sd) and range) of depth and distance from the coast associated with the sightings.

Study region Taxon Depth (m) Distance from the coast (km)

Mean sd Range Mean sd Range

Antilles Magnificent Frigatebird 1870.0 2051.5 6259–18 52.24 72.04 0.68–262.15
Tropicbirds 2191.1 1795.6 6242–12 60.61 67.68 1.69–321.91
Brown boobies 2330.3 1460.1 5295–34 61.83 40.62 4.18–157.16
Brown terns 2548.3 1467.5 5923–27 70.34 63.93 4.187–315.18
Covered region 2927.7 1806.3 6539–4 101.99 92.91 0.684–370.19

Guiana Bottlenose dolphin 1737.0 1806.6 4823–10 164.20 110.13 14.43–358.51
Guiana dolphin 7.5 11.2 44–2 9.35 8.50 3.02–36.03
Magnificent Frigatebird 43.2 135.1 731–0 21.46 38.46 0.11–203.43
Sooty tern 3373.5 1252.2 4920–10 260.07 66.63 23.02–358.66
Gray terns 614.7 1384.7 4823–2 63.55 96.60 3.021–358.51
Manta ray 323.8 808.3 3982–8 89.09 61.34 1.58–314.94
Covered region 1852.8 1797.4 4959–0 169.13 109.37 0.11–363.60
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within 10 km from the coast (Rossi-Santos et al., 2006). They potential-
ly overlapped with Guiana dolphins as some sightings co-occurred in
inshore waters. Although bottlenose dolphins are widely distributed
in the western tropical Atlantic, there is very little information on
their abundance apart from a few local sightings. Our abundance
estimate (34,965 individuals (CV=0.28)) is the first for Guiana. In the
Gulf of Mexico, bottlenose dolphins are also abundant, with 50,247
individuals (CV=0.18) estimated for the outer continental shelf
stock (Waring et al., 2000). Recently, the presence of A ‘worldwide
distributed form’ and ‘inshore’ ecotypes was demonstrated in the
Wider Caribbean (Caballero et al., 2012). However, there is no evidence
of differential habitat use and true ecotype specialization in Guiana.

The only published line transect survey carried out in the Lesser
Antilles (Yoshida et al., 2010) suggested that cetacean density was
lower in offshore waters beyond the insular shelf. During our survey,
cetacean sightings were also common in slope habitats. Humpback
whales and sperm whales were the most commonly sighted ceta-
ceans. Humpback whales migrate to the eastern Caribbean for mating
and calving in the winter season (Clapham, 2002) with a peak in
February and March (Mignucci-Giannoni, 1998). Breeding areas
occur on offshore banks and off insular coasts of the Atlantic margins
of the Antilles (Whitehead and Moore, 1982; Winn et al., 1975). Our
sightings were almost exclusively in inshore waters on the Atlantic
side of the islands. Sperm whales were sighted on 7 occasions, nota-
bly around Guadeloupe. The Lesser Antilles population was estimated
at 145 individuals (95% CI 94–219), known to undertake inter-island
movements (Gero et al., 2007).

4.2.2. Seabirds
Since there had been no seabirds at-sea surveys in the Lesser

Antilles and Guiana, we will make a broad comparison with censuses
at breeding colonies (e.g. Boyé et al., 2009), considering that our
at-sea abundance estimates include immatures, breeding adults and
non breeding adults, as we could not differentiate them from the
air. Such a comparison has successfully been done using demographic
parameters to subtract the non breeding component of the at-sea
population (Clarke et al., 2003; Van der Meer and Leopold, 1995).
Feeding communities represent the at-sea component of seabird
community ecology and often comprise individuals that come from
scattered breeding colonies (Ballance, 2008).

Grand Connétable Island is the only seabird breeding site between
the Amazon and the Orinoco and hosts important colonies during the
breeding season (between April and September), including 1500
pairs of S. maxima, 8000 pairs of S. sandvicensis and several hundreds
of pairs of S. fuscata (Bird Life International, 2012). Hence, S. maxima
and S. sandvicensis may represent a significant amount of our gray
terns category. Additionally, approximately 650 pairs of Magnificent
Frigatebirds nest there year-round (Bird Life International, 2012;
Weimerskirch et al., 2006). In general, our at-sea abundance estimates
Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
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were in the order of magnitude of breeding pairs, considering that our
survey was conducted at the end of the breeding season when adults
as well as dispersing seabirds may be present. S. fuscata is completely
pelagic and highly gregarious (Hertel and Ballance, 1999; Surman and
Wooller, 2003). This is well reflected in ourmaps of local density. How-
ever, our abundance estimatewas high related to breeding numbers, in-
dicating that non breeders probably represented a significant amount of
the at-sea population. Our abundance estimate for gray terns was in
concordance with breeding numbers and their density was high along
the coast, where roosting sites are probably numerous. Finally, Magnif-
icent Frigatebirds were aggregated around Grand Connétable Island;
hence a significant amount of the population was probably breeding
during the survey.

In the Antilles, seabird densities were higher close to the islands
and probably related to the proximity of colonies. Indeed, depending
on survey synchrony with the breeding season, location of breeding
colonies was shown to have a strong influence on seabird at-sea
distribution (Ballance et al., 1997; Ford et al. 2004; Jaquemet et al.
2005; Smith and Hyrenbach, 2003). In contrast, offshore aggregations
could be related to feeding opportunities. For example, there was a
high density of brown terns South of Martinique where there are
important colonies (Ilets et falaises de St Anne and Rocher du Diamant)
hosting 7000 to 24,000 S. fuscata (Lemoine and Dubief, 2008). The
aggregation of tropicbirds observed around Marie Galante can be
related to a known colony hosting 450 to 900 P. aethereus (Levesque
and Mathurin, 2008). Similarly, the high density of brown boobies
East of Guadeloupemight be due to the vicinity of a S. leucogaster colony
(Levesque and Mathurin, 2008). The distribution of brown terns and
tropicbirds was much more pelagic compared to brown boobies,
which are mainly inshore feeders (Harrison, 1991).

4.2.3. Elasmobranchs and sea turtles
In Guiana, we had some data on manta rays' distribution. Their

strong aggregation could be related to a local feeding opportunity. In
Venezuela, aerial surveys showed thatmanta ray occurrencewas highly
predictable and related to an enhanced productivity (Luiz et al., 2009;
Notarbartolo-di-Sciara and Hillyer, 1989). We documented sea turtle
distribution in both regions. The estuary of the Maroni River at the
border of French Guiana and Surinam hosts one of the world's largest
leatherback turtle nesting populations (Fossette et al., 2008). However,
sea turtles studies in Guiana have mainly focused on nest monitoring
(Kelle et al., 2007), demography (Rivalan et al., 2006) and foraging
and diving strategy based on tagging (Fossette et al., 2008).

4.3. Contrasting communities in the Antilles and Guiana

Our study revealed differences in megavertebrate communities
between two regions of contrasted oceanography and productivity
s from two contrasting ecosystems in the western tropical Atlantic,
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Fig. 5. Local density of sightings for tropicbirds (a), brown boobies (b) and brown terns (c)
in the Antilles. Transects were divided in 10 km segments for the analysis. Analytical
details of the geostatistical approach are given in Appendix C.

Grand Connétable
Island

a
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c

Fig. 6. Local density of sightings for Sooty tern (a), Magnificent Frigatebird (b) and gray
terns (c) in Guiana. Transects were divided in 10 km segments for the analysis. Analytical
details of the geostatistical approach are given in Appendix C.
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in the western tropical Atlantic. We focus our discussion on seabirds
and odontocetes.

Seabird encounter rate was similar in the Antilles and Guiana.
Charadriiformes were frequently encountered and dominated by
terns in both regions. Procellariiformes were rare in both regions.
However, Pelecaniformes were more frequently encountered in the
Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
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Antilles and represented by frigatebirds, boobies and tropicbirds,
whereas they were mainly represented by frigatebirds in Guiana.

Previous studies have shown that productivity affected seabird
community structure at the macro scale (1000 s of km) (Ballance
et al., 1997; Hyrenbach et al., 2007; Schick et al., 2011; Smith and
Hyrenbach, 2003). For example, Ballance et al. (1997) studied seabird
s from two contrasting ecosystems in the western tropical Atlantic,
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communities along a productivity gradient in the eastern tropical
Pacific. Sooty terns foraged in waters of low productivity, Juan
Fernandez Petrels (Pterodroma externa) and Wedge tailed shearwaters
(Puffinus pacificus) in waters of intermediate productivity and red
footed (S. sula) andmasked boobies (Sula dactylatra) inwaters of higher
productivity. This was in accordance with costs of flight values which
were the lowest for Sooty terns, intermediate for Procellariiformes
and high for red footed boobies (Ballance, 1995; Flint and Nagy,
1984). They concluded that this communitywas structured by energet-
ic constraint. In contrast, in our study, Sooty terns were abundant in
both high productivity (Guiana) and lowproductivity (Antilles) regions
and boobies were only abundant in the low productivity region. Hence
our results appear to be in discordance with Ballance et al. (1997).
However, the high proportion of tropicbirds within the Antillean sea-
bird community seems to be in accordance with (Vichis et al. (2006))
who showed that tropicbirds selected habitats with low surface
chlorophyll.

Nevertheless, productivity is not the only factor affecting seabird
distribution. Indeed, as seabirds are constrained to breed on land,
the availability of substrate and the size of the colonies may also be
strong determinants of at sea communities during the breeding
season (Hertel and Ballance, 1999). This could strongly influence
the patterns of seabird distribution and at-sea community composi-
tion. In particular, the limited space available to breeding seabirds
in Guiana (only represented by the Grand Connétable Island from
the Amazon to the Orinoco, Bird Life International, 2012) may have
promoted competition for nest sites. Hence the low abundance of
boobies and tropicbirds in Guiana may be related to the absence of
appropriate breeding sites. Nevertheless, this does not alter the fact
that both regions are inhabited by seabirds with flight patterns
based on energy saving (e.g. Magnificent Frigatebirds and red footed
boobies), which can exploit at low costs the overall low and scattered
food resources of tropical oceans (Weimerskirch et al., 2003, 2005).

The encounter rate of cetaceans was 3 times higher in Guiana com-
pared to the Antilles (5 times higher in terms of individuals). In Guiana,
small delphinids strongly dominated the odontocete community
(representing 82.6% of the sightings), with bottlenose dolphins being par-
ticularly abundant. In contrast, in the Antilles, the odontocete community
was more equally partitioned between small delphinids, large delphinids
and sperm and beaked whales. However, we must keep in mind that
physiographic habitats were different in both regions (seafloor topogra-
phy was complex around the Antilles with narrow insular shelf and
slope whereas the continental shelf was wide in Guiana).

Many studies have shown that high productivity areas are associated
with high densities of cetaceans (e.g. Ballance et al., 2006; Cañadas et al.,
2005; Jaquet and Whitehead, 1996; Tynan et al., 2005). Conversely,
oligotrophic regions are characterized by a low density of cetaceans
(e.g. the Bahamas, MacLeod et al., 2004). Hence the much higher en-
counter rate of cetaceans in Guianamay be related to the higher produc-
tivity in that region.

The structure of cetacean communities may change according to
productivity. For example, Schick et al. (2011) studied the cetacean
community from Nova Scotia to the Gulf of Mexico and described
two groups of cetaceans separated along a surface chlorophyll gradi-
ent. Piscivorous were found in the cooler, more productive waters of
the continental shelf and teuthophagous in offshore, warmer and
less productive waters at the shelf break. In Guiana, the dominance
of small delphinids, which are limited by their physiology to shallow
diving (Williams et al., 1993) and are mainly piscivorous (Pauly et al.,
1998), may be related to more abundant food resources in the epipe-
lagic layer. Furthermore, the dominance of bottlenose dolphins with-
in small delphinids in Guianamay result from a competitive exclusion
of similar species, as seen in the Bahamas (MacLeod et al., 2004). In
contrast, in the Antilles, sperm and beaked whales accounted for a
greater proportion of the odontocete community. Sperm whales,
which feed on deep squids, were shown to be positively correlated
Please cite this article as: Mannocci, L., et al., Megavertebrate communitie
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with the intensity and thickness of middle and deep scattering layers
(Jaquet and Whitehead, 1996). Hence, despite the oligotrophy of
the epipelagic waters in the Caribbean province (Longhurst, 2007),
secondary productivity may be greater in deeper layers, promoting
feeding opportunities for deep diving teuthophagous cetaceans.
Hence, the observed patterns of odontocetes communities between
both regions may be the result of a differential location of prey re-
sources (in surface waters in Guiana and in deeper layers in the
Antilles).

As raised by Ballance et al. (1997), the energetic cost of foraging
may be a strong determinant of community structure. Unfortunately,
few studies on cetacean metabolic rates are available (mostly for
dolphins in captivity, Kastelein et al., 2002) compared to seabirds.
Small delphinids, characterized by a small size and a high cost of
transport (Costa and Williams, 1999), may have greater costs of
foraging compared to sperm and beaked whales. Moreover, diet
studies have shown that a small delphinid, the common dolphin
(Delphinus delphis) selected high energy density preys to meet its
energetically expensive life style (Spitz et al., 2010). We can extrapo-
late this at the spatial scale and hypothesize that small delphinids
may be constrained to forage in the most productive habitats of the
oceans to meet their high energetic needs.

4.4. Conclusion

This study provided new information about megavertebrates
which are poorly documented in the Antilles and Guiana and also
highlighted differences in odontocete and seabird communities be-
tween these contrasting ecosystems. In order to obtain a more com-
plete picture of communities, it would be useful to implement the
aerial survey regionally, from Guiana to the whole Antillean Arc.
This would allow investigating communities along a more continuous
productivity gradient. Further, we could examine community struc-
ture in relation to micronekton, which is at a higher trophic level
than productivity. Unfortunately, micronekton sampling, either from
trawling or acoustics studies is not available at the scale of the region.
However, ecosystemic models, which estimate the biomass of
micronekton in different depth layers (Lehodey et al., 2010), can pro-
vide information on prey biomasses available to deep diving and shal-
low diving cetaceans. This would allow testing if the contrasted
cetacean communities between the Antilles and Guiana could be ef-
fectively related to a differential distribution of resources through
the water column.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.jmarsys.2012.11.002.
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