
261

                             Predicting top predator habitats in the Southwest Indian Ocean      

    Laura     Mannocci  ,       Sophie     Laran  ,       Pascal     Monestiez  ,       Ghislain     Dor é mus  , 
      Olivier Van     Canneyt  ,       Pierre     Watremez     and         Vincent     Ridoux    

       
  L. Mannocci (laura.mannocci@univ-lr.fr) and V. Ridoux, Laboratoire Littoral Environnement et Soci é t é s, UMR 7266 Univ. de La Rochelle-
CNRS, Inst. du Littoral et de l ’ Environnement, FR-17000 La Rochelle, France.  –  S. Laran, G Dor é mus, O. Van Canneyt and VR, Observatoire 
PELAGIS, UMS 3462 Univ. de La Rochelle-CNRS, Syst è mes d ’ Observation pour la Conservation des Mammif è res et des Oiseaux Marins, 
FR-17000 La Rochelle, France.  –  P. Monestiez, INRA, UR0546, Unit é  Biostatistiques et Processus Spatiaux, Domaine Saint-Paul, FR-84914 
Avignon, France.  –  P. Watremez, Agence des Aires Marines Prot é g é es, 44 bis quai de la douane, FR-29229 Brest cedex 2, France.                             

  Top predators need to develop optimal strategies of resources and habitats utilization in order to optimize their foraging 
success. At the individual scale, a predator has to maximize his intake of food while minimizing his cost of foraging to 
optimize his energetic gain. At the ecosystem scale, we hypothesized that foraging strategies of predators also respond to 
their general energetic constraints. Predators with energetically costly lifestyles may be constrained to select high quality 
habitats whereas more phlegmatic predators may occupy both low and high quality habitats. Th e objectives of this study 
were 1) to investigate predator responses to heterogeneity in habitat quality with reference to their energetic strategies and 
2) to evaluate their responses to contemporaneous versus averaged habitat quality. We collected cetacean and seabird data 
from an aerial survey in the Southwest Indian Ocean, a region characterized by heterogeneous oceanographic conditions. 
We classifi ed cetaceans and seabirds into energetic guilds and described their habitats using remotely sensed covariates at 
contemporaneous and time-averaged resolutions and static covariates. We used generalized additive models to predict their 
habitats at the regional scale. Strategies of habitat utilization appeared in accordance with predators energetic constraints. 
Cetaceans responded to the heterogeneity in habitat quality, with higher densities predicted in more productive areas. 
However, the costly Delphininae appeared to be more dependent on habitat quality (showing a 1-to-13 ratio between 
the lowest and highest density sectors) than the more phlegmatic sperm and beaked whales (showing only a 1-to-3 ratio). 
For seabirds, predictions primarily refl ected colony locations, although the colony eff ect was stronger for costly seabirds. 
Moreover, our results suggest that predators may respond better to persistent oceanographic features. To provide a third 
dimension to habitat quality, cetacean strategies of utilization of the vertical habitat could be related to the distribution of 
micronekton in the water column.   

  Top marine predators, such as cetaceans and seabirds, are large 
marine vertebrates which occupy food webs ’  highest trophic 
levels (Estes et   al. 2001). Top predators need to develop opti-
mal strategies of resources and habitats utilization in order to 
optimize their foraging success. Indeed, this may represent 
the principal selection pressure on these organisms for which 
the risk of predation is generally low (Pimm et   al. 1991). 
According to the optimal foraging theory (MacArthur and 
Pianka 1966), a predator has to maximize its intake of food 
while minimizing its cost of foraging in order to optimize its 
energetic gain. 

 At the individual scale, Spitz et   al. (2012) showed that 
energetically costly cetaceans, such as the common dol-
phin  Delphinus dephis , select high quality preys (i.e .  of high 
energetic content) whereas the more phlegmatic sperm and 
beaked whales, meet their needs by feeding on lower quality 
preys. At the ecosystem scale, energetic constraints may also 
shape the selection of habitat. For example, Ballance et   al. 

(1997) showed that seabirds were structured along a produc-
tivity gradient in the eastern tropical Pacifi c; seabirds with 
the highest costs of fl ight selecting high quality habitats (i.e .  
of high productivity). 

 As data on prey resources are often limited, lower trophic 
levels (phytoplankton) and other oceanographic parameters 
which can be inferred from remote sensing sources (surface 
productivity, sea surface temperature, sea level anomaly …  
etc.), have been widely used to characterize habitat qual-
ity (Vilchis et   al. 2006, Becker et   al. 2010). In addition, in 
the highly dynamic marine ecosystems, spatial variability is 
observed from several to hundreds of kilometers and tem-
poral variability, from diel to decadal scales. Th e choice of 
resolution, either spatial or temporal, is critical when model-
ing habitat and depends on the data collected and the ques-
tion being addressed (Redfern et   al. 2006). Th e infl uence of 
spatial resolution in habitat models has been more investi-
gated (Redfern et   al. 2008) than the infl uence of temporal 
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resolution, which is nevertheless an important issue. Indeed, 
pelagic habitats are distinguished by diff erent predictabilities 
in time and characterized by static (geographically fi xed), per-
sistent (high predictability) and ephemeral (low predictabil-
ity) features (Hyrenbach et   al. 2000). Hence, we can wonder 
if top predators better respond to either short-term variations 
of oceanographic conditions or time-averaged situations. 

 In this study, we hypothesize that foraging strategies of top 
predators over large spatial domains are in accordance with 
their general energetic constraints. Th us, predators with ener-
getically costly life styles may be constrained to select high 
quality habitats and conversely, more phlegmatic predators 
may occupy both low and high quality habitats. Th e fi rst 
objective of this study, focusing on cetaceans and seabirds, was 
to investigate their responses to spatial heterogeneity in habi-
tat quality and relate these distributional properties to ener-
getic strategies. Heterogeneity was defi ned here as the spatially 
structured variability of the property of interest (Wagner and 
Fortin 2005). As central place foragers, seabirds are constrained 
to colonies during the breeding season and their at-sea distri-
butions may primarily refl ect colony locations (Hyrenbach 
et   al. 2007). Nevertheless, the largest colonies should be situ-
ated in areas where recurrent resources are easily accessible 
year after year and thus colony locations may refl ect long-term 
habitat quality. As a result, seabirds may exhibit more complex 
responses to habitat quality compared to cetaceans. Th e sec-
ond objective was to evaluate cetacean and seabird responses 
to diff erent levels of temporal integration of habitat covariates, 
and more precisely to investigate their responses to contempo-
raneous versus averaged habitat quality. 

 We collected cetacean and seabird data during a multispe-
cifi c aerial survey in the Southwest Indian Ocean (SWIO). As 
a tropical region, it has an overall low productivity and scarce 
food resources (Longhurst and Pauly 1987). Nevertheless, the 
SWIO encompasses three biogeographic provinces character-
ized by heterogeneous oceanographic conditions (Longhurst 
2007). Th e Mozambique Channel is characterized by very 
dynamic mesoscale eddies (De Ruijter et   al. 2004), generat-
ing productivity enhancements (TewKai and Marsac 2009). 
Surface productivity is contrasted in the rest of the region, 
with oligotrophic waters in the south (oceanic waters located 
east of Madagascar and around the Mascarene Islands) and 
richer waters to the north (around the Seychelles plateau) 
(New et   al. 2005). We relied on remotely sensed covariates as 
well as static covariates to characterize top predator habitats. 

 In order to classify seabirds and cetaceans into ener-
getic guilds, either direct metabolic measurements or reli-
able indicators of energetic costs can be used. For seabirds, 
direct energetic measurements are available (Flint and Nagy 
1984). Conversely, there are very few direct measures of 
cetacean metabolic rates (mostly for dolphins in captivity, 
Kastelein et   al. 2002); or a few cases of trained animals per-
forming measurable eff ort in the wild (Williams et   al. 1993). 
Nevertheless, diving performances of cetaceans are closely 
related to their capacity to save oxygen owing to reduced 
metabolic rates (Boyd 1997), and hence can be considered as 
a good indicator of energetic costs. On a diff erent yet related 
point of view, it was also shown that cetaceans could be cate-
gorized as having high, medium or low costs of living on the 
basis of muscular mitochondrial density and lipid content 
(Spitz et   al. 2012). 

 In this study, we used generalized additive models (GAMs) 
along with time-averaged oceanographic covariates and static 
covariates in order to predict cetacean and seabird habitats at 
the regional scale in the SWIO. We evaluated their responses 
to the heterogeneity in habitat quality within this vast region 
in order to test our energetic hypothesis. Th en, we inves-
tigated top predator reactions to shorter term variations in 
oceanographic conditions.   

 Material and methods  

 Study region 

 Our study region covers more than 1.4 million km ²  in the 
SWIO and encompasses the Exclusive Economic Zone 
of the fi ve countries of the Indian Ocean Commission: 
Comoros, Madagascar, Mauritius, Reunion (France) and the 
Seychelles, as well as waters around the Island of Mayotte 
and the Scattered Islands (Fig. 1a). 

 Th e Indian Ocean is characterized by a seasonal reversal 
of the monsoon winds which has resulting eff ects on surface 
currents (Tomczak and Godfrey 2003). During the north-
west monsoon (austral summer), the East African coast cur-
rent (EACC) meets the Somali Current (SC) and supplies 
the South Equatorial Countercurrent (SECC) fl owing west-
east. Th e South Equatorial Current (SEC) separates into two 
branches at the coast of Madagascar (near 17 ° S), generating 
the Northeast Madagascar Current (NEMC), passing to the 
north of Madagascar and the Southeast Madagascar Current 
(SEMC) (Schott and McCreary 2001). Th e SEC forms a 
strong boundary between low nutrient subtropical waters in 
the south (around the Mascarene Islands) and richer waters 
to the north (Seychelles plateau) (New et   al. 2005), where 
enhanced productivity is associated to mid ocean shallow 
banks (Longhurst 2007) 

 The Mozambique Channel is characterized by an 
important mesoscale activity, notably in its central 
and southern part. A large anticyclonic cell is pres-
ent in the Comoros basin and then, along the coasts 
of Mozambique, a train of anticyclonic and cyclonic 
eddies (with diameters of 300 km and a frequency of 
4 yr  – 1 ) propagate to the south (Schouten et   al. 2003, 
De Ruijter et   al. 2004). High chlorophyll biomass is 
almost permanently associated with this eddy field, with 
slightly higher values during the northwest monsoon. 
Submarine topography and coastal blooms induced in 
river plumes around Madagascar likely influence bio-
logical enhancements generated by mesoscale activity 
(Longhurst 2007). 

 Th erefore, the SWIO is characterized by a large range 
of oceanographic conditions and can be divided into three 
ecoregions: the Mozambique Channel, the Seychelles and 
the Mascarenes (including pelagic waters to the east of 
Madagascar and the Mascarene Islands).   

 Energetic guilds 

 We classifi ed cetaceans and seabirds into energetic guilds 
on the basis of either direct metabolic measurements or 
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indicators of costs of living from the literature. Th is general 
classifi cation of top predator energetic lifestyles may refl ect 
both physiological effi  ciency and foraging success rate, as 
these two components are diffi  cult to disentangle in the 
overall cost of living. 

 For seabirds, direct metabolic measurements include 
basal metabolic rate (BMR, measuring resting metabolism) 
and fi eld metabolic rate (FMR, representing the cost of 
overall daily activities) (Flint and Nagy 1984). To classify 
seabirds into energetic guilds, we relied on the FMR/BMR 
ratio, referred to as sustained metabolic scope (Peterson et   al. 
1990, which is the capacity to increase metabolism above 
resting levels). Th is ratio ranges from 2.8 to 4.2 in tropical 
seabirds (Ellis and Gabrielsen 2002). From the most phleg-
matic to the most energetically costly, we obtained: sooty 
terns, petrels and shearwaters, boobies, noddies, grey terns 
and tropicbirds. Th e FMR/BMR ratio was not available for 
frigatebirds as no metabolic measurements were made for 
this guild. However, the extremely low wing loading of frig-
atebirds (large wing area for a comparatively low body mass) 
suggests much reduced costs of fl ight (Weimerskirch et   al. 
2003). Hence, frigatebirds are considered here as the guild 
with the lowest cost of living. 

 For cetaceans, there are few direct metabolic mea-
surements, thus we relied on their diving performances, 
which are closely related to their capacity to save oxygen 
and reduce their energetic costs (i.e .  hypometabolism, 
Boyd 1997). Th e vast majority of cetacean sightings dur-
ing the survey (conducted in the austral summer) were of 
odontocetes, so our classifi cation focuses on odontocetes, 
simply named cetaceans thereafter. Sperm and beaked 
whales, albeit few data are available for some species, have 
remarkable abilities for breath-hold diving and can reach 
depths greater than 1000 m, demonstrating an effi  cient 

locomotion behavior during transit to and from foraging 
depth (Tyack et   al. 2006, Watwood et   al. 2006) . Th ey 
should exhibit the lowest costs of living . Globicephalinae 
generally engage in fairly deep and long dives, as exem-
plifi ed by the short-fi nned pilot whale  Globicephala 
macrorhynchus ; however this species, and perhaps other 
Globicephalinae, has also been reported to use burst and 
glide strategies when foraging (Aguilar de Soto et   al. 2008). 
Th ey should have intermediate costs of living. Conversely, 
Delphininae, such as  Stenella  spp. or bottlenose dol-
phins, generally engage in shorter and shallower dives no 
deeper than 300 m (Baird et   al. 2001) and their foraging 
tactic largely relies on active swimming, in particular for 
cooperative feeding (Benoit-Bird and Au 2009). Hence 
Delphininae constitute the guild of cetaceans with the 
most costly lifestyle. Th is classifi cation is corroborated by 
indicators of cost of living based on muscle performance 
as expressed by muscular mitochondrial density and lipid 
content (Spitz et   al. 2012). Twenty-two species of seabirds 
and seventeen species of cetaceans are represented in the 
energetic guilds considered in this study (Table 1).   

 Field methodology  

 Survey period and survey design 
 We collected top predator data from a dedicated aerial 
survey in the SWIO during the austral summer (from 
December 2009 to April 2010). Th e study area was strati-
fi ed into six geographic sectors: Northern Mozambique 
Channel (NMC, including Comoro and Glorioso 
Islands), Central Mozambique Channel (CMC, including 
Juan de Nova), Southern Mozambique Channel (SMC, 
including Europa and Bassas da India), Seychelles (SE), 

  Figure 1.     (a) Main surface currents in the Southwest Indian Ocean during austral summer (from Schott and McCreary 2001). SC: Somali 
Current; EACC: East African coast current; SECC: South Equatorial Countercurrent; SEC: South Equatorial Current; NEMC: Northeast 
Madagascar Current, SEMC: Southeast Madagascar Current. Circles symbolize major eddies. 200 m (light grey) and 2000 m (dark grey) 
isobaths are shown. (b) Transects conducted within the six geographic sectors during the aerial survey.  
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the sooty  Onychoprion fuscatu s and the bridled tern and 
 O. anaethetus ).    

 Detection function modeling 

 We used multiple covariate distance sampling (Marques and 
Buckland 2004) to model the eff ect of detection covariates 
on cetacean detection probability, in addition to distance. 
Before fi tting detection functions, we truncated 5% of the 
most distant sightings, as recommended by Buckland et   al. 
(2001). For each cetacean guild, hazard rate and half normal 
models were fi tted to perpendicular distances and the model 
that minimized the Akaike information criterion (AIC) was 
selected. Th en, we tested the infl uence of sea state, glare 
severity and subjective conditions and retained the detec-
tion covariate if it provided a signifi cantly smaller AIC. If a 
detection covariate was signifi cant, we estimated an eff ective 
strip width (ESW) for each of the covariate levels, if not, we 
estimated a unique ESW. For all seabirds, the ESW was 200 
m (a uniform detection function was used, as implied by the 
strip transect methodology). Th ese analyses were conducted 
in R with the mrds package (Laake et   al. 2011).   

 Data organization 

 Surveyed transects were split into legs of identical detection 
conditions, further divided into 10 km long segments, so 
that variability in detection conditions and geographic loca-
tion was small within segments. Over 70% of segments were 
equal to 10 km but segment lengths varied between 2 and 
15 km. To maximize the quality of data for habitat mod-
eling, we ignored segments fl own under a deteriorated sea 
state (greater than 5) and segments shorter than 3 km, and 
performed the analysis on the remaining 8385 segments. In 
each segment we compiled the total number of individu-
als for each top predator guild. Th en, we used ArcGIS 10 
(ESRI 2010) to co-locate the position of segments with 
habitat covariates, based on values at their mid points.   

Tromelin  –  Madagascar (TM) and Reunion  –  Mauritius 
(RM) (Fig. 1b). Each sector was subdivided into bathy-
metric strata corresponding roughly to shelf (0 – 200 m), 
slope (200 – 2000 m) and oceanic domains ( �    2000 m). A 
zigzag survey design was implemented to provide a good 
spatial coverage within each strata and improved fl ight 
effi  ciency (Buckland et   al. 2001).   

 Aerial survey methods 
 Transects were fl own at a target altitude of 182 m (600 
feet) and a ground speed of 167 km h  – 1  (90 knots). 
Survey platforms were two Britten Norman 2, high-wing, 
double-engine aircrafts equipped with bubble windows. 
Survey crew consisted in two trained observers observing 
with naked eyes and a navigator in charge of data collec-
tion on a laptop computer. A GPS, logged to a computer 
equipped with  ‘ VOR ’  software (designed for the aerial 
parts of the SCANS-II survey (Hammond et   al. 2013)), 
collected positional information every 2 s. Beaufort Sea 
state, glare severity, turbidity, cloud coverage and an over-
all subjective assessment of detection conditions (good, 
moderate or poor as for small delphinids) were recorded at 
the beginning of each transect and whenever any of these 
values changed. 

 For cetaceans, we collected data following a distance 
sampling protocol. Information recorded included iden-
tifi cation to the lowest possible taxonomic level, group 
size and declination angle to the group when it passed at 
right angle to the aircraft (measured with a hand-held cli-
nometer). Together with the altitude of the aircraft, angles 
provided perpendicular distances, which allowed distance 
sampling analyses to be conducted (Buckland et   al. 2001). 
For seabirds, we collected data using the strip transect 
methodology, with the assumption that all seabirds within 
the strip were detected (Tasker et   al. 1984). Strip width was 
fi xed at 200 m on both sides of the transect. Identifi cation 
was made to the lowest taxonomic level whenever possible, 
but groupings were inevitable for seabirds that could not 
be told apart from the air (e.g .  brown terns, composed of 

  Table 1. Description of energetic guilds, ordered from the most phlegmatic to the most energetically costly, for seabirds and cetaceans.  

Seabird guilds
Frigatebirds great frigatebird  Fregata minor , lesser frigatebird  Fregata ariel 
Brown terns sooty tern  Onychoprion fuscatus *  , bridled tern  Onychoprion anaethetus 
Petrels and 

shearwaters
wedge tailed shearwater  Puffi nus pacifi cus , Barau’s petrel  Pterodroma baraui , Audubon shearwater  Puffi nus 

lherminieri , mascarene petrel  Pseudobulweria aterrima , herald petrel  Pterodroma arminjoniana , fl esh-footed 
shearwater  Puffi nus carneipes *  *  

Boobies red footed booby  Sula sula , masked booby  Sula dactylatra , brown booby  Sula leucogaster 
Noddies brown noddy  Anous stolidus , lesser noddy  Anous tenuirostris 
Grey terns lesser crested tern  Sterna bengalensis *  *  , roseate tern  Sterna dougallii , Caspian tern  Sterna caspia , black-napped 

tern  Sterna sumatrana , crested tern  Thalasseus bergii 
Tropicbirds white tailed tropicbird  Phaethon lepturus , red tailed tropicbird  Phaethon rubricauda 

Cetacean guilds
Sperm and 

beaked whales
Blainville ’ s beaked whale  Mesoplodon densirostris , Cuvier ’ s beaked whale  Ziphius cavirostris , Longman ’ s beaked 

whale  Indopacetus pacifi cus , sperm whale  Physeter macrocephalus , pygmy sperm whale  Kogia breviceps , 
dwarf sperm whale  Kogia sima 

Globicephalinae pygmy killer whale  Feresa attenuata , melon-headed whale  Peponocephala electra , short fi nned pilot whale 
 Globicephala macrorhynchus , false killer whale  Pseudorca crassidens , Risso ’ s dolphin  Grampus griseus 

Delphininae Indo Pacifi c humpback dolphin  Sousa chinensis , pantropical spotted dolphin  Stenella attenuata , spinner dolphin 
 Stenella longirostris , common bottlenose dolphin  Tursiops truncatus , Indo-Pacifi c bottlenose dolphin  Tursiops 
aduncus , Fraser ’ s dolphin  Lagenodelphis hosei 

    * Largely dominant,  *  * non breeder in the region.   
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support from Cnes ( � www.aviso.oceanobs.com/duacs/ � ). 
We considered the standard error of SLAs as an indicator of 
mesoscale activity (areas with a high standard error would 
have a high mesoscale activity; areas with a low standard error 
would have a low mesoscale activity). Based on weekly SLAs 
available from the website, we calculated standard errors for 
the season and the climatology. Oceanographic covariates 
are mapped on Fig. 2a – d (the climatological resolution is 
shown). 

 In addition, we used slope and distance to the nearest 
colony as static covariates, the latter only for seabirds. Slope 
was previously identifi ed as a good predictor of cetacean 
(Ferguson et   al. 2006) and seabird (Yen et   al. 2004) habitats. 
We derived slope from GEBCO one minute bathymetric 
grid (General Physiographic Chart of the Ocean;  � www.
gebco.net/ � ) and compiled it in ArcGIS 10 using Spatial 
Analyst (ESRI 2010). Colony locations have a strong infl u-
ence on seabird at-sea distribution (Hyrenbach et   al. 2007) 
and distance to colony was shown to be an important predic-
tor in seabird habitat models (Ford et   al. 2004). We calcu-
lated distance to the nearest colony (D colony ) as the shortest 
distance between the midpoint of each segment and colony 
location. 

 For seabirds which disperse outside the breeding season 
(petrels and shearwaters, tropicbirds (Le Corre et   al. 2012) 
and sooty terns (Jaquemet et   al. 2008)), we retained only 
colonies of summer and year-round reproduction. For sed-
entary seabirds (boobies, noddies (Le Corre et   al. 2012)), 
we considered all breeding colonies regardless of their sea-
sonality. We also included roosting sites for frigatebirds, as 
they are known to roost on some islands (Weimerskirch et   al. 
2006). Th ere may be a large amount of non breeding indi-
viduals within grey terns; in particular lesser crested terns 
 Sterna bengalensis  which do not breed in the SWIO but are 
abundant along Madagascar coastlines (wintering habitat) 
(Le Corre pers. comm.). Th erefore, for grey terns we prefer-
ably used distance to the coast (D coast ) instead of distance 
to the colony. Seabird colonies are located in Fig. 2e and 
described in Supplementary material Appendix 1.   

 Habitat modeling  

 Model development 
 Generalized additive models (GAMs) have been successfully 
used to model non linear relationships between top predators 
and environmental covariates and predict their distributions 
(Ferguson et   al. 2006, Vilchis et   al. 2006, Becker et   al. 2010, 
Forney et   al. 2012). We used GAMs to relate the number of 
cetaceans and seabirds per segment to habitat covariates. In 
GAMs, the link function  g () relates the mean of the response 
variable given the covariates  μ      �    E ( Y|X  1  , … ,X  p ) to the addi-
tive predictor  α    �   ∑  fi  ( X  i ): 

  g ( μ )     �     �   �   ∑  fi  ( X  i ) 

 Th e components  fi  ( X  i ) of the additive predictor include 
non parametric smooth functions (splines) of the covariates 
(Wood and Augustin 2002). 

 Our response variable  Y  was the number of individu-
als. As count data are often characterized by heavy tailed

 Habitat covariates 

 To model top predator habitats we used oceanographic as 
well as static covariates (Table 2). As the aerial methodology 
did not allow the collection of simultaneous in situ oceano-
graphic measurements, we relied on remote sensing data. We 
considered three temporal resolutions: 1) a short-term or 
contemporaneous resolution, corresponding to a weekly time 
period (our fi nest resolution), 2) a medium-term or seasonal 
resolution, corresponding to oceanographic conditions aver-
aged over the season of the survey (December 2009 – April 
2010) and 3) a long-term or climatological resolution, cor-
responding to oceanographic conditions averaged over the 
same season (December to April) from 2003 to 2010. 

 From Ocean color website ( � http://oceancolor.gsfc.nasa.
gov/ � ), we obtained surface chlorophyll-a concentration 
(CHL), sea surface temperature (SST) and photosyntheti-
cally available radiation (PAR), derived from aqua-MODIS 
sensor (4 km spatial resolution). Weekly, seasonal and clima-
tological composites were directly available from the website. 
We obtained net primary production (NPP) with Windows 
Image Manager Software (Kahru 2010) using CHL, SST, 
PAR and the vertically generalized productivity model 
(Behrenfeld and Falkowski 1997). 

 Additionally, we used sea level anomalies (SLAs) (0.25 
decimal degree spatial resolution), an altimetry product 
produced by Ssalto/Duacs and distributed by Aviso, with 

  Table 2. Covariates used to model top predator habitats. Abbrevia-
tions and units are provided. Contemporaneous resolution corre-
sponds to a weekly time period, seasonal resolution corresponds to 
oceanographic conditions averaged over the season of the survey 
(December 2009 – April 2010) and climatological resolution refers to 
oceanographic conditions averaged over the same season (Decem-
ber to April) from 2003 to 2010.  

Oceanographic covariates

CHL cont Contemporaneous chlorophyll 
concentration (mg m  � 3 )

CHL seas Seasonal chlorophyll 
concentration (mg m  � 3 )

CHL clim Climatological chlorophyll 
concentration (mg m  � 3 )

NPP cont Contemporaneous net primary 
production (mgC m  � 3  d  � 1 )

NPP seas Seasonal net primary 
production (mgC m  � 3  d  � 1 )

NPP clim Climatological net primary 
production (mgC m  � 3  d  � 1 )

SST cont Contemporaneous sea surface 
temperature ( ° C)

SST seas Seasonal sea surface temperature ( ° C)
SST clim Climatological sea surface 

temperature ( ° C)
SLA cont Contemporaneous sea level 

anomaly (cm)
SLA seas Seasonal standard error of sea 

level anomaly (cm)
SLA clim Climatological standard error of sea 

level anomaly (cm)

Static covariates

Slope Slope (%)
D colony Distance from the nearest seabird 

colony (km)
D coast Distance from the coast (km)
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  Figure 2.     (a – d) Oceanographic covariates used to model top predator habitats ((a) sea surface temperature in  ° C, (b) chlorophyll concentra-
tion (Log) in mg m  � 3 , (c) net primary production (Log) in mgC m  � 3  d  � 1 , (d) standard error of sea level anomaly in cm). Th e climato-
logical resolution is shown (the seasonal resolution provides very similar maps). (e) Location of seabird colonies (according to: Bretagnolle 
et   al. 2000, Burger and Lawrence 2001, Le Corre 2001, Le Corre et   al. 2002, Rocamora et   al. 2003, Jaquemet et   al. 2004, 2008, Le Corre 
and Jaquemet 2005, Weimerskirch et   al. 2005b, 2010, Feare et   al. 2007, Kojadinovic et   al. 2008, Catry et   al. 2009b, Le Corre and 
Bemanaja 2009, Russell and Le Corre 2009).  

distributions, we used an overdispersed Poisson distribution 
with variance proportional to the mean and a logarithmic 
link function. Accounting for non constant eff ort, we used 
the logarithm of segment area as an off set, calculated as 
segment length multiplied by twice the ESW. GAMs were 
fi tted in R using the mgcv package in which degrees of 

freedom for each smooth function are determined inter-
nally in model fi tting and thin plate regression splines 
are the default (Wood 2006). We limited the amount of 
smoothing to 3 degrees of freedom for each spline to model 
non linear trends but to avoid overfi tting that would have 
no ecological meaning (Forney 2000).   
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 Results  

 Survey effort and detection conditions 

 Th e aerial survey covered 83 726 km of transects within the 
SWIO, with the majority of eff ort implemented in slope and 
oceanic strata (Table 3). Overall, detection conditions were 
very good, with 70% of eff ort fl own at sea state 2 or lower 
and more than 85% with good to very good subjective con-
ditions. Glare severity was medium to low in 81% of eff ort. 
However, sea state was not homogeneous within the region. 
It was better in the Seychelles (94% of eff ort with sea state 
2 or lower) and in the Mozambique Channel (on average 
77%) and comparatively poorer in Tromelin-Madagascar 
(71%) and Reunion-Mauritius (52%).   

 Top predator sightings 

 During the survey a total of 21 317 sightings of seabirds 
and 1103 sightings of cetaceans were collected, of which 
15 725 and 1017 respectively were used in the analyses. 
Among cetaceans, Delphininae represented the most com-
monly sighted guild (643 sightings, 9845 individuals), 
followed by Globicephalinae (232 sightings, 7559 indi-
viduals) and sperm and beaked whales (142 sightings, 275 
individuals) (Fig. 3, Supplementary material Appendix 2). 
Delphininae encounter rates were the highest in central 
Mozambique Channel (1.55 sightings 100 km  – 1 ) and in 
the Seychelles (1.31) and the lowest in Reunion-Mauritius 
(0.30) and Tromelin-Madagascar (0.18). Globicephalinae 
were most often encountered in the Mozambique Channel, 
especially in its central part (0.53 sightings 100 km  – 1 ) and 
the least encountered around Reunion-Mauritius (0.05). In 
contrast, the probability to fi nd sperm and beaked whales 
was much less variable between sectors. Encounter rates 
were the highest in the Seychelles (0.24 sightings 100 km  – 1 ) 
and central Mozambique Channel (0.23) and the lowest in 
Reunion-Mauritius (0.10). 

 Th e most frequently encountered seabirds were brown 
terns (5990 sightings, 31 109 individuals) and grey terns 
(4813 sightings, 19 086 individuals) whereas boobies (300 
sightings, 535 individuals) and frigatebirds (162 sightings, 
519 individuals) were the least commonly sighted (Fig. 3, 
Supplementary material Appendix 2). Tropicbird encoun-
ter rates were the highest in the Seychelles (2.55 sightings 
100 km  � 1 ) and Reunion-Mauritius (1.86). Grey terns were 
common in the neritic strata of all sectors and their encoun-
ter rate was the highest in the Seychelles (12.77 sightings 
100 km  � 1 ). However, white terns  Gygis alba  were not dif-
ferentiated from grey terns in the Seychelles (and therefore 

 Model selection 
 Candidate covariates for model selection were time-aver-
aged oceanographic covariates (seasonal and climatological), 
as well as static covariates. NPP and CHL were log-
transformed, slope was square-root-transformed. For each 
top predator guild, we fi tted the models containing all pos-
sible combinations of four covariates, excluding combina-
tions of collinear covariates (i.e. with a Spearman coeffi  cient 
 �  0.6 and  �   � 0.6). We retained the model which had the 
lowest generalized cross validation (GCV) score. We used 
explained deviance to evaluate each model ’ s fi t to the data. 
Th e selected models were used to predict cetacean and sea-
bird distributions.   

 Predictions 
 We generated a grid of habitat covariates with a 0.2    �    0.2 
decimal degree resolution. We limited the predictions to 
a convex hull including the sampled geographic sectors, 
in which oceanographic conditions encompassed those 
encountered during the survey. Consequently, we did not 
predict top predator distributions at the southern tip of 
Madagascar, characterized by a strong upwelling (Ho et   al. 
2004), nor for pelagic waters off  Kenya and Tanzania. We 
predicted cetacean and seabird habitats in this convex hull, 
allowing geographical (between sectors) extrapolation, but 
without predicting beyond the range of covariates used in 
model fi tting. In addition, for each guild we provided an 
uncertainty map, as measured by the coeffi  cient of variation. 
Uncertainty estimations were derived from the Bayesian 
covariance matrix of the model coeffi  cients within the mgcv 
package (Wood 2006).    

 Response to contemporaneous versus averaged 
oceanographic conditions 

 In order to investigate top predator responses to contem-
poraneous versus time-averaged oceanographic conditions, 
we compared the selected models built with averaged 
(seasonal and climatological) oceanographic covariates 
with models built with the same covariates, but at the 
contemporaneous (weekly) resolution. We replaced time-
averaged oceanographic covariates by their contempo-
raneous equivalents, refi tted the models and compared 
explained deviances (static covariates were unchanged). 
Better deviance for contemporaneous models would mean 
that top predators respond to short-term variation of their 
environment. Conversely, worse deviances would mean 
that top predators respond better to averaged oceano-
graphic conditions.    

  Table 3. Survey effort per geographic sector and bathymetric stratum.  

Geographic sector Neritic Slope Oceanic Total

Northern Mozambique Channel (NMC) 2258 km 6292 km 6648 km 15 198 km
Central Mozambique Channel (CMC) 2445 km 3329 km 4002 km 9776 km
Southern Mozambique Channel (SMC)  – 3549 km 6236 km 9785 km
Seychelles (SE) 2783 km 4658 km 7007 km 14 448 km
Tromelin  –  Madagascar (TM)  1647 km 6161 km 2624 km 10 432 km
Reunion  –  Mauritius (RM) 909 km 9548 km 13 630 km 24 087 km
Total 10 042 km 33 537 km 40 147 km 83 726 km
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(29.35 sightings 100 km  � 1 ). Frigatebirds were more frequently 
seen in southern Mozambique Channel (0.58 sightings 
100 km  � 1 ) and around the Seychelles (0.41).   

 Detection function modeling 

 Best fi tting detection models were half normal for 
Delphininae and Globicephalinae and hazard rate for 
sperm and beaked whales (Table 4, Supplementary material 

we excluded the Seychelles from the prediction of grey 
terns). Noddies were present in all sectors but more frequent 
in the Seychelles (6.54 sightings 100 km  � 1 ) and Reunion-
Mauritius (2.00). Boobies were more frequently encoun-
tered in central (1.04 sightings 100 km  � 1 ) and southern 
(1.02) Mozambique Channel. Petrels and shearwaters were 
almost exclusively encountered around Reunion-Mauritius 
(5.91 sightings 100 km  � 1 ), followed by the Seychelles 
(1.52). Sooty terns were frequent in all sectors with by far 
the highest encounter rate in central Mozambique Channel 

  Figure 3.     Observed distribution (numbers of individuals per segment) for cetacean and seabird guilds.  
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sectors). For Globicephalinae, maximum densities were 
predicted in the Mozambique Channel, particularly in 
the slope strata, as well as around the Seychelles and 
predicted densities were lower in the Mascarenes. For 
sperm and beaked whales predicted densities were less 
contrasted between the three ecoregions. They were the 
highest in the high mesoscale activity area in the center 
of the Mozambique Channel. As for Delphininae and 
Globicephalinae, predicted densities were lower around 
the Mascarenes but to a lesser extent. Indeed, the vari-
ability of predicted densities in the six sectors differed 
for the three guilds. For Delphininae, predicted densi-
ties showed a 1-to-13 variability between the highest 
(CMC) and lowest density sectors (RM) (Fig. 6a). For 
Globicephalinae, there was a 1-to-7 variability (Fig. 6b) 
and for sperm and beaked whales, only a 1-to-3 variability 
(Fig. 6c). Predicted densities (standardized for each guild 
by its mean density) showed a positive relationship with 
the climatology of net primary production (NPP clim ): for 
the three cetacean guilds density increased with increas-
ing primary production (Fig. 6d ) . However, the slope of 
the regression line was the highest for Delphininae, inter-
mediate for Globicephalinae and the lowest for sperm 
and beaked whales, indicating than Delphininae were 
responding more strongly to primary production com-
pared to Globicephalinae and sperm and beaked whales. 

 For seabirds, prediction maps strongly refl ected colony 
locations (Fig. 5). Tropicbird predicted densities were 
high around Reunion, Mauritius, the Seychelles, Europa, 
Nosy V é , Cape Amber , as well as outside sampled sectors, 
around Aldabra and Cosmoledo. Th ere were high pre-
dicted densities of grey terns along Madagascar coastlines. 
Noddy densities were predicted to be the highest around 
the Seychelles, Glorieuses and Saint Brandon. For boobies, 
densities were the highest around Tromelin and Europa, as 
well as in the high mesoscale activity area. For petrels and 
shearwaters, densities were the highest around Reunion and 
Mauritius. High densities of brown terns were predicted 
in the Mozambique Channel with particularly high values 
around Juan de Nova Island. Intermediate densities were 
also predicted in pelagic waters, in the whole Mozambique 
Channel and to the north of Madagascar. Frigatebird densi-
ties were the highest around Europa, the Seychelles (includ-
ing Amirantes) and Comoros. 

 Predictions appeared in accordance with the observed 
distributions of cetacean and seabird guilds (Fig. 3) 
Uncertainty maps showed that high predicted densities 
were associated with a low uncertainty, whereas low pre-
dicted densities were associated with a higher uncertainty 

Appendix 3). Glare severity signifi cantly aff ected the detec-
tion of Delphininae. No detection covariate had a signifi cant 
eff ect on Globicephalinae. Sea state signifi cantly aff ected the 
detection of sperm and beaked whales. Th ere is no detec-
tion function for seabirds, as they were sampled using a strip 
transect methodology.   

 Habitat modeling  

 Model selection 
 Th e selected model for Delphininae included NPP clim , SST seas  
and SLA seas  (Fig. 4). For Globicephaline, CHL was preferred 
over NPP. For sperm and beaked whales, only climatologi-
cal covariates were selected (NPP clim , SST clim  and SLA clim ). 
We can notice the higher NPP optimum for Delphininae 
(close to 2.7 in log scale) compared to sperm and beaked 
whales (2.4). Overall, cetacean densities increased with 
SST. Sperm and beaked whales densities increased in areas 
of higher standard error of sea level anomaly, suggesting an 
affi  nity for higher mesoscale activity. Slope was not signifi -
cant for Delphininae, densities of Globicephalinae decreased 
with slopes greater than 4% and there was a positive linear 
relationship between slope and sperm and beaked whales. 
Explained deviances for cetaceans were comprised between 
10.7 and 4%. 

 For seabirds, explained deviances were higher and ranged 
from 19.6% (boobies) to 39.7% (grey terns) (Fig. 4). Distance 
to the nearest colony was an important predictor, explaining 
between 6.6% (boobies) and 32.1% (petrels and shearwa-
ters) of deviance. Based on the interpretation of curves, we 
can notice a colony eff ect up to about 200 km for tropicbirds 
and frigatebirds and 500 km for petrels and shearwaters and 
brown terns. Either seasonal or climatological covariates 
were selected depending on the guild. Many seabirds showed 
unimodal relationships with CHL. Densities of brown terns 
and grey terns increased with SST. Noddies, boobies and 
petrels and shearwaters showed increasing relationships with 
the standard error of sea level anomaly, whereas tropicbirds 
and grey terns showed decreasing relationships. Slope was 
selected only for brown terns, with a decreasing relationship 
for higher slope values   

 Predictions 
 Prediction maps were different for the three cetacean 
guilds (Fig. 5). Ecoregions with the highest predicted 
densities of Delphininae were the Mozambique Channel, 
especially its center and south and the Seychelles. In con-
trast low densities were predicted around the Mascarenes 
(including Tromelin-Madagascar and Reunion-Mauritius 

  Table 4. Detection models and effective strip widths (ESWs) estimated for cetacean guilds.  

Cetacean guild (sightings after 
truncation)

Truncation 
distance

Detection 
model

Effect of covariate on detection

Detection covariate ESW

Delphininae (612) 500 m half normal glare severity Low: 245.9 m
Medium: 220.7 m
High: 197.4 m

Globicephalinae (217) 500 m half normal no signifi cant detection covariate 247.6 m
Sperm and beaked whales (128) 600 m hazard rate sea state 0: 509.4 m

1 – 2: 281.4 m
3 – 4 – 5: 121.2 m



270

term variations of their environment but may respond better 
to time-averaged oceanographic conditions.    

 Discussion  

 Methodological considerations 

 Th e aerial methodology allowed to cover this vast region 
at lower costs and with better fl exibility relative to 
weather conditions compared to a dedicated boat-based 
methodology. However, two sources of biases are inher-
ent to our data. First, weather related covariates aff ected 

(Supplementary material Appendix 4). In addition, uncer-
tainty in seabird predicted densities increased with distance 
from the colony, as illustrated for tropicbirds and noddies.    

 Response to contemporaneous versus averaged 
oceanographic conditions 

 Replacing time-averaged covariates in the selected models by 
their contemporaneous equivalents always negatively altered 
model deviances. For all guilds, deviance was always higher 
for models built with time-averaged covariates (Fig. 7). Th is 
indicates that top predators may not primarily react to short 

 

Delphininae

Explained deviance = 10.7%

Noddies Boobies Petrels and shearwaters Brown terns Frigatebirds

Explained deviance = 9.6% Explained deviance = 4.0% Explained deviance = 21.9% Explained deviance = 39.7%

Explained deviance = 25.4%Explained deviance = 27.4%Explained deviance = 35.9%Explained deviance = 19.6%Explained deviance = 29.0%

Globicephalinae Sperm and beaked whales Tropicbirds Grey terns

 

  Figure 4.     Forms of smooth functions for the selected covariates for each top predator guild. CHL and NPP were log-transformed, slope was 
square-root-transformed. Estimated degrees of freedom are provided for each smoother. Th e solid line in each plot is the smooth function 
estimate and shaded regions represent approximate 95% confi dence intervals. Zero on the y-axis indicates no eff ect of the covariate (given 
that the other covariates are included in the model).  
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  Figure 5.     Predicted relative density (individuals km  –   ² ) for each top predator guild in the Southwest Indian Ocean. Predictions are in a 
convex hull encompassing the surveyed sectors. Th e absence of predictions beyond the range of covariates used in model fi tting resulted in 
white areas on certain maps. For grey terns the prediction map was truncated to the north as white terns  Gygis alba  were not diff erentiated 
from grey terns in the Seychelles.  

the detection of predators and generated perception 
bias (observers failing to detect animals although they 
are available for detection, Pollock et   al. 2006). We found 
a signifi cant eff ect of sea state on sperm and beaked 
whale detection. Th eir characteristic resting dives just 
below the surface (e.g .  for sperm whales, Miller et   al. 
2008) may explain this negative eff ect of deteriorated 
sea state. On the other hand, sea state did not have a 
signifi cant eff ect on the detection of Delphininae and 
Globicephalinae. Nevertheless, it may have biased the 
estimated numbers of individuals. For cetaceans, the 

estimation of condition-specifi c ESWs, allowed to incor-
porate the non homogeneous spatial distribution of 
detection covariates (such as sea state) in habitat model-
ing. For seabirds, we assumed all individuals within the 
strip were detected (Tasker et   al. 1984) but some seabirds 
were undoubtedly missed within the strip. 

 Th e second bias was availability bias (when animals are 
unavailable for detection, Pollock et   al. 2006). It can be 
estimated from a double platform methodology (two air-
crafts fl ying in tandem, Hiby and Lovell 1998) or dive pat-
tern data documented by time depth recorder experiments 
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Pacifi c, deviances for GAMs of cetacean encounter rates 
ranged between 5 and 38% but were mostly around 10% 
(Forney et   al. 2012). Our low deviances may be the conse-
quence of modeling rare species (characterized by a lot of 
zeros, Welsh et   al. 1996), as well as using indirect oceano-
graphic covariates rather than more causal ones (Austin 
2002) (such as the distribution of resources through the 
water column). Th is is especially true for deep divers which 
may show a weak dependence to surface characteristics 
inferred from remote sensing, but a stronger relationship 
with water column features. Nevertheless, remote sensing 
remains the only means to provide indicators of oceano-
graphic features and resources availability over such an 
extensive region. In addition, when habitat models are 
built for individual species, explained deviances increase 
notably compared to deviances obtained for the corre-
sponding guild (Supplementary material Appendix 5). 
Hence, our low deviances may also result from grouping 
species into guilds. 

 Evaluating the predictive power of a model is an impor-
tant step in the modeling process (Guisan and Zimmermann 
2000). However, as we conducted the aerial survey only 
once, we were not able to evaluate the predictive power of 
our habitat models on an independent dataset (e.g. collected 
in the same region but during another year). We leave it to 
experts and future studies to evaluate the reliability of our 
prediction maps.   

(Pollock et   al. 2006). Considering it would have only 
resulted in multiplying densities by a given factor for each 
cetacean guild. Th is was less relevant here, as we did not 
aim at comparing densities between guilds, but at investi-
gating the variability of predicted densities between sectors 
within each cetacean guild. 

 In this study, we used GAMs as tools to model top preda-
tor habitats. GAMs have been successfully used to examine 
cetacean and seabird habitats (Ferguson et   al. 2006, Vilchis 
et   al. 2006, Becker et   al. 2010). Th ey off er a fl exible frame-
work for developing species-habitat models without impos-
ing a linear form to the underlying relationships. Indeed, 
Forney (2000) found that most cetacean-habitat relation-
ships were non linear. GAMs result in higher fi delity to data 
(they are data driven) compared to other regression methods 
(Guisan et   al. 2002). Drawbacks of these models include 
overfi tting the data and a lack of transferability (Elith and 
Leathwick 2009) which is an issue when predicting outside 
the study area. To avoid overfi tting, we limited the degrees 
of freedom for each smoother. Besides, we proposed a 
geographical extrapolation (predictions between surveyed 
sectors), but we did not allow predictions outside the range 
of covariates used in model fi tting. 

 Our models explained little variability in the observed 
data (i.e .  a lot of noise remained unexplained by the mod-
els), especially for cetaceans. Low explained deviances are 
common in GAMs. For example, in the eastern tropical 

  Figure 5.     (Continued)  .
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 Acquisition of new data 

 With this multispecifi c aerial survey, an extensive pelagic 
region was covered for the fi rst time in the SWIO, encom-
passing contrasting oceanographic conditions. It provided 
new and valuable data on top predator distributions in the 
austral summer and gave the opportunity to investigate their 
responses to the heterogeneity in habitat quality. 

 Most seabird studies in the SWIO relied on telemetry 
and focused on the breeding component of populations. 
Telemetry studies, in which each tracked individual is known 
(sex, status, breeding colony), provided information about 
their movements, activity patterns (Weimerskirch et   al. 
2004, Catry et   al. 2009a) and feeding ecology (Jaquemet 
et   al. 2008, Catry et   al. 2009b). Seabird – environment rela-
tionships have previously been demonstrated from tracked 
individuals. For example, Weimerskirch et   al. (2010) used 
GAMs to highlight a positive eff ect of cyclonic eddies on 
the foraging of frigatebirds. Le Corre et   al. (2012) combined 
tracking data for seven pelagic seabirds to identify foraging 

hotspots in the western Indian Ocean and highlighted three 
breeding areas: the Seychelles, the southern Mozambique 
Channel and the Mascarene archipelago. Boobies and frig-
atebirds were generally distributed close to their breeding 
colonies whereas Procellaridae and tropicbirds had wider 
distributions and used diff erent habitats when breeding or 
dispersing. Th ese three places also appeared as high den-
sity areas in our prediction maps but our aerial survey did 
not allow diff erentiating breeding from dispersing seabirds. 
Nonetheless, the two approaches appear complementary: 
tracking studies give a real time picture of an individual 
while it moves in its environment, and aerial or boat-based 
studies provide a real time picture of seabird at-sea popula-
tions while the platform moves (Ballance 2008). 

 Cetacean studies in the SWIO mainly relied on boat-
based surveys in inshore areas. Although eff ort was limited 
in comparison to our survey, they provided useful informa-
tion on cetacean communities and species diversity around 
some islands (Kiszka et   al. 2011). Th e most extensive previ-
ous survey in terms of eff ort (9784 km, mostly located in 

  Figure 6.     Predicted relative densities in the six geographic sectors for each cetacean guild (Delphininae (a), Globicephalinae (b) and sperm 
and beaked whales (c)) and plotted against the climatology of primary production (NPP clim ), after standardization for each guild by the 
mean density (d). Regression lines are overlaid to materialize each guild relationship to primary production. NMC: Northern Mozambique 
Channel, CMC: Central Mozambique Channel, SMC: Southern Mozambique Channel, SE: Seychelles, TM: Tromelin-Madagascar, RM: 
Reunion-Mauritius.  
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Kai and Marsac 2010). Top predators, including tunas (Tew 
Kai and Marsac 2010) and frigatebirds (TewKai and Marsac 
2009, Weimerskirch et   al. 2010), are known to associate with 
mesoscale eddies in the Mozambique Channel. According 
to Sabarros et   al. (2009), advection of coastal nutrient-rich 
waters and eddy-eddy interactions enhance biological pro-
duction, which sustains the stocks of micronekton through 
bottom-up processes and in turn shape the distribution of 
top predators.   

 Top predator strategies of habitat utilization seem 
in accordance with their costs of living 

 We classifi ed cetaceans and seabirds into energetic guilds to 
investigate whether their strategies of habitat utilization at 
the ecosystem scale responded to their general energetic con-
straints. For cetaceans, the overall cost of living may primarily 
refl ect the physiological effi  ciency of diving. Foraging success 
is the other component of the cost of living. For sperm and 
beaked whales, foraging success has been approximated by 
echolocation click buzzes, marking capture attempts (Miller 
et   al. 2004). However, there is very few information regard-
ing foraging success rates of small cetaceans. In this study, 
we present a general classifi cation of top predator energetic 
lifestyles in which the overall cost of living encompasses both 
physiological effi  ciency and foraging success rate, as these 
two components are not easily disentangled. Th is classifi ca-
tion represents a simplifi ed image of the reality and there 
may be diff erences within guilds. For example, the exten-
sive use of wind and gliding behavior of red footed booby 
(Weimerskirch et   al. 2005a) may induce lower costs of 
fl ight compared to other boobies. Similarly, there are some 

the Arabian Sea) characterized twelve widespread species and 
proposed relative abundances for several cetaceans (the spin-
ner dolphin dominated in terms of sighted individuals and 
the sperm whale, in terms of groups) (Ballance and Pitman 
1998). Although this survey covered pelagic waters, it was 
based on a ship of opportunity, resulting in a non standard 
design and an inhomogeneous coverage and thus, may not 
be fully comparable with our dedicated aerial survey.   

 Top predator distributions are contrasting within the 
SWIO 

 Th e SWIO encompasses a range of oceanographic condi-
tions: the Mozambique Channel is characterized by very 
dynamic mesoscale eddies, the Seychelles are infl uenced 
by the monsoon and have productive surface waters while 
the Mascarenes remain oligotrophic year-round (Longhurst 
2007). Cetacean predicted distributions are contrasting 
across these three ecoregions: densities are the highest in 
the Mozambique Channel and the Seychelles and the low-
est around the Mascarenes. Th us, cetaceans quite logically 
appear more abundant in productive regions. Th is is also 
true for other top predators, such as tunas, as refl ected in 
fi sheries data. Indeed, catches of bigeye tuna (longline fi sh-
eries) and yellowfi n tuna (purse seine fi sheries) are mostly 
distributed in the equatorial area to the north of Madagascar 
and in the Mozambique Channel, but not in the Mascarenes 
(M é nard et   al. 2007). 

 Our models predicted high densities of cetaceans in the 
Mozambique Channel. In particular, Delphininae densities 
were the highest in the center and southern Mozambique 
Channel where mesoscale activity is the most dynamic (Tew 

  Figure 7.     Explained deviances of models built with time-averaged (black) versus contemporaneous (grey) oceanographic covariates for each 
top predator guild.  
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preference for the medium or long-term resolutions. Indeed, 
oceanographic conditions during the survey period did not 
diff er much from the climatology, and both resolutions may 
bring similar information. When relying on large scale sur-
veys, evaluating top predator responses to time-averaged 
environmental parameters has proven useful to build habitat 
models and provide worldwide distribution maps (Kaschner 
et   al. 2006). A technical advantage is that composites (aver-
aged) remote sensing products are less aff ected by cloud 
coverage. On the other hand, responses to instantaneous 
environmental conditions can be better evaluated by telem-
etry studies (Weimerskirch et   al. 2010). 

 Our study showed that cetaceans and seabirds may 
respond better to persistent (highly predictable) compared to 
ephemeral (less predictable) environmental situations. Th is 
is consistent with memory-based foraging strategy (Davoren 
et   al. 2003). Especially in tropical oceans where resources 
are dispersed, top predators may have learned to exploit 
oceanographic features that determine recurrent access to 
food resources. 

 For seabirds, colony locations explained an important 
amount of their distribution. Since colony locations are static 
and breeding at a colony can only carry on if food resources 
are suffi  cient and recurring year after year around this colony 
(as described by the climatology), seabirds may respond to 
long-term oceanographic features. Conversely, cetaceans 
are not constrained to colonies but, owing to their forag-
ing mode, they likely respond better to persistent features. 
Indeed, compared to seabirds, which locate prey by observ-
ing the activity of sub surface predators (Ballance et   al. 1997, 
Jaquemet et   al. 2004), or congeners, resulting in a network 
foraging (Wittenberger and Hunt 1985), cetaceans forage by 
visual or acoustic detection within a smaller radius than sea-
birds can do when foraging in network. Th erefore, cetaceans 
may be able to sample a smaller area of the ecosystem and 
thus probably take better advantage of persistent or recurring 
oceanographic situations for foraging.   

 Conclusions and perspectives 

 In this study, we used top predator data collected from a 
dedicated aerial survey in the SWIO and oceanographic 
and static covariates along with GAMs to highlight their 
responses to time-averaged oceanographic conditions and 
propose regional habitat predictions. For cetaceans, pre-
dictions stressed diff erent responses to the heterogeneity 
in habitat quality and the dependence of the energetically 
costly Delphininae to productivity. For seabirds, predictions 
primarily refl ected the locations of colonies, although the 
colony eff ect was stronger for energetically costly seabirds. 
Th us, strategies of habitat utilization at the ecosystem scale 
appeared in accordance with top predator energetic costs. 
Finally, we emphasized the importance of predictable ocean-
ographic features for cetaceans and seabirds. 

 Owing to their cheap and easy accessibility and their 
extensive spatial coverage, remote sensing data can be use-
ful for identifying potential Marine Protected Areas (MPAs) 
(Game et   al. 2009). Especially for far ranging pelagic ver-
tebrates, MPAs should be designed according to large scale 
oceanographic features which are temporally and spatially 

diff erences within Delphininae, as illustrated by the com-
mon dolphin  Delphinus delphis  and striped dolphin  Stenella 
coeruleaolalba  in the Bay of Biscay, characterized by diff er-
ent costs of living (measured with muscular indicators) in 
spite of having very similar body shapes (Spitz et   al. 2012). 
Nevertheless, diff erences within a guild are likely smaller 
than diff erences between guilds. 

 Th e link between energetic costs and habitat quality is not 
new and was previously documented in both marine and ter-
restrial habitats. In the eastern tropical Pacifi c, seabirds were 
distributed along a productivity gradient, in accordance with 
their costs of fl ight (Ballance et   al. 1997). Otariids, which 
have an expensive foraging strategy, are found in highly pro-
ductive areas whereas the more phlegmatic phocids inhabit 
both high and low productive areas (Costa 1993). Mueller 
and Diamond (2001) studied fi ve species of mice originat-
ing from very diff erent habitats and noticed a correlation 
between metabolic rate and the primary production of their 
habitat, high metabolism mice occupying the most produc-
tive habitats. 

 In this study, energetically costly Delphininae seemed to 
be more dependent on productivity than the other cetacean 
guilds. Indeed, high Delphininae densities were predicted 
in the most productive habitats (Mozambique Channel 
and the Seychelles) and conversely, low densities (as much 
as 13 times lower) were predicted around the Mascarenes. 
In contrast, the more phlegmatic sperm and beaked whales 
were present in both high and low productivity habitats and 
seemed less dependent on habitat quality (they showed only 
a 1-to-3 variability between the highest and lowest density 
sectors). Globicephalinae, with a 1-to-7 variability, appeared 
intermediate. Th erefore, cetacean distributions at the ecosys-
tem scale seemed in accordance with their costs of living. 

 Sooty terns, characterized by low energetic costs, were 
observed in all sectors and occupied all habitats. As for sperm 
and beaked whales, they may not heavily depend on pro-
ductivity. However this pattern was not strongly refl ected in 
our prediction map, showing a very high density area around 
Juan de Nova colony. Indeed, distance to the nearest colony 
explained a signifi cant amount of deviance for some seabirds 
and prediction maps refl ected colony locations. Seabird 
at-sea distributions strongly depend on where they breed 
(Le Corre et   al. 2012) and the colony eff ect (Hyrenbach 
et   al. 2007) was predominant in our predictions. Diff erences 
in seabird energetic costs were partly refl ected in this col-
ony eff ect. Tropicbirds, which have the highest energetic 
costs, were tightly related to their colonies (infl uence of the 
colony up to 200 km). Conversely, sooty terns and petrels 
and shearwaters showed a broader colony eff ect (up to 500 
km). Th is illustrates that energetically costly seabirds may be 
constrained to forage closer to their colonies.   

 Top predators respond to persistent oceanographic 
features 

 Following our results, top predators appeared to be distrib-
uted according to averaged oceanographic features and did 
not seem to react to short-term oceanographic variability. 
Either seasonal or climatological covariates were selected 
in the models depending on guilds, indicating no strong 
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predictable (Hyrenbach et   al. 2000). In this study, we dem-
onstrated the responses of top predators to persistent ocean-
ographic features and produced prediction maps according 
to the form of these responses. We believe this could help 
managers in designing pelagic MPAs. 

 In the SWIO, where the food chain is relatively short 
(Potier et   al. 2004), lower trophic levels probably represent 
unbiased indicators of prey. Nevertheless, examining top 
predator habitats in relation to mid trophic levels (micronek-
ton) would be useful. Unfortunately, micronekton sampling 
is not available on our study region but ecosystemic models 
(Lehodey et   al. 2010) can estimate the biomass of micronek-
ton for diff erent depth layers. Th is would provide a third 
dimension to habitat quality, which could be correlated with 
the distribution of cetaceans and their foraging in diff erent 
depth layers.                 
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