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Foreword

This work came into existence with the REMMOA (Recensement des mammiferes
marins et autres mégafaunes pélagiques par observation aérienne) aerial surveys for the
census of pelagic megafauna, funded by the French Agency for Marine Protected Areas
(Agence des Aires Marines Protégées, AAMP) and the French Ministry for Ecology,
Sustainable Development and Energy (Ministere de [’Ecologie, du Développement Durable et
de [’Energie, MEDDE). The REMMOA surveys were implemented by the PELAGIS
Observatory, the joint service unit of CNRS and University of La Rochelle dedicated to
monitoring seabird and marine mammal populations in French waters and maintaining the
corresponding data base system. The present work would have been impossible to conduct
without the financial support of AAMP and MEDDE and the investment of many people,
from survey preparation, to on-board observation and data cleaning. The general aims of the
REMMOA surveys, as defined by AAMP, were to provide public marine conservation
agencies with standardized background information on pelagic top predator distribution
throughout all tropical regions of the French Exclusive Economic Zone in order to inform
their management and monitoring policies. The present research proposes to go beyond this
applied framework and the technical reports prepared for AAMP, and therefore to analyze

these data in a more general framework of fundamental ecology.
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Chapter I — General Introduction

1) Top predators in the marine environment

a) Occupying the top of pelagic food webs

Marine top predators, also named apex predators, are large marine vertebrates which
occupy the highest trophic levels of pelagic food webs, representing the end point of energy
and material fluxes (Estes et al. 2001). They include marine mammals, seabirds, large teleosts
and sharks. Top predators inhabit pelagic waters where food is patchily distributed (Ashmole
1971, Platt 1972) and spatio-temporal variability is large (Richardson and Poloczanska 2008).
In this challenging environment, they need to develop optimal strategies of resources and
habitats utilization to optimize their foraging success. Yet, it is expected that the optimization
of foraging success represents a strong selection pressure on these organisms. Minimizing
predation risk, the other selection pressure, is probably a lower pressure for the vast majority
of top predators (Pimm et al. 1991). However, it must not be ignored for cetaceans in waters
inhabited by super-predators such as sharks and killer whales (Heithaus and Dill 2006), and in
the presence of vulnerable individuals (calves, wounded animals) (Jefferson et al. 1991).
Nevertheless, the optimization of foraging success seems a crucial driving force of strategies

of resources and habitats utilization by top predators.

b) The hierarchical structure of the marine environment

If optimization of foraging success is the principal force driving habitat selection, top
predators are expected to follow the spatial distribution of their prey (Morris 1987). Top
predators forage at mid-trophic levels, most often on small schooling pelagic fish,
cephalopods and crustaceans (micronekton), which represent a critical link between plankton
and higher-trophic levels. The marine environment is characterized by a hierarchical structure
where prey patches at small spatial scales are nested within larger patches (Russell et al. 1992,
Fauchald et al. 2000, Fauchald 2009). For example, Murphy et al. (1988) highlighted different
levels of aggregation in krill distribution. It is first congregated in swarms at a scale of 10s of
meters; swarms are congregated in patches at a scale of kilometers, and patches are then
congregated into concentrations over 100s of kilometers. To forage successfully, top
predators must respond to the complex heterogeneity of their environment at a range of spatial

scales (Russell et al. 1992, Fauchald et al. 2000, Fritz et al. 2003, Fauchald and Tveraa 2006).
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Abundance of prey in a given water mass may result from both local production
(through primary and subsequent secondary production), or from the concentration of
organisms produced elsewhere (Hunt et al. 1999). Vertical gradients of temperature affect the
structure of the water column; this results in an important discontinuity (the thermocline).
Typically, a well-lit and nutrient-poor upper layer lies above a poorly-lit and nutrient-rich
deeper layer. Primary production requires both light and nutrients. It is thus largely
conditioned by hydrodynamic processes such as eddies and upwellings which bring up

nutrients to the euphotic layer (Longhurst and Pauly 1987).

Hunt and Schneider (1987) identified hydrodynamic processes at five nested spatial
scales: the mega scale (>3000 km), the macro scale (1000-3000 km), the meso scale (100-
1000 km), the coarse scale (1-100 km) and the fine scale (I m to 100s of m) (Figure I-1).
Increasing spatial scales are associated with increasing time scales. Large-scale features
change over fairly long time scales and are more predictable compared to the ephemeral small
scale features. Top predator distributions mirror hydrodynamic processes at this range of

scales of organization.

10000 |
1000 ]
9 Mega scale
s
4]
T 100 — Macro scale
4
£
- 10 — Meso scale
1 _| Coarse scale
Fine scale
I
1 100 1000 3000

Spatial scale (km)

Figure I-1: Time-space plot representing the hierarchical structure of the marine environment. At-sea
surveys are used to study top predators associations with oceanographic processes at the mega, macro and
meso scales, telemetry is mostly used to relate predator to meso and coarse scale features, while direct

observations can be relevant at the fine scale.
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Distinct data collection methods can be used to highlight these scale-specific
associations. At-sea surveys (either ship-based or airborne), when conducted over broad
spatial domains, are useful for studying predator associations with features at the mega
(Sydeman et al. 2010), macro (Ballance et al. 1997) and meso scales (Davis et al. 2002).
Telemetry is relevant for demonstrating predator dependence on hydrodynamic features at the
meso and coarse scales (Weimerskirch et al. 2004). When environmental measurements are
acquired in vivo by instrumented animals, their associations with fine-scale features can be
demonstrated (Xing et al. 2012). Alternatively, direct observations are relevant for the

identification of predator responses to fine-scale features (Ridoux 1987).

At the mega scale, top predator distributions reflect biogeographic domains. For
example, Reygondeau et al. (2011) partitioned tunas and billfishes across the global ocean
into well-defined communities corresponding to Longhurst’s biogeochemical provinces
(Longhurst 2007). Hyrenbach et al. (2007) studied seabird communities along an extensive
productivity gradient in the Southern Indian Ocean. Pursuit divers and divers were more
abundant in the sub-Antarctic domain, whereas plunge divers dominated in subtropical

waters.

At the macro scale, top predators associate with specific water masses. In the eastern
tropical Pacific (ETP), spotted dolphins (Stenella attenuata) and spinner dolphins (Stenella
longirostris) occurred predominantly in the countercurrent ridge, whereas common dolphins
(Delphinus spp) were mostly associated with the Costa Rica Dome. The position of the
thermocline closer to the surface makes both regions distinct biological habitats for top
predators (Ballance et al. 2006). Seabirds also showed specific associations with water masses
in the ETP. Piscivorous seabirds were associated with deep and strong thermoclines, while
planktivorous preferred water masses characterized by weak and shallow thermoclines and

cooler surface temperatures (Vilchis et al. 2006).

At the meso scale, top predators are known to track features such as eddies. Eddies
are large (often hundreds of kilometers in diameter) and long-lived (from weeks to months)
features of the world’s oceans. They enhance primary production by bringing up nutrients in
the euphotic layer (Oschlies and Gargon 1998, Vaillancourt et al. 2003), and concentrate
mesopelagic organisms (Olson and Backus 1985). This fertilizing effect is especially
important in the relatively unproductive tropical waters (McGillicuddy et al. 1998, Oschlies
and Gargon 1998). For example, in the Mozambique Channel, frigatebirds and tunas foraged

5
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at the periphery of mesoscale eddies (Weimerskirch et al. 2004, TewKai and Marsac 2010),

where micronekton is known to aggregate (Sabarros et al. 2009).

At the coarse scale, top predators associate with frontal systems. For example, in the
Bering Sea, short-tailed albatrosses (Phoebastria albatrus) were closely associated with fronts
occurring at the edge of the continental shelf, a highly productive habitat also referred to as
the “Green Belt” (Piatt et al. 2006). Intensive tidal mixing, as well as transverse circulation
and eddies bring up nutrients into the euphotic zone, enhancing primary and secondary
production. Fishes and squids respond to these favorable feeding conditions, and the
abundance of prey species in turn attracts large numbers of seabirds and marine mammals

(Springer et al. 1996).

At the fine scale, top predators associate with local and short-lived processes such as
Langmuir circulation cells. Langmuir circulation develops when wind blows steadily over the
sea surface, causing the formation of vortices rotating in opposite directions and parallel to
the wind. Langmuir cells are known to concentrate materials, including phytoplankton (Evans
and Taylor 1980). For instance, around the Aleutian Islands, the surface feeding fulmars were

associated with Langmuir cells (Ladd et al. 2005).

¢) Multi-scale foraging strategies

Top predators have developed multi-scale strategies to forage in the hierarchical
marine environment (Fauchald et al. 2000). They demonstrate a hierarchy of decisions,
decreasing in scale from foraging area selection to prey selection. A predator first searches for
large-scale patches by travelling long distances with a low turning frequency. Once within a
large-scale patch, it searches for smaller patches by increasing its turning rate and reducing its
travel distances (Fauchald 1999, Fauchald et al. 2000). This has been described as area-
restricted search (ARS) (Fauchald and Tveraa 2003). Pinaud and Weimerskirch (2005)
studied the habitat selection in a long-ranging central place forager, the yellow-nosed
albatross (Thalassarche carteri) (Figure 1-2). Birds leaved their colony with a particular
direction to reach the predictable and productive large-scale features of the Agulhas current.
Once there, they exhibited an ARS behavior around the productive cyclonic eddies to locate
prey aggregations. At each spatial scale, seabirds seem to cope with the heterogeneity of their

environment by using a specific type of movement (Weimerskirch 2007).
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Figure I-2: Foraging trips of five albatrosses from their colony, from Pinaud and Weimerskirch 2005. The

circles highlight the areas where birds adopted an ARS behavior.

At the largest spatial scales, especially the mega and macro scale, top predator
distributions primarily reflect the physical features of the environment (Hunt and Schneider
1987). Because large-scale physical features are more predictable, learning probably plays an
important role in the selection of general foraging areas (Bonadonna et al. 2001, Davoren et
al. 2003a, Hunt et al. 1999). At the fine and coarse scales, top predator distributions are
mainly controlled by the interplay of social interaction and foraging behavior (Hunt and
Schneider 1987). For seabirds, the observation of sub-surface predators (Au and Pitman
1986), as well as the observation of foraging activities of congeners (local enhancement,
Davoren et al., 2003a), are efficient ways of locating resource patches. In addition, through
the use of echolocation, toothed cetaceans can obtain an assessment of prey patches in their
neighboring environment (Au 2009). Consequently, spatial patterns of top predators appear to
be formed by the interaction of environmental, ecological and behavioral factors, operating at

specific spatial and temporal scales (Fauchald 2009).

When it comes to prey selection and capture within a patch, patch and prey
characteristics become essential. Notably, the depth of the patch and local density of prey
within a patch are important cues for the perception of resource profitability (Benoit-Bird et
al. 2013). Information on prey becomes critical if we want to shift from studies correlating top
predator distributions with their environment to studies examining more causal relationships

at the origin of the observed patterns.
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2) From food quality to habitat quality

a) The optimal foraging theory

A central principle of the optimal foraging theory (MacArthur and Pianka 1966, Pyke
et al. 1977) is that foraging behavior has been shaped by natural selection in a way that
individuals tend to maximize their fitness. According to this theory, a predator has to
maximize the energy gained from prey acquisition, while minimizing the energy spent in
searching for the prey. Thus, the optimal strategy at the individual level should be to locate
and exploit the prey patches with the highest net energetic return from foraging (Kenney et al.
2001). Since the foraging theory is behind strategies of resources selection (Boyce and
McDonald 1999), it is important to study these strategies in light of the costs and benefits for
the predator.

b) The importance of food quality

Recently, studies have highlighted the importance of food quality in the diet of some
marine predators. A bioenergetic model, combining information on prey distribution and
characteristics in the field and energetic needs of spinner dolphins, predicted that they should
forage on large prey items of high energy density to meet their energetic needs (Benoit-Bird
2004). Similarly, a diet study showed that common dolphins (Delphinus delphis) selected
high energy density prey to meet their energetically expensive life style, while ignoring
abundant but poorly energetic prey species (Spitz et al. 2010). Indeed, food quality (in terms
of energy density) can be a crucial factor for top predators, influencing their demography and
population dynamics (Osterblom et al. 2008). In the Gulf of Alaska, a shift from high-lipid to
low-lipid prey in the diet of Steller sea lions (Eumetopias jubatus) was suggested to have led
to a dramatic decline of the population (Trites and Donnelly 2003). This has been referred to
the junk-food hypothesis (Rosen and Trites 2000). Other studies provided further evidence of
this phenomenon in the North Sea, the switch to less energy rich prey species, linked to
complex modifications of the food web, has led to drastic breeding failures in seabirds
(Wanless et al. 2005, 2007) and perhaps displacement of marine mammals (Hammond et al.
2013). However, all top predators do not have the same sensitivity to the quality of their food;
species characterized by high energetic costs of foraging appear to be the most sensitive

(Furness and Tasker 2000, Osterblom et al. 2008).
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c) Energetic costs of living may govern strategies of resources selection

Spitz et al. (2012) investigated the quality of the diets of cetaceans in the Northeast
Atlantic in relation to their metabolic costs of living, estimated from indicators of muscle
performance (muscle mitochondrial density and lipid content). The metabolic cost of living
represents the energy needed to fulfill the daily requirements of an organism. The authors
found that costs of living governed prey selection with respect to their quality. The common
dolphin (Delphinus delphis) and harbor porpoise (Phocoena phocoena) had high costs of
living and fed on high quality prey. Conversely, the sperm whale (Physeter macrocephalus),
pygmy sperm whale (Kogia breviceps) and Cuvier’s beaked whale (Ziphius cavirostris) had
the lowest costs of living and were characterized by a low quality diet. It follows that
cetaceans with high costs of living may be constrained to target high quality prey to sustain
themselves, while less active cetaceans may meet their needs by feeding on low quality prey.
This seems consistent with the predicted tradeoff between the cost of prey capture and the
benefit of prey acquisition, ultimately determining the fitness of the predator (MacArthur and
Pianka 1966, Pyke et al. 1977).

d) Energetic costs of living may govern strategies of habitats utilization

We can postulate that the optimal foraging theory underlies predator strategies of
habitats utilization. Hence, strategies of resources selection at the individual scale can be
extrapolated to strategies of habitats utilization. Similarly, the costs of living of predators may
govern their strategies of habitats utilization and they should distribute themselves among
habitats with respect to their quality. Energetically costly predators may be constrained to
select the highest quality habitats to meet their high energetic requirements, whereas less
active predators would be able to satisfy their needs by exploiting either high or low quality

habitats.

The idea that energetic constraints may shape the utilization of habitats is not new. It
was first noted by Ainley (1977) for seabirds across the Pacific, where the habitats of polar
and tropical communities reflected their feeding methods and flight characteristics. It is now
well known that diving seabirds with an expensive foraging strategy are absent from the
oligotrophic tropical waters, where surface feeding seabirds, characterized by a more
economical foraging strategy, dominate (Smith and Hyrenbach 2003, Hyrenbach et al. 2007).

Similarly, otariids, which have an expensive foraging strategy, are found in highly productive
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regions whereas the less energy demanding phocids also inhabit low productivity areas (Costa
1993). In the ETP, Ballance et al. (1997) showed that seabirds were structured along a
productivity gradient according to their costs of flight. Red footed boobies (Sula sula) and
masked boobies (Sula dactylatra), with high costs of flight, occupied the highest quality
habitats, whereas sooty terns (Sterna fuscata), with more economical flights, occupied the
lowest quality habitats (i.e. with low primary productivity). This phenomenon was also
documented in terrestrial systems. Mueller and Diamond (2001) studied five species of mice
originating from very different habitats and noticed a correlation between their metabolic
rates and the primary production of their habitats, high metabolism mice occupying the most

productive habitats.

In order to investigate top predator strategies of habitats utilization with respect to

their costs of living, the next step is to find relevant descriptors of habitat quality.

3) Describing habitat quality in the marine

environment

Habitat can be defined as the set of environments meeting a species’ ecological
requirements and tolerances (Looijen 1995). Here, we are interested in pelagic habitats from
the meso to the mega scales, which are appropriate when collecting top predator data from at-
sea surveys (Figure I-1). Ultimately, habitat quality may be seen as the ability of the
environment to provide suitable conditions for the survival, reproduction and persistence of

the study population (Block and Brennan 1993).

a) Distal versus proximal descriptors of habitat quality

Following Austin (2002), we can distinguish distal and proximal descriptors of
habitat quality according to their position in the chain of processes from the descriptor to its
impact on predators. The most proximal descriptor of habitat quality would be the most
directly causal. In the case of marine predators, the abundance of mid-trophic level organisms
is a proximal descriptor of habitat quality. Prey fields are very difficult to document over
extensive stretches of oceans. However, since prey availability is conditioned by a series of
biogeochemical and physical processes that promote primary production and the

concentration of organisms (Hunt et al. 1999), a description of these features is useful for
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characterizing habitat quality. In contrast to mid-trophic levels, the biomass of lower-trophic
levels is readily available from satellite measures of ocean color. Primary production is
stimulated by dynamic features such as mesoscale eddies, fertilizing the euphotic layer
(Oschlies and Gargon 1998, Vaillancourt et al. 2003). Eddies can be easily identified from sea
level anomalies detected by satellites. Enhanced biological production is also associated with
static bathymetric features like continental shelves, where physical forcing promotes the
upwelling of nutrient-rich waters and the retention of organisms (Springer et al. 1996).
Although these static features represent distal descriptors of habitat quality, they are easily
derived from bathymetric data and relevant for explaining top predator distributions. Relating
top predators to a range of habitat quality descriptors would be useful to determine their

relative contributions and influences on higher-trophic levels.

b) Ephemeral versus persistent descriptors of habitat quality

Hyrenbach et al. (2000) distinguished ephemeral (low predictability) from persistent
(high predictability) oceanographic features. Studies that synoptically sampled environmental
parameters and top predators have related their distributions to ephemeral features (Johnston
et al. 2005, Ladd et al. 2005, Benoit-Bird and Au 2009). However, at the meso to the mega
scale, habitat quality may be best described by persistent oceanographic features. To optimize
their foraging success, predators may rely on their past experience and memory to locate
persistent features in which foraging conditions are on average favorable (Davoren et al.
2003a, b). This is illustrated by site fidelity in seabirds foraging from a central place. Among
58 studied seabird sub-populations, Weimerskirch (2007) found that 91% of the birds
returned consistently to the same particular mesoscale feature. Furthermore, in Kerguelen,
black-browed albatrosses (Thalassarche melanophrys) were found to use the same foraging
sites year after year (Weimerskirch et al. 1997). The consistent use of predictable areas was
referred to as memory-based foraging strategy (Davoren et al. 2003a). Many top predators are
known to exploit large-scale features of enhanced productivity, such as shelf edges, frontal
zones and upwellings (Ballance et al. 2006, Weimerskirch 2007). Evaluating their responses
to time-averaged habitat quality would allow investigating their dependence on recurring

features of the environment.
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4) The biological models: cetaceans and seabirds in

tropical oceans

For this study, we relied on cetacean and seabird sighting data, obtained from aerial

surveys conducted in three tropical regions.

a) Features of tropical oceans

The oceanic tropics represent the major, central portion of the world ocean,
encompassing 50% of ocean surfaces. They comprise tropical (25-28°C), equatorial (20-
28°C) and subtropical surface waters (19-28°C) (Longhurst and Pauly 1987). The “true
tropics” have been defined by ornithologists as ocean areas with sea surface temperatures
greater or equal to 23°C (including seasonally and year-round tropical waters) (Ashmole
1971, Ballance and Pitman 1999) (Figure 1-3). In the tropics, although sunlight is abundant
year-round, a strong permanent thermocline inhibits the vertical mixing of nutrients from
deeper waters. Low rates of nutrients are partially compensated by a year-round growing
season for phytoplankton and a deep euphotic layer. Nevertheless, net primary production and
standing crops of photosynthetic autotrophs remain low. In addition, phytoplankton
communities are characterized by a dominance of small cells (Longhurst and Pauly 1987).
Compared to polar and temperate oceans, the tropics are characterized by a lower
productivity, resulting in more patchy and less predictable food resources. In these
challenging environments, strong selection pressures may exert on top predators for efficient

foraging.

12
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Figure I-3: Global sea surface temperatures from Ocean Color website. The “true tropics” are

characterized by waters > 23°C, excluding seasonal and year-round upwelling (Balance and Pitman 1999).

b) Ecological significance of cetaceans and seabirds

Cetaceans and seabirds are distinctive top marine predators. While cetaceans are
fully aquatic through their life cycles, seabirds must return to their colonies during the
breeding season to incubate and feed their chicks; they are referred to as central place
foragers. In a sense, cetaceans also constitute central place foragers since they must travel
between two important resources when foraging: oxygen in the atmosphere and food
resources in the water column (Williams and Yeates 2004). The long dives of cetaceans are
accomplished by a variety of adaptations including slowed heart rate, reduced oxygen
consumption, and shunting blood to essential organs and tissues (Berta et al. 2006). Tropical

seabirds show great adaptations for efficient flight (Hertel and Ballance 1999).

Significant ecological effects of cetaceans and seabirds are implied from their great
abundance, high trophic status and the fact that some of them require significant proportions
of primary production (Barlow et al. 2008). There is a large growing body of evidence for the
ecological importance of these large consumers in the dynamics of marine food webs. Yet,
their declines can generate large-scale cascading effects through reduced predation on
mesoconsumers and indirect increase in the mortality of prey species (Heithaus et al. 2008).
As a result, cetaceans and seabirds have been identified as keystones in some ecosystems,
strongly influencing the abundances of other species and the ecosystem dynamics (Libralato

et al. 2006).
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¢) Management rationale

Their generally large size, high trophic level and vast vital domains expose cetaceans
and seabirds to many anthropogenic pressures. Cetaceans are threatened by fisheries, through
accidental catch and depredation (Lewison et al. 2004, Read 2008), collisions (Laist et al.
2001), anthropogenic noise (Weilgart 2007), pollution (Aguilar et al. 2002) and global
warming (Alter et al. 2010). For seabirds, the principal threat occurs at breeding sites as a
result of alien invasive predators, human disturbance and habitat degradation. At sea, the main
threats are commercial fisheries, through bycatch and overfishing and pollution (Croxall et al.
2012). These anthropogenic pressures generate additional mortality, alter survival and
fecundity or disrupt the vital behaviors of these organisms, characterized by a low fecundity

and low adult mortality, which severely limit their rate of recovery.

As charismatic large vertebrates, cetaceans and seabirds also constitute flagship
species (Simberloff 1998) that can be the leading elements of the conservation of pelagic
ecosystems. Owing to their large home ranges and high trophic levels, their effective
conservation is considered beneficial to the larger system because they overlap a variety of
species both horizontally as well as vertically through the food chain. This has been named

the umbrella effect (Simberloff 1998, Caro and O’Doherty 1999)

Cetaceans and seabirds form one of the few components of pelagic biodiversity that
can be readily seen from the surface of the oceans and therefore be surveyed across large
oceanic regions. It is expected that their species assemblages reveal some of the major
properties of the underlying ecosystems. In this respect, they are usually suggested as
ecosystem composition indicators, since their presence or abundance can denote a particular
habitat or biological community (Zacharias and Roff 2001). In addition, they have been
referred to as sentinels of marine ecosystems, reflecting their underlying state and health, as a
result of both anthropogenic and ecological factors (Burger and Gochfeld 2004, Piatt et al.
2007, Moore 2008). Cetaceans and seabirds are thus crucial for informing the management
and conservation of pelagic ecosystems. As composition indicators, they can be used to
determine areas or priorities for conservation. As sentinels, they can be used to assess
conservation efforts once specific habitats or communities have been identified (Zacharias

and Roff 2001).
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5) Hypothesis, objectives and strategy of the thesis

a) General hypothesis and objectives

In the present dissertation, I hypothesize that top predator strategies of habitats
utilization are in accordance with their general energetic constraints and that they should
distribute among habitats with respect to their quality. Energetically costly predators may be
constrained to select the highest quality habitats to meet their high energetic requirements,
whereas less active predators would be able to satisfy their needs by exploiting either high or

low quality habitats.

The first objective is to evaluate the response of cetaceans and seabirds with
contrasting energetic costs of living to the spatial heterogeneity of habitat quality. I describe

habitat quality by a range of physiographic, oceanographic and biological variables.

The second objective is to evaluate cetacean and seabird responses to

contemporaneous versus averaged habitat quality.

Finally, the third objective is to highlight generic properties of cetacean distributions

in tropical waters.

This study is mainly focused on fundamental research, although management

implications will be discussed at the end of the dissertation (Chapter X).

b) Cetacean and seabird data

The REMMOA (Recensement des Mammiferes marins et autre mégafaune pélagique
par observation aérienne) surveys are multispecific aerial surveys implemented in the
Exclusive Economic Zone (EEZ) of French overseas territories and in some adjacent EEZ of
neighboring countries, from 2008 to present (Figure 1-4). Sampling design was organized at
several spatial levels. Three tropical regions were surveyed: the western tropical Atlantic
(surveyed surface area: 175,000 km?), the Southwest Indian Ocean (1.4 million km?) and
French Polynesia (1.75 million km?). In each region, sectors of contrasted oceanographic
conditions were delimited. Within each sector, gross bathymetric strata (0-200 m: shelf, 200-
2,000 m: slope, >2,000 m: oceanic) were sampled, within which transects were implemented.

Data on the presence and abundance of cetaceans and seabirds, as well as on the associated
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effort and detection conditions were collected following a standardized protocol. The present

dissertation is entirely based on this aerial survey data.

I classified cetaceans and seabirds into energetic guilds on the basis of either direct

metabolic measurements or indicators of their energetic costs from the literature.
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Figure I-4: The French EEZ (dark grey) stretches across all three oceans, between approximately S0°N
and 50°S. It is highly fragmented and has a very large extent (11 million km?), 97% of which lie around
overseas territories. The three regions sampled by the REMMOA aerial surveys are indicated in orange
boxes. New Caledonia and Wallis and Futuna in the western South Pacific are to be surveyed in austral

summer 2014-2015.

c) Habitat quality descriptors

I documented habitat quality using a variety of distal and proximal descriptors, from
static to dynamic oceanographic features, and from lower to mid-trophic levels. Data on
environmental variables were retrieved from satellite remote sensing, a global atlas of in situ
measurements and model outputs. I described habitat quality at both contemporaneous and

averaged temporal resolutions.

d) Analytical tools

I used habitat models to relate cetacean and seabird sightings to environmental
variables and predict their spatial distributions. It is a correlative modeling approach in which

sighting and environmental data are associated statistically and the resulting statistical
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relationship is interpolated to the spatial domain of interest (Kearney 2006). I relied on
sightings made on transects to successively provide predictions at the scale of the sector, the
region and the circumtropical belt. Along this process, predictions were made to unsurveyed
areas, but always within the range of environmental conditions sampled by the data

(geographical rather than environmental extrapolation, Elith and Leathwick 2009).

e) From ecology to macroecology

In this dissertation, I shifted from ecological studies at the regional scale, to a
macroecological study at the scale of the circumtropical belt (Figure I-5). Ecology is the study
of the interactions that determine the distribution and abundance of organisms. Basically, it
means answering three questions: (1) where does the organisms occur? (2) how many occur
there? and (3) why? (Begon et al. 2006). Ecology mainly deals with description, and
eventually tries to explain and predict the spatial patterns of organisms. As a first step, I
attempted to describe, explain and predict cetacean and seabird distributions at the regional

scale in the western tropical Atlantic, Southwest Indian Ocean and French Polynesia.

Macroecology is an approach to the field of ecology with distinctive characteristics
(Brown 1995). Its aim is to understand the patterns and determinants of the broad scale
distributions of species (Blackburn and Gaston 2003). However, beyond describing and
explaining these patterns, macroecology seeks to reveal general laws and emergent properties
which support the nature, structure and function of ecosystems (Kent 2005). In a second time,
I searched for emergent properties that would govern cetacean distributions in tropical waters,

in order to propose generic predictions in the circumtropical belt.
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Figure I-5: Strategy of the dissertation highlighting the shift from ecological studies at the regional scale to

a macroecological study at the circumtropical scale.
6) Outline of the dissertation

In Chapter II, I highlight the features of tropical oceans, describe the oceanographic

characteristics of the study regions and define the energetic guilds.

Chapter I1I is a state-of-the art of species distribution modeling applied to cetaceans

and seabirds, from data collection methods to environmental variables and statistical methods.

In Chapter IV, I present the general methodological choices.
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Chapters V to VIII are related to four articles (published, in revision or in
preparation) presented in the ANNEXES 1 to 4 (Table I-1). They concern regional modeling

studies. In the dissertation, I retained a minimal introduction limited to the objectives of the

study, the presentation of the core results and a short specific discussion. Elements of general

interest are discussed in the general discussion. The implementation of the methods described

in Chapter IV, as well as more descriptive results, are visible in the corresponding Annexes.

In Chapter V, the objective was to compare cetacean and seabird communities from
two contrasting ecosystems in the western tropical Atlantic (the Antilles and Guiana), in terms

of encounter rates, composition, relative abundance and spatial distribution.

In Chapter VI, I modeled the habitats of contrasting cetacean and seabird guilds in
the Southwest Indian Ocean based on static and oceanographic variables. The first objective
was to evaluate their responses to the spatial heterogeneity of habitat quality. This allowed to
test the hypothesis in a large region characterized by three distinct oceanographic provinces.
The second objective was to evaluate cetacean and seabird responses to contemporaneous

versus averaged habitat quality.

In Chapter VII, the modeling approach was the same as in Chapter VI, but
implemented in French Polynesia. The objectives were common with Chapter VI. This study

allowed to test the hypothesis across a productivity gradient in an oligotrophic region.

In Chapter VIII, I modeled cetacean habitats from the distribution of their prey in
both the Southwest Indian Ocean and French Polynesia. The objectives were (1) to model
cetacean habitats from the simulated distribution of micronekton, and (2) to compare the
results between the two regions. This gave the opportunity to investigate the central

hypothesis, relying on more proximal descriptors of habitat quality.

Chapters IX is related to an article in preparation (Table I-1). It concerns a generic

modeling study. The article is presented in extenso in the dissertation. I predicted cetacean

habitats in a circumtropical envelope constructed from the three regional datasets and a
variety of habitat descriptors representative of ecosystemic processes. The objectives were (1)
to highlight emergent properties of cetacean distributions and (2) to provide spatial

predictions in tropical waters of similar characteristics as the surveyed areas.

A general discussion, conclusions and perspectives are provided in Chapter X.
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Table I-1: Overview of Chapters V to IX.

Chapter I — General introduction

Chapter Chapter V: Cetacean Chapter VI: Predicting Chapter VII: Predicting | Chapter VIII: Predicting | Chapter IX: Generic
and seabird communities | cetacean and seabird cetacean and seabird cetacean habitats from relationships of cetaceans
from two contrasting habitats in the Southwest | habitats across a the distributions of their | with the quality of their
ecosystems in the western | Indian Ocean. productivity gradient in | prey in two contrasted habitats in tropical
tropical Atlantic. the South Pacific gyre. tropical regions. oceans.

Article Published article presented | Published article presented | Article in revision Article in preparation Article in preparation
in ANNEX 1 in ANNEX 2 presented in ANNEX 3 presented in ANNEX 4 presented in extenso the

dissertation

Objective(s) | -Compare cetacean and -Response of cetaceans and | -Response of cetaceans and | -Model cetacean habitat -Highlight generic
seabird communities from | seabirds to the spatial seabirds to the spatial from the distribution of properties of cetacean
two contrasted areas heterogeneity of habitat heterogeneity of habitat their prey distributions

quality quality -Compare both regions -Provide circumtropical
-Response to -Response to predictions
contemporaneous versus contemporaneous versus

averaged habitat quality averaged habitat quality

Sighting data | Aerial surveys in the Aerial surveys in the Aerial surveys in French Aerial surveys in the Aerial surveys in Guiana,
Antilles and Guiana Southwest Indian Ocean Polynesia Southwest Indian Ocean the Southwest Indian

and French Polynesia Ocean and French
Polynesia

Habitat B Static and remotely sensed | Static and remotely sensed | Distribution of Variety of static, physical,

quality oceanographic variables oceanographic variables micronekton chemical, and biological

descriptors variables

Analytical Spatial models Habitat models Habitat models Habitat models Habitat models

tools

Spatial scale | Sector Region Region Region Circumtropical belt

of the
predictions
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Chapter II. Study regions and energetic

guilds

Photo credit: Observatoire Pelagis / AAMP
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1) Features of tropical oceans

a) Oceanic circulation

The main forces generating motion in the open ocean are: (1) the winds, which drive
currents in the upper water layer by exerting a stress at the ocean surface and (2) pressure
gradients, formed either through differences in sea surface height or horizontal differences in
water density. In addition, the rotation of the Earth is at the origin of the Coriolis force,
deviating waters to the left in the Southern Hemisphere and to the right in the Northern
Hemisphere. It results in two types of motions: the Ekman transport and geostrophic currents

(Ganachaud et al. 2010).
Ekman transport

Owing to the Coriolis force, the surface current flow is deviated perpendicular to the
wind direction. It occurs on either side of the equator, where easterly trade winds cause
southward water motion in the Southern Hemisphere (deviation 90° to the left of wind
direction) and northward water motion in the Northern Hemisphere (deviation 90° to the right
of wind direction). As a result, surface waters flow away from each other on both sides of the
equator. Cool water is upwelled to compensate for this surface divergence. At the equator (no

Coriolis force), surface waters flow in the same direction as the wind (Figure II-1).

Ekman transport
to the north

Easterly trade winds

Equator

Ekman transport
to the south

Upwelling of deep cold water
Figure II-1: Diagram representing the Ekman transport, from Ganachaud et al. 2010.

Geostrophic motion

When pressure differences occur, either from variations of sea surface height or

horizontal differences in temperature or salinity, water flows 90° to the left of the gradient
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from high to low pressure in the Southern Hemisphere (and to the right in the Northern
Hemisphere). As a result, any horizontal change in water density is associated with a current

flowing perpendicular to the front.

Ekman transport in surface layers and geostrophic flow in deeper layers combine to
produce the surface and deep currents of the oceans. The current systems of tropical oceans
are mirror images in both hemispheres, although circulation can be modified by land masses.
Currents are determined by the Hadley circulation. Warm air rises at the equator, heat is
transferred poleward to high altitudes and air descends in the subtropics, driving the
permanent trade wind system that brings surface air back toward the equator. Hence, the
general circulation of tropical surface waters is mainly determined by east-west currents.
North Equatorial currents and South Equatorial currents are driven by the prevailing easterly
trade winds and flow westward. Equatorial countercurrents and undercurrents flow contrary to
the prevailing winds and maintain the geostrophic balance (Longhurst and Pauly 1987)

(Figure II-2).
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Figure I1-2: Surface ocean currents, from Pidwirny 2006.

b) Vertical structure

Pelagic ecosystems can be considered as the most homogeneous living space of our
planet, particularly in the tropics. Spatial heterogeneity is mostly restricted to vertical
gradients of light, temperature and abundance of organisms, and horizontal gradients are

generally weak. The thermocline represents the most important vertical discontinuity in the
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open oceans. The warmer surface waters have lower density than the deeper cooler waters;
these two layers meet at the thermocline where vertical gradients are the strongest (Longhurst
and Pauly 1987). Temperature, and to a lesser extent salinity, have important effects on water
density and create stratification. By stabilizing the water column, stratification inhibits the
transfer of nutrients to the euphotic layer. Nevertheless, strong winds and evaporation cause
mixing in the upper layer, weakening stratification. Turbulence and mixing homogenize the

first tens of meters, resulting in a surface mixed layer (Ganachaud et al. 2010) (Figure 11-3).
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Figure II-3: Representation of a well formed mixed layer to the left and a stratified water column to the

right, from Ganachaud et al. 2010. Corresponding temperature profiles are shown in the middle.

Primary production requires both light and nutrients. Tropical waters are
characterized by a typical profile: a well-lit and nutrient-poor upper layer lies above a poorly-
lit and nutrient-rich deeper layer. Thus, primary production critically relies on the transfer of

nutrients to the euphotic zone by the interplay of three processes (Ganachaud et al. 2010):
Turbulence in the mixed layer

Strong mixing in the upper ocean can bring nutrient-rich waters from deeper layers to
the euphotic zone. The extent of nutrient inputs depends on the depth of mixing relative to the
depth of the nutricline. When the nutricline is shallow, mixing of the upper water column

reaches down to nutrient-rich waters, transferring nutrients into the euphotic zone. When the
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nutricline is deep, nutrients remain out of reach under the mixed layer. In oligotrophic waters,
the mixed layer is fundamental as it determines the depth from which nutrients are delivered

to surface waters to replenish the nutrient supply in the euphotic zone (Longhurst 2007).
Upwellings

Upwellings are formed when wind-driven surface currents move in opposite
directions (equatorial upwelling) or when winds push surface water away from the coast
(coastal upwelling). If upwelled waters originate from a sufficient depth, they deliver

nutrients into the mixed layer.
Eddies

Eddies are large vortices extending from the surface to sometimes considerable
depths. They are generated by instabilities of large scale flow and are associated with
variations of currents, sea level and vertical structure of the water column. Their timescale
ranges from weeks to months and their spatial scale, from tens to hundreds of kms. In the
Southern hemisphere, cold cyclonic eddies depress the sea level and raise the thermocline
temporarily, potentially making nutrients available for enhanced biological production in their
center (Vaillancourt et al. 2003). In contrast, warm anticyclonic eddies slightly raise sea level
and deepen the thermocline (Figure II-4). They are characterized by nutrient depleted waters
in their center; however, local nutrient enrichment can occur at their outer edges (Biggs
1992). Rotation is reversed in the Northern Hemisphere. While the sea level rises/deepens of a

few centimeters, thermocline is displaced of tens of meters (Longhurst and Pauly 1987).
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Figure I1-4: Warm and cold eddies and their effects on the vertical structure of the water column (case of

the Southern Hemisphere), from Ganachaud et al. 2010.

Closer to the coast, primary production is enhanced by nutrients inputs from coastal
upwellings, shelf edge processes, and river discharge. Coastal upwellings typically occur at
the subtropical eastern boundary coasts (e.g. Angola-Namibia, Peru-Chile, California-
Mexico). They mainly originate from wind driven divergence of the Ekman layer from the
coast and have a major impact on biological production. Vertical transport of nutrients also
occurs at the edge of continental shelves where dynamic processes at the limit of oceanic and
continental shelf water masses (under the influence of tidal mixing) generate frontal zones.
Finally, river discharge can provide large quantities of nutrients. For example, the Amazon
River discharge amounts to 2.10° m~ s and its plume extends far away from the Amazon

delta, notably providing large quantities of silicates (Longhurst and Pauly 1987).

¢) Primary production and pelagic food webs

Tropical oceans encompass 50% of total ocean surface and are characterized by
relatively unproductive waters. Primary production, the generation of organic matter in the

euphotic zone by phytoplankton from photosynthesis, is relatively low, as indicated by
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surface chlorophyll concentration. This is particularly true within the vast subtropical gyres

where chlorophyll concentration does not exceed 0.1 mg m™ (Figure II-5).

Figure II-5: Mean annual surface chlorophyll concentration, from Ocean Color website.

Primary production can be based on both regenerated and new nutrients. New
nutrients are transferred from deeper layers into the euphotic zone by the physical processes
described above. This is the basis of the classical herbivorous pathway. New production is
supplemented by the uptake of dissolved nitrogen by diazotrophs such as unicellular or
filamentous cyanobacteria (Karl et al. 2002). New nutrients are nitrates (NOs3), dinitrogen
(N2), soluble reactive phosphorus (SRP) and silicates. Regenerated nutrients are released in
the euphotic zone though remineralization of exported organic matter (either particulate, from
sinking of dead plants and animals or dissolved, from excretion) by heterotrophic bacteria and
protozoans. This is termed the microbial pathway (Legendre and Le Fevre 1995). Microbial
and herbivorous pathways are intimately coupled (Figure II-6). Regenerated nutrients are
mainly ammonia (NH,) and SRP (Le Borgne et al. 2010). The oligotrophic tropical waters are

dominated by regenerated production.
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Figure I1I-6: Coupling between the microbial and herbivorous pathways, inspired form Lalli and Parsons
1997. Bacteria regenerate organic matter. They are consumed by planktonic protozoans, which are eaten

by larger plankton, therefore transferring bacterial production to higher-trophic levels.

Primary production requires both macronutrients (nitrates, phosphates, silicates) and
micronutrients such as iron, which is delivered by atmospheric dry and wet deposition. Iron is
not soluble in water and interacts with organic ligands to form various dissolved organic
complexes (Karl 2002). Nitrogen (in the form of ammonium or nitrate) is the main factor
limiting primary production, although iron may also be limiting. The vertical structure of the
water column determines the amount of new production relative to regenerated production in
the euphotic zone (Le Borgne et al. 2010). The source of macronutrients influences
phytoplankton composition. Diatoms usually dominate in areas of new primary production
owing to their higher growth rate, whereas smaller phytoplankton dominates in areas of

regenerated primary production (Officer and Ryther 1980).

The nature of macronutrients influences phytoplankton composition. Since diatoms
require dissolved silicate to form their external shell, their growth is limited when the silicate
to dissolved inorganic nitrogen ratio (known as the Redfield ratio, Redfield 1958) falls under
1:1. In this case, smaller phytoplankton such as flagellate algae, which only need nitrates and
phosphates for their growth, dominates the community (Turner et al. 1998). Alvain et al.
(2008) used a classification method to identify five major phy