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SUMMARY 

 

 

The interactions between seabirds and their environment, notably their prey, include 

complex spatial patterns and mechanisms that span over different scales of processes 

(e.g. physiology, behaviour, population). To understand large-scale patterns in seabird 

populations it is necessary to develop insight in the respective fields of study of 

physiology, behaviour and population ecology, and to reconcile these levels. Working 

along this line of research, I propose in this thesis to appreciate seabird-environment 

relationships from different perspectives: at the level of the population and of the 

individual. The first part of the thesis investigates whether regional trends of South 

African seabird populations (African penguin, Cape gannet, Cape cormorant and swift 

tern) follow a major shift in the distribution of their prey [Paper 1]. I demonstrate that 

for these seabirds the breeding populations respond at the level of the colony to the 

spatio-temporal variability of their prey, and I propose potential mechanisms for such 

responses [Paper 2]. The second part is dedicated to the analysis of patterns in prey 

distribution and individual seabird movements in relation to oceanographic mesoscale 

features such as fronts. I evidence that frontal structures are predictable areas where to 

find prey [Paper 3] and that seabirds like Cape gannets adjust their foraging strategies 

to such structures in order to optimize their foraging success [Papers 4 and 5]. This 

thesis underlines the importance of the spatial dimension in the relationships between 

seabirds and their prey, and highlights the importance of oceanographic features as 

catalysts of seabird-prey interactions.  
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INTRODUCTION 

 

 

SEABIRDS AND THEIR ENVIRONMENT 

Seabirds are birds that are adapted to and that depend on the marine 

environment. They are generally long-lived species that gather in colonies several 

months per year to breed. The breeding season is a critical period because marine 

birds face important constraints that are related to nesting and rearing their chicks 

(e.g. energetic constraint, vulnerability of chicks at nest). Their principal activity 

during the reproductive season is dedicated to finding food – foraging – for 

themselves and for their chicks. Foraging is a key process that involves energy 

expenditure [Mullers et al. 2009], food intake [Barraquand et al. 2009] and nest 

attendance [Regehr & Montevecchi 1997], and is thereby determinant to various 

demographic parameters linked to physiology and behaviour (e.g. breeding success, 

survival) [e.g. Le Bohec  et al. 2008]. Seabird foraging movements and success are 

directly or indirectly susceptible to be affected by many factors, including: prey 

availability [e.g. Barraquand et al. 2009], environmental conditions (wind for 

instance), as well as inter- and intraspecific competition and facilitation [e.g. Evans 

1982, Daroven et al. 2003]. Prey are the proximate cause for foraging, so prey 

availability is therefore a prime factor in seabird foraging ecology and population 

ecology [Durant et al. 2009, Tremblay et al. 2009]. 

Historically, studies of marine birds and related fields of study have developed 

hand in hand with the technological and methodological improvements for their 

observation. The earliest marine bird studies consisted in monitoring breeding 

colonies on land (e.g. numbers, diets). Then, researchers were able to improve their 

knowledge of seabird at-sea distribution and eventual species assemblages by 

observing birds from ships. Later, technological and methodological advances made it 

possible to study associations between seabird distribution (e.g. with GPS transmitter) 

and activity (e.g. by inferring feeding, area-restricted search) with their environment 

(e.g. satellite remote-sensing, hydroacoustic sea surveys). This field has grown 

exponentially since the 1970s and the leading research now uses process-based 

approaches in order to investigate oceanographic features that enhance the availability 

of seabirds prey at specific scales [Bost et al. 2009, Tremblay et al. 2009]. 
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STUDY SYSTEM: THE SOUTHERN BENGUELA UPWELLING SYSTEM 

Eastern boundary upwelling systems (EBUS) are referred to as subtropical 

coastal oceanic regions (e.g. Benguela, Humboldt, California, Canary) where the local 

atmospheric circulation drives an offshore transport of surface waters (i.e. Eckman 

transport) that are replaced by nutrient-rich subsurface waters [Hutchings et al. 2009]. 

These enriched waters support intense primary and secondary productions that sustain 

large fish biomass and the world’s largest fisheries [FAO 2001, Pauly & Christensen 

1995]. EBUS present a particular food chain structure termed ‘wasp-waist’. It is 

characterized by a few species in the intermediate level of the food chain (usually 

forage fish like clupeids) that are present in large numbers and that channel most of 

the energy flow of the food chain – key species. These key species control the lower 

trophic level (i.e. plankton) as well as the upper level (i.e. top-predators) [Cury et al. 

2000] and when these are affected by climate change or other perturbations (e.g. 

overfishing), the whole food chain is impacted [Cury et al. 2003]. 

The Benguela upwelling ecosystem is located on the Altantic coasts of 

Angola, Namibia and South Africa, between 16°S to 37°S and 0-26°E [Shillington et 

al. 2006]. The southern Benguela refers to the South African part, located south of 

Orange River (28.6°S). The sardine (Sardinops sagax) and the anchovy (Engraulis 

encrasicolus) are abundant pelagic fish heavily targeted by the purse-seine fishery as 

well as many top-predators (e.g. seabirds) in the region [Crawford 1980]. The African 

penguin (Spheniscus demersus), the Cape gannet (Morus capensis) and the Cape 

cormorant (Phalacrocorax capensis) are three endemic and emblematic seabirds of 

South Africa [Plate 1] that rely upon sardines and anchovies [Hockey et al. 2005]. 

These seabirds are representative of the many species threatened by climate change 

and overfishing worldwide [Tasker et al. 2000, Furness 2003] and for which 

conservation efforts are under way [BirdLife International 2004, Pichegru et al. 

2009].  
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Plate 1. Seabird species 

AIMS OF THE THESIS 

My ultimate goal – which extends beyond the scope of this thesis – is to 

develop the understanding of the mechanisms involved in the response of predators to 

perturbations (natural or induced by human activities) affecting their biotic and 

abiotic environments. 

The interaction of an animal with its environment, and by extension the 

response of the predator to perturbations in its environment, spans over different and 

embedded scales of processes (e.g. physiology, behaviour, population) [Fig. 1]. 

Processes at the physiological level (e.g. energy intake and expenditure) drive 

behaviours (e.g. decisions related to foraging and breeding) that in turn drive 

population processes (e.g. breeding success, survival). These different levels of 

processes usually correspond to different and 

separate scales of observation and study. To 

go further, there is a need to bridge the gap 

between the population, behaviour and 

physiological levels by elucidating the 

mechanisms that link them. Figure 1. Embedded scales of observation and 
levels of processes 
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Following this direction of research in my thesis, I propose to appreciate here 

seabird-environment interactions from different perspectives, i.e. different scales of 

observations, which are reflected in the two parts of the thesis. In the first part, I 

describe population studies of several seabird species (i.e. African penguin, Cape 

gannet, Cape cormorant and swift tern) that investigate whether regional seabird 

population trends follow the spatial shift of their prey [Paper 1] and, in particular, 

how their breeding numbers respond at the colony level to the spatio-temporal 

variability of the prey [Paper 2]. In the second part, I focus on individuals and 

investigate the interaction between seabirds and their prey by using diverse sources of 

data (e.g. satellite remote-sensing for oceanographic structures, acoustic survey data 

for fish, GPS tracking for seabirds). First, I examine the link between aggregations of 

fish and frontal structures in the Mozambique Channel [Paper 3]. Then, I review 

different methods to study area-restricted search (ARS) in seabird movements [Paper 

4] and finally, by investigating the relationships between activities such as feeding 

and ARS with the presence of fronts, I evaluate whether Cape gannets track and use 

oceanographic structures like fronts in the southern Benguela region [Paper 5]. 
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PART I. REGIONAL AND LOCAL RESPONSE OF SEABIRD 

POPULATIONS TO SPATIO-TEMPORAL FLUCTUATIONS OF THE 

RESOURCE 

 

 

Marine ecosystems are threatened by human activities. Humans have polluted 

and degraded marine habitats where seabirds feed and live. Fisheries compete 

unevenly with top-predators for resources, leading to the depletion of marine resource 

[Cury et al. 2008]. Furthermore, climate change, caused by human development, also 

critically affects the marine environment [Harley et al. 2006]. Combined, these 

different factors (i.e. overfishing, climate change, pollution, habitat degradation and 

loss) may impact the food chain structure and stability from the lower trophic levels 

to the upper trophic levels i.e. top-predators such as seabirds. In upwelling systems, 

climate change and other perturbations induced by human activity (e.g. overfishing) 

may affect the whole food chain via the intermediate level [Cury et al. 2000, 2003] 

and ultimately induce a critical ecosystem shift such as it occurred in Namibia 

[Hutchings et al. 2009]. 

In southern Benguela, the distribution of small pelagic fish (mostly sardine, 

but also anchovy) previously associated with the western coast of South Africa have 

progressively shifted towards the east in the late 1990s [van der Lingen et al. 2005, 

Fairweather et al. 2006]. No sardines were caught west of Cape Point since 2004 [van 

der Lingen et al. 2005]. It may be environmental fluctuations linked to climate change 

[Roy et al. 2007] and/or overfishing on the west coast [Coetzee et al. 2008] that have 

caused the fish distributional shift. Over the period of the spatial shift the biomass of 

sardines and anchovies also fluctuated [van der Lingen et al. 2005, Fairweather et al. 

2006]. Knowing that colonies of African penguins, Cape gannets, Cape cormorants 

and swift terns are spread along the South African coast and that these species rely 

extensively on those pelagic fish, we wonder if they have eventually been affected by 

this spatial shift and prey fluctuations. 

In this first part of the thesis, I present studies on the breeding populations of 

African penguins, Cape gannets, Cape cormorants and swift terns, which have been 

monitored yearly and several times a year at their respective colonies since 1987 

[Underhill et al. 2006, Crawford et al. 2007a, 2007b]. As in most population studies 
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[e.g. Lewis et al. 2006] we observe the number of breeding birds at the peak of the 

breeding season. Using census data from 20 years (1987-2007), including the critical 

moment of the eastward shift in prey (late 1990s), we investigated the regional trends 

(west vs. east coast) of these four seabirds [Paper 1] relative to the distributional shift 

of the sardine, and their local response (i.e. at the level of the colonies for three of 

those seabirds) to the spatio-temporal variability of their sardine and anchovy prey 

[Paper 2]. In this part, I address the following questions: 

 

• Do seabird regional trends ‘follow’ the eastward shift in prey? [Paper 1] 

• Is the number of breeding birds at a given colony controlled by prey abundance and 

distance? [Paper 2] 

• What are the potential processes involved in such a relationship? [Paper 2] 

• Are the responses of different seabird species to spatio-temporal fluctuations of their 

shared prey comparable? [Paper 2] 

• How do sympatric seabird species share the resource? [Paper 2] 

 

 

PAPER 1. IMPLICATIONS FOR SEABIRD POPULATIONS OF A LONG-TERM 

CHANGE IN PREY DISTRIBUTION  

By studying regional trends (west coast vs. east coast) of four seabird species: 

African penguin, Cape gannet, Cape cormorant and swift terns (Sterna bergii), we 

evaluated the impact of the eastward shift in sardines, which exhibited the most 

dramatic shift among the small pelagic fish. Sardines shifted 400 km to the south and 

east so they became less available to the colonies located west and north, and more 

available to the colonies located further south and east. Such fluctuations in prey 

distribution may induce additional foraging costs for birds located in the western 

province and reduced costs for those that breed in the eastern province. In fact, 

breeding populations decreased in the depleted area (north and west coast) and built 

up in the fish enriched area (south and east coast), with slight differences in response 

among seabird species. While sardines became progressively less available in the 

Western Cape Province, the survival of adult African penguins decreased and the 

number of breeding individuals decreased by 45% between 2004 and 2006. In the 

Western Cape, the number of breeding Cape gannets decreased by 38% between 
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2001/02 and 2005/06 and the contribution of sardines to their diet fell from an 

average of 40% during 1987–2003 to 5-7% in 2005 and 2006. The proportions of 

Cape cormorants and swift terns breeding in the south of the province increased as 

sardines moved south and east. In the Eastern Cape Province, the number of breeding 

penguins halved between 2001 and 2003, and they also established a new eastern 

colony in 2003 (De Hoop). After 2002 there was an increase in the number of 

breeding Cape gannets as well as in the contribution of sardines to their diet. It is 

likely that in this province sardines became increasingly available to gannets but 

remained beyond the shorter foraging range of penguins. These birds (like many 

colonial species) are faithful to their partner and hence to their colony, and so would 

not relocate to another colony where conditions are more favourable. If they existed, 

population movements would have occurred through the recruitment of first time 

breeders to colonies with favourable conditions [Crawford et al. 1999]. 

This study – among others – has provided valuable knowledge for making 

management decisions to mitigate the impacts on seabirds of changes in the 

distribution of the prey (which are partly due to fisheries). Since 2009, Marine and 

Costal Management (Cape Town, South Africa) – a governmental structure of the 

Department of Environmental Affairs and Tourism of South Africa – has managed to 

set up protected areas where fishing is not allowed around some breeding colonies to 

allow threatened birds to recover [see Pichegru et al. 2009]. 

 

 

PAPER 2. DIFFERENTIAL POPULATION RESPONSES OF THREE SEABIRDS TO 

SPATIO-TEMPORAL VARIABILITY OF SHARED RESOURCE 

To better understand the regional trends of seabird populations [cf. Paper 

1] we figured we needed to investigate the detailed response of these seabirds at the 

level of the colonies. In this paper, we investigated the local response of populations 

(at the colony level) to the spatio-temporal variability of prey, including anchovies, 

which were not taken into account in Paper 1 and that may have sustained African 

penguins on the west coast. From corrected fishing data (that were validated by 

hydroacoustic survey data) we derived an index of prey distribution along the South 

African. Here the distance and abundance of prey are explicitly investigated because 

we assumed that foraging on scarce prey located far from the colony would increase 
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the energetic cost and reduce the amount of time spent with the chick, and thereby 

may impact the reproductive success of birds, and subsequently the number of 

breeders present at each colony. 

Each year, the number of breeders at the respective colonies can be related to 

the abundance and the distance of the peak of prey abundance. As expected, African 

penguins and Cape gannets breed in greater numbers when food is abundant and 

nearby. It was not the case with Cape cormorants that appear to be favoured over 

other species when prey abundance decreases [see Fig. 2 in Paper 2]. To understand 

these patterns, we looked at the species-specific characteristic of these birds (e.g. 

breeding periods, foraging range, diet plasticity, hunting technique). Gannets and 

cormorants breed at the same time of the year and therefore compete for resources. 

We hypothesized that in conditions of high prey abundance, gannets would benefit 

from sub-surface predators, which would push prey towards the surface, while this 

underwater competition would be detrimental to cormorants, which would rather rely 

on other prey items such as benthic prey [see Fig. 3 in Paper 2]. In contrast, when fish 

are scarce, fewer sub-surface predators would be present to make prey available to 

gannets, and cormorants would benefit from their ability to forage efficiently on 

scarce prey. Considering that penguins and gannets breed at different moment of the 

year, we actually understand that this temporal separation allows both species to have 

access to the shared prey resource when it is most needed during their respective 

breeding periods while minimizing competition. In conclusion, species-specific traits 

related to the use of prey enable sympatric species to share resources. 
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PART II. FACTORS AND MECHANISMS DRIVING FORAGING 

BEHAVIOUR AND PATTERNS IN INDIVIDUAL SEABIRD 

MOVEMENTS 

 

 

Prey distribution is patchy and unpredictable in marine systems 

[Weimerskirch 2007]. The distribution and aggregation patterns of schooling fish 

depend on self-organization mechanisms (social behaviour) and environmental 

forcing (dynamic structures). Typical aggregation units (e.g. school, cluster, stock) are 

associated with typical scales of physical forcing. For instance, fish clusters (groups 

of schools) are different associated with submeso- to mesoscale features (100s m to 

100s km) [Bertrand et al. 2008]. Top-predators such as seabirds are likely to have 

adapted their foraging strategies and associated movements to the distribution of their 

prey across scales [Fauchald & Tveraa 2006, Fauchald 2009]. The study of the link 

between seabird distribution, activity, and the environment, especially large oceanic 

structures (e.g. polar front) and finer scale structures (e.g. mesoscale eddies, fronts 

and filaments) is leading the research on foraging ecology today thanks to new means 

for observing birds in their environment and for measuring the environment itself. 

Movements of seabirds can be accurately recorded with positioning systems (e.g. 

GPS) along with diverse parameters (e.g. pressure, stomach temperature and pH, heart 

beat rate) that allow us to deduce the bird’s activity (e.g. dives, feeding) [Durant et al. 

2009]. 

Oceanographic structures shape the distribution of plankton organisms and, 

thereby, drive indirectly the distribution and aggregation patterns of intermediate 

(forage fish) and upper trophic levels (top-predators). In this second part of the thesis, 

I principally consider mesoscale features (kms to 100s km) such as fronts, eddies and 

filaments [see Fig. 1 in Hofmann & Powell 1999]. I investigate the link between the 

distribution and aggregation patterns of the prey of seabirds and mesoscale eddies in 

the Mozambique Channel [Paper 3]. Then, I use individual foraging movements of 

Cape gannets recorded in the southern Benguela with GPS devices from 2002 

onwards to investigate the relationships between the searching and the feeding 

activity [Paper 4], and finally the relationships between these activities and 

oceanograhic structures such as fine mesoscale fronts [Papers 5]. More specifically, I 
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address the following questions: 

 

• Are small fish associated to oceanic mesoscale frontal structures? [Paper 3] 

• Is feeding activity inherent to area-restricted search? [Paper 4] 

• Are area-restricted search and feeding linked to oceanic fronts? [Paper 5] 

• How may Cape gannets detect and use fronts? [Paper 5] 

 

 

PAPER 3. INFLUENCE OF MESOSCALE STRUCTURES ON THE DISTRIBUTION 

AND AGGREGATION PATTERNS OF PREY 

Compared to the rich and productive waters of the southern Benguela 

upwelling, the Mozambique Channel, located in the southwest Indian Ocean between 

Mozambique and Madagascar, is an oligotrophic system. Previous studies have 

shown that great frigate birds preferentially forage at the periphery of mesoscale 

eddies [Weimerskirch et al. 2004]. Despite a profusion of studies investigating the 

influence of oceanic mesoscale features (10s km to 100s km; eddies, fronts, filaments) 

on the distribution of lower and upper trophic levels (primary/secondary producers 

and top-predators respectively), the association between such structures and the 

intermediate level of the food chain (i.e. prey of seabirds) have so far been poorly 

documented [e.g. Bakun 2006, Bertrand et al. 2008]. 

Satellite measures of sea level anomalies (AVISO) allowed us to track 

mesoscale eddies. Since, eddy peripheries are generally characterized by strong 

gradients (i.e. fronts), we investigated the influence of mesoscale eddy fronts on the 

distribution and aggregation pattern of seabird prey (i.e. micronekton: fish, 

crustaceans, squids), which were monitored with hydroacoustic surveys. We found 

that these prey tend to aggregate in large structures in frontal zones between eddies. In 

fact, this demonstrates that fronts between mesoscale eddies actually favour foraging 

activity of seabirds (e.g. great frigate birds) [Weimerkirch et al. 2004] by attracting 

and concentrating their prey. 
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PAPER 4. A CRITICAL ASSESSMENT OF METHODS TO STUDY AREA-

RESTRICTED SEARCH IN SEABIRDS 

Area-restricted search (ARS) is thought to be an intensified foraging mode 

(i.e. lower speed, increased turn rate) realized in response to locally enhanced prey 

availability [Kareiva & Odell 1987]. This ARS pattern was first described in insects 

[Banks 1957]. Several methods have been used to identify ARS behaviour in seabird 

foraging movements [e.g. sinuosity SIN: e.g. Benhamou 2004, first-passage time 

FPT: Fauchald & Tveraa 2003, fractal landscape FL: Tremblay et al. 2007], 

occasionally for the purpose of extrapolating feeding activity [Grémillet et al. 2008]. 

This study investigates whether feeding activity can be derived from ARS 

behaviour as usually assumed, especially in the case of seabirds like the Cape gannet 

[Grémillet et al. 2008]. We used GPS tracks of Cape gannets recorded in 2002 to 

evaluate three commonly used track-based ARS plus one method we specifically 

developed that is not impeded by the non-flying phases in seabird foraging 

movements (first-passage distance FPD). By using feeding opportunities (dives 

monitored by time-depth recorders) to optimize ARS identification in each method, 

we evaluated the ability of these methods to identify putative feeding areas. 

We found that FPT analysis was unable to identify ARS, whereas SIN, FL and 

FPD analyses did identify clear ARS activity (with nested patterns in FPD). However, 

the ARS regions determined with the three methods largely differed from each other, 

which underlines the general lack of coherence among ARS methods. Except FPD, 

we found that neither SIN nor FL would readily associate ARS to enhanced feeding 

activity. FPD analysis is able to do so when all operational scales are included since 

more dives are embedded in ARS as the scale increases. Otherwise, a substantial 

amount of dives occur outside ARS. We conclude that in the Cape gannet an 

intensified search mode (ARS) is primarily linked to areas where birds expect to find 

prey, but not necessarily where feeding activity actually takes place. 

In order to better understand the searching and feeding behaviour of seabirds 

in ocean systems, it is needed to investigate the bird’s spatial-memory of feeding 

areas and interactions with congeners or other species at sea, as well as the 

recognition of mesoscale oceanographic features such as fronts. 
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PAPER 5. FINE-SCALE RECOGNITION AND USE OF MESOSCALE FRONTS BY 

CAPE GANNETS 

Physical processes associated with oceanographic features can concentrate and 

enhance primary and secondary production and thereby attract fish. Oceanographic 

features such as fronts have been suggested to be predictable areas where to find prey 

[Weimerkirch 2007, Bost et al. 2009]. It was for example the case in the Mozambique 

Channel with fronts located between interacting mesoscale eddies [Paper 3] that 

provided valuable foraging grounds to great frigate birds [Weimerskirch et al. 2004]. 

It is easily understandable that in oligotrophic regions (e.g. Mozambique Channel) 

oceanographic features locally enrich surface waters and likely represent foraging 

grounds for seabirds, but we wonder if fronts can also favour foraging in rich areas, 

such as the Benguela upwelling. 

Here we analyzed high-frequency foraging tracks (GPS, 1 s sampling) in 

relation to daily high-resolution chlorophyll maps (MODIS, 1 km) on which 

mesoscale fronts were identified. Knowing that searching activity (i.e. area-restricted 

search, ARS) and the actual feeding occurrences are only partially linked in Cape 

gannets [Paper 4], we investigated if (i) the ARS activity and (ii) the diving activity 

are linked to mesoscale fronts in the southern Benguela. 

Both the searching activity and the feeding activity are linked to frontal 

structures (although to a different extent). Cape gannets actually shift from a 

transiting mode to an ARS mode at around 6.7 km (2-11 km) from fronts. This result 

suggests that they might be able to sense fronts (smell or vision) and that this process 

could trigger enhanced investigation of their surroundings (i.e. ARS). Phytoplankton 

releases an odour compound (dimethyl sulfide) that can be smelled by a range of 

seabird species [Nevitt 2000]. We hypothetized that Cape gannets, similar to 

procellariforms, can sense the odor landscape and use it to orient themselves. This 

remains to be further tested in the field similar to Nevitt [2008]. Another crucial 

finding is that diving probability increases near fronts in 55% of the tracks 

investigated, suggesting that Cape gannets prefer fronts for feeding; in the remaining 

cases birds may use other cues, including the occurrence of fishing vessels. Fishermen 

commonly use seabirds to locate fish schools and seabirds may do the same. Any 

person who has been on a fishing boat can relate how seabirds are highly attracted to 

boats when they pull up nets full of fish or release fish material such as the by-catch 
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(unwanted species) or the fish parts they have no use for (heads and guts for instance). 

Cape gannets of the west coast of South Africa are known to scavenge on fish 

discarded by trawlers [Grémillet et al. 2008] and our results suggest that this explains 

the lack of association of these birds with environmental structures, mostly when 

comparing the west coast where fishing vessels are abundant with the east coast 

where the fleet is not as developed. Recent studies have been able to concomitantly 

analyse trajectories of boats (e.g. vessel monitoring system VMS) and seabirds (e.g. 

GPS) to show association between seabirds and boats [e.g. Votier et al. 2010]. 

Spotting congeners or other predators (including fishing vessels) that have 

successfully located a prey patch might help seabirds to find prey [e.g. Evans 1982, 

Daroven et al. 2003]. For that reason, mono- and multispecies assemblages at sea 

deserve further investigations. 
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GENERAL DISCUSSION 

 

 

UNDERSTANDING POPULATION RESPONSES OF COLONIAL SEABIRDS TO 

MAJOR ENVIRONMENTAL CHANGES THROUGH THE OBSERVATION OF 

BREEDING POPULATIONS 

By investigating the impact of a climate- or overfishing-induced shift in the 

distribution of the main resource of several South African seabirds [van der Lingen et 

al. 2005, Fairweather et al. 2006], we showed that the populations of African 

penguin, Cape gannet, Cape cormorant and swift tern also shifted since their breeding 

numbers decreased at the westernmost colonies (except African penguins) and 

increased at their easternmost colonies [Paper 1]. One may think that birds emigrated 

from the western colonies to relocate at eastern colonies. However, it is unlikely that 

breeders from the western colonies relocated eastwards when the local conditions 

became more favourable (except for a few individuals) because these seabirds – like 

most colonial seabirds – are faithful to their partners and hence their colony of 

reproduction [Hockey et al. 2005]. Eastern colonies may actually have increased by 

recruiting young birds that do not yet belong to any colony and that seek a colony to 

join and mate for the first time [Crawford 1998, Paper 2]. A more detailed 

investigation of the actual relationship between the local breeding numbers (i.e. at the 

level of the colonies) and prey availability (abundance and distance) suggested that 

the decrease of breeding populations in the western colonies may be attributed to the 

fact that African penguins and Cape gannets breed in lesser numbers when prey 

availability is altered [Paper 2] as adult birds may skip reproduction in this situation 

[Crawford et al. 1999]. However, it was not the case with Cape cormorants, which 

actually breed in greater numbers when prey is scarce because the competition with 

Cape gannets (that breed at the same time of the year) might be reduced [Paper 2].  

In order to better understand and predict the fate of South African seabird 

populations, or colonial seabirds in general, to major environmental changes, it is 

necessary to be able to model the actual yet complex dynamic structure of these 

populations (composed of several colonies), for which most processes are controlled 

by prey availability (as an extrinsic and prevalent factor) [Fig. 2]. First, there are birds 

that have not bred yet (immatures) and are not reliably associated to their natal colony 
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and therefore constitute a common pool (to all colonies) from which they may be 

recruited to a colony where conditions are favourable [e.g. Boulinier & Lemel 1996, 

Crawford 1998, Becker & Bradley 2007, see Fig. 2]. Then, each colony is associated 

with a pool of adult birds that have already established and from which a fraction will 

annually breed, depending on their body condition and the local availability of prey 

near the colony at the beginning of the reproductive period [e.g. Danchin & Cam 

2002, Vleck & Vleck 2002]. The decision to breed and their success are crucial 

processes for comprehending the variations in breeding numbers since these processes 

drive the instantaneous response of populations to resource availability [Paper 2, see 

Fig. 2]. The breeding population actually corresponds to the ‘observable’ fraction of 

the total population. It is important to acknowledge that this fraction is not 

proportionally constant to the total population, since the number of breeders is 

controlled each year by external factors such as prey availability [Paper 2]. Finally, 

the most investigated demographic parameters that are often related to prey 

availability and that are most necessary to model the dynamics of the population are 

the survival of immature and adult birds [e.g. Paper 1, Le Bohec et al. 2008] and the 

reproductive output of breeders [e.g. Barrett & Krasnov 1996, Crawford et al. 2006, 

Lewis et al. 2006]. 

Figure 3. Schematic representation of the dynamical processes at a seabird colony. Breeders are the 
observable variable. Arrows represent processes that are likely to be controlled by resource availability. 
Red arrows represent processes that directly control the number of breeding birds. 
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IMPORTANCE OF PHYSICAL PROCESSES TO SEABIRD-PREY INTERACTIONS 

It has been well documented worldwide that, at various scales, oceanographic 

features (e.g. fronts, eddies) associated with physical processes concentrate and 

enhance plankton production and attract top-predators like seabirds [e.g. Ainley et al. 

2009, Bost et al. 2009]. Such oceanographic features are assumed to be predictable 

grounds where to find prey for top-predators [Weimerskirch 2007] although this was 

only demonstrated in a limited number of studies [e.g. Bertrand et al. 2008]. In the 

second part of this thesis, I investigated how oceanographic structures, particularly 

mesoscale features, influence seabird-prey interactions. I demonstrated that shear 

fronts between mesoscale eddies attract large aggregations of prey (micronekton) 

[Paper 3] and are thereby predictable feeding grounds for seabirds like great frigate 

birds in the Mozambique Channel [Weimerskirch et al. 2004, Tew-Kai et al. 2009]. In 

the southern Benguela, I assumed that mesoscale fronts may also attract prey 

aggregations and that seabirds like Cape gannets may use these structures as 

environmental cues. By analysing the searching patterns and feeding activity of Cape 

gannets, I evidenced that these birds do track and use fine mesoscale fronts in the 

Benguela upwelling system [Papers 4 and 5]. In the southern Benguela, the 

Mozambique Channel and most marine systems worldwide [e.g. Ainley et al. 2009, 

Bost et al. 2009], flow elements and oceanographic features associated with physical 

processes shape the distribution of plankton organisms and thereby the distribution of 

plankton-eating species (e.g. fish) and the foraging patterns of top-predators (e.g. 

seabirds) [Fig. 3a]. In fact, physical processes catalyse seabird-prey interactions. 

The Mozambique Channel (MC) and the southern Benguela upwelling (BU) 

largely differ in terms of productivity and also in regards to the nature and structure of 

the frontal structures that can be found. The MC is oligotrophic (i.e. poor ‘blue’ 

waters) whereas the BU is a productive upwelling (i.e. ‘green’ waters). The 

circulation in the MC is ruled by cyclonic and anticyclonic eddies [Schouten et al. 

2003]. They run along the coasts advecting at their periphery rich coastal waters they 

inject into the channel [Tew-Kai & Marsac 2008]. By displacing rich waters from the 

coasts to the middle of the MC, eddies participate to enhance the biological 

production in the usually non-productive waters of the MC. The advected coastal 

waters are concentrated in shearing fronts between interacting eddies (that rotate in 

opposite directions) where these nutrient-rich waters enable local biological 
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production [Tew-Kai & Marsac 2008]. The vertical structure of interacting eddies and 

the associated vertical flows support biological production near the surface at the 

front, which attracts the fish [Paper 3] and ultimately the seabirds [Weimerskirch et 

al. 2004, Tew-Kai et al. 2009] [Fig. 3b]. In an upwelling system like the BU where 

waters may appear as a ‘soup’ of plankton, one may think that mesoscale features are 

of lesser importance to fish and top-predators relative to an oligotrophic system like 

the MC where any local biological enrichment is very critical. In fact, I found that in 

the BU seabirds do use mesoscale fronts over the continental shelf of South Africa to 

find prey [Paper 5]. At this stage it would be valuable to confirm the actual 

association between fish patches and fronts in the BU. These fronts can vary in nature 

and structure, although there are no fronts like those of the MC. They may be either 

typical upwelling fronts that have a strong vertical structure and flow dynamic that 

generates a local enrichment near the surface [Fig. 3c], they may also be convergence 

Figure 3. Structure of bio-physical interactions (a) in marine systems and schematic representation of a 
biological hot-spots in (b) the Mozambique Channel and in (c) the southern Benguela upwelling. 
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phenomena between two waters masses due to the current patterns or the result of the 

elongation of a local production cell (e.g. filament). However, it is hardly possible to 

discriminate the different types of fronts from satellite snapshots of sea surface 

temperature or chlorophyll [e.g. Paper 5]. New methods to discriminate these fronts 

would be welcomed to the field. Also, further investigations on how these different 

types of fronts influence plankton, fish, and top-predators are needed to fully 

understand the dynamics of biological hot-spots at fronts [e.g. Fig 2c]. 

From the point of view of a seabird, the actual nature of the front (e.g. 

shearing front, upwelling front, surface convergence) might not be relevant as long as 

the front is associated with prey patches and the front can be somehow detected by the 

bird. The perception of such structures has been related to the senses of smell and 

vision in a range of seabirds [Nevitt 2008], and I hypothesized that it could also be the 

case in Cape gannets [Paper 5]. In upwelling systems, the production landscape 

(chlorophyll distribution) is tightly linked to the sea surface temperature (more 

production in the cold upwelled waters) [Capet et al. in press]. In fact, fronts delimit 

water masses that differ in temperature and chlorophyll concentration [see Fig. 1 in 

Paper 5]. Vertical atmospheric currents are generally stronger above warm waters 

than cold waters. Because of that, an alternative to relying on olfactory and visual 

cues to navigate could be that seabirds like Cape gannets might be able to sense 

changes in temperature and air lift (vertical air flow) when flying across fronts and so 

use air temperature and gradients to navigate and eventually adapt their searching 

effort [e.g. Paper 5]. 

I argued in this thesis that oceanographic features are important to seabird-

prey interactions since predictability of prey increases near these structures [Papers 3 

and 5]. This statement does not exclude the fact that the prey patches may not be 

associated with oceanographic features. Indeed, opportunistic encounters of prey 

patches may also occur away from fronts even when birds are not actively searching 

[e.g. Cape gannet Papers 4 and 5, wandering albatross Weimerskirch et al. 2007]. The 

detection of such patches could either be direct or managed via spotting multi-species 

feeding assemblages that may include large predatory fish, marine mammals, or other 

seabirds [Evans 1982, Daroven et al. 2003]. 
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TOWARDS UPSCALING: INDIVIDUAL INFORMATION MAY BE USEFUL TO 

POPULATION 

The foraging activity and success of a seabird involve energy expenditure and 

gain (physiological level) and as well as strategies and decisions (behaviour). 

Physiological and behavioural processes are embedded within population processes 

that they actually drive [Fig. 1]. Thanks to increasingly powerful technologies and 

methodologies, studies investigating the physiological (e.g. energy expenditure) and 

behavioural levels (e.g. area-restricted search, decision to breed) are growing [e.g. 

Mullers et al. 2009, Tremblay et al. 2009]. More importantly, it is now necessary to 

investigate the mechanisms that link different levels of processes (e.g. physiology and 

behaviour); the causality of a decision may be related to the physiological state of a 

bird for instance. Elucidating the physiological and behavioural processes and the 

connection between them would certainly be helpful to understand the patterns at the 

level of the population [Beckerman et al. 2010]. This is called ‘upscaling’; it 

represents the idea of making use of the knowledge acquired at small-scales (e.g. 

physiology and behaviour) for comprehending larger scale processes (e.g. 

population). ‘Upscaling’ would particularly be helpful to study the impact of large-

scale perturbations on seabird populations, especially when considering several 

species with species-specific characteristics that may eventually respond differentially 

to a same perturbation [e.g. Papers 1 and 2]. The studies described in the second part 

of this thesis [Papers 3, 4 and 5] followed this line of research since they aim at 

understanding the mechanisms behind individual seabird foraging movements, mostly 

on the behavioural level. In practical terms, it would be necessary to address the 

population as a sum of individual agents (individual-based modelling IBM) [Grimm 

& Railsback 2005] to model and predict population patterns. These models could 

include the formulation of the dynamic energy budget theory (DEB) proposed by 

Kooijman [2010] to manage the physiological aspects, and the formulation of space-

state models to manage movements and behaviour of individuals [Patterson et al. 

2008]. 
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