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Abstract 

Understanding the levels of variability in oceanographic features where marine predators 

forage is critical for understanding variability in an animal’s foraging behaviour and 

reproductive success, and for assessing their potential reactions to environmental change. 

In this thesis, I examine the foraging behaviour of king penguins (Aptenodytes patagonicus) 

in relation to oceanographic features in both horizontal and vertical dimensions. I used 

ARGOS and Global Positioning System tracking data combined with Time-Depth-

Temperature-Recorder data to follow the at-sea movements for penguins breeding at South 

Georgia and Kerguelen. Combining penguin behaviour with oceanographic data at the 

surface and at depth allowed me to explore how animals adjust their horizontal and vertical 

movements in response to their environment. In this context I investigated how horizontal 

habitat use may relate to different Antarctic Circumpolar Current frontal zones, and how 

hydrological structures at depth may impact diving behaviour.  

At both study locations, the Polar Front (PF) and cold-water features of southern origin were 

key features used during foraging. The importance of local habitat was reflected in their use 

of mesoscale eddies at South Georgia, and bathymetry-related upwelling at Kerguelen. The 

main water masses used at depth, during prey pursuit, were the thermocline and Winter 

Water. Penguins also explored Circumpolar Deep Water, which appears to represent an 

important foraging niche for birds when under increased constraints. Variability in the PF and 

in cold-water features in the foraging area significantly affected penguin behaviour. For 

example, penguins showed altered behavioural responses and low reproductive success 

following shifts in key oceanographic features during one breeding season.   

My study of king penguin foraging behaviour in two sectors of the Southern Ocean has 

generated key insights into foraging relationships with oceanography, and into penguin’s 

adaptive capacities to environmental variability. This is of importance for assessing possible 

reactions of king penguins towards environmental change.  

 

  



List of abbreviations used in this thesis: 

ACC – Antarctic Circumpolar Current 

PF – Polar Front 
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AAZ – Antarctic Zone  

SACCF – Southern ACC Front 

SB – Southern Boundary 

FTC – Fawn Trough Current 

 

SML – Surface Mixed Layer  
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WW – Winter Water 

CDW – Circumpolar Deep Water 

UCDW – Upper CDW 
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SST – Sea Surface Temperature (°C) 
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1.1 Foraging 

1.1.1 Foraging ecology: link between environment, fitness and demography 

Foraging is a crucial behaviour for animals, determining the quantity of energy that can be 

allocated to life-history traits such as survival, growth or reproduction (Boggs 1992). 

Resources acquired while foraging ultimately impact population development through the 

direct and indirect effects of individual survival and fecundity. The connection between the 

environment and population development is therefore probably mediated through resource 

acquisition and allocation (Stearns 1992). While variability in the physical environment is 

known to affect the availability and accessibility of resources, foragers have to find 

strategies to optimally explore the resources available, which in turn, ultimately determines 

the allocation of energy towards maintenance and reproduction. Foraging in terms of 

strategy and success is therefore strongly impacted by both the environment as well as the 

forager’s strategy to explore the limited resources in a given environment.   

The demands of food acquisition consequently exert strong selective forces on the 

anatomy, physiology, and behaviour of birds. Following evolutionary theory, natural 

selection should favour individuals adopting strategies that optimize the exploration of the 

available resources (Stearns 1992). In this context a strategy is defined as an adaptive 

response chosen within a range of possible solutions, where responses can be of a 

behavioural, physiological or morphological nature. Natural selection for efficient foraging 

affects decisions about prey choice, patch choice for foraging and patch exploitation 

strategy (Stephens & Krebs 1986). Between the varieties of strategies adopted by the 

individual of one species, some are more successful regarding survival, reproduction and 

consequently the relative contribution of the individual in terms of descendants, i.e. 

increasing that individual’s fitness (Stevick et al. 2002). Over generations, the mechanisms 

of natural selection have lead to behaviours which increase the survival and reproduction 
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of an individual in a given environment (Darwin 1859). A population will therefore 

progressively evolve through selection of individuals with better adaptation to their 

environment.  

Although relationships between environmental parameters and life-history traits have been 

increasingly documented (Weimerskirch et al. 2003; Forcada et al. 2005; Forcada et al. 

2006; Jenouvrier et al. 2005; Jenouvrier et al. 2009; Barbraud & Weimerskirch 2006; 

Barbraud et al. 2011), understanding how such relationships develop and are maintained in 

a changing environment is less well understood. Investigating the foraging behaviour of 

animals in relation to their environment is therefore crucial to better understand the link 

between population development and their environmental conditions (Hughes 2000). In a 

changing environment, the understanding of such links becomes particularly important in 

the context of assessing potential reactions of animal populations towards future 

environmental change (Trathan et al. 2007). Under current predictions it is important to 

understand how marine predators explore their environment (Trathan et al. 2007; Forcada 

& Trathan 2009; Péron et al. 2012), and identify possible key oceanographic features 

targeted during foraging, to be able to understand currently observed behaviour and 

population development, and assess potential future changes (Parmesan 2006). 

1.1.2 Optimal foraging theory and central place foragers  

The selective value of differences in foraging behaviour is almost certainly directly 

dependent upon an individual’s foraging performance in terms of energy gain from prey 

ingestion. Optimal foraging theory states that organisms forage in a way so as to 

maximize their net energy input per unit time (Charnov 1976; MacArthur & Pianka 1966; 

Stephens & Krebs 1986), and that such optimization of foraging is a selective value in 

evolution (MacArthur & Pianka 1966). This approach has shown that foragers do not 

necessarily choose their prey dependent upon its abundance in the environment, but rather 
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as a function of energetic optimization of time allocated to the exploration of such 

resources (Charnov 1976) depending upon the profitability of the prey resources in terms 

of patch density as well as on travel time necessary to reach it and other aspects related to 

prey handling time (Schoener 1979). This means that foragers move through their 

environment in a dynamic way, adjusting time allocation within prey patches in order to 

optimize foraging in terms of energy intake per unit time (Schoener 1979). Consequently 

species of high foraging flexibility with the possibility of behavioural adaptation have 

better abilities to optimize foraging and survive in a variable environment (MacArthur & 

Pianka 1966). Furthermore individuals with a specialized diet will be more affected by the 

reduction or the disappearance of their prey, whereas more generalist individuals have 

better capacities of adaptation to potential changes in the abundance of one prey type by 

switching to the exploration of other resources (Annett & Pierotti 1999). 

Constraints on central place foragers 

Central place foragers (Orians & Pearson 1979) represent a particular case of foragers 

constrained by the need for regular returns to the breeding place to provide the offspring 

with food. Central place foragers therefore differ from others in that their activities include 

an outbound journey, a period of searching, and then a return journey. Foraging decisions 

in central-place foragers thus concern both the travel times to the resources as well as the 

quantity and quality of prey (Orians & Pearson 1979; Bell 1990; Krebs & Davies 1993). 

Seasonal constraints on the animals may further impact the behaviour of central-place 

foragers, with changing time and energy budgets due to the breeding cycle leading to 

different foraging decisions and degrees of foraging optimization in terms of net energy 

gain per unit time, and therefore to changes in the exploration of prey resources. During 

the reproduction period, central-place foragers have to return to the colony regularly to 

provide their offspring with food or to relieve their partner, this means that they may need 
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to forage in areas close to the colony. Seasonality in their prey species will add further 

complexities in their optimal decisions. 

During the breeding season, increasing demands and constraints on animals may increase 

foraging optimization, maximizing energy intake per unit time through reductions of travel 

times to foraging areas or/and increases in energy gain during foraging by targeting prey of 

higher energy density or higher energy content per prey item. In the case of marine 

predators, animals generally disperse over broader ranges during the non-breeding period 

as there is no need for frequent returns to the colony to provision offspring (Bost et al. 

2009b; Dunn et al. 2011; Thiebot et al. 2011). Release from central-place foraging during 

the non-breeding season may reduce energetic demands and may mean other foraging 

solutions are optimal.  

Diving predators: a particular case of central place foraging 

In the case of diving predators, foraging takes place in 3 dimensions and therefore needs 

to be optimized at the ocean surface as well as at depth. Depending upon their physiology, 

diving predators can spend extended periods under water (Kooyman & Campbell 1972; see 

review in Kooyman 1989; Boyd 1997; Thompson & Fedak 2001; Green et al. 2005; 

Halsey et al. 2006). While the depletion of oxygen resources is the main factor limiting 

underwater time in air-breathing diving predators (see review in Boyd 1997), considerable 

variation in dive duration with most dives ending before the estimated aerobic dive limit 

(Jodice & Collopy 1999; Sparling et al. 2007) indicates that the quality of the prey resource 

encountered during the dive may significantly impact diving behaviour (Thompson & 

Fedak 2001; Mori & Boyd 2004; Sparling et al. 2007). In the context of foraging theory, 

diving predators can be seen as central foragers departing from the surface, where dive 

depth will represent the distance to the food patch and bottom duration will reflect the time 

spent feeding within the patch (Houston & McNamara 1985; Houston & Carbone 1992). 
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The observed foraging behaviour of a diving marine predator is therefore likely to be the 

result of behavioural adjustments in the 3 dimensions of the ocean, where energy intake 

per unit time should be optimized in both dimensions. Increasing constraints on the forager 

should lead to increases in foraging optimization of surface movements as well as diving 

behaviour.   

However, in addition to such theoretical approaches to foraging behaviour, foragers need 

to be considered within their environment, which plays a key role for foraging decisions 

and strategy. 

 

1.2 Environmental heterogeneity and variability  

The structure of the environment and the distribution of resources in space and time are not 

uniform, but show considerable variability across both time and space (Kotliar & Wiens 

1990). Spatial and temporal variability of environmental conditions, including for basic 

resources such as nutrients, direct impact the distribution and abundance, and consequently 

the availability of prey resources for foragers exploring such a heterogeneous environment 

(Stenseth et al. 2002). Resource variability therefore affects marine predators via foraging 

performance translating into fitness and breeding performance, and consequently natural 

selection and population development. Foraging ecology explicitly integrates such habitat 

heterogeneity, by extending the isolated study of the forager’s behaviour and the 

optimization of its energy gain by considering foragers moving through a variable 

environment of patchy resource distribution, where foragers have to adjust their behaviour 

in order to optimally explore prey resources characterized by such spatio-temporal 

variability (Fauchald & Tveraa 2003; Wilson et al. 2005). Spatial and temporal resource 

variability have different impacts on foraging strategy and performance, and are most 
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Figure 1.1: The thermodynamic context of environmental and ecological systems. The cycling of 

matter at the planetary scale – as manifested by a strong atmospheric circulation and the global 

cycles  of water  and  carbon  –  require  engines  to  continuously  operate  to  keep  these  cycles 

running.  These  engines ultimately  run on  gradients of  radiative  fluxes, which  result  from  the 

vastly different  radiatve  temperatures of  the  Sun and Earth. Gradients  in  radiative  fluxes  can 

result  in  gradients  of  heating, which  drive  heat  engines  such  as  the  atmospheric  circulation. 

Figure from Kleidon (2010).

easily considered in isolation before considering their combined effects on marine 

predators foraging. 

 1.2.1 Spatial habitat variability  

The earth system is characterized by high levels of heterogeneity in physical, chemical and 

biological patterns (see review in Kleidon 2010). This heterogeneity ultimately results 

from geological variation and spatial and temporal differences in the absorption of solar 

radiation by the earth, leading to temperature gradients in the atmosphere and ocean 

(Kleidon 2010). Such temperature patterns themselves already play an important role in 

defining suitable conditions for biological and ecological processes, or suitable habitats for 

species (Peck et al. 2004; Pearson et al. 2006). However, these gradients also drive the 

atmospheric and oceanic circulation, providing the means to transport heat and 

geochemical elements within the earth system (Giorgi & Avissar 1997; Kleidon 2010), 

which leads to further increases in physical habitat heterogeneity and therewith 
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Figure 1.2: Hierarchical patch system with high‐

density  small‐scale  patches  (dark  red)  nested 

within  low‐density  large‐scale  patches  (light 

red). Blue line is the search pattern of a forager 

using  a  nested  area‐restricted  search.  Figure 

from Fauchald (2009). 

heterogeneity in resources distribution and biological patterns. While such heterogeneity 

corresponds to a state far from the thermodynamic equilibrium of the earth system 

(Lovelock 1965), it is a crucial condition for maintaining environmental and ecological 

processes and cycles of the earth system (Schroedinger 1944;Schroedinger 1944). Habitat 

heterogeneity is one of the cornerstones of ecology (Simpson 1949; MacArthur & Wilson 

1967;Tews et al. 2004), governing patterns of species diversity, behaviour and population 

development.  

Foraging in a heterogeneous environment 

In the context of foraging, habitat heterogeneity plays an important role, as prey 

distribution is directly dependent on the distribution of resources in the environment. Such 

spatial patterns of prey distribution are a key 

factor influencing predator movements and 

their foraging strategy (Pyke 1984; Fauchald 

et al. 2000; see review in Fauchald 2009). In 

general prey resources are considered to be 

distributed in patches of variable size and 

density, where a patch is defined as a 

spatially limited zone containing a finite 

quantity of resources in a generally poorer 

environment. These patches are distributed 

in space in a random or non-random way 

(Wiens 1989; Fauchald 1999) depending on 

the structure of the environment and 

dynamic processes governing such 

structure. In this spatially heterogeneous 
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but structured environment predators have to develop strategies to optimally explore the 

prey landscape of patches organized at different scales. In a zone of high prey abundance, a 

predator is expected to adapt its behaviour in terms of reducing travel speed and increasing 

the sinuosity of the movements. This assumption is based on the prediction of optimal 

foraging theory that a predator having already captured the first prey item in a new putative 

patch, should intensify its foraging effort in the patch encountered (Charnov 1976; Parker 

& Stewart 1976). Such behavioural response increases residency time of the forager within 

the prey patch, ensuring that the animal is more likely to fully exploit a prey patch because 

its behaviour reduces the chances of it leaving the patch, ultimately leading to higher prey 

capture rates. The resulting behaviour is called “Area-Restricted Search” (ARS, Kareiva & 

Odell 1978), which is defined by a decrease in speed and an increase in sinuosity of 

movements within a prey patch (Benhamou & Bovet 1989). Between two patches, the 

forager travels more linearly and at a faster speed. Based on these assumptions, track-based 

measurements of the movements of free-ranging predators are thought to provide 

information on their foraging behaviour. The scales of the ARS behaviour reflect the 

forager’s movement adjustments to the scales of spatial and temporal variability of the 

prey patches encountered.  

Habitat heterogeneity is an important factor for foraging, assuming that structurally 

complex habitats might provide more niches, and therefore more diverse ways of 

exploiting the environmental resources to foragers. This may increase diversity in foraging 

behaviour and possibilities of optimizing foraging strategies depending on physiological 

and seasonal constraints on the animals. It may reduce intra-and interspecific competition 

(Pianka 1981; Svanback & Bolnick 2005), which may ultimately lead to increased foraging 

performance and population growth. However, the effects of habitat heterogeneity may 

vary considerably depending upon whether structural attributes are perceived as 

heterogeneity or fragmentation (Tews et al. 2004), which may have contrasting effects on 
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foraging. Such perception may vary from species to species depending upon their foraging 

requirements, but also within a species depending upon the constraints of the animals, 

impacting their time and energy budget. For example, prey patches with high-level 

fragmentation but containing highly profitable resources (in terms of accessibility, density 

and/or energy content of the prey items) may represent favourable conditions for foragers 

under low constraint with sufficient time to travel between the patches, where foraging 

within a patch may be highly profitable. For foragers under higher constraints with less 

time available for travelling and search for new prey patches, less fragmented prey may 

represent better foraging conditions, even if prey resources within such a larger patch may 

be less profitable in terms of accessibility, density or energy content per prey item. 

Foraging decisions in a given environment are therefore likely to be a compromise 

between spatial constraints such as the distance of the resources to the colony, and its 

suitability to the animal’s constraints in terms of resources profitability and fragmentation. 

A diverse environment characterized by elevated heterogeneity and distinct environmental 

niches is likely to provide for a higher range of choices for the animal, allowing for better 

adjustment in foraging behaviour and a more optimized foraging strategy according to the 

prevailing constraints and prey distribution at different spatial scales. 

The marine environment and its patchy resource distribution 

Despite its apparent uniformity, the marine environment is characterized by strong 

heterogeneity in terms of both physical parameters as well as biological productivity 

(Bainbridge 1957; Martin et al. 2002). Spatial patterns in physical properties of the water 

masses, such as temperature and salinity, as well as nutrient concentration in the horizontal 

and vertical dimension, are largely determined by environmental features such as ocean 

currents and their interaction with bathymetry, forming the base for heterogeneity in the 

ocean. Nutrients and light are the limiting factors in primary productivity, and determine 
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Figure 1.3: A conceptual model describing the 

relative  importance  of  factors  regulating 

aggregations of gregarious  fish as a  function 

of scale. There are two x‐axes, one based on 

self‐organisation,  and  the  other  on 

environmental  forcing.  The  importance  of 

these  on  fish  distribution  depends  on  the 

spatial  scale.  At  smaller  scales,  self‐

organisation  mechanisms  are  likely  to  be 

dominant;  at  larger  scales  adaptations  and 

response  to  the  environment  are  more 

important. Figure from Bertrand et al. (2008). 

patterns of phytoplankton growth in the ocean (Marra 1978). Areas of enhanced mixing 

and nutrient input into the upper water column, such as bathymetry-related upwelling as 

well as fronts and eddies, represent zones of enhanced biological productivity (Eppley & 

Peterson 1979; Longhurst & Glen Harrison 1989). Furthermore physical processes such as 

horizontal and/or vertical convergences (Hunt 1990), or the barrier effect of vertical 

physical gradients (Boyd & Arnbom 1991) may lead to the passive aggregation of biomass 

at such features. Phytoplankton is at the bottom of the marine foodweb, directly impacting 

the distribution and abundance of higher trophic levels (“bottom-up control”, Frederiksen 

et al. 2006). The distribution of marine resources, including the prey for marine predators, 

is therefore determined by the physical environment as well as oceanographic processes 

and their interaction with bathymetry. 

Foraging strategies of marine predators in a patchy environment  

Such heterogeneity in the oceanographic environment, and therefore prey resources, occur 

in the horizontal and vertical dimension of the ocean. Consequently, marine predators have 

to adjust their foraging behaviour at the surface and at depth in order to optimally explore 

prey patches. At the surface, structuring in the marine environment occurs at different 

scales, ranging from filaments at sub-mesoscale (scales of metres), to fronts and eddies at 

the mesoscale (1-300 km), up to large basin-wide scales (hundreds to thousands of km) 
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(Mann & Lazier 1996; Martin et al. 2002). These environmental structures at different 

scales are thought to be key factors determining aggregative patterns of fish (Bertrand et al. 

2008), which in turn are important prey resources for foraging marine predators. In the 

context of marine predators foraging, mesoscale features such as fronts and eddies have 

been reported to play key roles, as they appear to provide for profitable foraging zones for 

various marine predators (see review in Bost et al. 2009a). Frontal zones are often 

characterized by elevated biomass compared to interfrontal zones (Lutjeharms et al. 1985; 

Pakhomov et al. 1994) due to increased primary productivity as well as biomass 

concentration by convergence processes (Schneider 1990; Hunt 1990; Spear et al. 2001). 

Such biomass accumulation may attract higher trophic levels including prey for marine 

predators. In the vertical dimension, water masses of distinct physical properties as well as 

physical gradients between such water masses are important elements for heterogeneity 

and structuring. Different water masses may provide for suitable habitats for different prey 

species, and discontinuities in physical properties in the water column may result in 

enhanced biological activity due to the barrier effect of the density gradients leading to a 

concentration of sinking matter (Boyd & Arnbom 1991). These nutrient-rich water layers 

may result in increased primary productivity and attract higher trophic levels including 

prey for marine predators. In particular, the thermocline is known to be of considerable 

importance for marine predators (Boyd & Arnbom 1991; Cayre & Marsac 1993; Kitagawa 

et al. 2000; Charrassin & Bost 2001; Spear et al. 2001; Biuw 2007; Weng et al. 2009; 

Scheffer et al. 2012) as it provides for potential biomass accumulation for various trophic 

levels at relatively shallow depths. However, physical gradients at greater depths may also 

play important roles in structuring the water column and providing locations for prey 

aggregation for marine predators depending upon their physiological dive capacities, as 

suggested by Muelbert et al. 2012 for elephant seals. 
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Marine predators have to adjust their foraging behaviour in response to heterogeneity in 

oceanographic structures and associated prey aggregations at different scales in the 

horizontal and vertical dimension in the ocean. The foraging performance of a marine 

predator may therefore be a compromise of behavioural adjustments of surface as well as 

diving behaviour in order to optimize its exploration of a 3-dimensional prey field. In this 

context, habitat heterogeneity with high levels of segregation and the presence of distinct 

foraging niches may play a key role for optimizing foraging strategy in the horizontal and 

vertical dimension of the ocean. Under natural selection, marine predators have evolved 

strategies to optimally explore heterogeneity in habitat and prey distribution in the ocean, 

and breeding colonies may have evolved in close proximity to the best foraging conditions 

for a given species in terms of spatial availability of prey resources.  

1.2.2 Temporal habitat variability 

The structures defining spatial heterogeneity of resources in the environment are subject to 

temporal variability at different temporal and spatial scales and of different magnitude. The 

atmospheric circulation is characterized by well-defined patterns (e.g. Walker cells, wind 

systems), which are subject to variability at different spatial (regional and global) and 

temporal (daily, seasonal, multi-annual, decadal) scales. Multiple climate indices exist to 

characterize atmospheric variability and integrate several environmental variables. The 

most important ones are the El Niño– Southern Oscillation (ENSO), the North Atlantic 

Oscillation (NAO) and, in the Southern Hemisphere, the Southern Annular Mode (SAM) 

(see review in Stenseth et al. 2003), but there are regional climate indices that describe 

climate patterns on smaller spatial and temporal scales (Indian Ocean Dipole, South 

Atlantic Dipole).  

Such atmospheric variability impacts oceanographic patterns in the ocean (Terray & 

Dominiak 2005;Salleé et al. 2008; Salleé et al. 2010), and therefore also prey distribution 
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for marine predators. However, optimal foraging theory implies a certain stability and 

predictability of resources in the foraging areas explored. The adjustment of foraging 

strategy and habitat selection by marine predators partly depends upon their knowledge 

about the environment and their previous experience (Weimerskirch 2007; Hamer et al. 

2007). For successful foraging, they therefore rely upon oceanographic structures of a 

certain recurrence in time and space, leading to predictability of the structure and 

associated prey resources.  

Predictability of profitable structures in the marine environment 

The predictability of environmental structures and associated prey resources is thought to 

be related to the spatial scale of environmental structure as well as to the scale of temporal 

variability impacting the structure. For example, fronts and eddies are large-and mesoscale 

features of the marine environment, which are thought to host important prey resources for 

marine predators. Spatial stability and temporal recurrence of these structures make them 

predictable locations of potentially high prey densities at large and mesoscales (Hunt et al. 

1999). Between oceanographic features occurring at large spatial and temporal scales and 

small-scale structures of high spatial and temporal instability and apparently random prey 

distribution, structures of spatially and temporally predictable prey aggregations at 

mesoscales such as fronts and eddies are thought to be of particular importance to foraging 

marine predators (Pinaud & Weimerskirch 2005).  

Climate change: a new challenge for marine predators 

Such temporal variability, including the occurrence of extreme events, is inherent in the 

earth’s system, and marine predators and other organisms and structures have evolved in 

this fluctuating environment and are able to adjust their foraging behaviour at the 

corresponding scales (Pinaud & Weimerskirch 2005;Weimerskirch 2007). However, global 

warming (Gille 2002) and the associated increase in environmental stochasticity (Alley et 
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al. 2003) may represent new challenges for marine predator’s foraging and population 

survival (see review Grémillet & Boulinier 2009).  

Warming in ocean temperatures (Gille 2002; Solomon et al. 2009) may lead to shifts in 

prey species habitats, and lead to mismatch of such resources and the locations of marine 

predator’s breeding colonies. Furthermore changes in atmospheric patterns may impact 

oceanographic conditions, and therefore the distribution of marine resources. Climate 

modes such as ENSO and SAM have been reported to change in terms of patterns and 

magnitude (Fogt & Bromwich 2006), which may impact environmental patterns on a 

global scale. The increase in temperature is also thought to increase environmental 

stochasticity (Alley et al. 2003), and therefore the occurrence of extreme events (Jentsch et 

al. 2007; Solomon et al. 2007; Jentsch & Beierkuhnlein 2008). These changes may 

represent new challenges for marine predator’s foraging and population survival (Trathan 

et al. 2007). Changes in key oceanographic structures of foraging such as deepening of the 

thermocline (Salleé et al. 2010), or increased match-mismatch of prey resources and 

predator distribution may make it increasingly difficult for marine predators to keep 

foraging in an optimal way, and to acquire sufficient resources over critical time scales. 

Marine predators are known to show flexibility in foraging behaviour and capacities of 

adaptation to variability in environmental conditions and prey distribution by spending 

more time foraging in poor years (Piatt & Sydeman 2007; Harding et al. 2007; Ronconi & 

Burger 2008) or adjusting the foraging areas explored (Péron et al. 2012). However, 

thresholds of such foraging flexibility may exist, where foraging profitability and 

reproductive success can no longer be buffered against low food availability in the 

foraging area (Dall & Boyd 2002). Climate change may therefore have drastic impacts on 

the foraging success, distribution and population development of marine predators (Croxall 

et al. 2002; Forcada et al. 2005; Murphy et al. 2007; Trathan et al. 2006, Trathan et al. 

2007; Forcada & Trathan 2009; Ballard et al. 2010; Hazen et al. 2012). 
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In the case of marine predators in the Southern Ocean, the change of large-and mesoscale 

patterns such as ACC frontal zones positions and dynamics as well as mesoscale structures 

such as eddies (Thompson & Solomon 2002; Salleé et al. 2008; Salleé et al. 2010) may 

affect the horizontal and vertical distribution and abundance of prey in proximity of 

breeding colonies. This is likely to impact the foraging success and fitness of marine 

predators, which is ultimately translated into population development. Investigation of key 

structures where predators forage successfully is therefore an important issue to investigate 

in order to better understand marine predator behaviour, and to evaluate potential impacts 

of a changing environment on their behaviour and population development. The 

occurrence of extreme events in terms of environmental conditions, marine predator’s 

behaviour and breeding success may allow insights into reactions of these animals to 

extreme conditions, and may indicate potential reactions and adaptations to future 

environmental change.     

 

1.3 The Southern Ocean 

The Southern Ocean is distinguished from all other oceans in that it encircles the globe 

without being diverted by continental barriers. Its main hydrographic feature is the 

Antarctic Circumpolar Current (ACC, Rintoul et al. 2001), a powerful eastward flowing, 

wind driven current circling the Antarctic continent, forming a circumpolar connection 

between 3 ocean basins. The Southern Ocean comprises the southern parts of the Pacific, 

Atlantic and Indian Ocean and represents approximately 20% of the World’s Ocean 

(Deacon 1937). Its northern limit is defined by the Subtropical Front (STF), an 

oceanographic feature that is characterized by rapid changes in SST and salinity over short 

spatial scales, marking the transition between warm and salty subtropical waters and 
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Figure  1.4:  The  Southern Ocean 

with  the  Antarctic  Circumpolar 

Current  (ACC).  The  ACC  fronts 

are  colour  coded  from  north  to 

south  as  follows:  black‐ 

SubAntarctic  Front  (SAF); 

magenta – Polar Front (PF); blue 

–  southern  ACC  Front  (SACCF); 

black  –  Southern ACC  Boundary 

(SB).  Frontal  positions  are 

determined  from  Sea  Surface 

Height  (SSH).  The  ACC  fronts 

overlie  the  SO  bathymetry. 

Figure  from  Sokolov  &  Rintoul 

(2009a). For  the numbers of  the 

bathymetric  features  see 

Sokolov  &  Rintoul  (2009a), 

Figure 6.   

cooler, fresher waters to the south (Deacon 1937; Deacon 1982); the STF is generally 

situated between 35°S and 45°S (Orsi et al. 1995). 

The ACC is mainly driven by the prevailing strong westerly winds and the Coriolis force 

(Trenberth et al. 1990); it represents one of the largest currents in the world, carrying 

roughly 135 – 147 x 106 m3 s-1 of water around Antarctica (Cunningham et al. 2003; 

Rintoul & Sokolov 2001). As such, the ACC is a critical component of the global climate 

system, allowing the transfer of heat and freshwater between the ocean basins and 

therefore around the globe.  

The path of the ACC flow is strongly influenced by the steering effect of bottom 

topography (Sverdrup 1942; Marshall 1995). This bathymetric steering effect is 

particularly important at the high latitudes of the Southern Ocean where the ocean is 

weakly stratified, and currents near the ocean surface align in roughly the same direction as 

deep ocean currents, consequently often following pronounced depth contours (Schulman 

1975; Gille et al. 2000). Such bathymetric steering of ocean currents occurs particularly in 



18 
 

proximity to the major topographic features within the ACC flow, such as the Scotia Arc 

and the extensive Kerguelen Plateau (Marshall 1995). In the context of our study the 

northward deviations of the southern parts of the ACC caused by the South Sandwich 

Islands Arc at ~30°W and at the Kerguelen Plateau at ~70°E are of particular importance 

for the oceanography in close proximity to our study areas at South Georgia and Kerguelen 

(Orsi et al. 1995; Thorpe et al. 2002; Thorpe et al. 2004).   

The ACC includes four major circumpolar fronts south of the STF, which are, from north 

to south, the SubAntarctic Front (SAF), the Antarctic Polar Front (PF), the southern ACC 

Front (SACCF) and the Southern Boundary of the ACC (SB) (Orsi et al. 1995; Belkin & 

Gordon 1996). Fronts are zones that separate distinct surface water masses and are 

characterized by strong horizontal gradients in physical water properties such as 

temperature, salinity and density (Schneider 1990). In the vertical dimension, frontal zones 

are furthermore characterized by changes in the structure of the water column due to the 

presence of different water masses (Orsi et al. 1995, Belkin & Gordon 1996; Trathan et al. 

1997; Trathan et al. 2000; Park et al. 1998; Thorpe et al. 2004; Boehme et al. 2008a; 

Venables et al. 2012). Frontal positions can thus be identified based on ocean surface 

parameters such as SST (Park et al. 1993; Orsi et al. 1995; Belkin & Gordon 1996), SST 

gradient (Moore et al. 1999) or SSH and geostrophic velocities (Sokolov & Rintoul 2009; 

Venables et al. 2012) as well as by their subsurface expressions in the water column (Park 

et al. 1998; Boehme et al. 2008a;Sokolov & Rintoul 2009; Venables et al. 2012). For 

example the PF can be defined by the 5°C isotherm at the surface during summer (Park et 

al. 1993) or, more accurately, by the northernmost extent of WW at 200m depth (Park et al. 

1998). While frontal positions based on different criteria are mostly in agreement, the 

frontal properties are not uniform in all sectors of the Southern Ocean, and the variation in 

frontal structure from region to region and the multiplicity of definitions used by various 

authors have led to some confusion in the determination of ACC frontal positions.  
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The zones between the ACC fronts are characterized by lower dynamics, leading to 

reduced mixing and therefore increased stability in hydrological structures. From north to 

south, the ACC interfrontal zones are referred to as the Subantarctic Zone (SAZ, between 

the STF and the SAF), the Polar Frontal Zone (PFZ, between the SAF and the PF), the 

Antarctic Zone (AAZ, between the PF and the SACCF), and the Southern Zone (SZ, 

between the SACCF and the SB) (Orsi et al. 1995). 

In the vertical dimension, the Southern Ocean is well structured by different water masses 

characterized by distinct physical properties, and by the physical gradients between these 

water masses. During the austral summer, the water column between the PF and the 

SACCF is characterized by the Surface Mixed Layer (SML) and the underlying cold 

Winter Water (WW) originating from the previous winter mixed layer capped by seasonal 

warming and freshening within the SML (Park et al. 1998). WW properties are 

continuously altered by vertical mixing processes with the surrounding warmer water 

masses, which may vary according to oceanographic processes such as upwellings or 

eddies. WW properties may therefore show important spatial variability (Park et al. 1998). 

The SML and WW are separated by a thermocline, a strong vertical temperature gradient 

of variable extent and intensity depending on the SML and WW properties as well as on 

physical mixing processes. Below the WW layer is the Circumpolar Deep Water (CDW), 

which is characterized by an oxygen minimum and a temperature maximum. CDW is the 

most voluminous water mass in the Southern Ocean (Worthington 1981) carried eastward 

by the ACC. Situated below the WW and therefore not directly in contact with the 

atmosphere, it does not experience the winter cooling and summer warming of the WW 

and SML, and may be less directly impacted by atmospheric variability (Jacobs & Georgi 

1977). The mixing of CDW with the WW has been suggested to provide for important 

nutrient input into the upper water column, particularly in locations where interactions with 

bathymetry occur, for example where CDW meets the Antarctic shelf such as in the Ross 
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Figure  1.5:  King  penguin 

with  a  tracking  device 

attached.  

Sea and in the WAP (Dinniman et al. 2011). The mixed layer where CDW mixes with WW 

has been identified as a distinct water mass, often referred to as  modified CDW, or 

mCDW (Gordon et al. 2000).  

 

1.4 Studying marine predator’s foraging behaviour 

The study of wild animals in their natural environment is often challenging, as they live in 

habitats where direct observation is difficult or impossible. Biologging is the use of 

miniaturized animal-attached tags for recording data about 

the movements, behaviour, physiology and/or environment 

or free-ranging, undisturbed animals (Ropert-Coudert & 

Wilson 2005; Hooker et al. 2007; Ropert-Coudert et al. 

2009). In the marine environment, biologging allows the 

study of animals and their interaction with oceanography, 

which would not be accessible during their extended 

(sometimes exclusive) times at sea. In the case of diving 

predators, a small device is usually attached to the animals, recording, for example, surface 

locations (GPS and Argos devices) or behavioural and physical parameters during the 

dives (such as pressure for dive depth, ambient temperature, light, salinity for diving 

animals) (Time-Depth-Recorders, TDR). The deep dive depths of some species and the 

long at-sea times represent important constraints for the logging devices in terms of 

pressure resistance and memory while keeping the device as small as possible to minimize 

the impact on the animal.  
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1.4.1 Methods for the detection of foraging behaviour in marine predators 

In the context of studying the foraging behaviour of marine predators, one of the 

challenges is to infer foraging activity from behavioural indices obtained by biologging 

methods. Diving predators move in a multi-dimensional framework (x, y, z and time, plus 

multiple environmental dimensions), whereas foraging may only be visualized in the 

horizontal and vertical. Fortunately, there exist various methods to identify the occurrence 

of foraging behaviour from biologging data at the ocean surface and at depth. From surface 

behaviour, foraging is sometimes detected based on the assumption that the animals 

change their movement behaviour between travelling and foraging, with changes from 

relatively linear movements at high speed during travel to ARS behaviour characterized by 

increased sinuosity and lower speed when exploring a prey patch (Bovet & Benhamou 

1991; Benhamou 2004). Methods for the detection of foraging behaviour at the surface are 

based on various analysis methods such as First-Passage Time (Fauchald & Tveraa 2003), 

changes in the fractal dimension of the trajectory (Fritz et al. 2003; Tremblay et al. 2007) 

and residence time in a certain zone (Barraquand & Benhamou 2008). Furthermore there 

are process-based models, which allow predictions of the animal’s behaviour along its 

trajectory based on previous behavioural states (State-space models, Jonsen et al. 2003; 

Jonsen et al. 2005; see review in Patterson et al. 2008and Jonsen et al. 2012). However, 

such methods for detecting foraging behaviour from changes in surface movements need to 

be used with caution, with careful considerations of the spatial scale at which the foraging 

behaviour will be detected (Robinson et al. 2007). In addition to changes in surface 

behaviour, marine predators are likely to change their diving behaviour in response to prey 

availability (Houston & Carbone 1992; Thompson & Fedak 2001). Based on this 

assumption foraging can be detected from changes in diving behaviour, such as increasing 

dive rate within a prey patch (Dragon et al. 2010), the time spent in the bottom phase of a 

dive (Boyd & Arnbom 1991; Charrassin et al. 1999; Austin et al. 2006) as well as the 
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Figure  1.6:  In‐situ  depth‐temperature 

profile  along  the  trajectory  of  a 

foraging king penguin obtained from a 

Time‐Depth‐Temperature  Recorder 

(Mk9).  The high  temporal  and  spatial 

resolution of  the data allows detailed 

insights  into  hydrological  structures 

encountered by the penguin at depth. 

Cold water masses are shown  in blue, 

warm in red.  

bottom time relative to the total dive duration (Halsey et al. 2007) or changes in residuals 

of absolute or relative bottom times (Bailleul et al. 2008). Furthermore the fine-scale 

behaviour at the bottom of a dive, where foraging is thought to take place, can give an 

indication of the feeding behaviour of the animal. These undulations or wiggles are small 

vertical movements of the animal during the bottom phase of the dive, which are thought to 

arise from prey capture and are therefore suggested to represent a reliable indicator for 

feeding (Simeone & Wilson 2003; Takahashi et al. 2004; Bost et al. 2007; Bost et al. 

2008). The choice of an appropriate method for the investigation of marine predator 

foraging behaviour from the wide range of available possibilities, depends upon the 

question to be answered as well as on the temporal and spatial resolution of the available 

data.  

1.4.2 Studying marine predator’s behaviour in the 3-dimensional oceanographic 

environment 

Initial studies concentrating on the tracking of marine predator’s surface behaviour and its 

evaluation in combination with remotely sensed oceanography have allowed first important 

insights into the behaviour of marine predators at sea, and the importance of oceanographic 

features for foraging (Rodhouse et al. 1996; Bost et al. 1997; Guinet et al. 1997). However, 

recent advances in biologging with combined behavioural and in-situ oceanographic 
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measurements at high sampling rates (Ropert-Coudert & Wilson 2005; Hooker et al. 2007) 

have significantly increased the possibilities of studying the animal’s behaviour in their 

environment, and to examine possible links between the animal’s behaviour and 

oceanographic features at the ocean surface and in the water column  (Charrassin & Bost 

2001; Biuw et al. 2007; Biuw et al. 2010; Hooker et al. 2007; Costa et al. 2010; McIntyre 

et al. 2010; McIntyre et al. 2011; Bestley et al. 2012). The animal-borne tags collect 

oceanographic data at the scale and resolution that match the animal’s behaviour, allowing 

for the study of the animal’s behaviour in its immediate environment in high spatial and 

temporal detail.  

The use of such tags furthermore allows the in-situ sampling of the oceanographic 

environment at detailed spatial and temporal scales. Marine predators can thus be used to 

collect oceanographic data on scales not possible with conventional methods (Lydersen et 

al. 2002; Hooker & Boyd 2003; Charrassin et al. 2004; Charrassin et al. 2008; Boehme et 

al. 2008a, Boehme et al. 2008b; Costa et al. 2008; Roquet et al. 2009). This is particularly 

interesting in areas such as the Southern Ocean, where the use of traditional ship-based 

surveys, remote-sensing systems and Argo-floats is limited. The use of oceanographic data 

from animal-borne sensors has significantly improved our understanding of key features in 

the Southern Ocean such as the ACC and associated oceanographic processes and features 

at the surface and at depth (Boehme et al. 2008a; Charrassin et al. 2008; Costa et al. 2008).   

Such technical advances in biologging have lead to the synergy between marine 

behavioural ecology and oceanography (Ropert-Coudert & Wilson 2005). The 

interdisciplinary approach to studying the behaviour of marine predators in relation to 

oceanography has given important insights into how the animals explore their 

environment, and potential key oceanographic features for foraging. It has allowed detailed 

studies of the exploration of the water column by the animals, and the identification of 
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oceanographic features or specific water masses at depth targeted during foraging 

(Campagna et al. 2000; Charrassin & Bost 2001; Charrassin et al. 2004; Bailleul et al. 

2007; Biuw et al. 2007; Muelbert et al. 2012). For example, the use of temperature and 

salinity data collected by seals foraging at the Western Antarctic Peninsula has provided 

detailed insights into the 3-dimensional habitat use of different seal species (Burns et al. 

2004; Costa et al. 2010). The data have given new detailed information about circulation 

patterns of CDW onto the Antarctic shelf, and its exploration by the seals (Costa et al. 

2008; Costa et al. 2010), revealing inter-specific habitat segregation in terms of foraging 

areas explored as well as water masses targeted at depth (Costa et al. 2010). Furthermore 

the comparison of elephant seals at different breeding locations have allowed insights into 

fine-scale differences in habitat use, providing possible explanations for differences in 

foraging performances (Biuw et al. 2010).  

Results from biologging studies suggest that the foraging of marine predators is strongly 

associated with oceanographic features such as fronts, eddies, specific water masses and 

thermal gradients in the water column, or bathymetry-related upwellings at shelf breaks or 

seamounts, where prey availability may be increased (Hunt 1990; Rodhouse et al. 1996; 

Bost et al. 1997; Tynan 1998; Lea & Dubroca 2003; Cotté et al. 2007; Trathan et al. 2008; 

Scheffer et al. 2010; Péron et al. 2012; Muelbert et al. 2012). These oceanographic features 

are thought to represent locations of high prey predictability and availability and therefore 

important foraging areas for marine predators. Spatial patterns and temporal variability of 

these features are impacted by environmental variability and are thought to be affected by 

climate change. Investigating the potential impact of climate change on marine predators 

therefore requires the identification of the oceanographic features on which animals rely, 

detailed knowledge about how animals explore these features in the horizontal and vertical 

dimension, as well as information about how these features may change. In this context, 

the comparative study of a marine predator in different breeding locations may allow 
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Figure 1.7: A generalized Southern Ocean 

foodweb  from  the  level  of  krill  up  to 

marine  top  predators.  Four  main  size 

groups  of  animals  are  shown,  each  in  a 

coloured  ellipse.  Figure  from  Rintoul  et 

al. (2012).

insights into how the animals adjust their foraging behaviour to different environments, 

and how the exploration of potential key oceanographic feature may impact foraging 

behaviour and performance.  

Marine predators sit at or near the top of the marine food web, and as they consume large 

amounts of biomass from lower trophic levels, 

they integrate spatial and temporal patterns in 

the distribution and abundance of lower trophic 

levels; they have been proposed as representing 

important bioindicators of marine resources 

(Furness & Greenwood 1993;Boyd & Murray 

2001; Bost et al. 2008). Such indications on 

spatial and temporal patterns of resources may 

be important to monitor and better understand 

the variability of biological resources, 

particularly those at mid-trophic levels such as 

krill and myctophids which are difficult to 

assess, given the spatial and temporal 

variability of the environment. In this context, changes in marine predator’s foraging 

behaviour may give important indications about spatio-temporal changes in marine 

foodweb.   
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1.5 PhD objectives and thesis structure     

The overall objective of this PhD is to describe the foraging behaviour of a top diving 

predator of the Southern Ocean, the king penguin, breeding at both South Georgia and 

Kerguelen in relation to regional oceanographic features and variability in their horizontal 

and vertical dimension. In using a multi-site study, I envisage that I will be able to infer 

generic behavioural foraging attributes for my study species. I have approached this 

question by combining behavioural information regarding the penguin’s surface and 

underwater movements with oceanographic data (remote sensing and in-situ measurements 

from biologging devices attached to the animals) in the horizontal and vertical dimensions 

at different spatial and temporal scales. This thesis is therefore situated at the interface of 

behavioural biology, ecology and oceanography, and attempts to integrate these disciplines 

in order to allow comprehensive insights into how these animals explore their 

environment.  

The work for this PhD thesis has been structured and approached in the following way: 

As a first step, I describe the foraging behaviour of king penguins in relation to 

oceanographic features at both breeding locations (Chapters 3 and 4). Building on previous 

work on king penguins foraging behaviour from both study sites I attempt to gain a more 

complete picture about how the penguins explore the oceanographic habitat in the 

horizontal and vertical dimension depending on the oceanography of the study sites. For 

this I first studied the spatial at-sea distribution of foraging king penguins in relation to 

oceanographic features in their foraging areas. I then investigated their behaviour in the 

water column and tried to find out key structures or water masses explored during 

foraging. This gave a 3-dimensional image of how king penguins explore the ocean, and 

what may be important oceanographic features explored during foraging in the foraging 

ambit of the breeding colony.  
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In Chapter 3 I describe the foraging behaviour of king penguins breeding at South 

Georgia in relation to oceanographic patterns in their foraging area at the ocean surface and 

at depth. Previous studies of the foraging behaviour of king penguins at South Georgia 

(Trathan et al. 2008; Scheffer et al. 2010) have concentrated on birds during the incubation 

stage and did not consider brooding birds or detailed aspects of diving behaviour in 

relation to vertical oceanographic features. To gain a more complete picture about king 

penguin’s foraging at South Georgia building on these previous results, I studied the 

foraging behaviour of the penguins during the brooding stage in relation to horizontal 

oceanographic features, and further focussed on the fine-scale exploration of the thermal 

structure of the water column by the penguins in the different frontal zones explored 

depending on their breeding constraints.   

In Chapter 4 I describe the foraging behaviour of king penguins breeding at Kerguelen. 

Given a more extensive Kerguelen dataset it was possible to take into account spatial as 

well as temporal variability in oceanographic conditions and the penguin’s behaviour. 

Furthermore the catastrophic breeding season of 2009/10 with an unprecedented impact on 

the Kerguelen king penguin behaviour and reproductive success required separate analyses 

and considerations. Chapter 3 is therefore subdivided in 3 sub-chapters. In Part A I 

explore the general foraging patterns of breeding king penguins from Kerguelen in relation 

to oceanographic patterns in their foraging area (building on previous studies on foraging 

king penguins at Kerguelen mainly during the brooding stage, see Charrassin et al. 2002; 

Charrassin et al. 2004; Bost et al. 2004;Bost et al. 2011). In Part B I examine the particular 

situation during the breeding season 2009/10 when 94% of monitored birds failed to raise 

chicks. Finally, in Part C I explore the general impact of environmental variability on the 

foraging behaviour of king penguins breeding at Kerguelen. 
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In considering how to structure my thesis I felt it was important to present a thesis structure 

with one chapter for each study location; this allowed me to present methods and results in 

a simple and straightforward manner, without any repetition. This structure meant that I 

did not need to divide the Kerguelen study into separate chapters. The analyses and 

discussion related to the Kerguelen part of the study were extensive and complex, 

however, by organising this as sub-chapters within one larger Kerguelen chapter allowed 

me to integrate the results in a well structured and comprehensive manner. 

My study of king penguins in relation to their oceanographic environment across two study 

locations, allowed me to gain detailed insights into how these animals explore the ocean, 

and what oceanographic features may be of key importance for their foraging in both 

locations. While it is important to study an animal’s behaviour in relation to the particular 

conditions close to the breeding site, it is important to remember that it remains difficult to 

evaluate to what extent the observed behaviour might be an adaptation to the particular 

conditions at that breeding site in that year, as opposed to how much the animals may have 

adapted to different environmental conditions at the two sites. Several studies have shown 

that the presence of a species in a given habitat may be closely linked to keystone 

structures, where such a keystone structure is defined as a distinct spatial structure 

providing resources, shelter or “goods and services” for a species (Tews et al. 2004). 

Detecting crucial keystone structures of a species may be of key importance for a better 

understanding of the animal’s foraging strategies and behavioural patterns emerging under 

different environmental conditions.  

In Chapter 5 I consider a number of broader issues developed from the discussion of 

Chapter 2 and chapter 3, Parts A, B and C. This involves as a comparison of the two study 

locations, where I try to combine the results of the separate study locations into a set of 

conclusions about more general foraging patterns of king penguins in relation to their 
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oceanographic environment. In this context, I considered the importance of the location of 

the breeding colony in relation to the Polar Front, which determines how the foraging 

animals may cope with the local conditions associated with this key oceanographic feature 

and the vertical thermal structures associated with other Antarctic Circumpolar Current 

(ACC) fronts and zones. Based on the results of this comparative approach I end by finally 

discussing potential reactions of king penguins to future environmental change and how 

potential key oceanographic features used by king penguins foraging may change, and how 

the penguins may be able to adjust their foraging behaviour to such changes. 
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Chapter 2 

Study location, study species and methods 
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Figure  2.1:  Locations  of  the  study 

sites South Georgia and Kerguelen  in 

the  Southern  Ocean. White  shading 

shows major bathymetric features. 

2.1 The study locations: Oceanography around South Georgia and 

Kerguelen 

The islands of South Georgia and Kerguelen are situated within the flow of the Antarctic 

Circumpolar Current (ACC), respectively in the Atlantic and Indian sectors of the Southern 

Ocean. South Georgia is located to the south of the Polar Front (PF), whereas Kerguelen is 

situated just to the north of the PF (Orsi et al. 1995; 

Park et al.1998; Moore et al. 1999; Sokolov & 

Rintoul 2009a; Park & Vivier 2011). Both islands 

are situated in close proximity to the highest 

bathymetry in the flow of the ACC, steering the 

ACC after it exits the Drake Passage and flows over 

the Scotia Arc in the Atlantic and over the Kerguelen 

Plateau in the Indian Ocean (Marshall 1994; Moore 

et al. 1999; Park et al. 2008; Sallee et al. 2008).  

Areas downstream of locations where there are strong interactions of the ACC with 

bathymetry, are characterized by persistent patterns of increased biological productivity 

from bathymetry-related nutrient upwelling and downstream advection (Sokolov & Rintoul 

2007), which may maintain highly productive ecosystems and rich foodwebs in these 

locations. Islands situated in such conditions therefore provide favourable breeding 

locations with profitable foraging grounds for land-based marine predators. The Scotia Sea 

and the Kerguelen Plateau are two of the most productive areas in the Southern Ocean 

(Charrassin et al. 2004; Holm-Hansen et al. 2004; Blain et al. 2007; Murphy et al. 2007; 

Tarling et al. 2012; Park et al. 2010; Dragon et al. 2011; Whitehouse et al. 2012), with the 

interaction of the ACC with bathymetry being a major factor for allowing high levels of 

biological productivity (Park et al. 1998, 2008a,b; Blain et al. 2007; Murphy et al. 2007; 

South 
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Mongin et al. 2008) and supporting extensive colonies of marine land-based predators such 

as seals, penguins and other seabirds (Croxall et al. 1988; Boyd 2002; Murphy et al. 2007; 

Weimerskirch et al. 1987; Hindell et al. 2011; Park & Vivier 2011).  

 

  

 

 

 

 

 

Figure 2.3: Primary productivity  (a), vertical velocity  (b) and ocean depth  (c)  in the Southern 

Ocean,  averaged  between  the  northern  and  southern  branches  of  the  Polar  Front. Highest 

primary productivity occurs in the Scotia Sea and over the Kerguelen Plateau, coinciding with 

regions of rugged bathymetry and high vertical velocities in the ocean. Figure from Sokolov & 

Rintoul (2007). 

Figure  2.2:  Primary  productivity  (remotely  sensed  Chlorophyll‐a  concentration)  during 

December in the Southern Ocean. Yellow boxes indicate the locations of the Scotia Sea and 

the Kerguelen Plateau. Figure from Sokolov & Rintoul (2007).
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Figure 2.4: Mass streamfunction  (Sv) of  fluid 

parcels  of  the  ACC  negociating  a  variable 

bottom  topography  while  conserving 

potential  voracity,  showing  the  northward 

deviation  of  the ACC  flow  in  the  Scotia  Sea 

and  at  the  Kerguelen  Plateau.  Figure  from 

Marshall (1994) and Rintoul et al. (2001). 

In both locations, parts of the eastward flow of the southern ACC shows significant 

deviations to the north and therewith into areas close to the islands (Marshall 1994; Orsi et 

al. 1995). Such large-scale flows meandering across major bathymetric obstacles is a result 

of the conservation of potential vorticity (f/h, 

where f is the Coriolis factor and h is the bottom 

depth for a barotropic flow such as the Southern 

Ocean; Marshall 1994). To conserve its 

potential vorticity over a shallowing 

topography, an eastward flow such as the 

ACC deviates equatorwards, while it bends 

back polewards after crossing the topographic 

obstacle. Such northward deviations of the 

southern ACC flows across the Scotia Arc and 

the Kerguelen Plateau results in the influx of cold waters into the areas close to the islands, 

which may further increase nutrient input and therefore biological productivity (Ward et al. 

2002).   

Locations downstream of intense ACC bathymetric steering are further characterized by 

intensification of the PF (in terms of increased cross-frontal widths and temperature 

gradients), decreased large-scale frontal meandering, but increased mesoscale activity and 

eddy formation (Moore et al. 1999; Sallee et al. 2008). The Scotia Sea and Kerguelen 

Plateau are among the regions where these effects are the strongest in the Southern Ocean 

due to the strong bathymetric steering of the ACC (Moore et al. 1999). Mesoscale features 

such as eddies have been shown to be locations of increased biological productivity and 

biomass accumulation (Rodhouse et al. 1996; Pakhomov & Froneman 2000; Nel et al. 

2001; Strass et al. 2002; Dragon et al. 2010), and may therefore increase structuring and 

predictability in patterns of biological activity in the ocean. The prominent steering effect 
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of the rugged bathymetry of the Scotia Sea and of the extended Kerguelen Plateau further 

increases the stability of oceanographic features in these areas. In the Scotia Sea, the 

frontal jets are more variable and more widely spread out than in the Drake Passage, but 

still form a series of intense currents navigating through narrow deep channels formed by 

complex bottom topography (Orsi et al. 1995; Belkin & Gordon 1996; Sokolov & Rintoul 

2009a). Eddies of apparent high spatial stability have been identified in the area to the 

north of South Georgia associated with bathymetric features in the flow of the PF and 

SACCF (Rodhouse et al. 1996; Trathan et al, 1997, 2000; Thorpe et al. 2002; Meredith et 

al. 2003, 2005), which have been reported to be explored by foraging albatrosses and king 

penguins (Rodhouse et al. 1996; Trathan et al. 2008; Scheffer et al. 2010; Scheffer et al. 

2012). In the area to the southeast of Kerguelen, the immediate effects of the pronounced 

Kerguelen Plateau bathymetry lead to persistent patterns of flow channelling and 

upwellings along the southeastern shelf break of the Kerguelen Plateau (Park et al. 1998, 

2008; Roquet et al. 2009; Park & Vivier 2011), which have been reported to be utilised by 

foraging king penguins and other marine predators (Charrassin et al. 2004; Hindell et al. 

2011).   

Overall, the islands of South Georgia and Kerguelen appear to provide for favourable 

conditions for many breeding marine predators, being characterized by the presence of 

several frontal zones in proximity of the breeding colonies and by increased biological 

productivity through bathymetry-related upwellings as well as the intensification of ACC 

fronts and mesoscale activity. Stability in larger-scale frontal patterns through upstream 

bathymetric steering, and of mesoscale features through local bathymetry may lead to high 

levels of structuring and predictability of such biological resources in proximity of the 

islands, therewith increasing the profitability of the Scotia Sea and Kerguelen Plateau for 

foraging marine predators. 
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Figure  2.5:  Oceanography  and  bathymetry  of  the  Scotia  Sea.  ACC  fronts  are  shown  in 

black,  bathymetry  in  grey  shades.  SAF:  SubAntarctic  Front;  PF:  Polar  Front;  SACCF: 

Southern ACC  front;  SB:  southern ACC boundary. NWGR: North West  Scotia Rise; MEB: 

Maurice Ewing Bank. Figure from Murphy et al. (2007). 

However, local oceanography and the location of the islands in relation to the different 

ACC frontal zones show important differences. In order to better understand the foraging 

behaviour of diving marine predators such as king penguins and to compare behavioural 

patterns at both study locations, it is necessary to have knowledge about detailed 

oceanographic patterns at both study locations at the surface and at depth.   

2.1.1. Oceanography in the Scotia Sea and in the area to the north of South Georgia 

South Georgia is situated within the Antarctic Circumpolar Current (ACC) flow in the 

Scotia Sea part of the southwest Atlantic Ocean, with the Polar Front (PF) to the north and 

the Southern ACC Front (SACCF) close to the island. Upstream of the Scotia Sea, the 

ACC fronts are channelled at their narrowest meridional constriction within Drake Passage 

and then diverge as the ACC enters the Scotia Sea (Orsi et al. 1995; Brandon et al. 2004). 

In the Scotia Sea, the Scotia Arc rises from depths of 3000 – 5000 m as a chain of islands 

from the Antarctic Peninsula to the tip of South America. It represents one of the major 
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Figure 2.6: Path of the SACCF 

in  the  Scotia  Sea,  showing 

the  presence  of  an  eddy  to 

the  north  of  South  Georgia. 

Figure  from  Thorpe  et  al. 

(2002)

bathymetric obstacles in the path of the ACC, significantly deviating the frontal flows to 

the north (Marshall et al. 1994; Orsi et al. 1995; Moore et al. 1999). Much of the central 

abyssal plain of the Scotia Sea is 3000 – 4000 m deep, with pronounced submarine 

structures and seamounts such as the North West Georgia Rise (NWGR), the North East 

Georgia Rise (NEGR) and the Maurice Ewing Bank (MEB) in the area to the north of 

South Georgia. The combination of strong flow and mixing in an area of rugged 

bathymetry makes the Scotia Sea one of the most physically energetic regions of the 

Southern Ocean (Meredith et al. 2007).The rugged bathymetry of the Scotia Sea plays an 

important role in determining the ACC frontal paths, but also for circulation patterns in the 

inter-frontal zones.  

In contrast to most other king penguin breeding colonies which are located north of the PF 

(Bost et al. 2009), South Georgia is situated south of the PF. The PF deviates northward 

after exiting the Drake Passage and crosses the complex bathymetry of the North Scotia 

Ridge and passes over the southern edge of the MEB (Trathan et al. 1997, 2000; Moore et 

al. 1999). Recurrent warm-core rings presumably related to bathymetric features have been 

reported within the PF flow in the area to the north of South Georgia to the east of the 

MEB and on the north-eastern tip of the NEGR (Trathan et al. 1997, 2000; Rodhouse et al. 

1998; Scheffer et al. 2010).  

The flow regime close to South Georgia is dominated 

by the SACCF, which is deflected northward by the 

South Scotia Ridge and loops anticyclonically around 

the South Georgia peri-insular shelf before 

retroflecting north of the island (Orsi et al. 1995, 

Thorpe et al. 2002, Meredith et al. 2003; Boehme et al. 

2008) at ~36°W. The SACCF flow is rich in nutrients 
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(Ward et al. 2002), and hosts a high biomass of zooplankton (Murphy et al. 2004). The 

Antarctic Zone (AAZ) is situated between the PF and the SACCF; it is characterized by the 

meeting of cold Antarctic waters and warmer surface waters from the PF. A complex eddy 

field has been described in the AAZ north of South Georgia as well as a warm-core 

anticyclonic circulation at around 52°S, 35°W (Thorpe et al. 2002; Meredith et al. 2003).  

Vertical sections across the SACCF flow to the north of South Georgia show cold WW 

layers centered around 100-150 m depth (Ward et al. 2002; Brandon et al. 2004), as well as 

doming of isopycnals associated with the SACCF flux (Ward et al. 2002). Such isopycnal 

doming appears to result in the presence of Circumpolar Deep Water (CDW) at depths 

<250 m in some locations close to the northern shelf break of South Georgia (Brandon et 

al. 1999, 2004; Thorpe et al. 2002; Ward et al. 2002, 2012). 

 

 

 

 

 

 

 

 

Figure 2.7: Oceanographic  transect of water 

temperature  in  the  area  to  the  north  of 

South  Georgia,  showing  the  presence  of 

cold‐water layers between 100‐200 m depth, 

and  local  isopycnal doming  associated with 

the  SACCF  flux.  Figure  from  Ward  et  al. 

(2002). 
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Figure  2.8:  Schema  of  the 

general  circulation  over  and 

around  the  Kerguelen 

Plateau.  Discontinuous  bold 

lines  indicate  subsurface 

western  boundary  currents. 

Figure  from  Park  et  al. 

2008a. 

2.1.2 Oceanography over and around the Kerguelen Plateau 

The Kerguelen archipelago is located within the flow of the Antarctic Circumpolar Current 

(ACC) in the south Indian Ocean, with the Sub-Antarctic Front (SAF) situated to the north 

and the Polar Front (PF) and Fawn Trough Current (FTC) to the south. The Kerguelen 

Plateau is a major bathymetric feature of the Southern Ocean, significantly altering the 

flow of the ACC, including the deeper ACC flow (Park & Gamberoni 1997; Park et al. 

2008a; Park & Vivier 2011; Sokolov & Rintoul 2009). To the southwest of the Kerguelen 

Plateau, the PF and the FTC are separated by a distance to up to eight degrees of latitude, 

but they are steered by the local topography of the Kerguelen shelf and finally closer 

together close to the outlet of the Fawn Trough in the Australian-Antarctic Basin (52°S, 

82°E) (Park et al. 2008a). The juxtaposition of these flows of different origin and with 

different properties creates a dynamic zone characterized by enhanced mixing and strong 

gradients, which in turn enhances biological productivity (Lima et al. 2002; Thomas & 

Emery 1988). Iron enrichment by the island mass effect further increases production in the 

waters downstream of the Kerguelen Plateau (Blain et al. 2001, 2007).  
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The Northern Kerguelen Plateau is characterized by a complex topography (Park 2008a, 

Fig.1), which significantly impacts the local circulation (Park & Gamberoni 1997; Park et 

al. 2008a; Park & Vivier 2011; Roquet et al. 2009; van Wijk et al. 2010). There are 

differing opinions in the literature concerning the exact frontal pathways over the 

Kerguelen Plateau (Orsi et al. 1995; Belkin & Gordon 1996; Park & Gamberoni 1997; 

Park et al. 2008a; Park & Vivier 2011; Roquet et al. 2009; Sokolov & Rintoul 2009; van 

Wijk et al. 2010), mostly due to the complex interaction of oceanography with the 

bathymetry of the Kerguelen Plateau and the use of different criteria (SST, SSH, SST 

gradients, Chl-a, subsurface characteristics) and threshold values for frontal definition.  

 

 

 

 

Most recently the PF has 

been identified to flow eastwards across the northern Kerguelen Plateau just south of 

Kerguelen (Park & Gamberoni 1997; Charrassin et al. 2004; Park et al. 2008a, Park & 

Vivier 2011). It then flows anticyclonically around the island (along the 200-500m 

isobaths) from the southeast and continues its flow north-eastward along the eastern 

continental shelf and then again south-eastwards along the east of the Kerguelen Plateau 

(Park & Vivier 2011). 

The FTC is a strong current flowing along the southern edge of the Northern Kerguelen 

Plateau through the Fawn Trough (Sparrow et al. 1996). The Fawn Trough (FT) is a deep 

passage (<2800m) separating the Southern and the Northern Kerguelen Plateau, joining 

different separated flows of the upstream Enderby Basin and therefore channelling an 

Figure  2.9:  3D  view  of  the 

complex  bathymetry  for  depths 

shallower  than  2000m  over  the 

Northern  Kerguelen  Plateau. 

Figure from Park et al. 2008a. KI: 

Kerguelen  Islands,  HMI: 

Heard/McDonald Islands. 
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important part of the ACC flow (Park et al. 2008a; Roquet et al. 2009). The FTC has been 

assigned to different ACC fronts based on altimetry (SACCF: Park et al. 2009; Park & 

Vivier 2011; SPF: van Wijk et al. 2010). For simplicity we refer to the flow passing the 

Fawn Trough as the Fawn Trough Current (McCartey & Donohue 2007; Roquet et al. 

2009), and will comment on frontal patterns later in the discussion. Despite differences in 

the interpretation of surface signatures, based on subsurface signatures the FTC is 

characterized by the northern limit of Winter Water (WW), corresponding to the 

subsurface temperature minimum (Tmin) of 0°C situated at around 100 m depth (Roquet 

2010), and the southern limit of Upper Circumpolar Deep Water (UCDW), corresponding 

to the mid-depth temperature maximum (Tmax) of 2°C (Roquet 2010, Park & Vivier 2011; 

van Wijk et al. 2010).  

 

 

 

 

Flowing east from the Fawn Trough passage, most of the FTC is deflected southeastwards 

by the Chun Spur, a pronounced bathymetric feature at the southeastern end of the 

Kerguelen Plateau. However, while all the deep flow (Tmax, ~400 m depth) is deviated to 

the south by the Chun Spur barrier, a part of the shallower waters (corresponding to the 

Tmin layer, cold WW, ~100m depth) is advected northwards across the Chun Spur to the 

southeast of Kerguelen (Park et al. 2009, Roquet 2010). Because of its unique 

characteristics of cold waters of Antarctic Zone origin, these waters originating from the 

FTC can be clearly distinguished from the warmer surrounding waters (Roquet 2010). 

 

Figure  2.10:  Temperature  section 

across  the  Fawn Trough  from Heard 

Island  to  the  Southern  Kerguelen 

Plateau  along  a  southeasterly 

transect.  WW  can  be  identified  by 

the 0°C  isotherms, UCDW by the 2°C 

isotherms  at  greater  depths.  Figure 

modified from Roquet 2010. 
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The cold WW advected from the Fawn Trough over the Chun Spur flows northwards along 

the eastern shelf break of the Kerguelen Plateau, forming a cold-water subsurface tongue 

that can extend up to the latitude of Kerguelen (Park & Gamberoni 1997; Charrassin et al. 

2004; Park et al. 2008a, b; van Wijk et al. 2010), where it reaches depths of ~100 m 

(Charrassin et al. 2004). Its northward extension appears to be variable, but the factors 

affecting the flow are not well understood.  

The northern Kerguelen Plateau to the south of Kerguelen is characterized by relatively 

weak currents between the PF and the FTC (Park & al. 2008a; Park & Vivier 2011). 

Internal tides, generated by the interaction of tidal currents and slope bathymetry, play an 

important role for oceanographic processes by enhancing vertical mixing in the water 

column (Park et al. 2008c). These internal tides are of high frequency (semidiurnal) and 

highly non-linear, with isopycnal displacements of up to 80 m at depths of 80-200 m (Park 

et al. 2008c). Turbulence resulting from the internal tides is the principal driving force for 

elevated vertical mixing and iron uptake in the water column (Mongin et al. 2008; Park et 

al. 2008b; Maraldi et al. 2009). The high frequency and non-linearity of the internal tides 

makes the area over the plateau to the south of Kerguelen highly dynamic. Due to the 

enhanced mixing and upward transfer of iron in the water column from the internal tides, 

the area over the northern Kerguelen Plateau is characterized by high primary productivity 

in comparison with surrounding areas (Mongin et al. 2008; Park et al. 2008a, b). These 

enhanced and spatially restricted sources of primary production have important 

implications for the regional marine foodweb, including predators (Park & Vivier 2011) 

such as king penguins. 
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2.2 The king penguin (Aptenodytes patagonicus) 

Penguins are a distinctive group of flightless, long-lived pelagic seabirds. The penguin 

family (Speniscidae) consists of 18 existing species (Williams 1995), but 16 to 19 

according to some authors. Penguins only occur in the Southern Hemisphere, where they 

show a wide distribution from the Equator to the Antarctic continent. In most breeding 

locations penguins form large colonies of several thousands up to hundreds of thousands of 

pairs during the breeding season between Austral spring and autumn (approximatively 

November - March). 

 

Penguins are well adapted to their aquatic life, with a streamlined body and wings that are 

used as flippers.    In contrary to other diving seabirds, penguins have lost their flight 

capacity. Their adaptation to the aquatic life is therefore not constrained by flight 

adaptations, and various physiological characteristics make them performant divers. The 

streamlined body reduces drag, and the wings transformed into flippers allow efficient 

underwater propulsion. Solid, dense bones increase the body density and help to overcome 

buoyancy when diving. The relatively short feet are pressed against the tail to aid steering 

while moving under water (Williams 1995) and are not used for propulsion as in some 

species such as cormorants and shags (Sato et al 2007). 

 

During the breeding period, the individuals within a breeding pair alternate foraging trips 

at sea with periods on land when they engage in incubation or chick guarding activities. 

The penguin’s foraging behaviour at sea, particularly during the breeding season, when 

they are normally unobservable, can be studied by equipping individuals with micro-

electronic devices that record different activity patterns. Such devices are generally 

deployed just before the birds departure to sea, and recovered after its return to the colony.  
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The king penguin (Aptenodytes patagonicus, Miller 1778) is the second largest penguin 

after the emperor penguin. Adults are 85 - 95 cm tall and weigh 12 - 16 kg, with 

anatomical characteristics varying among breeding locations. King penguins breed on 

many of the sub-Antarctic islands between 45°S and 55°S within a distance of 400 km of 

the Antarctic Polar Front (PF) (Bost et al. 2012). Current estimates of their world 

population suggest ~1,600,000 breeding pairs; however these numbers are thought to be 

underestimated as most counts only include successful breeders in January and do not 

generally include failed or late-nesting pairs (Bost et al. 2012). The largest breeding 

populations are still on Crozet Island with around 612,000 – 736,000 pairs (corresponding 

to about 50% of the global population), ~342,000 on the Kerguelen Islands, ~ 450,000 on 

South Georgia Island, 150,000 – 170,000 on Macquarie Island and ~80,000 on Heard 

Island (see review in Bost et al. 2012). These large numbers make king penguins an 

important component of the Southern Ocean foodweb (Woehler 1995). There are two 

subspecies recognised; Aptenodytes patagonicus patagonicus which breeds in the south 

Atlantic and Aptenodytes patagonicus halli which breeds in the Southern Indian Ocean. 

South Georgia and Kerguelen are two of the main breeding locations for king penguins 

(Woehler 1995; see Bost et al. 2012). Our study was carried out at the Hound Bay colony 

on the north coast of South Georiga (54°23’S, 36°15’W), and at the Ratmanoff colony on 

the east coast of Kerguelen (49°14’S, 70°33’E).  

 
Figure 2.11: The Ratmanoff king penguin breeding colony at Kerguelen.  
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Figure  2.12:  A  king  penguin  couple  during 

incubation  at  the moment  of  the  exchange 

of the egg, and the hatched chick still on the 

feet of the adult.  

Breeding cycle: 

Like many other seabirds, king penguins are long-lived, lay one egg during each breeding 

cycle and take months to rear their chicks. The king penguin’s breeding cycle extends 

over more than one year (14-15 months), which is the longest among seabirds 

(Weimerskirch et al. 1992). After a moulting period of around 22 days on land 

(Deschamps et al. 2002), the penguins have to replenish their energy reserves at sea before 

starting reproduction. The first adults arrive at the colony to breed in early November. 

After courtship and egg-laying , the female goes to sea to feed, leaving the male in charge 

of the first incubation shift. The male stays fasting on the egg without food for 

approximately 21 days, when the female returns to the colony to take her turn incubating 

the egg. The chick hatches after 

approximately 54 days of incubation 

(Stonehouse 1960). During incubation and 

the early phases of chick-rearing, the 

parents take turns to incubate the egg or 

brood the young chick on their feet, thus 

undergoing prolonged periods of fasting 

ashore while the partner is foraging at sea 

(Stonehouse 1960; Groscolas 1990; 

Descamps et al. 2002). Hatching usually 

occurs from mid-January to February, both 

parents alternate brooding duties and 

foraging trips of 4-12 days. After about one 

month around mid-February, the chicks 

covered in down are thermally emancipated and group into crèches. Both parents then 

resume foraging trips to provide their growing offspring with food. By the end of Austral 
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summer (mid-April), the almost fully grown chicks have gained substantial fat reserves 

(Cherel et al. 1993) to overcome the fasting period during austral winter. During Austral 

winter (May - September), the adults desert the colonies for extended period 

(Weimerskirch et al. 1992; Descamps et al. 2002) and forage in areas further south near the 

pack-ice (Charrassin & Bost 2001; Bost et al. 2004) due to the scarcity of prey in the areas 

around their breeding colonies (Charrassin & Bost 2001). If the chick survives the long 

fasting period during winter (up to five months of fasting, Cherel et al. 1987), the parents 

return to chick-feeding by mid-September with recovery of chick growth until fledging 

around mid-November. Parents then have to undergo moulting before they breed again.  

Raising a king penguin chick usually takes 10 to 13 months. This results in the inability to 

breed successfully every year. Thus the breeding cycle is asynchronous in king penguins 

(Olsson 1996; Weimerskirch et al. 1992), where successfully reproducing birds can only 

start to breed late in the subsequent year due to the long time necessary to fledge a chick, 

moult and recover sufficient body reserves for on-land fasting. This usually allows the 

adults to raise only 1 chick every other year (Weimerskirch et al. 1992).  

During the breeding season, king penguins undergo important energy constraints, as the 

continuous presence of one adult is required on land with the egg/chick, and the other has 

to forage at sea. Penguins therefore acquire large body reserves prior to their arrival on 

land for breeding (Weimerskirch et al. 1992; Cherel et al. 1993; Gauthier-Clerc et al. 

2001). Insufficient body reserves may induce or result in complete breeding failure, where 

parents may sometimes abandon their egg or chick and return to forage at sea before their 

partner’s return to the colony (Olsson 1997; Groscolas et al. 2000; Gauthier-Clerc et al. 

2001; Olsson & Van der Jeugd 2002).  
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Figure  2.13:  King  penguins  under  water,  showing  their 

streamlined  body  and  the  use  of  their  flippers  as  wings  in 

adaptation to the aquatic life. Photo credit: Ingrid Visser. 

Foraging ecology: Prey and at-sea behaviour: 

King penguins are highly adapted to their oceanic life, with a streamlined body and wings 

that are used as powerful flippers for underwater propulsion. They can stay at sea for 

extended periods and swim long distances. Their foraging trips to the Polar Front can last 

over 20 days where the penguins can swim distances of over 1000 km with a mean 

swimming speed of 4-7 km/h (Bost et al. 1997; Charrassin & Bost 2001; Trathan et al. 

2008; Scheffer et al. 2010).  

King penguins mainly feed on lantern fish or myctophids (more than 90% of their diet per 

biomass), small schooling mesopelagic fish, and squid (Cherel & Ridoux 1992; Olsson & 

North 1997; Cherel et al. 2002). Among penguins, the two Aptenodytes species, the 

emperor and the king penguin, are the best divers in terms of depth and duration. King 

penguins can dive to depths of more than 350 m (Kooyman et al. 1992; Pütz et al. 1998; 

Charrassin et al. 1998, 

1999, 2002; Charrassin 

& Bost 2001; Bost et al. 

2007; Wienecke et al. 

2007). Mean foraging 

depths are between 100 – 

200 m, increasing 

between incubationg 

and creching 

(Charrassin et al. 2002) 

and during winter (Moore et al. 1999).  
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Population development and potential threats: 

King penguin populations have been increasing since the 1970’s (Weimerskirch et al. 

1992; see review in Bost et al. 2012) after strong population declines in the 19th and early 

20th century due to the rendering of birds for their oil during the sealing industry. King 

penguin populations are now increasing or have stabilized at all breeding colonies, and the 

species has been listed in the Least Concern category on the International Union for 

Conservation of Nature (IUCN) Red List of Threatened Species (IUCN 2011). 

However, possible change in the availability of their main prey resulting from 

environmental change is one of the main threats to king penguins (Bost et al. 2012). 

Warming sea surface temperatures in the penguin’s foraging areas leading to decreases in 

sea-ice extent and southward shifts of the PF, one of the main foraging areas of king 

penguins during summer (Bost et al. 1997; Guinet et al. 1997; Charrassin & Bost 2001; 

Bost et al. 2009), is thought to significantly impact the distribution of king penguin’s prey 

and therewith the bird’s foraging behaviour and success, and ultimately their population 

development (Le Bohec et al. 2008; Peron et al. 2012).  

Myctophids, king penguin’s main prey 

Myctophids, or lanternfishes, are small mesopelagic fish of the large family Myctophidae, 

and are found in the oceans worldwide. In the Southern Ocean, myctophids represent a 

major biomass resource (estimated 70 – 200 million tonnes, Lubimova et al. 1987) and 

food resource for a variety of marine predators, providing for an important alternative 

trophic pathway to the more commonly discussed krill-based system (Perissinotto & 

McQuaid 1992; Georges et al. 2000). 

Despite their ecological importance, data on the distribution and ecology of Southern 

Ocean myctphids are relatively scarce (Collins et al. 2008). Oceanographic patterns appear 
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to play an important role in the distribution of myctophids, as they are generally associated 

with particular water masses or temperature ranges (Hulley 1981, Kozlov et al. 1991, 

Collins et al. 2012, Fielding et al. 2012), as well as with fronts and related oceanographic 

features (Brandt et al. 1981, Kozlov et al. 1991, Pakhomov et al. 1996, Rodhouse et al. 

1996). Strong thermal gradients such as the thermocline appear to represent particularly 

favourable conditions for myctophid to aggregate (Brandt et al. 1981, Kozlov et al. 1991). 

The occurrence of strong thermal gradients at shallow depths is therefore thought to lead to 

dense and shallow myctophid aggregations at the Polar Front (PF).  

Myctophids represent the main prey for king penguins (Cherel & Ridoux 1991, Olsson & 

North 1997). The horizontal and vertical distribution of myctophids is therefore thought to 

play a key role in the foraging behaviour of king penguins (Bost et al. 2002).    
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2.3 Tracking of king penguins foraging behaviour: 

At-sea movements of king penguins have been followed using ARGOS and Global 

Positioning System (GPS) tracking for analysing their movements at the sea surface, and 

Time-Depth-Temperature-Recorders (TDR) for tracking their dive behaviour. I used these 

same devices during my study of this species. Combining observed penguin behaviour 

with oceanographic data at the surface and at depth allowed me to explore how animals 

adjust their horizontal and vertical movements in response to their environment. The size 

of tracking devices has significantly reduced over the past few years, allowing for fine-

scale tracking of animals with a minimal effect on their behaviour (see Ropert-Coudert & 

Wilson 2005; Hooker et al. 2007).  

 

 

 

 

Tracking of king penguins was carried out during the breeding period during the Austral 

summer between December and February, following birds during their incubation and 

broodguard foraging trips. Birds were selected in the colony during the exchange of the 

egg between the return of one adult to the colony and the departure of their partner. The 

departing birds were then captured after they had left the colony but before they entered 

the sea. Devices were attached using methods modified from Wilson et al. (1997). Briefly, 

Figure 2.14: Tracking devices for penguins surface and underwater movements. 

(a) A Fastloc GPS device.  

(b) A Mk9 TDTR device with external fast‐responding temperature sensor.  

(a)  (b) 
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devices were attached using quick-drying two-part glue and waterproof Tesa tape. To aid 

the recovery of devices, all birds were marked on their front with coloured hair dye. After 

the birds returned from their foraging trips, the devices were recovered after a single 

foraging trip.  

 

   

 

 

Analysis of surface and diving data: 

Surface movements from satellite and GPS tracking data was analysed using foraging trip 

parameters such as total distance and duration of the trip as well as maximum distance 

from the colony as indicators of the total foraging trip effort. Furthermore I used the degree 

of straightness of a foraging trip as a measure of the directedness of foraging to a particular 

location (straightness index). To analyse changes in surface movements I considered the 

rate of turning in the foraging track as an indicator for search effort for prey at different 

scales. I used First Passage Time analysis (Fauchald & Tveraa 2003, McKenzie et al. 

2008), which is a current index for the quantification of animals search behaviour. Based 

Figure 2.15: a‐b: King penguin equipped with a GPS and TDR 

device, and with colour marking on the front. C‐d: equipped 

king  penguin  departing  to  sea  for  its  foraging  trip.  Photo 

credits: Alex Chevallier. 

(a)  (b) 

(c)

(d) 
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on this method, behavioural states of travel or search behaviour were assigned to each at-

sea location of the penguins.   

Analysis of diving behaviour throughout the foraging trip was based on the TDR data. 

Dive parameters that are thought to be reliable indicators for characterising dive behaviour 

(e.g. Kooyman et al. 1992, Pütz et al. 1998, Pütz & Cherel 2005) were investigated and 

related to the horizontal tracking data. These dive parameters were maximum dive depth, 

dive duration, duration of the bottom period when the penguin is between 75% and 100% 

of the maximum depth and the number of bottom undulations (wiggles). Bottom time and 

number of bottom undulations are thought to be reliable indicators for feeding (Takahashi 

et al 2004; Bost et al. 2007, Hasley et al. 2007), and was used to identify feeding 

behaviour.  

Combining behavioural with oceanographic data: 

I undertook a simultaneous analysis of king penguin GPS and ARGOS satellite tracking 

data and time-depth-temperature recordings overlaid on environmental datasets. This 

integrated approach allowed a detailed visualisation of penguin movements and activities 

in the three dimensions of their habitat. The environmental datasets of water temperature, 

sea surface height and bathymetry were combined to create a detailed 3-dimensional image 

of the environmental conditions in the foraging areas, and to identify oceanographic 

structures within the foraging area of tracked animals. Finally I overlaid the penguin 

behavioural recordings on the environmental images in order to identify most favourable 

foraging conditions with regards to oceanographic features at the surface and at depth.  

For the characterization of the marine environment used by the penguins during their 

foraging trips I used a combination of remote-sensing and in-situ data. Remote-sensing 

technologies record environmental data in high resolution through satellites and allow 

continuous monitoring of environmental conditions even in remote or inaccessible areas. 
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To characterize oceanographic conditions at the surface and identify distinct features in the 

foraging area of king penguins, I used Sea Surface Temperature (SST), Sea Surface Height 

(SSH) as well as geostrophic velocity data.  

SST data: SST data characterizes the ocean temperature at its surface. For the analysis of 

tracking data in relation to SST I used OSTIA (Operational Sea Surface Temperature and 

Sea Ice Analysis) SST data from The Met Office (FitzRoy Road, Exeter, UK). OSTIA 

provides gap-free foundation SST values, SSTfnd, defined as the temperature of the 

water column free of diurnal temperature variability (daytime warming or nocturnal 

cooling) from interpolation of satellite and in-situ data. More details about OSTIA are 

available at http://ghrsst-pp.metoffice.com/pages/latest_analysis/ostia.html and in Stark et 

al. (2007). 

SSH and geostrophic velocities: Sea Surface Height (SSH) is the height of the ocean’s 

surface compared to an accepted reference height. SSH reflects the strength of oceanic 

currents and gradients, and makes oceanographic features such as thermal fronts and 

eddies clearly apparent. Geostrophic velocities characterize the gradient in SSH, indicating 

the strength and direction of an ocean current. SSH and geostrophic velocities data 

provided by the AVISO altimetry satellites 

(http://www.aviso.oceanobs.com/en/data/products/sea-surface-height-

products/global/madt/index.html) were used. 

Bathymetry data: Bathymetry characterizes the relief of the ocean floor. This parameter is 

important as it plays an important role in oceanographic processes such as conditioning the 

flows of ocean currents, and impacting vertical processes such as upwellings. In this study 

I used the Smith and Sandwell Global Seafloor Topography from Satellite Altimetry and 

Ship Depth Soundings (NOAA and Scripps Institution of Oceanography) (Smith and 
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Sandwell 1997). More details for the dataset are available at 

http://gcmd.nasa.gov/records/GCMD_SIO_NOAA_SEAFLOORTOPO.html. 

Vertical temperature values were obtained from the external TDR Mk9 sensor data. TDR 

Mk9 temperature sensors provide high quality data (accuracy 0.1° C±0.05°C, Simmons et 

al. 2009), and were therefore used for determining the properties of the water column 

encountered during penguin dives. For each dive, temperature data that were recorded 

during the descent and ascent phases were projected onto a vertical axis corresponding to 

the maximum depth of the dive and averaged at 1-m depth intervals. This resulted in 

regularly gridded temperature data in the vertical plane, and facilitated calculation of the 

average potential differences in the water column properties encountered during the 

descent and ascent phases due to horizontal movements of the penguins. A 5m moving 

average filter was then applied to the temperature profiles, allowing for correction of any 

potential measurement errors from the TDR temperature sensors without smoothing out 

thermal discontinuities in the water column. To compensate for the surface heating effect 

by direct sun exposure and penguin body temperature on the temperature sensors 

(McCafferty et al. 2007), temperature values collected between 0 and 10 m were replaced 

by the value measured at 10 m depth during the ascent. Based on the regularly gridded 

temperature profiles I calculated the vertical water temperature gradient for each depth 

point; this was estimated as the temperature difference between 25 m above and 25 m 

below the given depth point. Temperature gradients near to the depth extremes of a dive 

were calculated using the maximal depth range possible (limited by the surface for points 

<25 m depth, and by the maximal dive depth for points >maximum depth-25 m). The 

resulting possible bias in gradient values may only impact the depth range between the 

maximum depth range of a dive and 25 m above, as dives shallower than 50 m were not 

considered for analyses of foraging behaviour. In my analyses, a temperature gradient of 
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Figure 2.16: Horizontal movements 

of  a  king  penguin’s  foraging  trip 

overlaid  on  a  map  of  remotely 

sensed  Sea  Surface  Height  and 

geostrophic  velocities.  Arrows 

indicate the travel direction of the 

tracked  king  penguin  during  its 

foraging trip.  

+1 thus corresponds to a temperature increase of 1°C per 50 m depth, -1 to a temperature 

decrease of 1°C per 50 m. 

The combination of the tracking and dive data allowed me to create a detailed 3-

dimensional image of the king penguins activity in the ocean. The 3-dimensional 

environmental map containing water temperature, sea surface height and bathymetry 

allowed me to evaluate the penguin’s behaviour in the context of the environmental 

conditions encountered during their foraging trips, and to identify key features of prey 

searching behaviour and feeding.   

 

 

 

 

 

 

Water 

temperature (°C) 

Figure 2.17: a  ‐ Depth‐temperature profile of a king penguin’s foraging trip recorded 

by a TDR device. Colour indicates the  in‐situ recorded water temperature. Depth and 

time  allowed me  to  identify  fine‐scale movements  of  the  penguin,  indicating  prey 

pursuit.  b–  Zoom  into  a  dive  profile,  showing  the  individual  dives  (without 

temperature data). The putative position of prey are shown as an illustration. 

(a) 
(b) 
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Ethics in the context of field experiments in animal behaviour 

Behavioural studies on animals such as the tracking of their movements have a central role 

in ecology and ethology. However, while carrying out any fieldwork or experiments on 

animals it is important to respect all animals, and to have consideration for their capacity of 

suffering and memory, and potential pain, distress or lasting harm. In some fields of 

scientific research on animal behaviour it is nevertheless necessary to use the animals 

where there is a reasonable expectation that the results will lead to a significant advance in 

knowledge or be of overall benefit for the animals. In this context the aim is to limit the 

use of animals for scientific purposes, trying to replace such methods whenever practical 

and to reduce the impact on the animals as much as possible.  

The Scientific Committee on Antarctic Research (SCAR), an inter-disciplinary committee 

of the International Council for Science (ICSU) is charged with the initiation, development 

and coordination of international scientific research in the Antarctic. The ethical concerns 

about fieldwork on animals in Antarctica are resumed in the SCAR Code of Conduct for 

the use of Animals for Scientific Purposes in Antarctica, which provides guidelines for 

researchers carrying out studies involving experiments on animals.  

Biologging is a field where the use of animals is indispensable, and methods used have 

been recognized to have potential impacts on the animals. It is therefore important to 

conduct biologging fieldwork under strict consideration of the above issues, and ensure 

that procedures with potential negative effects on the animals are kept to a minimum where 

unavoidable. The miniaturization of biologging devices over the past decade has 

contributed to reduce the impact of such studies on the animals. All fieldwork involved in 

contributing to my thesis work have been conducted under these guidelines, and ethical 

approval has been given through the BAS ERC agreement to fieldwork taking place.   
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3.1 Abstract   

Investigating the responses of marine predators to oceanographic structures is of key 

importance for understanding their foraging behaviour and reproductive success. Using 

Global Positioning System (GPS) and Time-Depth-Temperature-Recorder (TDR) tags, we 

investigated how king penguins breeding at South Georgia explore their foraging area over 

the summer season in both the horizontal and vertical dimensions. We determined how 

horizontal habitat use may relate to different Antarctic Circumpolar Current (ACC) frontal 

zones and associated thermal structuring of the water column. To study the penguins’ use 

of the water column, we examined foraging niches defined by temperature, temperature 

gradient and depth, and explored the importance of these thermal properties for prey 

pursuit. King penguins foraged within the Polar Front (PF) and its southern edges during 

incubation, and the Antarctic Zone (AAZ) and Southern ACC Front (SACCF) during 

brooding. Foraging niches became more distinct with the advancing summer season, 

defined by strong thermal gradients at shallow depths in the AAZ, and weak gradients at 

greater depths in the SACCF. These niches indicate foraging in the sub-thermocline Winter 

Water (WW) in the AAZ, and in deep WW and Circumpolar Deep Water (CDW) at the 

SACCF. The influence of different ACC frontal zones in the area to the north of South 

Georgia appears to provide for a horizontally and vertically segregated environment. The 

presence of optional foraging areas and niches close to the colony clearly play an important 

role in these king penguins’ foraging success.  
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3.2 Introduction  

The behaviour and distribution of marine predators are generally thought to be determined 

by the location of their prey, but influenced by specific time and energy constraints. Prey 

distribution is strongly influenced by the structure of the marine environment (Owen 1981, 

Franks 1992), which is determined by physical properties such as temperature and 

temperature gradient. They govern the concentration of nutrients in the water column 

(Lima et al. 2002), which in turn influence the distribution and abundance of planktonic 

organisms and, hence, higher trophic levels including the prey of apex predators (Owen 

1981, Lutjeharms 1985, Schneider 1990). Surface features such as oceanographic fronts 

arise from where different water masses meet (Schneider 1990), and are, therefore, 

locations where different habitats as well as strong physical gradients occur in a spatially 

restricted area. Such a heterogeneous environment may be crucial for the existence of 

distinct foraging niches for predators.  

King penguins are one of the most important avian consumers in the Southern Ocean 

(Woehler 1995).  They feed mainly on myctophids (Cherel & Ridoux 1992, Olsson & 

North 1997), mesopelagic fish that are generally associated with particular water masses or 

temperature ranges (Hulley 1981, Kozlov et al. 1991, Collins et al. 2012, Fielding et al. 

2012), as well as with fronts and related oceanographic features (Brandt et al. 1981, 

Kozlov et al. 1991, Pakhomov et al. 1996, Rodhouse et al. 1996). Among diving birds, 

king penguins are able to forage at depths of over 300 m (Charrassin et al. 2002), and are 

known to use thermal discontinuities for foraging (Charrassin & Bost 2001). However, we 

still have little detailed understanding about how these predators may ex plore the thermal 

structure of the water column in different marine environments, and how habitat use may 

be adjusted depending upon changing constraints.  
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King penguins experience changing time and energy constraints over the summer breeding 

season (Charrassin et al. 2002, Halsey et al. 2010). During incubation (December to 

February), each parent alternately incubates and then returns to sea to restore its body 

reserves in 2 to 3 wk long foraging trips (Bost et al. 1997). After hatching, chick rearing 

(February to March) causes increased energy de - mand since the chick must be 

provisioned regularly (Charrassin et al. 1998). It is likely that changes in foraging 

behaviour reflect how these predators ac - cess the most profitable oceanographic 

structures ac - cording to their time and energy constraints. In this context, the thermal 

structuring of the foraging area and the presence of different foraging niches may play an 

important role (Charrassin & Bost 2001).  

South Georgia is situated within the Antarctic Circumpolar Current (ACC), the most 

pronounced feature of the Southern Ocean circulation (Rintoul et al. 2001). It includes 3 

major deep-reaching fronts, from north to south, the SubAntarctic Front (SAF), the Polar 

Front (PF) and the southern ACC Front (SACCF) (Orsi et al. 1995). The PF is an important 

foraging area for incubating king penguins at South Georgia (Trathan et al. 2008, Scheffer 

et al. 2010). However, there is no information on how changing breeding constraints may 

affect foraging behaviour, and how this may relate to local oceanography. For king 

penguins, foraging areas close to the SACCF have not yet been considered, despite the key 

role of this front for the Scotia Sea ecosystem (Thorpe et al. 2002, 2004, Ward et al. 2002, 

Murphy et al. 2004) and its close proximity to the breeding colonies at South Georgia. We 

know very little about features in the vertical dimension that may restrict efficient foraging 

for diving predators such as king penguins, or how this may relate to any changing 

constraints for these birds. Identifying such features and their association with different 

oceanographic areas may increase our understanding of how horizontal habitat use by 

diving predators is related to their exploration of the water column. This may be of 
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importance in the context of environmental change, and any future potential effects on king 

penguin populations (Le Bohec et al. 2008, Forcada & Trathan 2009, Péron et al. 2012).  

We investigated how king penguins breeding at South Georgia explore their available 

foraging area over the summer season in the horizontal and vertical dimensions. Using a 

combination of Global Positioning System (GPS) tracking and time-depth-temperature 

recorders (TDR), we addressed the question of how horizontal habitat use may relate to 

different ACC frontal zones and associated thermal structuring of the water column, and 

how diving behaviour, presumably targeting particular niches in the water column, 

changed accordingly. The results are discussed in the context of environmental variability 

and the potential vulnerability of diving predators such as king penguins to future 

environmental change.    

 

3.3 Material and Methods  

3.3.1 Study area, study period and device deployments   

The study was conducted at the Hound Bay king penguin breeding colony on the northeast 

coast of South Georgia (54.23° S, 36.15° W) during the austral summers of 2005 to 2006 

and 2006 to 2007. In total, 17 adult breeding king penguins were tagged: (1) during 

incubation in December 2005 to January 2006 (Early Incubation, n = 4, female), (2) during 

late incubation in January to February 2007 (Late Incubation, n = 4, unknown sex) and (3) 

during brooding (n = 9, unknown sex). Brooding birds were subsequently distinguished 

into Brooding I and Brooding II based on behaviour (see ‘Results’).  

The horizontal movements of penguins were tracked by Track-Tag GPS loggers (Navsys; 

further details of Track-Tag are available at www.navsys. com/ Products/tracktag.htm), 

which require only 60 ms to store raw GPS data. Devices were programmed to record 
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Figure  3.1:  South  Georgia  and 

the  Antarctic  Circumpolar 

Current (ACC) frontal positions in 

the Scotia Sea. Fronts are shown 

by thick grey lines, the 500m and 

1000m  isobaths  are  marked  in 

dark  grey.  Frontal  positions  are 

from Orsi et al. 1995 and Trathan 

et  al.  1997;  2000.  SAF:  Sub‐

Antarctic  Front;  PF:  Polar  Front; 

SACCF:   Southern ACC Front, SB: 

Southern ACC Boundary.  

positions at 60 s intervals and were equipped with a saltwater switch to delay acquisition 

while birds were under water. Loggers, with batteries and housing, weighed 55 g (<0.5% 

of body mass) and measured 35 × 100 × 15 mm (<0.7% of the cross sectional area of the 

body). Diving behaviour was recorded by TDR (Wild life Computers). TDR devices were 

programmed to record depth and water temperature at 1 s intervals when wet. Recordings 

during surface periods were halted by a saltwater switch and re sumed when the bird 

restarted diving. The resolution of depth recordings was 0.5 m. TDRs weighed 30 g 

(<0.25% of body mass) and measured 15 × 100 × 15 mm (Mk9) and 10 × 90 × 20 mm 

(Mk7) (<0.5% of the cross sectional area of the body). Of the 17 penguins equipped with 

GPS devices, 13 of them had Mk9 TDR with external fast-responding temperature sensors, 

2 had Mk7 TDR and 2 were without TDR devices. Devices were at tached using methods 

modified from Wilson et al. 1997. All devices were recovered after a single foraging trip 

(varying between 5 and 23 d). In 2007, all tracked birds were weighed before leaving for 

sea and after their return to land to determine body mass gain during the foraging trips.   

3.3.2 Oceanography of the study area   

South Georgia is a sub-Antarctic island situated within the path of the ACC, with the PF to 

the north and the SACCF close to the island (Fig. 3.1). In contrast to most other king 
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penguin breeding colonies which are located north of the PF (Bost et al. 2009), South 

Georgia is situated south of the PF. The PF is commonly defined as the location where 

cold Antarctic subsurface waters sink below warmer sub-Ant arctic waters (Deacon 1933), 

corresponding to the northernmost extent of the subsurface temperature minimum, < 2°C 

near 200 m depth (Belkin & Gordon 1996).  

The flow regime close to South Georgia is dominated by the SACCF, which loops 

anticyclonically around the South Georgia peri-insular shelf before retroflecting north of 

the island (Orsi et al. 1995, Thorpe et al. 2002, Meredith et al. 2003) at ~36°W. The 

SACCF flow is rich in nutrients (Ward et al. 2002), and hosts high biomass of zooplankton 

(Murphy et al. 2004). The Antarctic Zone (AAZ) is situated between the PF and the 

SACCF; it is characterized by the meeting of cold Antarctic waters and warmer surface 

waters from the PF. A complex eddy field has been described in the AAZ north of South 

Georgia as well as a warm-core anticyclonic circulation at around 52° S, 35° W (Meredith 

et al. 2003). Recent definitions of ACC fronts and zones in terms of Sea Surface Height 

(SSH) allow the identification of such features from altimetry data (Sokolov & Rintoul 

2009, Venables et al. 2012), and the assignation of specific thermal profiles to frontal 

zones (Venables et al. 2012). In the Scotia Sea, the vertical structure of the water column 

includes the Surface Mixed Layer (SML), and the underlying cold Winter Waters (WW) 

originating from the previous winter mixed layer. The SML and WW are separated by a 

thermocline, a strong vertical temperature gradient of variable extent and intensity. Below 

the WW layer (from ~250 to 300 m), temperatures rise towards 2°C, characterizing the 

Circumpolar Deep Water (CDW).     
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3.3.3 Oceanographic data   

SSH data 

Changes in SSH encountered by the penguins over their foraging trips were analyzed using 

Aviso (www.aviso.oceanobs.com) absolute dynamic topography (ADT) data. We used 

Near-real time (NRT) data available at a higher temporal resolution than the delayed time 

(DT) products. Data were available at a spatial resolution of 1/3° × 1/3° and a bi weekly 

temporal resolution. SSH values at each dive location were estimated by searching for the 

geographically nearest value within the corresponding dataset.  

Vertical temperature data 

Vertical temperature values were obtained from the external Mk9 sensor data after 

applying appropriate temperature correction factors from the device calibration data sheets 

(Wildlife Computers). Mk7 temperature data were not used due to long response times of 

the internal temperature sensors. Mk9 temperature sensors provide high quality data 

(accuracy 0.1°C ± 0.05°C, Simmons et al. 2009), and were, therefore, used for determining 

the properties of the water column encountered during the penguins’ dives. To compensate 

for the surface heating effect by direct sun exposure and penguin body temperature on the 

temperature sensors (McCafferty et al. 2007), temperature values collected between 0 and 

10 m were replaced by the value measured at 10 m depth during the ascent. The vertical 

water temperature gradient for each recorded depth point was also calculated; this was 

estimated as the temperature difference between 25 m above and 25 m below the given 

depth point. Temperature gradients near to the depth extremes of a dive were calculated 

using the maximal depth range possible (limited by the surface for points <25 m depth, and 

by the maximal dive depth for points >max. depth 25 m). The resulting possible bias in 

gradient values may only affect the depth range between the maximum depth range of a 

dive and 25 m above, as dives < 50 m were not considered for analyses of foraging 
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behaviour (see Data analysis). A temperature gradient of 1 thus corresponds to a 

temperature increase of 1°C per 50 m depth, –1 to a temperature decrease of 1°C per 50 m.   

3.3.4 Data analysis  

Data analyses were performed using Matlab (MathWorks) and the custom-made software 

Multi- Trace (Jensen software systems).  

Analysis of surface and diving behaviour  

GPS data were filtered to remove positions with navigation class >2, where class 

categories were 0: good, 1: altitude aided, 2: marginal position dilution of precision, and 3: 

bad. For each bird, we calculated trip duration, distance covered, max. distance from the 

colony and the furthest latitude south reached. Exact departure and return times from and 

to the island were determined from the TDR data. A foraging zone coefficient (FZC) was 

calculated as the total trip length (km) divided by the max. distance from the colony (km) 

(modified from Guinet et al. 1997, Hull et al. 1997), indicating the degree of directness or 

looping of a foraging trip.  

A zero offset correction was applied on the dive data. Only dives >50 m depth were used 

for analysis, as they were considered to represent the majority of king penguins foraging 

dives (Pütz et al. 1998, Charrassin et al. 2002). Diving behaviour was analysed by 

calculating the following dive parameters: dive depth, dive duration, bottom duration (the 

time between the first and last wiggle or dive step deeper than 75% of the maximum dive 

depth, following Halsey et al. 2007), the number of wiggles (deviations >1 m of depth with 

an absolute vertical instant > 0) as a proxy of feeding success (Bost et al. 2007) and 

broadness index (bottom duration:dive duration, indicating the proportion of a dive used 

for the bottom period, see Halsey et al. 2007 for more details). Furthermore, we determined 

the total vertical distance travelled per day, the dive frequency, the percentage of 
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submerged time compared to the total time at sea, and the percentage of submerged time 

spent at depths >150 m as proxies of foraging effort. As king penguins are visual feeders 

and essentially forage during the daylight and twilight hours (Bost et al. 2002), night dives 

were excluded from the analyses. Exact sunrise and sunset times were calculated as 

described in Scheffer et al. 2010. Geographical coordinates at the start of each dive were 

interpolated based on time from the GPS data, assuming straight line travel and constant 

speed between 2 location points (Weavers 1992).  

Principal Component Analysis  (PCA) was carried out on 15 variables characterizing 

foraging behaviour (surface movements and diving behaviour, see Table 3.1 for the 

complete listing of all PCA variables), al lowing identification of the main variables 

accounting for differences in foraging behaviour as well as behavioural groupings of birds. 

Dive parameters among grouped birds were compared using Kruskal-Wallis statistics as 

tests for normality failed (Jarque Bera test) and transformations did not help the data to 

conformto the normality assumption. When significant differences were found among 

groups, an all pairwise multiple comparison (Dunn’s method) was performed to determine 

the groups that differed from the others. 

Analysis of horizontal and vertical habitat use  

The horizontal habitat use of king penguins was analysed with respect to trip orientation 

relative to the different ACC fronts. The ACC fronts and zones were defined based on SSH 

signatures following Venables et al. (2012). The penguin’s vertical habitat use was 

analysed with respect to the exploration of depth and thermal properties of the water 

column relative to the ACC fronts. We considered the bottom phases of dives, which is 

thought to be the most important phase for prey capture (Charrassin et al. 2002, Simeone & 

Wilson 2003, Ropert-Coudert et al. 2006). Kernel density estimations of bottom periods of 

the different foraging groups were computed on SSH and depth using a Gaussian Kernel. 
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These were then overlaid on the vertical thermal structure of different ACC frontal zones 

following Venables et al. 2012. This allowed us to analyse the penguins’ use of the water 

column with respect to depth and thermal structures relative to frontal zones.  

Detailed use of the water column by the penguins while foraging was analysed by 

considering depth, temperature and temperature gradient during the bottom periods of the 

dives. Analyses were carried out on data with a resolution of 1 Hz. Contour plots of bottom 

periods of dives >50 m on depth – temperature gradient and temperature – temperature 

gradient axes allowed us to evaluate the penguins’ use of the water column, and to identify 

the target of different water masses by the different foraging groups. To identify water 

masses from the water characteristics targeted by the penguins, we defined 4 water masses 

based on water temperature (T) and temperature gradient (gradT): thermocline waters (T ≥ 

1.5; gradT < 0), WW in proximity ≤25 m of the thermocline (T < 1.5; gradT < 0), WW 

deeper than 25 m below the thermo cline (T < 1.5; gradT ≥ 0), CDW (T ≥ 1.5; gradT ≥ 0).  

Wiggles occurrence and influencing factors  

As wiggles are good proxies of prey capture attempts in penguins (Takahashi et al. 2004, 

Bost et al. 2007, Hanuise et al. 2010), we examined water characteristics where wiggles 

occurred, with respect to temperature and temperature gradient. We used logistic 

regression models to quantify relationships between water properties and the occurrence of 

wiggles for individual as well as for grouped birds. For the regression models, we included 

temperature and temperature gradient data for dives >50 m depth with a temporal 

resolution of 1 s, after testing for non-correlation using Pearson’s correlation coefficient. 

The predictor of wiggles occurrence was a combination of the water temperature, the 

values and the absolute values of the temperature gradient, taking into account the 

direction of the gradient as well as its intensity. To evaluate model discrimination 

performances between wiggle presence and absence, we used risk score plots (Royston & 
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Figure  3.2:  Principal  component  analysis  of  the 

foraging  parameters  in  the  different  foraging 

groups. The  component  loadings of  the variables 

are listed in Table 1. 

Table  3.1:  Principal  component 

analysis  of  the  foraging 

parameters:  Component  loadings 

of the different variables.  

Altman 2010). Risk score plots allowed us to graphically compare the densities of the risk 

score (linear predictor) in the event and no-event group (occurrence and non-occurrence of 

wiggles). The overlap of the risk score densities determined the discrimination 

performance of the model: the larger the overlap, the weaker the discrimination.   

 

3.4 Results  

3.4.1 Identification of different foraging groups  

We distinguished 4 foraging groups characterized by differences in breeding stage as well 

as foraging characteristics (Fig. 3.2, Tables 3.1, 3.2 & 3.3). The groups were Early 

Incubation (n = 4), Late Incubation (n = 4), Brooding I (n = 3) and Brooding II (n = 4). The 

PCA of foraging parameters showed the separation of the 4 foraging groups, and allowed 

the identification of the main variables accounting for the differences (Fig. 3.2, Table 3.1). 

The first principal component was mainly explained by the horizontal and vertical 
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distances travelled. These variables separated the Brooding II from the Incubation groups, 

with the Brooding I birds spread out in between. Brooding II birds were characterized by 

the shortest horizontal (Table 3.2) and longest daily vertical (Table 3.3) distances travelled. 

The second principal component was mainly loaded with variables of underwater foraging 

behaviour, separating the Brooding I birds from the Incubation and Brooding II groups.  

 Brooding I birds were characterized by a dominant bottom phase, high wiggle numbers 

and a high dive frequency (Table 3.3). Brooding II birds showed the deepest and longest 

dives with the shortest bottom periods (Table 3.3). Broadness index was highest for 

Brooding I birds and lowest for Brooding II birds (Table 3.3). A main variable influencing 

both principal components was the proportion of dive time spent at depths >150 m, 

separating the Brooding II birds from the Incubation and Brooding I groups (Fig. 3.2, 

Table 3.1).  

3.4.2 Trip orientation and foraging areas  

All trips were oriented to the north towards the SACCF, AAZ and PF waters, with birds of 

different breeding stages targeting different foraging areas (Fig. 3.3) and showing different 

foraging trip characteristics (Table 3.2). Early Incubation birds undertook the most 

extended foraging trips, where increased SSH values indicated PF and Polar Frontal Zone 

(PFZ) waters. Late Incubation birds targeted areas at the southern edge of the PF and in the 

AAZ.  

Brooding birds undertook shorter trips into areas south of the PF. Brooding I birds showed 

highly directed foraging trips into AAZ waters, indicated by low FZC values. Brooding II 

birds were characterized by less directed foraging trips into the SACCF or its northern 

boundary.   
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Figure 3.3: Tracks of GPS‐equipped king penguins from South Georgia during summer 2005/06 

and summer 2007 with the major ACC fronts in the Scotia Sea (a‐d). Incomplete tracks are due 

to  tag memory  limitations  and/or  insufficient  time  at  the  surface  to  collect  GPS  satellite 

ephemerides. Frontal zones are based on Sea Surface Height (SSH) definitions from Venables 

et al. (2012). Frontal positions shown on the maps correspond to the mean positions over the 

trip  period  of  the  corresponding  foraging  group.  PFZ:  Polar  Frontal  Zone;  PF:  Polar  Front; 

SACCF: Southern ACC Front; SB: Southern ACC Boundary.  
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3.4.3 Vertical habitat use  

Penguins in the different foraging groups showed differing use of the water column in the 

various ACC zones (Fig. 3.4), targeting different depths, water temperatures and 

temperature gradients during the bottom periods of the dives (Fig. 3,5). Early Incubation 

birds foraged in the SACCF, the AAZ, the PF and occasionally in PFZ waters, and 

explored a broad temperature range of –1 to 6°C, with temperature gradients between 0.5 

and –3°C per 50 m. The thermocline and WW appeared to be the most important water 

masses for bottom times, but there was no clear concentration of bottom times in specific 

parts of the water column. Late Incubation birds foraged in the SACCF and in the AAZ 

until the southern edge of the PF. Bottom periods were directed into waters of –0.5 to 2°C 

and temperature gradients of up to –4°C per 50 m. Shallow and deep WW were the most 

targeted water masses. Brooding I birds showed highly focused targeting of shallow waters 

of strong thermal gradients in the AAZ. Bottom periods were directed into similar 

conditions to those of Late Incubating birds, but more focused on strong gradients in 

shallow WW. Brooding II birds concentrated their foraging activity in SACCF waters, 

where they dived to depths of 100 to 300 m. Bottom periods occurred in a restricted range 

of temperature and temperature gradient of –0.5 to 2°C and –0.5 to 0.5°C per 50 m, 

respectively. This indicates the target of deep WW and CDW.  
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3.4.4 Wiggles occurrence and influencing factors  

For incubating birds, the correlations between wiggle occurrence and water properties were 

generally weak when considered over an entire foraging trip. In the PFZ, low water 

temperature appeared to play a more important role for wiggles occurrence than the 

temperature gradient (Fig. 3.6 a,b). The logistic regression model showed that wiggle 

occurrence was greater at negative water temperature gradients for Brooding I birds, and 

increasing with positive gradient for Brooding II birds (Fig 3.6c,d). Correlations were 

stronger for Brooding I than for Brooding II birds. Risk score plots indicated better model 

discrimination performances for conditions of wiggles absence than of wiggles presence 

for all birds, and reduced performances for grouped birds compared to the analysis of 

single birds.   

3.4.5 Body mass gain of tracked penguins  

Brooding II birds had highest body mass gains per day as well as in relation to horizontal 

and vertical distances travelled. Brooding I birds showed higher mass gains per day and 

distances travelled than the Incubation group (Table 3.4).   
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Figure 3.6: Wiggles occurrence as a function of water temperature and temperature gradient, 

and  corresponding  risk  score  plots  for  model  discrimination  performance.  Output  of  the 

logistic  regression model and  risk score plots  for a – one Early  Incubation and b – one Late 

Incubation  bird.  Early  Incubation  includes  data  from  only within  PF  and  PFZ waters,  Late 

Incubation  includes data  from  the entire  trip. c,d – Model output and  risk score plot  for  (c) 

one Brooding I and (d) one Brooding II bird.
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3.5 Discussion  

This is the first study to investigate how a deep diving avian marine predator changes its 

foraging behaviour and habitat use at a fine spatial scale, both vertically and horizontally. 

The major features of our study are: (1) King penguin foraging behaviour showed different 

horizontal and vertical patterns over the summer season, presumably in response to 

changing energetic constraints related to their breeding phase. Foraging trips during 

incubation ex - tended to the PF, whereas brooding birds foraged exclusively south of the 

PF in AAZ and SACCF waters. (2) Diving behaviour was correlated with the thermal 

structure of the water column, with the vertical temperature gradient and depth appearing 

to play important roles for the separation of different vertical foraging niches. (3) Structure 

in the hydrological environment south of the PF may allow foraging strategy adjustment in 

relation to changing constraints, and may offer important flexibility for king penguins in 

the context of environmental variability.   

3.5.1 Foraging areas in relation to frontal zones  

Areas used for foraging by king penguins changed over the course of the summer season. 

Birds explored the PF during early incubation and the waters between the PF and the 

SACCF later in the summer season. For seabirds, changes in foraging trip duration at 

different times of the breeding cycle are known to occur and are thought to be the result of 

changing time constraints arising from the need to supply the chick with food (Bost et al. 

1997, Charrassin et al. 1999, Lescroël & Bost 2005). However, in contrast with the 

situation at South Georgia, king penguins breeding at other locations have not been 

reported as changing their foraging areas between incubation and brooding (Bost et al. 

1997, Guinet et al. 1997, Sokolov et al. 2006). The accessible region to the north of South 

Georgia is influenced by 2 major ACC fronts, both representing potential areas of 

increased mesoscale variability (Trathan et al. 1997, 2000, Moore et al. 1999b, Thorpe et 
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al. 2002, Meredith et al. 2003), and, therefore, the possibility of alternative foraging 

locations for marine predators. The role of the PF has already been reported for king 

penguins breeding at South Georgia (Trathan et al. 2008, Scheffer et al. 2010) and at other 

locations (Bost et al. 1997, 2009, Moore et al. 1999a, Charrassin & Bost 2001, Sokolov et 

al. 2006). At South Georgia, the AAZ and SACCF appear to provide alternative foraging 

areas closer to the colony. It may allow short foraging trips with low travel costs for birds 

with high time and energy constraints, as shown by brooding birds, and may, therefore, 

play a key role for king penguins.  

The importance of the SACCF for the Scotia Sea ecosystem has been emphasised in 

previous studies (Thorpe et al. 2002, 2004, Ward et al. 2002, Murphy et al. 2004;) due to 

nutrient enrichment resulting in increased phyto- and zooplankton development, possibly 

resulting in increased myctophid densities associated with these more productive waters. In 

the AAZ, the meeting of Antarctic waters with warmer PFZ waters as well as the presence 

of SACCF eddies (Thorpe et al. 2002, Meredith et al. 2003) may create areas of strong 

thermal gradients, where myctophids may aggregate (Brandt et al. 1981, Kozlov et al. 

1991). Reduced vertical mixing in the AAZ compared to adjacent frontal areas may 

increase the stability of such thermal structures, therefore favouring associated prey 

patches (Spear et al. 2001).  

King penguins have already been reported to use mesoscale oceanographic features for 

non-random directed foraging during incubation at South Georgia (Trathan et al. 2008, 

Scheffer et al. 2010) and at Crozet islands (Cotté et al. 2007). Seasonal changes between 

foraging areas associated with different larger-scale oceanographic features of elevated 

mesoscale activity support the hypothesis that king penguin alter their foraging behaviour 

at different spatial and temporal scales.  
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3.5.2 Targeted foraging niches in the water column  

Our detailed analysis of the time spent at the bottom of the dives, relative to frontal zones 

and to thermal structures in the water column, allowed us to determine the water masses 

explored by king penguins over the summer season, and how birds adjust their foraging 

niches according to breeding constraints.  

During December and January, incubating birds foraged in the SACCF, the AAZ and the 

PF, and targeted various thermal structures at different depths in the water column. 

Enhanced vertical mixing in frontal areas (Spear et al. 2001) may lead to increased spatial 

and temporal variability in thermal structures and associated prey resources. Such dynamic 

prey distributions may be reflected by the less consistent targeting of specific depth-

temperature- gradient patterns of birds foraging in the PF compared to in the AAZ, and 

only weak correlation of wiggle occurrence with specific temperature gradients.  

Late Incubation and Brooding I birds mainly foraged in AAZ waters. Brooding I birds 

targeted shallow WW in close proximity to the thermocline, and wiggles occurrence was 

correlated with strong thermal gradients. The importance of sub-thermocline prey 

aggregations has already been reported for dolphins (Scott & Chivers 2009), tuna 

(Schaefer et al. 2007) and sunfish (Cartamil & Lowe 2004), and appears to be confirmed 

for king penguins foraging in the AAZ. Collins et al. (2008, 2012) found that certain 

myctophid species can be present at shallow depths during daytime in the AAZ in the area 

to the north of South Georgia. Strong thermal gradients of high stability may represent 

suitable conditions for stable myctophid aggregations at shallow depths, which have been 

reported previously associated with warm-core rings in the Gulf Stream (Conte et al. 1986) 

and in the equatorial Atlantic Ocean, with tuna also exploiting these aggregations (Marchal 

& Lebourges 1996, Bard et al. 2002). The diving behaviour of Brooding I birds may 

indicate the presence of such permanent myctophid layers at shallow depths of 70 to 110 m 
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in the Scotia Sea, even though this has so far only been reported from more temperate 

regions. However, this hypothesis remains speculative as independent prey data was not 

available for our study.  

Brooding II birds showed significantly deeper dives than the other groups, mainly targeting 

waters with weak positive temperature gradients at the transition between deep WW and 

CDW in the SACCF. High body mass gains despite increased dive depths and reduced 

bottom times suggest increased foraging efficiency in these deep waters. Deep and long 

dives reported from king penguins at Crozet in autumn (Charrassin et al. 1998, 2002, 

Halsey et al. 2010) suggest seasonal changes in targeted prey similar to those observed at 

South Georgia for Brooding II birds. At Crozet, king penguins appear to compensate 

increased costs for deeper dives in autumn by longer bottom times (Charrassin et al. 2002, 

Halsey et al. 2010). At South Georgia, king penguins seem to be able to increase foraging 

efficiency at the bottom of dives. The foraging area targeted by Brooding II birds may 

provide particular conditions of highly profitable prey resources at great depths, potentially 

enhanced by the higher nutrient content in areas with the SACCF influx into the Scotia Sea 

(Ward et al. 2002).  

3.5.3 Thermal structure of the water column and foraging  

The thermal structure of the water column and depth appeared to play a crucial role for the 

separation of foraging niches and the expression of different foraging patterns, especially 

with increasing constraints on the animals. Relative water structures have been suggested 

to play an important role for vertical movements of other diving predators such as tuna and 

billfish (Brill et al. 1993, Brill & Lutcavage 2001), sunfish (Cartamil & Lowe 2004), 

dolphins (Scott & Chivers 2009) and basking sharks (Sims et al. 2005). Foraging tuna and 

associated tropical seabirds have been reported to be more abundant in non-frontal areas 

characterized by lower vertical mixing and higher stability of vertical thermal structures 
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(Owen 1981, Spear et al. 2001). King penguins are diving predators that target similar 

prey; they may, therefore, rely on the same criteria for favourable foraging habitats and 

show similar affinity with well structured waters, possibly reflected by targeting distinct 

niches in non-frontal or border areas by brooding birds. In addition to the importance of 

frontal zones for Southern Ocean marine predators (Bost et al. 2009), non-frontal or 

boundary areas with a higher stability of vertical thermal structures may also play a key 

role for diving predators such as king penguins, especially when constraints limit flexible 

travel times and behavioural adaptations to dynamic conditions at fronts.  

The vertical temperature gradient appeared to be a main factor for foraging niche 

adjustment and explaining differences in prey pursuit behaviour (wiggle occurrence). 

Thermal gradients are locations of enhanced biological activity (Thomas & Emery 1988, 

Lima et al. 2002), resulting in the accumulation of biomass for various trophic levels, 

ranging from planktonic organisms to mesopelagic fish and ultimately upper trophic level 

predators. Being one of the most pronounced vertical temperature gradients in the ocean, 

the thermocline has already been suggested as an important feature for king penguins at 

Crozet (Charrassin & Bost 2001) as well as for other marine predators foraging in the 

Southern Ocean (Boyd & Arnbom 1991, Biuw et al. 2007) and in more temperate regions 

(Cayre & Marsac 1993, Kitagawa et al. 2000, Spear et al. 2001, Weng et al. 2009, 

Sepulveda et al. 2010). Our study underlines the crucial role of the thermocline for 

foraging king penguins breeding at South Georgia. It also demonstrates the possibility that 

king penguins have alternate efficient foraging strategies for exploiting water masses 

where thermal gradients do not seem to be the main factor governing prey distribution.  

Our regression models have revealed some in - sights into the effect of thermal properties 

of the water column on king penguins foraging. However, variable regression coefficients 

between individual birds as well as the prevalence of Brooding I and Brooding II patterns 
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on identical trip departure dates underline the fact that foraging strategies might not only 

relate to particular environmental conditions. Behavioural plasticity and individual factors 

(Svanback & Bolnick 2005, Sargeant et al. 2007) such as de tailed breeding constraints, 

fitness and prior experience may also play a role. Lower model performances for wiggle 

presence than absence may result from the fact that favourable foraging conditions for king 

penguins are not only determined by the thermal structure of the water column, but may 

also be influenced by other factors governing prey distribution in a given environment such 

as stochastic processes and prey behaviour.  

3.5.4 King penguins’ foraging and environmental variability  

Foraging behaviour of king penguins breeding at South Georgia appears to be structured 

both horizontally and vertically. Penguins targeted different foraging areas depending on 

their breeding constraints, and adjusted their foraging activity in the water column. So far 

such strong habitat selection and the presence of alternative foraging niches have not been 

reported for king penguins from other locations. Patterns described from Crozet suggest 

changes in foraging characteristics over the summer season similar to those described at 

South Georgia, with shortening of foraging trips and increasing dive depths. However, 

penguins in both the incubation and brooding stage target the PF, and foraging patterns 

appear less diverse than those of king penguins at South Georgia with respect to trip 

characteristics, diving behaviour and the targeting of distinct niches in the water column 

(Charrassin et al. 1998, 2002, Charrassin & Bost 2001). This may suggest that alternative 

foraging areas closer to the colony, as reported from South Georgia, are not available at 

Crozet.  

For king penguins breeding north of the PF (i.e. Crozet, Marion Island), the geographically 

nearest profitable myctophid aggregations may be found at accessible depths mostly at the 

PF and its northern edges, as myctophid species targeted by king penguins are known to 
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increase in depth northwards of the PF (S. Fielding pers. comm.). This means that penguins 

breeding in these locations may depend to a higher degree on the PF. Predicted declines of 

king penguins due to environmental variability (Barbraud et al. 2008, Le Bohec et al. 2008, 

Péron et al. 2012) and in case of shifts in the PF may, therefore, only relate to areas where 

the animals are highly dependent on the PF due to the lack of alternative foraging areas. 

Such predictions might be of lesser value for king penguins breeding at South Georgia.  

King penguins at South Georgia appear to be able to exploit profitable prey resources at 

the southern edge and south of the PF, either in terms of reduced depth in the AAZ or of 

increased profitability per catch effort at the bottom in SACCF waters. The area south of 

the PF may offer an elevated degree of foraging habitat segmentation to king penguins, as 

other structures than the PF may provide for profitable prey resources at accessible depths. 

King penguins from Heard Island, also located south of the PF, appear mainly to forage in 

the area to the east of the island (Moore et al. 1999a, Wienecke & Robertson 2006), a 

location influenced by the southern branch of the PF and the Fawn Trough current (Roquet 

et al. 2009, van Wijk et al. 2010). Foraging in areas outside or at the southern boundaries 

of the PF, areas characterized by cold water masses, may produce similar patterns to those 

at South Georgia. However, studies from Heard Island provide no information on diving 

behaviour in relation to the thermal structure of the water column, or on segregation of 

foraging areas.  

Oceanography at South Georgia is known to be influenced by ENSO (El Niño − Southern 

Oscillation) and SAM (Southern Annular Mode) as well as more direct atmospheric 

processes (Trathan & Murphy 2002, Meredith et al. 2008). However, different time lags 

between these events and the response in oceanography at South Georgia occur (Meredith 

et al. 2008), as well as temporal variation in the connections within the Scotia Sea 

ecosystem (Murphy et al. 2007). Our study includes reports of only one season per 
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foraging group. Therefore, it remains open as to whether the patterns observed are a 

constant element in the foraging strategy of king penguins breeding at South Georgia, or 

whether they are a response to particular conditions during our study years. Nevertheless, 

the oceanographic patterns ob - served during our study appear to be consistent with 

general patterns described in the area to the north of South Georgia (Trathan et al. 1997, 

2000, Thorpe et al. 2002, Meredith et al. 2003, Brandon et al. 2004). Also, the temporal 

and spatial scales of the oceanographic features considered exceed the duration of the 

tracked foraging trips. Low sample sizes of the different foraging groups may raise 

questions about conclusions on general behavioural patterns at a population level. Even so, 

the foraging patterns observed during brooding indicate the presence of optional foraging 

niches close to shore at South Georgia, allowing foraging of potentially increased 

efficiency, at least in some years. This might also play a key role in potential responses of 

king penguins to environmental changes (Forcada & Trathan 2009), as optional foraging 

niches may allow them to better adjust foraging behaviour in response to the prevailing 

oceanographic conditions.   
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4.1 Abstract  

In the marine environment, variability in mesopelagic conditions is known to influence the 

distribution of mid-trophic level species which are prey for diving predators, including 

king penguins. In this study we examined the foraging behaviour of king penguins 

breeding at Kerguelen (south Indian Ocean) in relation to oceanographic features in their 

foraging area, and how birds may adapt to variability in such features. We used ARGOS 

and Global Positioning System (GPS) tracking together with Time-Depth-Temperature-

Recorders (TDR) to follow the at-sea movements of king penguins. Combining observed 

penguin behaviour with oceanographic data at the surface through satellite data and at 

depth through in-situ recordings by the penguins enabled us to explore how such predators 

adjust their horizontal and vertical movements in response to their physical environment. 

King penguins adjusted their horizontal and vertical foraging behaviour and habitat use in 

response to oceanographic conditions and inter-year change in hydrographic conditions. 

Penguin foraging areas were dominated by an influx of cold waters of southern origin 

which interacts with Antarctic Polar Frontal (PF) waters; this meso-scale interaction 

appears to be of key importance for foraging. In addition to general foraging patterns, we 

examined the penguin’s behaviour during the anomalous breeding season 2009/10, which 

was characterized by exceptionally long foraging trips and low reproductive success. 

Extended foraging trips beyond the usual foraging range of other years as well as 

significantly altered dive characteristics and the manner in which penguins utilised the 

thermal structure of the water column in 2009/10 suggests that the local oceanography and 

associated prey field may have been strongly altered in such a way that king penguins were 

not able to forage successfully in their usual foraging area. Southward shifts in key 

oceanographic features present in the penguin’s foraging area as well as the disruption of 
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the thermal structure of the water column led to significant changes in oceanography (and 

the associated prey distribution) following fluctuations in regional climatic drivers. 

The position of the PF and its interaction with the cold-water influx to the southeast of 

Kerguelen appeared to be of key importance for mesopelagic foragers such as king 

penguins, indicated by adjustments in their foraging trip duration as well as diving 

behaviour; it also led to their use of the water column to the south following movements of 

these oceanographic features. However, the capacity of king penguins to adapt to 

variability in oceanographic conditions and associated prey resources in their foraging area 

may be limited; 2009/10 reflected changes in the environment beyond which successful 

foraging and reproduction was significantly impacted. The breeding season 2009/10 may 

therefore allow us to identify key environmental conditions and environmental thresholds 

for successful foraging and reproduction at Kerguelen, which will be important in the 

context of regional climate change. 

 

4.2 Introduction  

The foraging behaviour of marine predators is dependent upon the horizontal and vertical 

distribution of their prey (Hunt 1999). Prey distribution is, in turn, influenced by the 

physical properties of the water column, including such factors as temperature and 

temperature gradient (Owen 1981; Franks 1992); factors which also help characterize 

different water masses within the ocean. Thus, the horizontal and vertical patterns of water 

mass distribution also govern prey distribution in terms of species composition and prey 

patch properties, including patch density and size (Collins et al. 2008, 2012). 

Oceanographic structure and water mass distribution therefore play a crucial role for 

marine predators influencing their horizontal and vertical movements when seeking prey. 
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The Southern Ocean hosts major biomasses of top predators such as whales, seals and 

penguins. King penguins are one of the key avian predators of the Southern Ocean 

(Woehler 1995; 2002; Bost et al. 2012). They rely mainly on myctophids (Myctophidae: 

lantern fish) (Cherel & Ridoux 1991), mesopelagic fish that are generally associated with 

particular water masses or temperature ranges (Hulley 1981; Kozlov et al. 1991) as well as 

with fronts and related oceanographic features (Brandt et al. 1981; Pakhomov et al. 1996; 

Rodhouse et al. 1996). The horizontal and vertical distribution of water masses is therefore 

of key importance for foraging predators such as king penguins. King penguins are known 

to explore their foraging habitat in a non-random way, targeting large-and mesoscale 

surface features such as fronts and eddies (Cotte et al. 2007; Trathan et al. 2008; Scheffer 

et al. 2010) as well as specific water masses and thermal features within the water column 

(Charrassin & Bost 2001; Scheffer et al. 2012) during prey search. However, we still have 

little knowledge about how these oceanographic features might be used as cues and so lead 

to efficient foraging, or about how an animal might be adapted to its local oceanographic 

conditions close to its breeding location. 

During the summer breeding season, king penguins have important time and energy 

constraints, arising from their need to regularly return to their colony to relieve their 

incubating partner or provision their chick (Charrassin et al. 1998, 2002; Halsey et al. 

2010). The breeding success of central-place foragers such as king penguins therefore 

critically depends upon the quality and quantity of food gathered by the parents as well as 

upon their efficiency in exploring the prey resources within their foraging ambit 

(Weimerskirch 2007). Such factors will contribute towards determining their foraging trip 

duration and their frequency of return to the colony. King penguins are known to 

dynamically adapt their foraging behaviour to the conditions encountered (Charrassin et al. 

2002), and to increase foraging effort with breeding constraints in order to optimize 

foraging and ensure successful breeding (Charrassin et al. 1998). Reproductive failures due 
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to poor provisioning rates may therefore indicate that prey availability in the foraging area 

is insufficient for successful foraging, suggesting that certain environmental conditions 

governing prey availability and distribution are beyond the range of an animal’s adaptive 

capacities.   

The Kerguelen archipelago is situated on the extensive Kerguelen Plateau in the south 

Indian Ocean. The Kerguelen Plateau is a major bathymetric obstruction in the eastward 

flow of the Antarctic Circumpolar Current (ACC), significantly steering and channelling 

most of the deep-reaching ACC flow (Park & Gamberoni 1997; Park et al. 2008a; Park & 

Vivier 2011; Sokolov & Rintoul 2009). The juxtaposition of flows of different origins and 

properties, local bathymetrically-related upwellings and channellings of flows (Park et al. 

2009; Roquet 2010) together with iron enrichment from the island and peri-insular shelf 

(Blain et al. 2001, 2007) create highly dynamic and productive areas downstream of the 

Kerguelen Plateau. The steering effects of the Kerguelen Plateau bathymetry may 

furthermore lead to increased spatial stability for some oceanographic processes, creating 

oceanographic features of high predictability in close proximity to various species breeding 

colonies (Cherel & Weimerskirch 1995; Guinet et al. 2001). Due to the high levels of 

productivity in the waters surrounding the island and given its relative isolation within the 

Southern Ocean, the Kerguelen Plateau hosts very high abundances of marine predators, 

including penguins, petrels and seals (Weimerskirch et al. 1987; Hindell et al. 2011). 

King penguins are one of the key avian predators breeding at Kerguelen (Bost et al. 2012), 

comprising an estimated 342 000 breeding pairs, quickly increasing (Chamaille-Jammes et 

al. 2000; Bost et al. 2012, last estimate dating to 1999). During the summer season, king 

penguins generally explore the area to the southeast of Kerguelen during their brooding 

and crèche foraging trips (Koudil et al. 2000; Charrassin et al. 2002; Bost et al. 2002; Pütz 

et al. 2002; Charrassin et al. 2004; Bost et al. 2011; Hindell et al. 2011). Studies on 
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brooding birds have shown that birds forage in areas close to the shelf break, where they 

explore a subsurface tongue of cold water originating from further south (Charrassin et al. 

2002, 2004). However, there is currently no knowledge about the detailed foraging patterns 

of bird of different breeding stages, or the oceanographic features they explore in either the 

horizontal or vertical dimensions; or even about how penguins may adapt to variability in 

key features such as the cold-water tongue. 

Environmental variability impacts upon local oceanographic conditions and the horizontal 

and vertical distribution of the different water masses (IPCC 2007; Doney et al. 2012), and 

therefore upon the distribution of prey for marine predators. Foraging success and 

reproductive output for these predators is known to be affected by such environmental 

variability (Weimerskirch et al. 2003; McMahon & Burton 2005; Jenouvrier et al. 2005; 

Murphy et al. 2007; Trathan et al. 2007; Vargas et al. 2007; Forcada & Trathan 2009; 

Costa et al. 2010; Barbraud et al. 2011, 2012; Peron et al. 2012), suggesting that there are 

limits on their ability to dynamically adjust their foraging behaviour in response to the 

conditions encountered. Environmental variability may occur across different temporal and 

spatial scales, ranging from large-scale sub-decadal signals such as the El Niño-Southern 

Oscillation (ENSO) or Southern Annular Mode (SAM) to small-scale weekly or daily 

events such as local atmospheric anomalies. While larger-scale oscillating signals and 

general global trends such as ocean warming have been shown to significantly impact 

marine predators in the Southern Ocean (McMahon & Burton 2005; Trathan et al. 2006; 

Vargas et al. 2006, 2007), the impacts of smaller-scale variability or their potential 

amplification effect on larger-scale signals (Paine et al. 1998) are less well understood. In 

assessing the potential impacts of environmental variability on marine predators, it is 

therefore important to identify the oceanographic features and processes upon which an 

animal relies, including at appropriate temporal and spatial scales. This is critical if we are 
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to understand how these features are changing over time and if we wish to identify how 

larger-scale signals may impact local processes within an animal’s foraging area.  

King penguins are thought to be vulnerable to environmental variability (Le Bohec et al. 

2008; Bost et al. 2011; Peron et al. 2012); although most such studies have not explored 

how king penguins utilise the water column and instead have relied upon studies based on 

surface behaviour. However, diving predators such as king penguins critically rely upon a 

3-dimensional habitat, and so are impacted by oceanographic conditions in both the 

horizontal and vertical dimensions. In order to better understand the foraging behaviour of 

penguins and other diving predators, and to evaluate the potential impacts of 

environmental change on an animal’s behaviour and survival, changes in vertical habitat 

descriptors and the impact on the animal’s behaviour must be taken into account (Costa et 

al. 2010; Hindell et al. 2011). The use of in-situ oceanographic data collected by animal-

borne devices in combination with surface tracking allows us to study the movements of 

diving predators in their 3-dimensional habitat and to investigate how environmental 

conditions encountered in the horizontal and vertical dimension may impact the animal’s 

behaviour (Costa et al. 2010; Hindell et al. 2011). 

In this study we investigated the foraging behaviour of king penguins breeding at 

Kerguelen in relation to oceanographic conditions within their foraging area, and the 

potential impact of changes in environmental conditions on the penguin’s behaviour and 

breeding success.  

For this we (1) investigated their general patterns of foraging in terms of surface and 

diving behaviour in relation to oceanographic features in the horizontal and vertical 

dimensions, and identified key oceanographic features used during foraging. We also (2) 

investigated a particular year of pronounced anomalies in king penguin’s foraging 

behaviour and reproductive success, which enabled us to study the penguin’s reactions and 
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their adaptive capacities to extreme environmental conditions, and to identify 

oceanographic structures in the horizontal and vertical dimension that may be crucial for 

successful foraging at Kerguelen. Finally we (3) explored interannual differences in 

foraging behaviour in relation to changes in key oceanographic features utilised during 

foraging, and identified potential connections to large-scale signals of environmental 

variability. 

 

4.3 Material and Methods 

4.3.1 Study area, study period and device deployments 

Our study took place at the Ratmanoff king penguin breeding colony on the east coast of 

Kerguelen Island (70.55°S, 49.24°E). The Ratmanoff colony is one of the most important 

breeding colonies at Kerguelen, comprising 52 000 of the estimated 342 000 breeding pairs 

at Kerguelen (Bost et al. 2012). Fieldwork was conducted during the austral summers of 

1998 and 1999 and those between 2006 and 2011, generally between January and March 

and on incubating and brooding birds. In total 84 adult king penguins were tagged, 31 

during incubation and 53 during brood. 

The horizontal movements of king penguins were tracked using two types of device: (1) 

Argos Platform Terminal Transmitters (PTT); and (2) Fastloc GPS loggers (Sirtrack, NZL) 

configured to record positions at 60 second intervals and equipped with a saltwater switch 

to delay acquisition while birds were under water. This later type was used since the season 

2009/10. 

Diving behaviour was recorded with time-depth recorders (TDR Mk5, Mk7, Mk9 devices; 

Wildlife Computers, Redmond, USA). However, for this study, we only used data from the 

Mk9 devices with fast-responding external temperature sensors, allowing to investigate the 
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Table 4.1.1: Overview of sizes, weight and years of use of Argos PTT, GPS and TDR devices 

in the tracking of king penguins at Kerguelen. a:length; b= diameter: c: width; d: height . 

All the dimensions are indicated in cm.  

penguin’s diving behaviour in relation to their hydrological environment at depth. The 

TDR devices were programmed to record depth and water temperature at 1 s intervals; they 

weighed 30 g in air (<0.25% of body mass) and measured 15 × 100 × 15 mm  (<0.5% of 

the cross sectional area of the body). Information on the sizes, weights and years of use of 

the tracking devices are shown in Table 4.1.       

 

 

In total 38 birds were equipped with Argos and 7 with GPS devices only, 16 with TDR 

devices only, and 26 with both TDR and Argos/GPS. A summary of the number of tracked 

birds and device types deployed in the different years is given in Table 4.2. 

Devices were attached using methods modified from Wilson et al. 1997. All devices were 

recovered after a single foraging trip (varying between 5 - 51 days, some trip durations 

were unknown during 2010). Tracked birds were weighed before leaving for sea and after 

their return to land to determine body mass gain (BMG) during the foraging trip.  

 

 

DEVICE  Dimensions (cm)  Section (cm²)  Weight (g)  Years of use 

PTT: Telonics St10  18.0a x 2.5b 4.9 270 1998‐2002 

PTT: Sirtrack 

Kiwisat  101 

13.8ax 14cx2.9d  4.1  208  2002‐2012 

TDR: Mk5.3  9,5a x 3,8 cx1,5d  2.53  70  1998 

TDR: Mk7  6.7a x 2.5cx1.1d 2.75 30 1999‐2002 

TDR: MK9  6.7a x1.7cx 1.7d  2.9  30  2002, continuing 

GPS: Sirtrack Fast 

Loc 1G‐138A 

9.2a x 5cx2d  10  127  20010, continuing
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4.3.2 Environmental data 

Bathymetry and slope data 

Throughout our habitat analyses, we used the Smith and Sandwell Global Seafloor 

Topography from Satellite Altimetry and Ship Depth Soundings (NOAA and Scripps 

Institution of Oceanography) (Smith & Sandwell 1997) at a spatial resolution of 2´ x 2´. 

More details are available at 

http://gcmd.nasa.gov/records/GCMD_SIO_NOAA_SEAFLOORTOPO.html. Bathymetric 

slope was calculated as the maximum slope value within a 5×5 moving window of grid 

cells across the bathymetry grid. 

 

Year  Incubation  Brooding 

1998  ‐‐  15 Argos only 

1999  4 Argos only   8 Argos only 

2006 3 Argos + Mk9 6 Argos + Mk9 
1 Argos only 

2007 2 Argos + Mk9 5 Argos + Mk9 

2008  2 Argos + Mk9 
1 Argos only 
1 Mk9 only 

1 Argos + Mk9 

2009  ‐‐  4 Argos + Mk9 
9 Mk9 only 

2010  9 Argos only 
2 Mk9 only 

‐‐ 

2011  3 GPS + Mk9 
4 Mk9 only 

4 GPS only 

Total birds 
equipped 

31  53 

Table 4.1.2: Overview of study birds equipped with GPS, 

Argos and/or TDR devices with successful data retrieval.  
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Remotely sensed oceanographic data  

Sea surface temperature (SST) and SST anomaly (SSTA) data: We used two different 

SST/SSTA datasets of different spatial and temporal resolution depending on the scales of 

oceanographic processes considered. 1 - For the visualization of oceanographic processes 

at small spatial and/or temporal scales as well as for the determination of SST/STTA 

encountered by the penguins over their foraging trip we used OSTIA (Operational Sea 

Surface Temperature and Sea Ice Analysis) SST and SSTA data from The Met Office 

(FitzRoy Road, Exeter, UK). OSTIA provides gap-free foundation SST values, SSTfnd, 

defined as the temperature of the water column free of diurnal temperature variability 

(daytime warming or nocturnal cooling) from interpolation of satellite and in-situ data. 

Data were available at a spatial resolution of 0.05° (SST) and 0.25° (SSTA) with a daily 

temporal resolution. More details about OSTIA are available at http://ghrsst-

pp.metoffice.com/pages/latest_analysis/ostia.html and in Stark et al. 2007. 2 - For the 

visualisation of global or basin-wide SST and SSTA patterns at monthly scales we used 

SST data from the Met Office Hadley Centre observations sea ice and sea surface 

temperature (HadISST1) dataset (available through the BAS database) at a temporal 

resolution of 1 month. More details about the HadISST1 dataset are available on 

http://www.metoffice.gov.uk/hadobs/hadisst/. 

Sea surface height (SSH) data: We used absolute dynamic topography (ADT) Delayed 

time (DT) data from Aviso (www.aviso.oceanobs.com) (Rio & Hernandez 2004). Data 

were available at a spatial resolution of 1/3° x 1/3° and a weekly temporal resolution. ACC 

fronts and zones were defined based on SSH signatures following Venables et al. 2012. 

These frontal signatures were defined based on the Scotia Sea, but are stated to be valid for 

other locations of the Southern Ocean (Venables et al. 2012).  
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Vertical temperature data and definition of different water masses 

Vertical temperature values were obtained from the external TDR Mk9 sensor data. TDR 

Mk9 temperature sensors provide high quality data (accuracy 0.1° C±0.05°C, Simmons et 

al. 2009), and were therefore used for determining the properties of the water column 

encountered during a penguin’s dives. For each dive, temperature data that were recorded 

during the descent and ascent phases were projected onto a vertical axis corresponding to 

the maximum depth of the dive and averaged at a 1-m depth interval. This resulted in 

regularly gridded temperature data in the vertical plane, and facilitated calculation of the 

average potential differences in the water column properties encountered during the 

descent and ascent phases due to horizontal movements of the penguins. A 5 m moving 

average filter was then applied to the temperature profiles, allowing for correction of any 

potential measurement errors from the TDR temperature sensors without smoothing out 

thermal discontinuities in the water column. To compensate for the surface heating effect 

by direct sun exposure and penguin body temperature on the temperature sensors 

(McCafferty et al. 2007), temperature values collected between 0 and 10 m were replaced 

by the value measured at 10 m depth during the ascent. Based on the regularly gridded 

temperature profiles we calculated the vertical water temperature gradient for each depth 

point; this was estimated as the temperature difference between 25 m above and 25 m 

below the given depth point. Temperature gradients near to the depth extremes of a dive 

were calculated using the maximal depth range possible (limited by the surface for points 

<25 m depth, and by the maximal dive depth for points >maximum depth-25 m). The 

resulting possible bias in gradient values may only impact the depth range between the 

maximum depth range of a dive and 25 m above, as dives shallower than 50 m were not 

considered for analyses of foraging behaviour (see 4.3.3 Data analysis). A temperature 

gradient of +1 thus corresponds to a temperature increase of 1°C per 50 m depth, -1 to a 

temperature decrease of 1°C per 50 m. To identify water masses from the water 
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characteristics targeted by the penguins we defined five water masses based on water 

temperature (T), temperature gradient (gradT) and depth (D): Surface Mixed Layer (SML) 

waters (T>=2; -0.5 <gradT<0; D<=100m); Thermocline (TH) waters (T>=2; gradT<=-0.5); 

Winter water (WW) (0.5<T<2; gradT<=0); cold WW (T<=0.5; gradT<=0); and 

Circumpolar Deep Water (CDW) and modified CDW (mCDW) (gradT>0; D>100m). For 

simplicity CDW and mCDW are named “CDW” unless stated otherwise. Based on these 

definitions a specific water mass was assigned to each depth grid point of each dive. 

The resulting dataset thus consisted of temperature, temperature gradient and water mass 

profiles on a regular 1m depth grid for each dive.  

 

Atmospheric and sea-ice data 

Mean Sea Level Pressure (MSLP) and wind data climatologies and anomaly composites 

were downloaded from the National Oceanic and Atmospheric Administration (NOAA) 

Earth System Research Laboratory and National Centers for Environmental Prediction 

(NCEP).   

Sea-ice anomaly data for the south Indian Ocean during August and September 2009 were 

obtained from the Met Office Hadley Centre observations sea ice and sea surface 

temperature (HadISST1) dataset (available through the BAS database). More details about 

the HadISST1 dataset are available on http://www.metoffice.gov.uk/hadobs/hadisst/.  
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4.3.3 Data analysis 

Data analyses were performed using Matlab (The MathWorks, Inc., MA 01760-2098, 

USA) and the custom-made software MultiTrace (Jensen software systems, Laboe, 

Germany).  

4.3.3.1 Analysis of surface behaviour 

GPS data were downloaded from each device and decoded into GPS locations using 

manufacturer-supplied software (Sirtrack Fastloc software, version 1.5.0.2). Following the 

manufacturer’s instructions, we excluded locations from the analysis when residual error 

values were greater than 30 or fewer than 6 satellites were used for location calculation 

(Sirtrack 2008). Location data were processed using First-Passage Time (FPT) analysis in 

order to detect area-restricted search (ARS) behaviour from the GPS and the estimated 

Argos locations. FPT provides a measure of the time an animal takes to cross a virtual 

circle of a radius r that is moved along its track, assuming that high FPT in certain areas 

corresponds to ARS behaviour displayed by the animals (Fauchald & Tveraa 2003). For 

each location we assigned SST, SSH, bathymetry and slope values by searching for the 

geographically nearest value within the corresponding dataset.  

Kernel densities of foraging locations of incubating and brooding penguins were computed 

on latitude and longitude using a Gaussian Kernel (Matlab kde2d function, Botev et al. 

2010). Locations at distances <30 km from the colony were excluded from the kernel 

density estimation to reduce the colony bias on the spatial distribution of the penguins. The 

kernel densities were then overlaid on the main oceanographic features in the foraging area 

(from Park et al. 2008a) to visualize potential associations of foraging with oceanography. 

Foraging habitat use in relation to environmental parameters was assessed using kernel 

densities of foraging locations on bathymetry, SSH and geostrophic velocities.  
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For each bird, we calculated trip duration, distance covered, maximum distance from the 

colony and the furthest latitude south and east reached. Exact departure and return times 

from and to the island were determined from the TDR data for birds with Argos/GPS and 

TDR devices. 

 

4.3.3.2 Analysis of diving behaviour 

A zero offset correction was applied on the dive data. Only dives deeper than 50 m depth 

were used for analysis, as they were considered to represent the majority of king penguins 

foraging dives (Pütz et al. 1998; Charrassin et al. 2002).  

a - Calculation of dive parameters 

Diving behaviour was analysed by calculating the following dive parameters: dive depth, 

dive duration, duration and start depth of the bottom phase (the time between the first and 

last wiggle or dive step deeper than 75% of the maximum dive depth, following Halsey et 

al. 2007), the number of wiggles (deviations >1 m of depth with an absolute vertical instant 

greater than 0) as a reliable proxy of feeding success (Bost et al. 2007; Hanuise et al. 

2010). Furthermore, we determined the dive efficiency (DE), calculated as bottom duration 

/ (dive duration + post-dive interval) following Ydenberg & Clark 1989. We also 

determined the product of dive rate × bottom start depth as an indicator for the 

physiological effort due to diving activity, where dive rate was calculated as the number of 

dives >50m carried out in an ±30 minutes interval around each dive. From the TDR 

temperature sensor data, we determined the temperature at the start of each bottom phase, 

indicating the temperature where prey pursuit started. As king penguins are visual feeders 

and essentially forage during the daylight and twilight hours (Bost et al. 2002), night dives 

were excluded from these analyses.  
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b - Interpolation of horizontal environmental parameters (oceanographic and bathymetric) 

for each dive 

Exact sunrise and sunset times were calculated as described in Scheffer et al. (2010) based 

on nautical definitions of sunrise and sunset (twilight hours defined as the sun being 

geometrically 12° below the horizon) (US Naval Observatory Astronomical Applications 

Department). Geographical coordinates the start of each dive were interpolated based on 

time from the GPS and the estimated Argos location data, assuming straight line travel and 

constant speed between 2 location points (Weavers 1992). For each dive location we 

assigned SST, SSH, bathymetry and slope values by searching for the geographically 

nearest value within the corresponding dataset. Dive locations were then assigned to 

frontal classes (PFZ, PF, AAZ, SACCF) based on SSH signatures following Venables et 

al. (2012), and to bathymetry classes based on depth and slope. Bathymetry classes were 

defined as shelf (depth <=1000, slope <0.2), shelf break (depth >1000m, slope >=0.2) and 

offshore (depth > 1000, slope <0.2). TDR temperature recordings at 10 m depth during the 

ascent phase of the dives were assigned to each dive as an approximation of SST after 

checking for correspondence to OSTIA SST foundation values. This allowed for assigning 

SST values to TDR data from birds without Argos/GPS recordings. This was particularly 

important for TDR recordings from 2010, as there were no combined TDR-Argos/GPS 

data in that year.  

c - Vertical profiles of diving behaviour and in-situ thermal properties of the water column 

In addition to the dive parameters and environmental/horizontal parameters, each dive was 

furthermore characterized by the vertical thermal profiles of temperature, temperature 

gradient and water masses based on the Mk9 temperature sensor data (see 2.2c). 

Corresponding to this vertical grid of water masses properties, we further the accumulated 

bottom time and wiggle profiles for each dive, calculated as the summed bottom times and 
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number of wiggles spent at each 1m-depth interval during the dive. This allowed analysis 

of proxies of foraging success (the total bottom times and wiggle numbers) spent in 

relation to the thermal structure of the water column.  

The resulting dataset of vertically gridded behavioural and oceanographic data at a fine 

scale together with the corresponding oceanographic surface and bathymetric properties for 

each dive allowed for a detailed analysis to be undertaken of changes in diving/foraging 

behaviour with environmental conditions in the horizontal and vertical dimension. It 

furthermore allowed for examination of whether birds select areas with particular water 

column properties, based on the dive locations. 

d - Detailed analysis of foraging phases at depth in relation the environmental parameters 

in the horizontal and vertical dimension 

Detailed use of the water column by the penguins while foraging was analysed by 

considering the bottom phase and wiggle numbers of the dives, as the bottom phase is 

thought to be the most important phase for prey capture (Charrassin et al. 2002, Simeone & 

Wilson 2003; Ropert-Coudert et al. 2006), and wiggles have been shown to be reliable 

indicators of prey capture by king penguins (Simeone & Wilson 2003; Takahashi et al. 

2004; Bost et al. 2007; Hanuise et al. 2010). Bottom periods were analysed by considering 

temperature, temperature gradient and the water masses encountered. We evaluated the 

penguin’s water masses use during bottom times using the following plots: 

1-Contour plots for the bottom periods for dives >50 m (plotted on temperature and 

temperature gradient axes) allowed us to evaluate the penguin’s use of the water column, 

and to identify whether they target different water masses during incubation and brood.  

2-The relative bottom times spent in different water masses were calculated as the 

proportion of the total bottom time of a dive spent in a particular water mass. This allowed 
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the evaluation of the importance of a water mass for prey pursuit during a given dive, and 

to assess how birds of different breeding stages or during particular years explored the 

water column.  

3-Changes in water mass exploration during bottom times in relation to ACC fronts and 

bathymetry were analysed considering SSH, depth and slope. For 2010 no combined GPS 

– TDR data was available, as birds equipped with both device types could not be identified 

to be returned back to the colony due to exceptionally extended foraging trips. Therefore 

we considered water masses exploration relative to changes in SST derived from the TDR 

temperature sensors when analysing the penguin’s behaviour in 2010.  

4-The foraging profitability of the different water masses was defined on the cumulative 

number of wiggles and the dive efficiency (cumulative bottom time spent in a given water 

mass relative to the total dive time and post-dive surface interval), indicating the 

importance of the different water masses for prey pursuit.   

 

4.3.3.3 Analysis of oceanographic data: Spatial and temporal patterns of oceanographic 

conditions in the area to the southeast of Kerguelen  

From the in-situ TDR temperature data as well as from the Ostia SST and Aviso SSH data 

we assessed the fine-scale structure of the horizontal and vertical habitat in the foraging 

area explored by king penguins. This allowed us to investigate detailed relations of the 

penguin’s foraging behaviour with oceanographic conditions/the oceanographic habitat 

structure in the at the surface and at depth.  
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a - Spatial patterns of the water column structure in the foraging area: 

From the vertical water mass profiles we determined the start depth of the different water 

masses in the water column, and projected this onto a latitude-longitude grid based on the 

dive locations. Horizontal interpolation of the water masses depths between the dive 

locations was carried out using linear interpolation. The resulting maps allowed 

visualization of spatial changes in water column properties in the areas explored by king 

penguins as well as relations of such oceanographic structure at depth with bathymetry and 

surface oceanographic features.  

b - Spatial and temporal variability in the Polar Front (PF) and Fawn Trough Current 

(FTC) positions 

We used frontal positions and SST values at specific locations to characterize 

oceanographic conditions in the king penguin’s foraging area. Surface positions of 

oceanographic features, particularly of the PF, can be determined from different 

parameters such as SST (Orsi et al. 1995; Park et al. 1998; Moore et al. 1999) or SSH 

(Sokolov & Rintoul 2009; Venables et al. 2012). To identify the parameter that best 

characterized oceanographic changes in the foraging area we visually compared maps of 

temporal and spatial patterns of the PF and FT positions based on SST and SSH, 

particularly for the year 2010 where king penguins showed anomalies in behaviour and 

breeding success.  

The Antarctic Polar Frontal surface signatures were defined as: (1) 4-4.2°C from SST, 

corresponding to the southern boundary of the 4-5°C PF signature (Park et al. 1998); and 

(2) -58.6 to -59.6 dyn.cm from SSH, corresponding to the mean PF summer signature ± 0.5 

dyn.cm following Venables et al. (2012). As there are contrasting definitions of the FTC 

surface signature in the literature (Park et al. 1998b, 2011; van Wijk et al. 2010), SST and 

SSH signatures for the FTC were determined as the 11-year means of SST and SSH in the 
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Fawn Trough canyon from 1998-2009, thus characterizing the surface expression of the 

flow through the Fawn Trough without making pre-assumptions about frontal assignments.  

c -Mapping of spatial and temporal variability in frontal positions 

The maps of SST and SSH allowed visualization of the positions of the PF and the FTC in 

the area to the southeast of Kerguelen. To investigate long-term oceanographic patterns 

during the study months of January and February we mapped the 11-year monthly means 

for January and February with the interannual monthly variability envelope of the PF and 

the FTC. To explore oceanographic conditions during a particular year and determine 

differences to the long-term situation, we computed monthly mean and weekly variability 

envelope contours of the SST and SSH signatures during January and February in a 

particular year and overlaid these onto the 11-year mean and variability envelope. To 

investigate small-scale oceanographic variability we also included the daily SST variability 

envelope (not possible for SSH due to lower temporal data resolution). 

d -Investigation of long-term oceanographic patterns in the foraging area of king penguins 

To investigate long-term variability in oceanographic patterns in the foraging area of king 

penguins, we used frontal positions and SST at specific locations in the area to the 

southeast of Kerguelen. Indices of frontal positions in the area to the southeast of 

Kerguelen were determined from SST signatures, as SST provided the best surface 

evidence for shifts in the FTC from visual inspections of the SST and SSH signature maps 

(see Figures 4.8 and 4.9). Frontal positions based on spatial patterns of SST signatures 

were determined in the area between 55-60°S, 80-82°E, where the FTC reaches its 

northernmost position to the southeast of the Kerguelen Plateau and approaches the PF 

above the Chun Spur. In this context we assessed the following three indices: i) The PF 

position was defined as the southernmost position of the 4°C contour, and ii) the FTC 

position as the northernmost position of the 1.5°C contour within the defined area. iii) SST 



106 
 

was determined in a restricted area to the north of the Chun Spur (52-53°S, 80-82°E), 

representing the area of cold FTC flow across the Chun Spur into the area to the southeast 

of Kerguelen (Roquet 2010). The evolution of SST in this area in relation to the PF and 

FTC positions allowed assessment of the impact of these features on oceanography in 

proximity of the Chun Spur, as well as evaluation of whether SST in this area may be a 

representative measure of the frontal positions, particularly the PF position, in the area to 

the southeast of Kerguelen. Mean and percentiles at the 5% and 95% level were 

determined for the timeseries of PF and FTC positions as well as SST at the Chun Spur for 

February for 1998 to 2011 to identify derivations from the mean conditions, and quantify 

the anomaly which occurred in February 2010. We smoothed the time series using a 11-

day running mean window in order to focus on the most persistent signals with potentially 

stronger impacts on oceanographic conditions in the foraging area of king penguins.   

4.3.3.4 Statistics of relations of the penguin’s foraging behaviour and BMG with 

oceanography 

Dive parameters among breeding stages, specific years, frontal and bathymetry zones as 

well as different water masses explored were carried out using Kruskal-Wallis tests as tests 

for normality failed (Jarque Bera test) and transformations did not help the data to conform 

to the normality assumption. To investigate relations between oceanographic conditions 

and foraging habitat choice/exploration as well as diving behaviour, we compared dive 

parameters and oceanographic parameters encountered at foraging locations in relation to 

PF and FTC positions. When significant differences were found among groups, an all 

pairwise multiple comparison (Dunn’s method) was performed to determine the groups 

that differed from the others. Relationships between body mass gain, trip duration and the 

targets for thermal habitat conditions within the water column and frontal positions were 

investigated using linear or quadratic regression.  
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4.4 Results 

4.4.1 Results Kerguelen Part A: General foraging patterns of king penguins breeding 

at Kerguelen 

4.4.1.1 Foraging trip orientation in relation to bathymetry and oceanography 

All foraging trips made by king penguins were oriented to the southeast or south of 

Kerguelen, with birds of different breeding stages showing different foraging trip 

characteristics (Table 4.1.3) and targeting areas of differing bathymetric and oceanographic 

properties (Fig. 4.1.1). Incubating birds undertook extended foraging trips to the south and 

east, reaching PFZ, PF and AAZ waters in offshore areas of depths up to 6000 m (Fig. 

4.1.1, 4.1.2). Foraging locations for incubating birds coincided with areas at the shelf break 

or in offshore waters influenced by the cold-water subsurface current along the south-

eastern shelf break of the Kerguelen Plateau, and with the area over the northern Chun 

Spur (Fig. 4.1.3a). Brooding birds undertook shorter foraging trips exclusively into PF 

waters, mostly concentrating on northern PF waters mainly at depths < 1000 m on the 

Kerguelen Plateau (Fig. 4.1.2). Foraging areas for brooding birds were mostly located over 

the shelf and at the shelf break to the southeast of the island, and only the outermost 

foraging locations reached areas impacted by the cold-water subsurface current used by 

incubating birds (Fig. 4.1.3b). 

Foraging trip parameters showed higher levels of interannual variability for incubating 

birds than for brooding birds (Table 4.1.3). In particular the year 2010 was characterized 

by extreme values for incubating birds, with longer foraging trips extending further to the 

southeast than during any other year. A more detailed description of the environmental 

conditions and foraging behaviour during 2010 is reported in part 4.4.2, below.  
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1998 

 

 

 

1999 

 

 

 

2006 

 

 

 

2007 

 

 

 

 

  

                    Incubation                                              Brooding

Figure  4.1.1:  Trip  orientation  of  Argos‐  and  GPS‐tracked  birds  in  relation  to 

bathymetry  (grey  contours:  0,  1000,  2000m  depth)  and  frontal  positions  (coloured 

contours). Frontal zones are based on SSH signatures following Venables et al. (2012). 

Frontal positions on the maps correspond to the mean positions over the trip period 

of  the  corresponding  foraging  group during  each  year. PFZ: Polar  Frontal  Zone; PF: 

Polar Front; AAZ; Antarctic Zone; SACCF: Southern ACC Front; SACCB: Southern ACC 

Boundary. 

‐‐‐
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2009 

 

 

 

2010 

 

 

 

2011 

 

            Incubation                                                     Brooding

‐‐‐

‐‐‐ 

Figure 4.1.1 (continued).



110 
 

 

 

Incubation

year  month n  trip duration (days) * trip length (km) max.dist. from colony (km) max °S max(max °S) max °E max(max °E) BM trip start (kg) * Body mass gain (kg) * Body mass gain/day *

1998 0

1999 Jan 4 18.95 ±1.48 1242.5 ±118.03 481.13 ±47.73 50.76 ±0.26 51.54 76.76 ±0.61 78.34 9.85±0.36 (n=4)  3.1 (n=1)  0.17 (n=1)

2006 Jan 3 21.19 ±1.89 1433.17 ±26.73 459.64 ±47.98 50.49 ±0.12 50.67 76.58 ±0.64 77.77 9.53±0.44 (n=3)  no data no data

2007 Feb 2 18.99 ±2.74 1645.66 ±163.82 634.85 ±78.07  53.55 ±0.88 54.43 75.87 ±3.58 79.44 9.85±0.45 (n=2) 2.25 ±1.35 0.11 ±0.06

2008 Feb 3  31.39±1.01 2311.76 ±141.27 813.68 ±106.69 53.12 ±0.12 53.24  80.75±1.59 83.92 9.43±0.23 (n=3) 2.8 ±0.26  0.09±0.01

2009 0        

2010 Feb 9 39.02 ±2.56 (n=11) 3021.17 ±389.64 991.98 ±152.67 54.01 ±0.73 57.69  82.76±2.28 93.7 9.88±0.15  (n=17)  3.96 ±0.21 (n=9)  0.11±0.01 (n=9)

2011 Feb 3 23.86 ±1.28 (n=7) 1476.4 ±161.67 515.48 ±24.41 51.94 ±0.14 52.22 76.59 ±0.41 77.24 9.35±0.34 (n=7) 4.24±0.28 (n=7) 0.18±0.01 (n=7)

Mean±SE 24   27.69±2.01 2091.08±2.08 717.24±72.60 52.56±0.4 57.7 79.24±1.04 93.7 9.65±0.33 3.16±0.21 0.12±0.01

Brooding

year  month  n trip duration (days) * trip length (km) max.dist. from colony (km) max °S max(max °S) max °E  max(max °E) BM trip start (kg) * Body mass gain (kg) * Body mass gain/day *

1998 Feb 15 8.58 ±0.52 (n=25) 710.12 ±68.72  244.55±24.74 50.55 ±0.21 52.23 73.18 ±0.29 75.83  11.36±0.19 (n=25)  1.86±0.17 (n=25) 0.23 ±0.03 (n=25)

1999 Feb 8 8.90 ±1.6 738.69 ±81.5 280.82 ±33.14 50.3 ±0.22 51.6 73.9 ±0.46 75.2 11.78±0.35(n=5) 2.03±0.35 (n=4)  0.3±0.09  (n=4)

2006 Feb 7 8.57 ±0.87 682.98±81.08 244.24±31.60 50.28±0.15 50.76  73.47±0.45 75.21  11.43±0.22 (n=7) 2.3±0.22 0.3± 0.04

2007 Feb 5 9.59 ±0.54 967.26 ±77.53 299.56 ±14.25 50.23±0.24 50.67 74.23 ±0.19 74.81 9.64±0.3 (n=5) 2.65 ±0.26 0.28 ±0.04

2008 Feb 1 11.2 901.41 308.82 51.07 51.07 73.92 73.92  10.75±0.35 (n=2) 2.3 0.21

2009 Feb 4 11.36 ±1.33 (n=11) 717.23 ±113.55  289.96±45.28 50.01 ±0.21 50.44 74.2 ±0.67 75.72 10.58±0.25 (n=11) 2.62 ±0.12 (n=11) 0.25 ±0.03 (n=11)

2010 0

2011 Feb 4 9.23 ±0.72  674.27±39.48 249.37 ±19.49 50.54 ±0.41 51.57  73.14±0.37 74.12 11.03±0.42 1.73 ±0.27 0.19 ± 0.04

Mean±SE 44 9.34±0.51 741.95±34.66 263.38±12.33 50.39±0.1 52.23 73.58±0.17 75.83 10.94±0.3 2.07±0.12 0.24±0.02

Control (Incubation only)

year month n trip duration (days) BM trip start BMG BMG/day

2010 Feb 30 32.61±0.53 9.97±0.15 4.94±0.21 0.15±0.01

2011 Feb 25 17.87±0.82 9.80±0.19  3.38±0.19 0.19±0.01

Table 4.1.3: Trip and body mass parameters for study and control birds. Parameters with * are calculated based on all tracked birds; without * include data from 

Argos/GPS birds only. Additional n‐values are given where the number of birds was different from the number of Argos/GPS birds given in the table. 
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Figure 4.1.2: Density distributions of  foraging  locations of  incubating  (red) and brooding  (black) 

birds in relation to SSH and bathymetry. PFZ: Polar Frontal Zone; PF: Polar Front; NPF: northern PF; 

SPF: southern PF; AAZ; Antarctic Zone; SACCF: Southern ACC Front. Frontal definitions are based 

on  Venables et al. (2012).  

Figure  4.1.3:  Kernel  densities  of 

foraging  locations  of  the  different 

breeding stages in relation to main 

oceanographic  features  and 

bathymetry  in  the  foraging  area.  

a‐ Incubation; b–Brooding. 

Contours encompass 5, 25, 50 and 

75  %  of  the  foraging  location 

distributions.    Grey  lines  show 

bathymetry  contours  at  0,  1000 

and  2000 m  depth.  Arrows  show 

main  oceanographic  features  in 

the foraging area following Park et 

al. (2008a). 
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4.4.1.2 Body mass gain (BMG) 

Incubating birds had higher levels of total body mass gain (BMG), whereas brooding birds 

showed higher mass gains per day (Table 4.1.3). Daily BMG decreased with foraging trip 

duration for both incubating and brooding birds (Incubation: R²=0.31, Brooding: R²=0.3) 

(Fig. 4.1.4). Brooding birds showed higher BMG for short foraging trips, but with a steep 

decrease with increasing trip duration. Daily BMG for incubating birds increased with the 

proportion of foraging locations in the PF (R²=0.27) (Fig. 4.1.5). For brooding birds there 

was no apparent relation between BMG and the proportion of a foraging trip spent in 

different bathymetry zones (figure not shown).  

 

 

 

 

 

 

 

 

 

 

 

Figure  4.1.4:  Daily  body  mass 

gain  (BMG)  of  incubating  (red) 

and  brooding  (blue)  king 

penguins  in  relation  to  foraging 

trip duration.  

Figure  4.1.5:  Daily  body  mass 

gain  (BMG)  of  incubating  king 

penguins  in  relation  to  the 

proportion  of  foraging 

locations  in  the  Polar  Front 

(PF). Frontal  zones are defined 

by  SSH  signatures  following 

Venables et al. (2012). 
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4.4.1.3 Frontal positions and water column structure in relation to bathymetry and frontal 

zones 

During all study years, the SSH signature characteristic of the PF extended broadly across 

the Kerguelen Plateau and became more constrained and narrowed again further 

downstream to the east (Fig. 4.1.1). The SSH signature for the AAZ and SACCF followed 

the south-eastern edge of the Kerguelen Plateau along the 2000 m depth contour of the 

Fawn Trough canyon. After the Fawn Trough canyon the AAZ showed northward 

extensions of variable intensity over the Chun Spur to the eastern side of the Kerguelen 

plateau. The upper starting depth of the WW reached its shallowest depths at the sea 

surface along the southeastern shelf break to the north and northwest of the Chun Spur in 

or close to AAZ waters (Fig. 4.1.6a). Cold WW in the water column explored by the 

penguins was restricted to areas to the northwest of the Chun Spur at depths greater than 

1000 m (Fig. 4.1.6b). 

 

 

 

 

 

 

 

 

 

Figure  4.1.6:  Maps  of  Winter 

Water  (WW)  start  depth  in  the 

water  column  explored  by 

incubating  king  penguins.  a–WW 

(0.5‐2°C), b–Cold WW  (<0.5°C).Red 

contours  indicate  frontal positions 

from  SSH  signatures.  Frontal 

positions  on  the  maps  are  the 

mean  positions  over  the  trip 

period  of  all  birds  with  Mk9 

devices.  PFZ:  Polar  Frontal  Zone; 

PF:  Polar  Front;  AAZ;  Antarctic 

Zone; SACCF: Southern ACC Front. 

Winter Water 

Start depth (m) 

(a) 

(b) 
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4.4.1.4 Diving behaviour and water column exploration 

Overall, incubating birds showed significantly shallower dive bottom start depths and 

lower dive efforts than brooding birds (Fig. 4.1.7).  

 

 

 

 

 

 

 

a - Exploration of the water column during bottom periods in relation to bathymetry and 

frontal zones: 

Incubating and brooding birds mostly explored the surface mixed layer (SML), the 

thermocline and WW during the bottom periods of their dives (Fig. 4.1.8a,b). The birds 

mostly targeted waters with weak negative temperature gradients < -1°C / 50m, but some 

also explored stronger gradients of up to -2°C / 50m. Incubating birds also explored 

positive gradients of up to 1°C / 50m (Fig. 4.1.8a). Incubating birds spent similar 

proportions of their bottom periods in the SML and in WW (29.32 % and 37.54 %, 

respectively), whereas brooding birds spent more time in WW <2°C (52.66 %). CDW and 

cold WW accounted for 11.4% of the bottom periods of incubating birds, and CDW for 

1.15% of brooding birds (Fig. 4.1.8b). 

 

Figure  4.1.7:  Differences  in  diving 

behaviour between incubating and 

brooding  birds.  a  –  Bottom  start 

depth;  b  –  Dive  effort,  calculated 

as  the  product  of  dive  rate/h  * 

bottom  start  depth.  ***  indicate 

significant differences  to the other 

breeding  group  with  p  =  0.01 

(Kruskal‐Wallis Test).  

(a)  (b)
***  ***
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Figure  4.1.8:  a  ‐  Thermal properties of  the water  column  explored during bottom periods  for 

incubating and brooding birds (only dives >50m). Contours encompass 5% and 10‐90% of bottom 

time densities. b – Water masses explored during bottom periods  for  incubating and brooding 

birds  (only  dives>50m).  Percentages  represent  proportions  of  the  different water masses  in 

relation  to  the  total  bottom  time  of  the  breeding  group.  SML‐Surface  Mixed  Layer;  TH‐

Thermocline; WW‐Winter Water; WWcold‐cold Winter Water  <0.5C;  CDW‐Circumpolar  Deep 

Water; mCDW  –  modifiedCDW.  For  details  of  the  water mass  definitions  see Material  and 

Methods, 4.3.2.  

(a) 

(b) 

Incubation 

Brooding 
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Water mass exploration during the bottom time of a dive changed with changing SSH and 

changing bathymetry (Fig. 4.1.9). Differences for incubating birds were most apparent 

with SSH (Fig. 4.1.9a) whereas there were only minor changes for incubating birds in 

relation to bathymetry (figure not shown). For brooding birds, water mass exploration 

during bottom times changed most with bathymetry (Fig. 4.1.9b). In general, the 

exploration of the SML during bottom time periods decreased and the WW exploration 

increased from the PFZ to the AAZ for incubating birds, and from shelf to offshore areas 

for brooding birds.  

 

 

 

 

 

 

 

 

 

 

The dive bottom start temperature decreased towards the southeast for incubating birds, 

with coldest temperatures occurring along the southeast shelf break of the Kerguelen 

Plateau and to the north of the Chun Spur (Fig. 4.1.10a). Brooding birds encountered their 

coldest bottom start temperatures in offshore waters to the SE of Kerguelen (Fig. 4.1.10b).  

Figure  4.1.9:  Water  masses 

targeted during bottom periods a – 

for  incubating  birds  in  different 

frontal zones, and b –  for brooding 

birds in different bathymetry zones. 

Frontal  zones  were  defined  based 

on  SSH    signatures,  bathymetry 

zones  based  on  depth  and  slope, 

For  details  about  the  definition  of 

the  frontal  and  bathymetry  zones 

see Material and Methods, 4.3.2. 

(a) 

(b) 
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The relative bottom times, indicating the proportion of bottom time spent in a given water 

mass, showed distinct spatial patterns for incubating and brooding birds. Relative WW use 

during bottom periods was significantly higher in the AAZ compared to the PF and PFZ 

for incubating birds, and in offshore waters for brooding birds (Fig. 4.1.11a). For 

incubating birds, this pattern was particularly apparent in a restricted area to the north of 

the Chun Spur (51 to 53°S, 78 to 80°E), where bottom periods showed a high proportion of 

WW (Fig. 4.1.11a). CDW use during bottom periods for incubating birds occurred almost 

exclusively in a restricted area to the northeast of the Chun Spur in the AAZ, and only in 

very small proportions in the south easternmost offshore waters of the brooding birds 

foraging range (Fig. 4.1.11b). 

 

Figure  4.1.10:  Maps  of  bottom 

start  temperature of  incubating 

and  brooding  birds.  Grey 

contours show bathymetry at 0, 

1000  &  2000m  depth.  Red 

contours  indicate  frontal 

positions  from  SSH  signatures. 

Frontal  positions  on  the  maps 

are the mean positions over the 

trip period of all  incubating and 

brooding  birds  with  Mk9 

devices. PFZ: Polar Frontal Zone; 

PF:  Polar  Front;  AAZ:  Antarctic 

Zone;  SACCF:  Southern  ACC 

Front.  

Bottom start 

temperature (°C) 

Incubation 

Brooding 
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Figure 4.1.11:   Maps of relative bottom times  in a – WW and b  ‐ CDW  for  incubating and 

brooding birds, showing  spatial patterns of  the  importance of  the different water masses 

for  foraging  king  penguins  at  Kerguelen.  Coloured  contours  represent  the  proportion  of 

bottom times spent in WW or CDW. Grey contours show bathymetry at 0, 1000 and 2000m 

depth. Red contours indicate frontal positions from SSH signatures. Frontal positions on the 

maps  are  the  mean  positions  over  the  trip  period  of  all  birds  included  from  the 

corresponding foraging group. PFZ: Polar Frontal Zone; PF: Polar Front; AAZ; Antarctic Zone; 

SACCF: Southern ACC Front.  

 

 

 

 

 

 

b - Diving behaviour in relation to bathymetry and frontal zones: 

Diving behaviour for incubating and brooding birds changed with different frontal and 

bathymetry zones (Fig. 4.1.12). The bottom start depths were shallowest in the PFZ for 

incubating birds and on the shelf for brooding birds, increasing towards AAZ and offshore 

waters. The dive efficiency was highest in the PFZ and on the shelf, and lowest in the AAZ 

and in offshore areas for incubating and brooding birds, respectively.  

Proportion of 

bottom time 
Proportion of 

bottom time 

Incubation  Incubation 

Brooding 

b ‐ CDW a ‐ WW 
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c - Diving behaviour in different water masses: 

Diving behaviour showed differences depending upon which water masses were targeted 

during the bottom periods (Fig. 4.1.13). The broadness index and number of wiggles were 

highest during exploration of the thermocline for incubating and brooding birds. The dive 

efficiency and number of wiggles both showed significantly reduced values for both Cold 

WW and CDW compared with the SML, the thermocline and WW.  

 

 

 

PFZ       PF      AAZ                    S         SB        O

Figure  4.1.12:  Changes  in  diving 

behaviour  indicated  by  bottom  start 

depth  and  dive  efficiency with  frontal 

and  bathymetry  zones.  a  –  Incubating 

birds  in  different  frontal  zones;  b  – 

Brooding birds  in different bathymetry 

zones.    ***  indicate  significant 

differences to the other zones with p = 

0.01  (Kruskal‐Wallis  Test).  PFZ  =  Polar 

Frontal  Zone;  PF  =  Polar  Front; AAZ  = 

Antarctic  Zone.  S  =  shelf;  SB  =  shelf 

break; O = offshore. 

     a – Incubation                      b ‐ Brooding
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             a – Incubation                                                  b ‐ Brooding

Figure 4.1.13: Foraging performance of king penguins  in different water masses 

in  terms  of  dive  efficiency  and  wiggle  numbers  for  a  –  incubating  and  b  – 

brooding birds. ***  indicate  significant differences    to  the other water masses 

with p  =  0.01  (Kruskal‐Wallis  Test).  SML‐Surface Mixed  Layer;  TH‐Thermocline; 

WW‐Winter  Water;  WWc‐cold  Winter  Water  <0.5C;  CDW‐Circumpolar  Deep 

SML    TH     WW   WWc  CDW                      SML      TH     WW    WWc   CDW 

SML    TH     WW   WWc  CDW                      SML      TH     WW    WWc   CDW 
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4.4.2 Results Kerguelen Part B: The particular situation in 2010 

4.4.2.1 Trip parameters, body mass gain, arrival dates at the colony for egg laying, egg and 

chick abandonment 

During the 2009/10 breeding season, the phenology was delayed, with most breeders 

laying 1.5 months later than in normal years (pers. obs.). Foraging trips in 2010 were 

longer than in other years and directed to locations further to the south-east (Fig. 4.2.1, 

Table 4.2.1) than in any other year. Due to the long foraging trip durations there were high 

rates of egg and chick abandonment before the partner’s return to the colony (94% 

abandon in both study and control birds). Mean duration until abandonment was 27.2 days 

after the partner’s departures to sea. The mean body mass of the partner on shore at 

egg/chick abandonment was 9.1 kg (Table 4.2.1). 

 

 

4.2.2.2 Surface behaviour at sea 

Foraging trips in February 2010 extended to greater distances from the colony than in any 

other year, extending further to the southeast of Kerguelen (Fig. 4.2.1). Compared to other 

years, king penguins foraged in deeper waters and encountered higher geostrophic 

velocities (Fig. 4.2.2 a,b). Foraging locations had values for SSH which were shifted, away 

Study birds  Control birds Total 

Number of birds equipped 17 30 47

Trip duration (days) 39.02 ±2.56 (n=11) 32.61±0.53 (n=27) 34.81±0.86 (n=38)

Body mass at trip start (kg) 9.88±0.15 9.97±0.15 9.94±0.11

Body mass gain (kg) 3.96 ±0.21 (n=9) 4.94±0.2 (n=27) 4.69±0.17 (n=36)

Daily body mass gain (kg)  0.11±0.01 (n=9) 0.15±0.01 (n=27) 0.14±0.01 ( n=36)

% egg/chick abandon 100% 90% 94% (3/47 successful)

Days until abandon 25.5 ±0.87   (n= 10)  28.25±1.31 (n=16) 27.19±0.9 (n=26)

Body mass of partner at 

abandon (kg) 9.16±0.21 (n=5) 9.07±0.15 (n=10) 9.1±0.12 (n=15)

Table 4.2.1: Trip duration, body mass gain and egg/chick abandon  times  for  study and  control 

birds in 2010.  Additional n‐values are given where the number of birds used for calculation was 

different from the number of birds equipped given in the table.  
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Figure 4.2.1: Foraging trips of king penguins in 2010 (green) and incubating birds during other 

years (black) in relation to local oceanography at Kerguelen. Coloured arrows show the main 

oceanographic  features  in  the  Kerguelen  area  (from  Park  et  al.  2008a).  ACC  =  Antarctic 

Circumpolar  Current;  PF  =  Polar  Front;  FTC  =  Fawn  Trough  Current.  Grey  lines  show 

bathymetry contours at 0, 1000 and 2000m depth.   

from the PF towards more southerly SSH signatures, with values more characteristic of the 

southern PF to the SACCF (Fig. 4.2.2c). The exploration of more offshore oceanographic 

features of elevated geostrophic currents at greater distances from the colony is illustrated 

by the example track from one penguin in Annex A. 

 

 

 

 

 

 

  

Figure  4.2.2:  Changes  in  foraging 

habitat  exploration  in  2010: 

differences  in  SSH  and  geostrophic 

velocities  explored  at  foraging 

locations  between  2010  and  other 

years.  Values  from  0‐1  (yellow‐red 

shadings)  correspond  to  enhanced 

exploration in 2010, values from ‐1‐

0  (blue  shadings)  to  reduced 

exploration  in  2010.  A  value  of  0 

(green  shading)  corresponds  to  no 

differences.  Blue  limitations  show 

the  different  ACC  frontal  zones 

based  on  SSH  signatures  from 

Venables  et  al.  (2012).  PFZ  –  Polar 

Frontal Zone; PF – Polar Front;  AAZ 

– Antarctic Zone;  SACCF – Southern 

ACC Front. 
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4.4.2.3 Diving behaviour and water masses explored 

The number of wiggles per dive and the dive efficiency were significantly reduced in 2010 

compared with other years (Fig. 4.2.3a-c). Physiological dive effort, represented by the 

product of dive rate and bottom start depth, were significantly higher in 2010 (Fig. 4.2.3d). 

 

 

 

 

 

 

 

 

 

 

 

 

Thermal properties in the water column targeted during bottom periods in 2010 were 

shifted towards colder temperatures and more extreme temperature gradients, particularly 

towards positive gradients. This indicates a reduced use of the SML and warm thermocline 

waters, and enhanced exploration of cold WW and CDW. The use of WW was shifted 

towards colder temperatures (Fig. 4.2.4). Shifts in water mass exploration during bottom 

Figure  4.2.3:  Interannual  differences  in 

dive parameters of incubating birds (2006 

–  2011).    a  ‐ number  of wiggles; b–  dive 

efficiency;  c – physiological dive effort  (= 

the  product  of  dive  rate/h*bottom  start 

depth. For all parameters the year 2010 is 

significantly  different  (lower  for  a  &  b; 

higher for c) from all the other years (KW 

test, p<0.01).  
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periods showed differences depending on specific SST zones (Fig. 4.2.5). In the PFZ and 

PF (SST >4°C), the SML and the thermocline (TH) use was decreased and WW use 

increased. In areas of SST <3°C, CDW and cold WW exploration replaced use of the TH 

and SML in SST >3°C, and WW in SST <2°C. 
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Figure 4.2.4: Differences in thermal properties of the water column explored during bottom 

periods  between 2010 and other years. Values from 0‐1 (yellow‐red shadings) correspond to 

enhanced  exploration  in  2010,  values  from  ‐1‐0  (blue  shadings)  to  reduced  exploration  in 

2010. A value of 0 (green shading) corresponds to no differences.  SML – Surface Mixed Layer; 

TH – Thermocline; WW – Winter Water; WWc – cold WW (<0.5°C); CDW – Circumpolar Deep 

Water; mCDW – modified CDW. 

 

Figure 4.2.5: Differences in relative 

water  masses  exploration  during 

bottom  periods  in  different  SST 

zones  between  2010  and  other 

years (incubation only).   

% of use during bottom 

periods in 2010 compared 

to other years  
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Foraging profitability was significantly reduced in 2010 in the SML, TH, WW and cold 

WW, in terms of the number of wiggles per dive carried out in a specific water mass as 

well as the dive efficiency. There were no significant differences for dives directed into 

CDW (Fig. 4.2.6). 

 

 

 

 

 

 

 

 

4.4.2.4 Environmental conditions 

a - SST 

The SSTA patterns for February 2010 were characterized by warm anomalies throughout 

the entire Indian Ocean except the southwestern basin, as well as in the central equatorial 

and south Pacific (Fig. 4.2.7). An important warm anomaly was located to the east of 

Kerguelen in the foraging area of king penguins, as well as to the south of the Kerguelen 

Plateau over the Fawn Trough canyon (Fig. 4.2.7). A comparison of SSTA patterns in the 

Pacific, Atlantic and Indian Ocean between January 1998 (a year with a strong and 

pronounced El Niño signal) and January 2010 (another El Niño signal, but of differing 

character) are shown in Annex B; this demonstrates clear differences between the El Niño 

SML     TH      WW    WWc  CDW                      SML     TH     WW    WWc   CDW 

Figure 4.2.6: Differences  in the  foraging profitability of  the different water masses between 

2010 and other years (incubation only).   
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SST patterns during both years, with the centre of the warm anomaly situated in the eastern 

Pacific during 1998, and in the central Pacific during 2010.   

 

 

 

 

 

 

(a) 

(b) 
SSTA (°C)

SSTA (°C)

Figure 4.2.7: SST Anomalies (SSTA) patterns during February 2010.  a – Monthly SSTA of the 

Southern Hemisphere  for  February  2010.    The  green  box  indicates  the  study  area  around 

Kerguelen. b – Weekly SSTA in the area to the southeast of Kerguelen for the period of 8‐14 

February 2010, corresponding to  the  foraging trip start dates of the  tracked king penguins. 

Overlaid    are  the  king  penguin’s  foraging  tracks  of  2010  (white)  and  of  incubating  birds 

during other years  (black). Grey  lines  show bathymetry at 0,1000 and 2000 m depth. Data 

source SST data: Met Office. 
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b - Frontal positions from SSH and SST signatures during February 2010 

The monthly mean and daily SST signatures during February 2010 showed a southward 

shift of the PF away from the geographic position occupied by the interannual variability 

envelope to the west and to the east of the Kerguelen Plateau (Fig. 4.2.8a). SST signatures 

characteristic of the Fawn Trough Current showed a clear southward shift by up to 5 

degrees of latitude during February 2010 (Fig. 4.2.8b). The characteristic SST signature of 

the Fawn Trough Current over the Chun Spur to the east of the Kerguelen Plateau reaching 

to 53°S during the years 1998 to 2009 was shifted to the south and only reached latitudes 

of 56-58°S in 2010. Weekly maps of the PF and FTC SST signatures underline the abrupt 

and temporally restricted nature of patterns occurring during February 2010 (figures not 

shown).  

 

 

 

 

Figure  4.2.8:  Monthly  maps  of  Sea  Surface  Temperature  (SST)  isotherms  during  February 

corresponding  to  a  ‐  the  PF  (4‐4.2°C)  and b  –  the  FTC  (1.4‐1.6°C).  Coloured  contours  show  the 

monthly mean  and  the  daily  variability  envelope  for    February  2010  (yellow,  green)  and    the 

monthly mean and monthly variability envelope for  February of the years 1998‐2009 (red, blue). 

Grey lines indicate bathymetry at  0, 1000 and 2000 m depth. Data source: Met Office. 

See Annex A and B for the weekly sequences of SST signatures of the PF and FTC from January and 

February 2010.  

(a) (b)
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The SSH signatures during February 2010 showed a southward shift of the PF to the west 

of the Kerguelen Plateau, and southward extending meanders to the east of the plateau near 

the Chun Spur (Fig. 4.2.9a). The Fawn Trough Current SSH signatures did not show shifts 

within the Fawn Trough canyon, but was shifted to the south downstream of the canyon 

and did not extend over the Chun Spur into the area to the southeast of Kerguelen as it 

normaly did during the years 1998 to 2009 (Fig. 4.2.9b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.2.9:  Monthly  maps  of 

Sea  Surface  Height  (SSH) 

signatures  during  February 

corresponding  to  a  ‐  the  PF 

(mean summer signature) and b 

–  the  FTC.  Coloured  contours 

show the monthly mean and the 

weekly  variability  envelope  for 

February  2010  (yellow,  green) 

and    the  monthly  mean  and 

monthly variability envelope for  

February of the years 1998‐2009 

(red,  blue).  Grey  lines  indicate 

bathymetry at  0, 1000 and 2000 

m  depth.  The  purple  arrows  in 

(a)  indicate  the direction of  the 

FTC  northward  flow  towards 

and  over  the  Chun  Spur, which 

may have been impacted by the 

PF  southward  extension  during 

2010. Data source SSH: Aviso. 

 

(a)

(b)
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Due to the evident southward shift of the PF, the distances between the PF and the Chun 

Spur were the smallest since 1998 based on both SST and SSH signatures. The southward 

positions of the PF and the FTC as well as the SST at the Chun Spur exceeded the 95th 

percentiles of all years since 1998, with extreme southward frontal positions and high SST 

at the Chun Spur (Fig. 4.2.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 

Figure 4.2.10: Interannual time 

series of SST  in the area to the 

southeast of Kerguelen.  

 a ‐ Polar Front (PF) position,   b 

‐  Fawn  Trough  Current  (FTC) 

position and c ‐ SST at the Chun 

Spur from 1998 – 2011. Shown 

are daily values  (blue) and  the 

moving  averages over  11 days 

(red).    Green  dashed  lines 

indicate  the  mean  and  the  5 

and  95  percentiles  of  the 

distributions.  Red  arrows 

indicate values during February 

2010.  PF and FTC positions are 

based  on  SST  signatures. Data 

source: Met Office.  

PF position 

FTC position 

SST Chun Spur 

Feb 2010
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c - Atmospheric processes  

In February 2010, Mean Sea Level Pressure (MSLP) patterns around Kerguelen were 

reversed to the normal situation, with an extended high-pressure system to the south and a 

more local but pronounced low-pressure system to the north of the island (Fig. 4.2.11a). 

Wind anomaly maps showed a strong anomaly in the south Indian Ocean, indicating a 

cyclone over the Kerguelen area (Fig. 4.2.11b). Detailed maps showing the evolution of 

the MSLP patterns during late January and early February 2010 may be found in Annex C.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.2.11: Mean  Sea  Level  Pressure  (MSLP)  and wind  anomalies  in  the  south  Indian  Ocean 

during  February  2010.  a  – monthly  composite  of MSLP  anomalies;  b  –  1‐day  snapshot  of wind 

anomalies for the 4 February 2010, showing the presence of a pronounced storm  in the Kerguelen 

area.  in  (b)  contours  indicate  the  intensity, arrows  the direction of  the anomaly. The  red arrows 

indicate the location of Kerguelen. Data: Met Office; NOAA NCEP.   
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d - Sea-ice patterns during austral winter 

Sea ice concentration showed positive anomalies in the area between 70-90°E, and 

negative anomalies between 30-70°E during August and September 2009 (Fig. 4.2.12 a,b). 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.2.12:  Sea‐ice anomalies in the south Indian Ocean during the austral winter 2009.   

a – August 2009; b – September 2009. Winter foraging areas of king penguins breeding at 

Crozet (green dotted box) from Charrassin & Bost (2001), Bost et al. (2004). Sea‐ice tongue 

indicated by the blue arrow to the southeast of Kerguelen following Rintoul et al. (2008). 

(a)  (b)
KerguelenKerguelenCrozet winter 

foraging area 

Crozet winter 

foraging area 

Sea ice tongue Sea ice tongue
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4.4.3 Results Kerguelen part C: Impact of environmental variability on king penguins 

foraging 

4.4.3.1 Interactions and variability of oceanographic features in the area to the southeast of 

Kerguelen 

The PF and FTC positions based on SST signatures in the Chun Spur area showed linear 

relationships with FTC positions north of 53.5°S (Fig. 4.3.1a). Abrupt southward shifts of 

FTC positions occurred from PF positions of 51.2°S, leading to a loss in linearity between 

the PF and the FTC positions (R² = 0.46 if FTC north of 53.5°S; R² = 0.1 if FTC south of 

53.5°S).   

Spatial patterns of the FTC surface signature overlaid on the Kerguelen Plateau bathymetry 

illustrates that the break in linearity corresponds to the FTC shifting to the south of the 

Chun Spur, with the surface patterns of FTC waters changing from looping northward over 

the Chun Spur to a straight flow through the FT canyon, leading to abrupt and non-linear 

shifts in FTC position latitudes (Fig. 4.3.1b). 

 

 

 

 

 

 

 

 

Figure  4.3.1  (next  page): Oceanographic  interactions  between  the  Polar  Front  (PF)  and  the 

Fawn  Trough  Current  (FTC)  in  the  south‐east  of  Kerguelen  during  February  1998‐2011.    a  – 

Position of  the FTC  in  relation  to  the PF position  in  the area  to  the north of  the Chun Spur. 

Frontal positions are determined from SST surface signatures: the northernmost position of the 

1.6°C  isotherm  for  the FTC, and  the southernmost position of  the 4°C  isotherm  for  the PF  (a 

detailed description is given in M&M). Green lines indicate the 5% and 95% percentiles of the 

FTC  positions being  shifted  to  the  south of  the Chun  Spur.   b  –  Spatial patterns of  the  FTC 

surface  signature  from  SST, with  the  FTC  looping  to  the north of  the Chun  Spur  (red),   and 

shifted to the south of the Chun Spur (yellow), illustrating the non‐linearity of FTC shifts to the 

south  of  the  Chun  Spur.  c  ‐  Trip  duration  of  incubating  (red)  and  brooding  (blue)  birds  in 

relation  to  the  Polar  Front  (PF)  position. Dotted  lines  represent  prediction  boundaries  at  a 

confidence level of 0.95.  
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4.4.3.2 Foraging behaviour and body mass gain in relation to frontal positions 

Trip duration of incubating birds increased with the southward position of the Polar Front 

(R²=0.71) (Fig. 4.3.1c). Foraging trip duration showed increases from PF positions south of 

51.36°S, where FTC shifts occurred.  

The penguin’s horizontal foraging habitat regarding bathymetric features and 

oceanographic properties changed with the PF position (Fig. 4.3.2). Both incubating and 

brooding birds showed decreased exploration of shelf break areas, with incubating birds 

increasing foraging in offshore regions, and brooding birds increasing the exploration of 

the Kerguelen shelf (Fig. 4.3.2a). Incubating birds showed shifts towards increased 

geostrophic velocities and more southern SSH signatures until the SACCF. Brooding birds 

showed shifts towards warmer SST with the PF moving southwards (Fig. 4.3.2b). 

Diving behaviour and water masses exploration during bottom periods of incubating birds 

changed with the positions of the Polar Front (Fig. 4.3.3). Wiggle numbers were 

significantly reduced (Fig. 4.3.3a) and CDW exploration during bottom periods 

significantly increased (Fig. 4.3.3b) with the PF south of 52°S, corresponding to the FTC 

being shifted to the south of the Chun Spur. For brooding birds, there was no apparent 

pattern of diving behaviour change with the frontal positions (figure not shown). 

BMG of incubating birds increased with the south position of the PF, whereas brooding 

birds showed decreasing BMG (R²=0.29 for incubation, R²=0.36 for brooding) (Fig. 4.3.4). 
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Figure  4.3.2:  Changes  in  horizontal  foraging  habitat  regarding  a  ‐  bathymetry  and    b  ‐

oceanography  (SSH,  geostrophic  velocities,  SST)  of  incubating  and  Brooding  penguins. 

Bathymetry classes (shelf, shelf break, offshore) were defined based on depth and slope, see 

M&M  for  details.    ***  indicate  significant  differences  to  the  other  groups with  p  =  0.01 

(Kruskal‐Wallis  Test),  if  placed  next  to  the  boxplot  figure,  all  groups  showed  significant 

differences  to  the  others.  PFZ:  Polar  Frontal  Zone;  PF:  Polar  Front;  AAZ;  Antarctic  Zone; 

SACCF: Southern ACC Front. 
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Figure  4.3.3:  Changes  in  diving 

behaviour  of  incubating  birds 

with the positions of the PF. a – 

number of wiggles; b –   relative 

bottom  time  spent  in  CDW  (= 

bottom  time  in  CDW  /  total 

bottom time for each dive >50m 

depth).   ***  indicate  significant 

differences  to  the other  groups 

with  p  =  0.01  (Kruskal‐Wallis 

Figure 4.3.4: Total body mass gain of incubating (red) and brooding (blue) birds in relation to the 

Polar Front position. Dotted lines represent prediction boundaries at a confidence level of 0.95. 

Incubation; R² = 0.29 

Brooding; R² = 0.36 
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4.5 Discussion 

4.5.1 Methodological discussion: Water masses definition through TDR data analysis 

Evaluation of the thermal properties of the water column encountered by diving predators 

based on in-situ sampling is commonly used for the detailed study of their vertical habitat 

(Lydersen et al. 2002; Hooker et al. 2003; Biuw et al. 2007; Hooker et al. 2007; Costa et al. 

2010). The use of TDR in-situ data only based on temperature values at foraging depth has 

been shown to be difficult, and may lead to controversial interpretations (McIntyre et al. 

2011; Boersch-Supan et al. 2012). In this context it has been proposed to use water 

temperature at depth as a proxy variable for water mass (Boersch-Supan et al. 2012). In 

this study we defined different water masses based on the thermal properties of the water 

column encountered by the penguins. The interpretations of our results are therefore based 

on the exploration of different water masses, and behavioural changes may be related to 

shifts in water masses exploration, potentially reflecting oceanographic changes in the 

habitat explored by the animals.   

Our definition of the different water masses is based on thermal properties of the water 

column and therefore simplified compared to classical oceanographic definitions based on 

temperature and salinity. Such definitions may be used if in-situ sampling by the animals 

includes salinity, as it is the case for marine mammals (Costa et al. 2010). However, as 

TDRs attached to the penguins did not sample salinity data we based our definitions on 

temperature and temperature gradient, which reasonably reflected the important 

characteristics of the different water masses. As the results of this method showed 

accordance with visual inspection of thermal profiles as well as with general circulation 

patterns (Park et al. 2008a; Roquet et al. 2009; Roquet 2010; Park & Vivier 2011) we 

assumed that our definitions were a realistic reflection of water column properties defining 

the different water masses.  
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We used static water masses definitions based on fixed temperature – temperature gradient 

values rather than dynamic definitions relative to the surrounding water column, such as 

the temperature minimum for Winter Water (WW) definition (Park et al. 2008a). This may 

impact the distinction of WW from Surface Mixed Layer (SML), as WW temperature can 

vary with latitude, and has been reported to reach temperature ranges of 2.6 – 0.5°C on the 

Northern Kerguelen Plateau (Park et al. 2008a). However, peaks of bottom periods in the 

temperature – temperature gradient plots occurred at thermal properties where water mass 

classification was unambiguous (clearly defined as SML or WW in temperatures below 

2°C or above 3°C), and only a small proportion of bottom periods targeted water properties 

in the range of potential ambiguity between warm WW as SML (waters between 2 and 

2.6°C) (see Fig. 4.1.8a). The implementation of a method based on dynamic water masses 

properties would have been more difficult, and our static method appeared to be sufficient 

for the purpose of our study.  

Circumpolar Deep Water is usually defined by temperature-salinity properties, however, 

due to the only-temperature recording of the TDR sensors our water mass definitions were 

based on temperature and temperature gradient data only. While the spatial variability in 

CDW temperature makes its identification based on temperature-only data difficult, it may 

be clearly identifiable by the occurrence of positive temperature gradients in the water 

column at depths greater 100 m from the signature of warm CDW below the cold WW. 

Such CDW identification based on the detection of positive temperature gradients in the 

water column >100 m allowed us to identify king penguins breeding at South Georgia and 

Kerguelen exploring CDW and modified CDW (mCDW) during their bottom periods. 
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4.5.2. Discussion Kerguelen part A: General foraging patterns of king penguins 

breeding at Kerguelen in relation to regional and local oceanography 

4.5.2.1 Oceanographic patterns 

a – Frontal positions 

The spatial patterns of the oceanography and frontal positions found in our study area were 

consistent with general circulation patterns in the Kerguelen area previously described in 

Orsi et al. 1995; Moore et al. 1999; Sokolov & Rintoul 2009; Park et al. 1997, 2008a, 

2008b; Roquet et al. 2009; van Wijk et al. 2010; Park & Vivier 2011. However, the 

identification of frontal signatures associated with the Fawn Trough Current (FTC) showed 

important differences to those reported by Park et al. 2008b, Wijk et al. 2010 and Park & 

Vivier 2011, where waters assigned to the AAZ in our study were previously identified as 

the Southern ACC Front (SACCF) and the south PF, respectively. Such differences in 

oceanography and frontal locations between studies can occur and may be related to the 

fact that the definitions and property values for a given front may not be consistant all 

along its circumpolar path (Park et al. 1993; Belkin & Gordon 1996). This means that 

applying a static criterion validated in one location may lead to different results in other 

locations (Orsi et al. 1995; Park et al. 2008b). Complex circulation patterns resulting from 

interactions of oceanography with pronounced bathymetry, such as occur at the Fawn 

Trough are likely to amplify this effect, and increase apparent differences in frontal 

positions. 

The Sea Surface Height (SSH) signatures used to define oceanographic features during our 

study were originally identified in the Scotia Sea, but were suggested to be valid for other 

parts of the Southern Ocean (Venables et al. 2012). Therefore, the identification of the 

Fawn Trough Current (FTC) as Antarctic Zone (AAZ) waters in our study may represent 

reconciliation with earlier assignations as the SACCF (Park et al. 2008) and the south PF 
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(van Wijk et al. 2010) signatures, suggesting our frontal identification may be more 

correct. This is an important result for understanding the ecology of the Kerguelen Plateau. 

b – Spatial patterns in water mass distribution and exploration by king penguins 

Temperature data sampled by diving animals have been used for mapping oceanographic 

properties for a range of species and habitats (Charrassin et al. 2002, 2004; Lydersen et al. 

2002; Hooker & Boyd 2003; Fedak et al. 2004; McMahon et al. 2005; Sokolov et al. 2006; 

Biuw et al. 2008; Costa et al. 2008, 2010). Such data facilitates the detailed mapping of 

oceanographic conditions within the water column at a fine spatial and temporal scale as it 

is encountered by animals; such mapping may not be possible using remotely sensed data 

or data from ship-based oceanographic transects (Hooker et al. 2007; Costa et al. 2010). 

Spatial patterns in water mass distribution encountered by our study penguins were 

consistent with circulation patterns reported in previous studies (Park et al. 1998, 2008a; 

Charrassin et al. 2002, 2004; Roquet et al. 2009; Roquet 2010; van Wijk et al. 2010; Park 

& Vivier 2011). 

In our study, mapping the water column properties using a combination of TDR-

Argos/GPS data allowed us to visualize fine-scale oceanographic patterns encountered by 

king penguins during their dives in agreement with Charrassin et al. (2004) who also used 

TDR data from free-ranging penguins. Furthermore our work reveals for the first time 

particularly small-scale interactions of oceanography with bathymetry downstream of the 

cold-water flow passing the Chun Spur. This allowed us to better understand spatial 

patterns in the oceanographic habitat explored by foraging marine predators such as king 

penguins, and to draw conclusions about relationships between the animal’s foraging 

behaviour, oceanography and bathymetry.  

Shallow Winter Water (WW) depths mapped by king penguins in our study were 

consistent with the cold-water flow along the southeastern Kerguelen Plateau shelf break, 
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as well as with areas of upwelling to the north of the Chun Spur and along the shelf break 

(Park et al. 2008a; Roquet 2010; van Wijk et al. 2010). Mapping the temperatures at the 

start of prey pursuit phases during the penguin’s dives confirmed changes in oceanographic 

conditions in the water column induced by the cold-water subsurface flow, and showed the 

tracking of these changes by foraging king penguins during both incubation and brood. 

Cold WW and Circumpolar Deep Water (CDW) occurrence in the water column explored 

by king penguins was limited to the area to the north of the Chun Spur in proximity to the 

AAZ northward loop over the Chun Spur, where the influx of the coldest waters of 

southern origins and the advection of upper CDW (UCDW) has been reported across the 

northern Chun Spur (Park et al. 2008a,b; Roquet 2010). Interactions with bathymetry and 

other oceanographic processes in the area to the north of the Chun Spur may limit the 

occurrence of cold WW and CDW at depths available to king penguins. The UCDW layers 

reported by Roquet (2010) are characterized by the deep Tmax layer situated at depths of 

400 m. Other shallow, but infrequent, occurrences in our study may result from local 

upwellings or the exploration by king penguins of the boundary layer between WW and 

CDW. 

4.5.2.2 General foraging trip patterns 

Foraging trips for all birds were oriented to the south-east of the island, with significant 

differences in trip parameters between incubating and brooding birds. Incubating birds 

undertook extended foraging trips to the east and south-east of the Kerguelen Plateau, but 

mostly in proximity to the shelf break. Brooding birds undertook shorter trips, mainly 

foraging on the Kerguelen Plateau and on the shelf break to the south-east of Kerguelen. 

Such seasonal variation in foraging behaviour with reductions in trip duration after 

incubation is known to occur in many seabirds (Weimerskirch 2007), and especially in 

penguins that have limited travelling capacities. The variations are thought to be related to 
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the changing time constraints of the breeding cycle arising from the need to regularly feed 

the chick (Bost et al. 1997; Charrassin et al. 1999; Green et al. 2005). Changes in diving 

behaviour during brooding may reflect changes in prey pursuit behaviour, which might 

arise because different prey are targeted, and/or because prey requirements increase due to 

increased energy demand by the chick (Charrassin et al. 1999, 2002; Scheffer et al. 2012). 

Increased dive depths of brooding king penguins at Kerguelen indicate the target of deeper 

prey resources in the foraging areas close to the colony. 

In other locations, similar patterns of reduction in foraging trip duration and changes in 

dive behaviour have been reported for king penguins during the brood stage. For example, 

at Crozet, both incubating and brooding birds target similar foraging areas, but 

considerably increase their travel speed and dive depths during brooding (Charrassin & 

Bost 2001; Charrassin et al. 2002), leading to higher travel and dive effort. At South 

Georgia, brooding king penguins undertake shorter foraging trips to closer foraging areas 

than during incubation, indicating less travel effort. However, some of the brooding 

penguins at South Georgia foraging closest to the colony dived to significantly greater 

depths and reduced the times at the bottom of the dives, indicating that these birds may 

reach their physiological dive limits (Halsey et al. 2008, 2010). At Kerguelen, short 

foraging trips with only a moderate increase in dive effort and constant proportions of 

bottom times during the dives occurred during brooding, indicating the presence of 

favourable foraging conditions in close proximity to the colony which appears to allow 

horizontal and vertical adaptations to increased time constraints without birds reaching 

their physiological limits.    
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4.5.2.3 Foraging behaviour in relation to oceanography 

The consistent southeast orientation of foraging trips highlights the importance of these 

areas for foraging king penguins. The area to the southeast of Kerguelen is influenced by 

two major oceanographic features: the PF crossing the plateau just south of Kerguelen as it 

flows in a southeastward direction along the east of the plateau, and the cold-water 

subsurface tongue of FT waters advected over the Chun Spur and flowing northwards 

along the eastern Kerguelen Plateau shelf break (Park & Gamberoni 1997; Charrassin et al. 

2004; Park et al. 2008b; Roquet 2010; Park & Vivier 2011). The area downstream of the 

Kerguelen Plateau is therefore characterized by high dynamics and strong thermal 

gradients arising from the convergence of the PF and the FTC driven by the bathymetric 

steering effect of the Kerguelen Plateau (Park & Gamberoni 1997; Park et al. 2008a), as 

well as by high iron concentration arising from the island mass effect (Blain et al. 2001, 

2007). Such conditions of high dynamics, strong thermal gradients and iron enrichment 

may lead to enhanced biological productivity (Lima et al. 2002) and the aggregation of 

higher trophic levels such as myctophids (Owen 1981; Schneider 1990), which may in turn 

impact upon the foraging behaviour of upper trophic level predators such as king penguins. 

Furthermore the cold waters of Antarctic origin may contain different myctophid resources 

(Duhamel 1998) making them accessible (both by latitude and depth) for king penguins 

following northward advection and upwelling at the Kerguelen Plateau. The cold-water 

subsurface tongue has been reported to be important for king penguins during brooding 

(Charrassin 2002, 2004), and may also be of importance for marine predators breeding at 

Heard Island (Wienecke & Robertson 2006; Hindell et al. 2011). Our study confirms the 

importance of this feature for king penguins at Kerguelen during the breeding season.  
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a - Role of the interaction between fronts, water masses and bathymetry for king penguins 

during incubation and brood 

Incubating birds foraged along the southeastern side of the Kerguelen Plateau between the 

shelf break and the PF as well as within the Chun Spur area. Exploration of the cold-water 

tongue from its origin at the Chun Spur until the latitude of Kerguelen during dive bottom 

periods suggests that strong foraging relationships exist with this feature. In the northern 

foraging areas in the PF and Polar Frontal Zone (PFZ), prey resources appeared to be 

associated with strong thermal gradients in the SML and thermocline (TH), which may be 

enhanced by the cold-water current meeting the south-eastward flow of the PF. Further to 

the south, foraging areas were concentrated over the area between the northern Chun Spur 

and the Heard-McDonalds Island Trough, where the penguins appeared to explore colder 

water masses for foraging. These locations have been shown to be important pathways of 

southern waters flowing onto the Kerguelen Plateau and into the area to the east of 

Kerguelen to form the cold-water subsurface tongue (Park et al. 2008a). Rugged 

bathymetry and seamounts may enhance upwelling of these cold waters, as indicated by 

shallow WW depths encountered by king penguins just upstream of the cold-water flow 

crossing the Chun Spur. Myctophids associated with the cold waters of Antarctic origin 

may thus become accessible to king penguins in such locations of enhanced upwelling, or 

aggregate at thermal gradients with warmer surrounding waters. Highest WW and CDW 

proportions, coldest water temperatures and the encounter of cold WW of Antarctic origin 

during bottom periods of the dives coincide with these areas of cold-water influx from the 

FTC, suggesting that birds may explore features related to such flows. Similar exploration 

of the cold-water influx over the shallow bathymetry in the Chun Spur area has been 

suggested for king penguins breeding at Heard Island (Wienecke & Robertson 2006), and 

may be important for other marine predators at Heard Island (king and macaroni penguins, 

black-browed albatrosses, and Antarctic fur seals) from the apparent coincidence of their 
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foraging locations with areas of the cold-water flow originating from the FTC (Hindell et 

al. 2011). 

The foraging areas used by brooding birds were mainly located over the Kerguelen Plateau 

in the area between the PF and the subsurface cold-water tongue, corresponding to the trips 

made by brooding king penguins reported in Bost et al. 2002; Charrassin 2002, 2004; Bost 

et al. 2011; Hindell et al. 2011. In this area, the subsurface cold-water current appears to be 

steered onto the shelf towards the island of Kerguelen (Charrassin et al. 2002, 2004), 

potentially by upwelling at the abrupt escarpment (between the 1000 to 3000 m isobaths) 

oriented in the north-south direction just to the east of Kerguelen (Charrassin et al. 2004). 

Such vertical flows of cold-water upwelling meeting with warmer PF waters over the 

plateau may generate strong thermal gradients at relatively shallow depths, where 

myctophids may aggregate. High levels of exploration of the SML and the thermocline 

during dive bottom periods indicate the target of prey resources associated with such 

vertical thermal gradients in shelf areas. The strongest mixing of water masses by internal 

tides at rather shallow depths of between 80 to 200 m (Mougin et al. 2008; Park et al. 

2008c), corresponding to the depth of the majority of king penguins foraging dives, 

suggests the potential importance of these processes for prey aggregations targeted by king 

penguins. In shelf break and offshore waters, reduced levels of cold-water upwelling 

compared with shallow areas on the plateau as well as the northward loop of the PF over 

the shelf break to the east of Kerguelen may lead to reduced thermal gradients in the water 

column, as shown for areas east of 73°E (Charrassin et al. 2004). In these areas, the main 

prey aggregations explored by king penguins may be found in WW at greater depth, as 

indicated by cold dive bottom start temperatures and high proportions of WW during dive 

bottom periods. Antarctic fur seals breeding at Kerguelen which feed at moderate depths 

(less than 100m) also forage in similar areas to brooding king penguins (Lea & Dubroca 
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2003; Lea et al. 2008; Hindell et al. 2011). This indicates the exploration of prey resources 

associated with similar processes.  

b - Importance of the cold-water tongue and its variability for foraging king penguins 

In summary, the subsurface cold-water flow originating from the FTC appears to play a 

key role for foraging king penguins during the incubation and brooding stage. The high 

intra- and interannual consistency in foraging trip orientation of brooding king penguins to 

the south-east of the island towards the shelf break and the classification of this area as an 

Area of Ecological Significance (AES) of the Kerguelen Plateau (Hindell et al. 2011) 

underline the importance of this area for king penguins and other marine predators 

breeding at Kerguelen. Similarly, the foraging areas of incubating king penguins also 

appear to exhibit a high level of spatial consistency close to the subsurface cold flow along 

the south-eastern shelf break. Foraging trip patterns for king penguins from Kerguelen 

shown in Hindell et al. (2011) suggest a similar orientation to the east and southeast of the 

plateau. However, these locations do not correspond to the Area of Ecological Significance 

identified by Hindell et al. (2011). Limited temporal coverage of the datasets, one year, 

used by Hindell et al. (2011) and any potential restriction in the level of sampling for 

different breeding stages may bias and AES identification; this may help explain why the 

foraging areas of incubating king penguins shown in our study are not included. Our study 

may therefore add information about areas of high significance for foraging king penguins, 

particularly during the incubation stage. These areas may also be of importance for other 

marine predators breeding on the Kerguelen Plateau, whose foraging areas also coincide 

with areas of the subsurface cold-water current close to its origin at the Chun Spur 

(Antarctic fur seals, macaroni and king penguins breeding at Heard Island), or with 

locations further upstream towards Kerguelen (black-browed albatrosses) (Hindell et al. 

2011).  
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The opposing flow directions of the PF and the cold-water current together with their close 

proximity suggest that interactions exist between these oceanographic features. The PF is a 

major and deep-reaching ACC flow, and significantly stronger than the cold-water current. 

In consequence, variability in the PF position may have important impacts on the pathway 

and extent of the subsurface cold-water flow, and therefore the distribution of king 

penguins prey.  King penguins are known to change foraging behaviour with variability in 

oceanographic features explored (Charrassin & Bost 2001; Peron et al. 2012), and may 

therefore adjust their foraging behaviour in relation to oceanographic conditions in the area 

to the east of Kerguelen. In this context, the PF position and its interaction with the 

subsurface cold-water current may play a key role. Most profitable areas closest to the 

colony (PF and PFZ for incubating birds, shelf area for brooding) may be targeted 

preferentially. If these areas do not provide sufficient prey resources, alternative foraging 

areas further away from the colony may be targeted (AAZ waters for incubation, shelf and 

offshore waters for brooding). 

 

4.5.2.4 Importance of fronts and bathymetry for foraging king penguins at Kerguelen 

Frontal zones and bathymetric features appear to play different roles in governing the 

foraging behaviour for king penguins of different breeding stages. Surface behaviour and 

water column exploration showed highest changes with frontal zones for incubating birds, 

whereas bathymetry appeared to play a more important role for behavioural changes of 

brooding birds. Such changes in foraging habitat exploration may reflect changing 

breeding constraints of central-place foragers such as king penguins, where foraging 

animals need to adapt their behaviour in order to exploit the best resources available within 

their changing constraints (Charrasin et al. 2002; Staniland 2007). Space and physical 

environment have been proposed to be best predictors of king penguins foraging habitat at 
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Kerguelen (Bost et al. 2011). During incubation, reduced time constraints may allow birds 

to explore more oceanic habitats with behavioural adaptations to large-and mesoscale 

oceanographic features, identified by SSH. During brooding, spatial restrictions due to 

regular provisioning of the chicks become more important, increasing the importance of 

the foraging habitat closer to the colony. Bathymetry, a prominent feature characterizing 

the habitat close to Kerguelen, is thus likely to play a more important role in foraging 

adjustments of brooding rather than incubating birds. While surface oceanographic 

parameters such as SSH and SST have been shown to play a role in habitat modelling of 

king penguins and other marine predators at Kerguelen (Bost et al. 2011, Hindell et al. 

2011), their importance has been found to be relatively minor (Hindell et al. 2011). 

However, such relative importance of bathymetry-related or more oceanic processes 

appears to be impacted by the species biology and/or seasonal constraints. However, both 

incubating and brooding king penguins explored areas of cold-water upwelling at the 

Kerguelen Plateau where they changed diving behaviour to increased WW exploration 

during prey pursuit, suggesting the importance of such bathymetry-related processes for 

the species foraging. While such upwelling processes may be difficult to characterize by 

remotely sensed variables such as SSH and SST, our analysis of diving behaviour and 

water masses exploration shows the impact of changes in water column structure, 

presumably from upwelling, on the animal’s behaviour.   

a - Importance of the PF area 

The PF was the main foraging area for incubating and the exclusive foraging area for 

brooding birds. However, at Kerguelen, low travel times and associated energy costs for 

PF waters compared to other foraging areas are likely to play an important role in the 

foraging habitat choice of central place foragers such as king penguins. However, 

independent of spatial constraints, foraging dive performances for incubating birds were 
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significantly higher in the PF and PFZ compared with the AAZ, indicated by the shallow 

bottom start depths and high dive efficiency. Increasing body mass gains with the 

proportion of foraging spent in the PF confirms its importance for foraging king penguins 

in terms of overall foraging trip profitability. The PF is known to be a key foraging area for 

marine predators of the Southern Ocean (Bost et al. 2009), and has already been reported 

to play an important role for marine predators breeding at Kerguelen (Lea et al. 2002; Lea 

& Dubroca 2003; Lea et al. 2008). Myctophids, the main prey of king penguins (Olsson & 

North 1997; Bost et al. 2002), have been found to be highly accessible at the PF in terms of 

reduced depth and high densities (Sabourenkov 1991; Pakhomov et al. 1994), potentially 

due to their aggregative behaviour at the strong thermal gradients (Kozlov et al. 1991) 

arising from the juxtaposition of Antarctic and Subtropical water masses. In the area to the 

southeast of Kerguelen, such thermal gradients in the PF region may be enhanced by the 

northward deviation of cold Antarctic waters by the subsurface current. High use of the PF 

as a foraging area during incubation and brooding together with high foraging dive 

performances emphasize the importance of this oceanographic feature for foraging king 

penguins, confirming previous studies on king penguins breeding in other locations (Bost 

et al. 1997; Guinet et al. 1997; Sokolov et al. 2006; Trathan et al. 2008; Bost et al. 2009; 

Scheffer et al. 2010).  

b - Importance of the Kerguelen Plateau for king penguins and their foraging adjustments    

The Kerguelen Plateau provides an important foraging area for a number of marine 

predators such as Antarctic fur seals, black-browed albatrosses, southern elephant seals and 

penguins (Guinet et al. 2001; Lescroel & Bost 2005; Lea et al. 2008; Hindell et al. 2011). 

The interaction of the Plateau’s bathymetry with oceanography is known to create stable 

and spatially delimited areas of high productivity (Mougin et al. 2008; Dragon et al. 2011; 

Park & Vivier 2011), which may allow directed foraging trips to predictable resources as 
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well as high levels of adaptation of foraging habitat exploration to seasonal constraints, as 

indicated by the clear foraging habitat segregation of incubating and brooding birds. This 

may be of particular importance for animals under high energetic constraints, as it provides 

reliable foraging areas close to the colony. In our study, brooding birds exploring these 

areas were able to reduce their travel distances as well as increasing their dive depths only 

moderately. At Kerguelen, predictable prey resources at relatively shallow depths close to 

the colony appear to allow king penguins to adapt foraging to increased breeding 

constraints without increasing surface travel, and with only moderate increases in dive 

effort. This may also be the case for other marine predators exploring similar areas for 

foraging (Hindell et al. 2011). 

However, these prey resources over the Kerguelen Plateau shelf in proximity of the 

breeding colonies may be of increased temporal and spatial small-scale variability due to 

enhanced vertical mixing by tidal forces (Mongin et al. 2008; Park et al. 2008c) and the 

lack of aggregative effects of pronounced oceanographic features over the plateau between 

the PF and the FTC (Park et al. 2008a), leading to reduced stability and therefore reduced 

overall profitability of these prey resources. High daily body mass gains for short foraging 

trips but with a rapid decrease in BMG with increasing trip duration suggests that prey 

resources may allow profitable foraging for relatively short periods, but may be less 

profitable for longer trips. Deeper dives with longer bottom periods for brooding birds may 

indicate such exploration of less favourable prey conditions (Charrassin et al. 2002; Halsey 

et al. 2010) at greater depths and requiring longer pursuit times at the bottom of the dives 

in shelf areas. Marine predators with lesser time constraints may target areas of higher 

large-and mesoscale activity in proximity of the Kerguelen Plateau, as shown by 

incubating king penguins. In these areas, the combined effect of bathymetry-related 

processes such as upwelling and channelling of ACC flows, and of structuring effects of 

large-and mesoscale oceanographic features on the marine environment and prey resources 
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may create patches of higher stability and density. This may provide more favourable 

foraging conditions for marine predators under lesser time constraints such as incubating 

king penguins, which are able to spend more time exploring more distant and more 

extensive foraging areas for profitable prey resources (Bost et al. 1997; Guinet et al. 1997; 

Trathan et al. 2008; Scheffer et al. 2010). Similar foraging trip orientations for Antarctic 

fur seals breeding at Kerguelen either over the shelf to the southeast of the island or in 

offshore waters to the east of Kerguelen (Lea & Dubroca 2003; Lea et al. 2008) indicate 

similar behavioural patterns for other marine predators at Kerguelen. However, there was 

no information on differences in breeding stages of the animals targeting these different 

foraging areas. Both types of foraging habitat, bathymetry-related upwellings on the shelf 

or the shelf break as well as oceanic processes in offshore areas appear to be of major 

importance for marine predators breeding at Kerguelen, where the importance may depend 

on the species biology and seasonal constraints. Our study therefore confirms the 

importance of AES on the Kerguelen Plateau shelf identified by Hindell et al. (2011), but 

also suggests the importance of offshore areas with mesoscale features related to the PF 

and its juxtaposition with the cold-water current to the southeast of Kerguelen, at least to 

less constrained animals.   

 

4.5.2.5 Diving behaviour in different water masses 

King penguin foraging performance changed with the water mass targeted during the 

bottom periods of the dives. Heterogeneity in myctophid distribution in the water column 

is thought to be related to species, depth and physical properties of the water column 

(Hulley 1981; Collins et al. 2008, 2012). Therefore, different water masses host prey 

resources of different species composition and patch properties (Hulley 1981; Kozlov et al. 

1991; Pusch et al. 2003; Collins et al. 2008; 2012; van Putte et al. 2010), which is thought 
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to impact foraging behaviour and performance of diving predators such as king penguins 

(Bost et al. 2002). The foraging performance of a dive is further impacted by the travelling 

time through the water column to reach the prey resources (Wilson 1995). The targeting of 

deeper water masses increases travel time through the water column and reduces the time 

available for prey pursuit at depth, therewith decreasing foraging performance if 

homogeneity in prey distribution in the water column is assumed. Foraging performance 

associated with a given water mass is therefore a combination of depth and the profitability 

of associated prey resources. 

King penguins at Kerguelen appeared to encounter most favourable foraging conditions in 

the thermocline, indicated by the highest dive efficiency and wiggle numbers. Wiggles 

during the bottom period have been shown to reliably identify prey catch events in king 

penguins (Bost et al. 2007; Hanuise et al. 2010), and have therefore been used as proxies 

for feeding success. The thermocline is the layer of one of the most pronounced thermal 

gradients in the ocean, resulting from the juxtaposition of warm SML and cold WW. It is 

known to be a location of enhanced biological activity (Weston 1953; Longhurst 1985; 

Hunt 1990), resulting in the accumulation of biomass for various trophic levels, ranging 

from planktonic organisms to mesopelagic fish and ultimatively upper trophic level 

predators (Hunt 1990; Spear et al. 2001). This is particularly the case for myctophids, king 

penguins main prey, these are known to aggregate at strong thermal gradients  (Hulley 

1981; Kozlov et al. 1991; Pakomohov et al. 1996) such as the thermocline. The 

thermocline may therefore host dense myctophid aggregations at relatively shallow depths, 

allowing highly efficient foraging with high proportions of dive time available for bottom 

periods when targeting these prey resources. The importance of the thermocline has 

already been reported for king penguins in other locations, where birds target prey 

associated with or close to thermal discontinuities in the water column at Crozet 
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(Charrassin & Bost 2001) and South Georgia (Scheffer et al. 2012). This study confirms 

the key importance of the thermocline for foraging king penguins at Kerguelen.  

Decreased diving performance during dives to deeper water masses would result in 

reduced times available for prey pursuit, suggesting that king penguins may preferentially 

target the thermocline, SML and WW. However, CDW and mCDW may host different 

prey species or different prey distributions (Pusch et al. 2003; van de Putte 2010; Collins et 

al. 2012), and may therefore represent important foraging habitats for king penguins 

especially if they locate insufficient prey resources at shallow depths. At South Georgia, 

brooding king penguins foraging close to the colony have been reported to consistently 

target CDW during dive bottom periods, resulting in high BMG from only short bottom 

periods (Scheffer et al. 2012). This suggests that CDW may host profitable prey resources 

in the region close to South Georgia. Prey resources associated with deeper or more 

southerly water masses, such as CDW or cold WW, may represent important alternatives 

when shallow prey is insufficient during periods of increased resource demand (e.g. during 

breeding), or resulting from when environmental factors impact prey distribution. 

However, profitability of prey resources associated with CDW may be related to local 

oceanography. At South Georgia, CDW appears to provide an important foraging niche in 

areas closest to the colony for birds under high breeding constraints, whereas king 

penguins breeding at Kerguelen targeted CDW almost exclusively during incubation in 

areas distant from the colony.   

The exploration of different water column properties and different water masses has 

already been reported for king penguins and other diving predators (Charrassin & Bost 

2001; Lea & Dubroca 2003; Biuw et al. 2007, 2010; Lea et al. 2008; Trathan et al. 2008; 

Muelbert et al. 2012; Scheffer et al. 2012), showing the non-random exploration of the 

vertical hydrological habitat by animals and the impact of thermal properties of the ocean 
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on their foraging behaviour. Our study confirms these findings for king penguins breeding 

at Kerguelen, and furthermore identifies changes in foraging dive performances in different 

water masses. 
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4.5.3. Discussion Kerguelen Part B: The particular situation in 2010: an exceptional 

bad year for king penguins at Kerguelen 

The breeding season of 2009/10 was characterized by anomalies in both behaviour and 

reproductive success for king penguins breeding at Kerguelen. The observed anomalies in 

foraging trip duration and egg/chick abandonment rate were the most extreme observed 

since the beginning of the Kerguelen long-term monitoring programme in 1998. King 

penguin foraging trips were to locations that were 75% more distant and further afield  

from the colony than on average; they also lasted up to 52% longer than in other years. 

Furthermore, and of very considerable ecological importance, the breeding failure rate was 

94% and exceeded all previous records of such anomalous events at Kerguelen. Moreover, 

in 2010, the failure for king penguins at Kerguelen exceeded all other similar events for 

kings recorded in the literature (Crozet 1993/94: 47%, Gauthier-Clerk 2001; South Georgia 

1994: 60%, Olsson&Van der Jeugd 2002), underlining the extreme nature of the 2010 

event.  

King penguins can fast for over a month when incubating, with the maximum duration 

dependent upon sex, experience, body size/physiological characteristics and time of the 

breeding season (Groscolas et al. 2000). The duration of the fast will be allied to critical 

body mass (cMb), which is reached when fat stores are critically depleted and the 

catabolism of the animal shifts from a stage of protein sparing (phase II) to a stage of 

dramatically increased protein catabolism (phase III; Le Maho et al. 1981; Cherel et al. 

1988). As birds approach this critical nutritional state, their metabolism triggers their return 

to sea and abandonment of their egg or chick before reaching cMb (Groscolas and Robin 

2001). As it approaches birds can be seen abandoning their egg in the colony, although 

occasionally they can sometimes be observed moving towards the edge of the colony and 

even down to the beach, where they eventually abandon their egg and leave to go to sea 
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(PN Trathan pers. obs.). In our study, birds abandoned their egg or chick between 22 and 

43 days (27.2±0.9 days, mean±SE), with body masses ranging between 8.0 and 9.8 kg 

(9.1±0.2 kg). These values are approaching the critical body mass values for when birds 

move from phase II to phase III (8.78 kg, Groscolas et al. 2000; 9.6-10.0 kg, Groscolas et 

al. 2008), or during moult (9.62±0.17 kg, Cherel et al. 1994; 9.62±0.33 kg, Halsey et al. 

2008). Validation of critical body mass against predicted values from Halsey et al. (2008) 

was not possible, as morphological characteristics of incubating partners were not 

recorded. 

Extended foraging trips and high total body mass gain together with breeding abandonment 

may reflect trade-offs for long-lived birds, with the trade-off favouring adult survival to 

that of offspring survival (Stearns 1992; Gauthier-Clerc et al. 2002; Groscolas et al. 2008). 

Such a situation confirms model predictions for king penguin parents, providing for their 

own needs in case of low food availability (Cresswell et al. 2012). Such decisions may also 

reflect late arrival on land prior to egg-laying, possibly as birds build up their safety 

margins in terms of body reserves; this may be particularly important if body condition is 

low after there have been poor winter/spring foraging conditions. Late arrival may result in 

higher risks of breeding failure if there is insufficient chick rearing time and inadequate 

prey resources later in the season (Gauthier-Clerc 2002). 

The breeding and foraging behaviour of king penguins, particularly their foraging trip 

duration, can be used as indicators of variability in prey availability (Gauthier-Clerc et al. 

2002), and in the marine ecosystem in general (Le Maho et al. 1993). This suggests that 

important changes in marine resources occurred in the area to the southeast of Kerguelen 

during the austral summer of 2010. 
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4.5.3.1 Oceanographic and behavioural anomalies during the pre-breeding and 

breeding season of 2009/2010 

King penguins clearly experienced anomalous conditions resulting in unusual behaviour 

during the pre-breeding season in 2009; this was manifest as delayed arrival on land at the 

start of the breeding season (2 months delay). Later, after breeding commenced, we 

observed changes in foraging behaviour during February 2010. 

Late 2009 and early 2010 were characterized by significant oceanographic anomalies in the 

Indian Ocean, with a basin-wide warming from July to October 2009 (Arndt et al. 2010), 

and high SST and southward shifts of the PF and FTC in the area around Kerguelen during 

February 2010. King penguins are characteristically highly oceanic foragers; the 

behavioural and reproductive anomalies observed for king penguins during 2009/10 are 

therefore highly likely to be related to the anomalous oceanographic conditions observed in 

the Indian Ocean. 

The PF shifting out of the 11-years SST and SSH variability envelopes suggests that the 

anomaly occurring in 2010 was the most pronounced since 1998, with drastic impacts on 

king penguins behaviour and breeding success. It is therefore plausible that extreme 

behavioural and reproductive patterns make 2010 a unique event, and at least partly related 

to the southward shifts of the PF. This may have been related to changes in oceanographic 

processes and water column properties in the Chun Spur area, particularly in king penguin 

foraging habitat in the upper ocean.    

 

4.5.3.1a Pre-breeding period, austral winter and spring 

The significantly delayed arrival prior to egg laying was highly likely to be caused by the 

prevailing oceanographic conditions during the period prior to the penguin’s arrival on 
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land; most probably during the winter or during the post-moulting foraging trips in 2009. 

Currently, there is no documented information about the winter or post-moult distributions 

of king penguins breeding at Kerguelen, making it difficult to draw definitive conclusions 

about factors impacting the birds behaviour prior to breeding. However, king penguins at 

Kerguelen may show similar behaviour to those breeding at Heard Island and Crozet, 

which explore areas related to the ice-edge south of their breeding colony during winter, 

and areas close to the PF during post-moulting in spring (Moore et al. 1999; Charrassin & 

Bost 2001; Bost et al. 2004). The sea-ice anomalies to the south of Kerguelen during 

August/September 2009 may therefore have impacted king penguins during their winter 

foraging trips. As king penguins breeding at Crozet did not show behavioural anomalies, 

sea-ice anomalies that may have impacted king penguins breeding at Kerguelen are likely 

to be situated in areas different from those explored by Crozet birds during winter (40-

67°E, Charrasin & Bost 2001; Bost et al. 2004). The pronounced positive sea-ice anomaly 

to the southeast of the Kerguelen Plateau (~70-90°E, see Fig. 4.2.12) is therefore the most 

likely ice-related anomaly that may have impacted the winter foraging of king penguins 

from Kerguelen. In the area near 85°E, a pronounced sea-ice tongue has been reported to 

occur during some winters (Rintoul et al. 2008). The sea-ice tongue as well as a related 

northward current in this area have been suggested to play an important role for the high 

biomass in this area, ranging from primary production (Tynan 1997; Nicol et a. 2000; 

Rintoul et al. 2008) to upper trophic levels such as cetaceans (Tynan 1997, 1998; Nicol et 

al. 2000). It is therefore possible that this area plays also an important role for foraging 

king penguins during winter. Sea-ice related anomalies in this area may therefore impact 

have impacted the penguin’s winter foraging success. However, due to the lack of 

available information concerning winter and spring movements of king penguins at 

Kerguelen we must consider these hypotheses to be speculative.  
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In the austral spring, the eastern Indian Ocean exhibited significant basin-wide warming 

from October 2009, which may have impacted king penguin prey, foraging behaviour and 

foraging success during their post-moulting trips. If birds had been unable to recover 

condition from moulting (Gauthier-Clerk et al. 2002) and had lower than normal reserves 

prior to commencing breeding, penguins may have been forced to prolong their post-

moulting trips by staying longer at-sea, resulting in their delayed arrival on land for 

breeding. Body mass at the start of their incubation foraging trips suggests that there were 

no significant differences in the physiological condition of penguins in 2010 compared 

with other years. Low body mass at arrival has been reported to lead to early egg 

abandonment for king penguins breeding at Crozet (Le Maho et al. 1993; Gauthier-Clerk et 

al. 2001). As there was no obvious statistically significant reduction in initial body mass at 

Kerguelen during 2010, it suggests that birds may have been able to compensate for winter 

conditions by their late arrival to breed. This further suggests that changes in foraging 

behaviour observed during incubation and the subsequent poor reproductive success may 

have been mainly related to the feeding conditions encountered during breeding, and not 

caused by the winter/spring conditions. Late breeding is known to decrease chick survival 

due to decreased marine resources available later in the season (Gauthier-Clerk 2002). A 

delayed start to breeding may thus decrease the chances of breeding success and may 

indicate that birds decided to favour their own body reserves instead of offspring survival, 

possibly in a similar manner to that of king penguins at South Georgia in 1994 (Olsson & 

van der Jeugd 2002). Of course the continued warm conditions during incubation may have 

meant that the poor feeding conditions continued, and though birds were able to 

compensate for the poor winter conditions, they could not compensate for the prolonged 

anomalous conditions and breeding failure was inevitable.    
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4.5.3.1b Breeding period, February 2010 

King penguin foraging trips during February 2010 extended beyond the foraging range of 

other years with birds travelling further to the southeast. A number of significantly 

decreased dive parameters also suggest that birds may have experienced less favourable 

foraging in 2010 compared with other years. Such decreased foraging performance 

together with increased physiological effort in terms of at-sea time and dive effort is highly 

likely to reflect reduced prey availability in the usual foraging area (Piatt & Sydeman 

2007), suggesting that oceanography and associated prey resources may have been altered 

in a way that king penguins were not able to compensate for by foraging successfully.  

4.5.3.1b.1 Oceanographic changes: ocean warming and shifts in key oceanographic 

features in the foraging area of king penguins 

February 2010 was characterized by pronounced warm SSTA to the east and southeast of 

the Kerguelen Plateau as well as in the FT canyon. As these areas are thought to be key 

locations for king penguin foraging (see Kerguelen part 1), the observed changes in 

behaviour and reproductive anomalies may have been related to the oceanographic 

conditions in these locations. Significant southward shifts in PF and FTC surface 

signatures reflect the warm SSTA, and indicate changes in key oceanographic features in 

the foraging area of king penguins to the south and southeast of Kerguelen. Shifts were 

most obvious from SST isotherms, suggesting that in-situ warming and anomalies in 

upper-ocean processes played an important role. Vertical heat transfer from the ocean 

surface through turbulent mixing may alter thermal conditions in the upper water column 

in such a way as to cause changes in the distribution of myctophids, which are known to be 

highly sensitive to thermal conditions in their environment (Hulley 1981; Kozlov et al. 

1991). As king penguins explore relatively shallow water masses (0-350m, Charrassin et 

al. 2001), such surface warming may impact oceanographic structures and associated prey 
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resources. The effects of such surface warming and changes in subsurface oceanography 

may be further amplified by changes in circulation patterns. In addition to shifts in SST 

isotherms, the PF SSH signatures showed extended southward meanders away from the 

southern variability envelope to the southeast of the Kerguelen Plateau, indicating deep-

reaching circulation changes in the area. The PF is associated with important changes in 

physical properties of the water column, such as the northernmost extent of WW <2°C at 

200 m depth (Park et al. 1991, 1998a; Orsi et al. 1995, Belkin & Gordon 1996). Changes in 

the path of the PF flow, indicated by SSH signatures, therefore reflect shifts in water 

column properties and oceanographic processes at depth, which may in turn impact water 

mass distribution in adjacent areas. The PF approached the Chun Spur to its nearest 

distance since 1998, based on both SST and SSH signatures, implying important 

oceanographic changes in the Chun Spur area, potentially amplifying the effects of in-situ 

warming.  

Circulation patterns around the Kerguelen Plateau are complex and difficult to evaluate 

from surface characteristics. The absence of combined GPS/Argos - TDR datasets for 2010 

makes it impossible to draw detailed conclusions about spatial patterns within the water 

column structure from the available TDR temperature data. Hypotheses about the spatial 

processes at depth must therefore remain speculative. Nevertheless, oceanographic patterns 

observed at the surface from remote sensing and from TDR temperature profiles during 

February 2010 support our suggestions regarding oceanographic patterns.   
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4.5.3.1b.2 Behavioural changes 

Foraging area shifts from the Kerguelen Plateau to offshore areas/oceanic processes 

The disruption of oceanographic conditions at the PF and in the Chun Spur area appeared 

to reduce foraging habitat suitability in the immediate proximity to the Kerguelen Plateau 

for king penguins. Foraging habitat shifts to greater depths, into waters with stronger 

geostrophic velocities and into waters with higher SSH variability suggest birds increased 

their exploration of dynamic large-and mesoscale features in offshore waters, such as 

ocean currents and eddies. These contrast with the more normally targeted bathymetric-

related processes such as upwelling and the local channelling of subsurface flows 

associated with the Kerguelen Plateau (see part 1). The SSH signatures of targeted waters 

also clearly show birds were exploring more southerly foraging areas in the AAZ and 

SACCF, indicating that there was a decrease in the profitability of the PF for foraging. 

Such a decrease in foraging habitat suitability in the Kerguelen Plateau area may have 

significant impacts on marine predators. It may result in longer travel times at sea and 

decreased overall foraging trip efficiency due to the greater distances of foraging areas 

from the colony, and to the higher dynamics and therefore potentially lower stability and 

predictability of oceanographic features explored. A decrease in foraging habitat 

profitability at the Kerguelen Plateau, and a shift in foraging habitat to offshore areas, 

could also have negatively impacted other marine predators breeding or feeding at the 

Kerguelen Plateau during 2010.  

Oceanographic change and vertical prey distribution 

Diving behaviour indicates that the oceanographic changes in the area to the southeast of 

Kerguelen may have impacted the vertical distribution of king penguin’s prey. Shifts in the 

temperature (T) and temperature gradient (gradT) targeted during dive bottom periods 

together with deeper bottom start depths suggests changes in how birds explored the water 
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column; this was also characterised by shifts of bottom periods from the SML, TH and 

WW, to water masses at greater depths such as the cold WW and CDW. The significantly 

reduced profitability of the SML, TH and WW (in terms of dive efficiency and prey 

capture attempts (number of wiggles)), indicates the important changes in prey resources in 

these water masses. Myctophids are thought to be sensitive to changes in their thermal 

environment (Collins et al. 2008, 2012). Heat transfer into the water column, by upper-

ocean warming or changes in water mass distribution by circulation changes, may have 

changed the upper oceanographic habitat, e.g. the SML, TH and WW, to the southeast of 

Kerguelen in a way that changed the suitability for myctophids. As a consequence, king 

penguins may have been forced to explore alternative water masses at greater depth for 

their prey.  

In the PFZ and PF, shifts from SML and TH to WW exploration suggest reduced prey 

availability in the upper ocean layer, presumably due to the immediate effects of heat 

transfer from the surface into the water column. The TH in particular, has been shown to 

be an important feature for foraging king penguins (Charrassin & Bost 2001; Scheffer et al. 

2012) and other marine predators (Boyd & Arnborn 1991; Biuw et al. 2007; Dragon et al. 

2012). Changes in the TH profitability for key foraging areas such as the PF (Bost et al. 

2009), may have profound impacts on the foraging success and behaviour of marine 

predators, and may have led to the reduced foraging success of king penguins in February 

2010. In areas to the south of the PF (SST <3°C), shifts from WW to cold WW and CDW 

during bottom periods suggest reduced prey availability in WW. In areas of cold SST to 

the south of the PF, such as in the Chun Spur area and along the Kerguelen Plateau shelf 

break, WW is thought to be of particular importance for foraging king penguins, due to 

upwellings and the subsurface cold-water flow from the FTC (see Kerguelen part 1). Upper 

oceanic warming in the Chun Spur area and the southward shift of the PF flow towards the 

Chun Spur in February 2010 may have led to anomalies in the subsurface cold-water flow 
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and in the upwelling processes, possibly altering prey resources associated with WW in 

these areas. However, due to the reduced return in combined TDR and GPS data, it is not 

possible to determine the extent to which changes in vertical foraging behaviour were 

related to alterations in the physical properties of the water column in the usual foraging 

areas, or to changes in foraging areas offshore. 

Importance of CDW as an alternative water mass explored 

Significantly increased exploration of the CDW during 2010 indicates the increased 

importance of this water mass for foraging king penguins. In contrast to the upper ocean 

water masses, such as the SML, TH and WW, the CDW showed no significant reduction in 

the proportional dive time used for bottom periods, and the least reduction in prey capture 

attempts. Similar proportions of prey capture attempts despite the greater depths of CDW 

and therefore the longer dive travel times associated with its exploration, suggest a higher 

profitability of prey resources in CDW compared with the upper ocean during 2010. CDW 

is found at greater depths than the upper ocean layers normally explored by foraging king 

penguins (SML, TH and WW, see part 1). The CDW is usually less affected by any direct 

influences of atmosphere-ocean-seaice interactions, but is more affected by bathymetric 

steering (Roquet et al. 2009). It is therefore possible that due to this insensitivity to the 

atmosphere, the CDW may be a conservative and important water mass for foraging king 

penguins, when the upper ocean is affected by environmental forcing. Overall, the foraging 

profitability of the CDW may be small compared to the SML, TH and WW under normal 

conditions. However, the apparent stability of this water mass to environmental forcing 

may make it an important element for air-breathing diving predators in some seasons. At 

South Georgia, king penguins have been reported to explore the CDW close to the colony 

when under increased time and energy constraints during brooding. However, such CDW 

exploration only took place during short foraging trips, where horizontal travel effort was 
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small (Scheffer et al. 2012). Such exploration of the CDW may occur in response to 

insufficient prey resources at shallower depths in areas close to the colony, or to highly 

profitable prey in CDW. At Kerguelen, CDW exploration may occur in cases of 

insufficient prey resources in the upper water masses, as happened during February 2010. 

However, in contrast to South Georgia, it does not appear that the CDW provided 

sufficient foraging conditions at Kerguelen, as increased CDW exploration in 2010 was 

also associated with high breeding failure.  

Diving to greater depths at higher costs: a behavioural response 

Reductions in prey availability in the upper ocean appear to force king penguins to dive to 

greater depths. Prey pursuit at greater depths results in higher dive effort to reach prey, and 

a smaller proportion of dive time available for the actual prey pursuit phase. This may lead 

to reduced foraging efficiency in terms of CPUE during a dive, if the profitability of the 

prey, e.g. the patch density or the energetic value per unit, is not increased. If prey 

profitability stays constant, foraging effort may be increased to compensate the reduced 

foraging profitability (Charrassin et al. 1998). High dive effort in terms of dive rate * 

bottom start depth in 2010 indicates such increased physiological pressure on the penguins, 

where dive rate and depth may not have been equalized but both increased. Elephant seals 

from Marion Island have been reported to increase dive rates as a response to greater dive 

depths with less time in the bottom phase of the dives (McIntyre et al. 2011). However, 

king penguins increased both dive effort as well as surface travel effort and at-sea time, 

still leading to reduced foraging performance and breeding success. Significant disruptions 

in prey availability in the foraging area are likely to have caused such insufficient foraging 

conditions.   
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4.5.3.2 Connections to environmental variability at large and small scales 

In-situ warming is potentially one of the main mechanisms for oceanographic anomalies in 

the Kerguelen area in February 2010, suggesting an important role of atmosphere-ocean 

interactions. Environmental variability at a variety of spatial and temporal scales probably 

played a role in generating the oceanographic conditions in the south Indian Ocean during 

2009/10, and therewith the observed anomalies in king penguins behaviour. The 

occurrence of the strong oceanographic and behavioural anomalies only for king penguins 

at Kerguelen but not at Crozet (CA Bost, pers. comm.) suggests that behavioural anomalies 

of king penguins breeding at Kerguelen may have been caused by oceanographic 

conditions local to the sector of the Indian Ocean exclusively explored by king penguins 

breeding at Kerguelen and not by those breeding at Crozet. If such anomalies were related 

to patterns exceeding scales local to the eastern basin of the south Indian Ocean, there may 

have been mechanisms of transferring and potentially amplifying the signal to the 

Kerguelen area, but not to Crozet. 

 

4.5.3.2a Connection to large-scale patterns: Pacific and Indian Ocean 

Anomalies in king penguins foraging and reproductive success during 2009/10 were 

presumably related to oceanographic conditions in the Indian Ocean prior to and during 

breeding. In late 2009 and early 2010, the Indian Ocean was characterized by a significant 

basin-wide warming from remote El Niño impacts (Blunden et al. 2011, Kim et al. 2011), 

reaching a historical high with even higher SSTA than during the strong 1997/98 El Niño 

event (Blunden et al. 2011). The extreme nature and the spatial and temporal extent of the 

Indian Ocean warming in 2009/10, particularly in the eastern south Indian basin, suggests 

that this pattern may have impacted oceanographic conditions and therefore prey 

availability in king penguin’s foraging areas during pre-breeding and breeding. 
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Oceanography in the Indian Ocean is strongly impacted by the central Pacific, with Indian 

Ocean warming occurring during ENSO warm phases (Klein et al. 1999; Blunden et al. 

2011). Atmospheric teleconnections as well as large-scale oceanographic processes are 

thought to be responsible for the close connection between the Indian and Pacific Oceans 

(Klein et al. 1999). The year 2009 and early 2010 were characterized by the development 

and maturing of a strong El Niño event in the tropical Pacific (Lee & McPhaden 2010; 

Arndt et al. 2010). This El Niño event has been classified as a Central Pacific (CP) El Niño 

(Lee & McPhaden 2010), or El Niño Modoki (Ashok et al. 2007), which distinguishes it 

from the classical Eastern Pacific (EP) El Niño; this is characterised by the maximum 

warm SSTA located in the central and not the eastern equatorial Pacific. The 2009/10 El 

Niño has been shown to possess unique characteristics, such as the highest SSTA in the 

central equatorial Pacific, and has therefore been classified as the strongest CP El Niño for 

30 years (Lee & McPhaden 2010). Moreover, atmospheric teleconnections and remote 

impacts of CP El Niño events are thought to be different from the “classical” EP El Niño 

(Ashok et al. 2007; Weng et al. 2007; Kug et al. 2009), but are less well studied and less 

well documented. The breeding season 1997/98 was characterized by the occurrence of a 

pronounced El Niño, but of the EP type. The less extreme impacts on king penguins at 

Kerguelen of this El Niño may have resulted from the different patterns of EP and CP El 

Niño events, and their different remote impacts. This hypothesis is not investigated further 

here, so remains somewhat speculative. However, projected environmental change in the 

Indian Ocean, with warming (Luffman et al. 2009) and increasing intensity (Lee & 

McPhaden 2010; Ren & Jin 2011) and frequency (Yeh et al. 2009) of the CP El Niño may 

indicate that the breeding season 2009/10 is a potential indication of future trends in the 

Indian Ocean and possibly also in the area around Kerguelen. 
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4.5.3.2b Connections to regional atmospheric processes: Cumulative effect of storm 

and warm anomalies in the South Indian basin 

The extreme and temporally restricted nature of the oceanographic anomaly at Kerguelen 

during February 2010, and the occurrence of behavioural anomalies in king penguins only 

at Kerguelen but not at Crozet, suggests that forcing local to the area around the Kerguelen 

Plateau may have played a major role in addition to potential effects of larger-scale 

phenomena such as ENSO, potentially transferring and/or amplifying the larger-scale 

signal from the Indian Ocean to Kerguelen. In early February 2010, SLP and wind patterns 

indicated the passage of a pronounced storm in the Kerguelen area. Oceanography around 

the Kerguelen Plateau has been shown to be significantly impacted by local wind stress, 

with time lags of only several days (Meredith et al. 2004). High-frequency atmospheric 

anomalies such as storm events are therefore likely to have significant and immediate 

impacts on the local oceanography around Kerguelen. Wind stress plays an important role 

in the transport of water masses, creating Ekman transport of the upper ocean layer in 90° 

(to the left in the Southern Hemisphere) of the wind direction (Brown et al. 2001; Stewart 

2008). The easterly wind anomaly from the storm in the Kerguelen area during early 

February 2010 may have created a southward Ekman transport of warm more northerly 

Indian Ocean waters to the Kerguelen Plateau. Such anomalous Ekman transport, due to 

local wind forcing, may have transferred the remote impacts of El Niño from the 

subtropical Indian Ocean to more southerly latitudes, possibly amplifying the effects of the 

El Niño in the Kerguelen area.  

In addition to changes in Ekman transport, storms are known to have significant immediate 

impacts on the upper ocean (Kraus & Turner 1967; Black & Dickey 2008), which may 

have important consequences for the thermal structure of the water column and associated 

prey resources for king penguins. Wind stress may increase vertical mixing in the upper 
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water column (Kraus & Turner 1967), which may have enhanced the intrusion of the warm 

surface waters into the upper ocean. Heat transfer from the SML to the thermocline by 

increased turbulent mixing may lead to a warming of the upper thermocline (Black & 

Dickey 2008). This may have reduced the suitability of the thermocline and adjacent water 

masses, such as the SML and WW, for myctophids, as shown by the lower foraging 

performance of king penguins associated with the SML, TH and WW in 2010. Storm 

passage in the open ocean is known to cause local deepenings of the SML (Napp & Hunt 

2001; Black & Dickeney 2008) and may also deepen the underlying water masses, such as 

the thermocline and WW, which are key features for foraging king penguins (see part 1). 

In addition to changes in prey distribution, due to the warming of the water column, a 

deepening of these upper water masses may imply higher dive efforts for foraging king 

penguins to reach associated prey resources; this was indicated by the deeper bottom start 

depths in 2010. Increased vertical mixing by the storm may furthermore decrease the 

stratification of the water column (Black & Dickey 2008; Ropert-Coudert et al. 2009), and 

local warm-water intrusions, SML deepenings and thermocline warmings, leading to 

irregularity in the water column structure, as shown by the TDR temperature profiles. Such 

a loss of structure in the water column may lead to the dispersion of myctophids associated 

with specific water masses or thermal features (Charrassin & Bost 2001; Scheffer et al. 

2012). Ropert-Coudert et al. 2009 suggested reduced prey availability for little penguins in 

mixed waters, which may also be the case for king penguins.  

Storms have been reported to cause important oceanographic and ecological disturbances 

in various ocean systems (Paine et al. 1998; Yang et al. 2004; Black & Dickey 2008), and 

to impact higher trophic levels such as marine predators (Napp 2001; Ropert-Coudert et al 

2009, Lea et al. 2009). Local amplification by storm activity of ENSO-related effects on 

oceanography and marine ecosystems occurred during the strong El Niño events in 

1982/83 (Paine et al. 1998) and 1997/98 (Napp & Hunt 2001). In February 2010, the 
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combined effect of the Indian Ocean warming by El Niño together with the southward 

warm-water transport and changes in the water column by the storm passage may have led 

to oceanographic disturbances in the area around Kerguelen that significantly impacted 

king penguin’s foraging. Ecosystem disturbances through such amplified effects of 

perturbations may be of higher amplitude than anticipated and result in “ecological 

surprises”, as ecosystem responses may be multiplicative and not additive (Paine et al. 

1998). King penguin trip duration (Le Maho et al. 1993), and marine predator behaviour in 

general (Weimerskirch et al. 2003; Costa et al. 2010), may be considered as plausible 

indicators of the marine ecosystem, suggesting that the extreme behavioural and 

reproductive anomalies of king penguins were an ecosystem response with increased 

amplitude at Kerguelen in 2010. The amplification effect of environmental conditions may 

be one of the crucial differences to the 1997/98 breeding season, when king penguins 

breeding at Kerguelen did not show any comparable anomalies in foraging and breeding 

success despite the occurrence of the strong El Nino. Although there are no consistent 

predictions about the future frequency of storm occurrences (Meehl et al. 2000; Webster et 

al. 2005; Emanuel et al. 2008), it has been suggested that it will increase in the south 

Indian Ocean with Indian Ocean warming (Xie et al. 2001; Luffman et al. 2009). This may 

mean increased risks of similar perturbations on the Kerguelen ecosystem, potentially 

amplifying the signatures of larger-scale environmental variability, or locally altering 

water column properties.  

 

4.5.3.3 Biological significance of the 2010 event 

The breeding season of 2009/10 was characterized by behavioural and reproductive 

anomalies for king penguins of unpreceded extent, when compared with any year since the 

start of the long-term monitoring programme at Kerguelen (1998). Environmental 
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variability is known to impact penguins (see review in Forcada & Trathan 2009; Bost et al. 

2011; Peron et al. 2012) as well as other seabirds (Weimerskirch et al. 2003; Jenouvrier et 

al. 2005; Frederiksen et al. 2008; Barbraud et al. 2011, 2012) as well as other marine 

predators across the Southern Ocean (McMahon & Burton 2005; Murphy et al. 2007; 

Trathan et al. 2007; Costa et al. 2010). However, environmental change occurs on different 

temporal and spatial scales, ranging from large-scale background signals to small-scale 

weekly or daily events. In addition to long-term changes in the mean climate, small-scale 

weather events may significantly alter environmental conditions and possibly amplify the 

effects of larger-scale modes of environmental variability or climate change. Non-linear 

ecosystem responses to the amplified effect of multiple disturbances (Paine et al. 1998; 

Mehl et al. 2000) as well as complex air-sea and ecosystem interactions may make the 

modelling-based prediction of the impacts of future environmental variability on 

ecosystems and marine predators difficult.  

Extreme anomalous events have the potential to allow insights into reactions of ecosystems 

and specific components to extreme conditions, which may indicate potential reactions and 

adaptations to future environmental change (Trathan et al. 2007; Forcada & Trathan 2009; 

Peron et al. 2012). Extreme events are characterized by their unproportional effects 

compared with their short duration, measured by statistical extremity with respect to a 

given historical reference period and by the abruptness relative to the life cycles of the 

organisms affected (Jentsch et al. 2007). At Kerguelen, behavioural indices such as trip 

duration, distance travelled and diving behaviour, reproductive success and environmental 

parameters targeted during the penguin’s foraging trips, as well as environmental 

conditions local to the foraging area and at larger scales regarding the CP ENSO signal 

clearly exceeded records since the start of the Kerguelen king penguin monitoring 

programme in 1998 and mostly occurred at small temporal scales, suggesting the extreme 
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nature of the breeding season 2009/10 in terms of environmental conditions as well as 

behavioural responses of king penguins breeding at Kerguelen.  

Extreme events can push an ecosystem beyond the threshold of its dynamic equilibrium 

and lead to ecosystem regime shifts with new system trajectories (Scheffer & Carpenter 

2003). However, less severe events not inducing such profound shifts may allow important 

insights into responses of different ecosystem components to extreme conditions. 

Examining the local and larger-scale environmental conditions causing extreme 

behavioural patterns may further allow the identification of key features or conditions that 

may be crucial for a given system or one of its components at local scales, and allow for 

the assessment of potential connections to larger-scale climate signals. Investigating the 

environmental conditions as well as the links between oceanography and behaviour leading 

to anomalies in king penguin’s behaviour is therefore important for a better understanding 

of key elements in king penguin’s foraging and reproductive success, and in order to better 

assess potential reactions about future environmental change.   

Changes in the distribution of environmental parameters such as the mean and variance 

lead to non-linear changes in the frequency and amplitude of extreme events due to shifts 

in the distribution tails (Mehl et al. 2000; Jentsch et al. 2007). Ongoing climate change and 

future warming of the oceans (Gille 2002; Solomon et al. 2009), means extreme events are 

predicted to be more frequent (Jentsch et al. 2007; Solomon et al. 2007; Jentsch & 

Beierkuhnlein 2008). Intensification of weather extremes is currently emerging as an 

important aspect of climate change, and research on extreme events (event-focused in 

contrast to trend-focused) has increased in recent years (Jentsch et al. 2007). Investigating 

ecosystem or species reactions towards extreme events and evaluating critical 

environmental conditions where systems or components can not adjust, and the underlying 

causes for these critical points is an important issue. The 2010 event allows insights into 
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key elements of successful foraging of king penguins breeding at Kerguelen, and into 

possible reactions towards pronounced changes in their foraging habitat.  

Impact of extreme events on top predators ecology 

Extreme weather events have been shown to negatively affect marine predators in the 

Southern Ocean, including factors such as the survival of fur seal pups (Lea et al. 2009) 

and seabirds (Frederiksen et al. 2008). For threatened seabirds, extreme events are thought 

to lead to higher probability of extinction through increasing process variance in survival 

(Frederiksen et al. 2008). Our study confirms the negative impact of extreme 

environmental events on king penguins breeding at Kerguelen in terms of foraging and 

reproductive success, which is ultimately impacting upon their survival. It therefore 

underlines the importance to including the impacts of extreme events and their increasing 

frequency (Solomon et al. 2007) into predicting the ecological effects of climate change as 

suggested by Frederiksen et al. (2008). At South Georgia, penguins and fur seals showed 

their lowest weaning and fledging masses on record during a local warm SST anomaly in 

the foraging area of these marine predators during the breeding season 2009 (Hill et al. 

2009). Even though a warm year was expected from remote impacts (Meredith et al. 2008; 

Hill et al. 2009), the local warming was greater than expected, and predator data and a 

combined standard index suggest 2009 to be the worst year on record with only 1994 being 

comparable (Croxall et al 1999; Hill et al. 2009). It has been suggested that the warm SST 

anomaly may have been caused by intense in situ heating of the mixed layer as a 

consequence of local atmospheric effects (Hill et al. 2009). Such patterns of local upper-

ocean warming and extreme effects on marine predators, potentially also through 

alterations in prey distribution, may be similar to the situation and mechanisms at 

Kerguelen during February 2010.  
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At Kerguelen in February 2010, the clear changes in patterns of oceanography and patterns 

of king penguin behaviour, appeared to be caused by the occurrence of strong large-scale 

signals of environmental variability (El Niño + Indian Ocean warming) in combination 

with the smaller-scale atmospheric anomaly in the foraging area (storm passage). Drastic 

southward shifts in key oceanographic features in the area to the south and southeast of 

Kerguelen presumably induced significant changes in upper water column properties, and 

therefore in prey resources for king penguins. The PF position in the area to the southeast 

of Kerguelen seems to play a critical role by significantly impacting the cold-water influx 

from the FTC over the Chun Spur, which is thought to be of considerable importance for 

the structure of the oceanographic habitat in the area to the southeast of Kerguelen, and 

therefore for king penguin foraging. Shifts in the horizontal and vertical foraging habitat as 

well as significant increases in foraging effort at the surface and at depth indicate the 

behavioural responses of king penguins to the extreme anomaly. However, even though 

body mass gains indicate success in terms of adult survival, the exceptionally low 

reproductive success shows that the behavioural adaptations towards the extreme 

environmental conditions were not successful in terms of offspring survival.  

Southward shifts of the PF as well as oceanic warming are expected to increase in the 

future (IPCC 2007; Solomon et al. 2009). Therefore, the breeding season of 2009/10, as a 

year of historical highs for Indian Ocean SST (Blunden 2011), may provide valuable 

insights into the potential consequences of the projected continuing warming of the Indian 

Ocean (Luffman et al. 2009). Although there is no consensus about the general impact of 

climate change on future storm activity (Meehl et al. 2000; Webster et al. 2005; Emanuel 

et al. 2008), storm tracks in the southern Indian Ocean are thought to be enhanced with 

continued warming (Luffman et al. 2009) through increases in meridional temperature 

gradients and release of latent heat in baroclinic eddies (Luffman et al. 2009), as well as 

through down welling of El-Niño generated Rossby waves (Xie et al. 2001). The 2010 
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event may therefore allow insights into the potential consequences of the projected future 

warming, particularly southward shifts of the PF and/or increased occurrences of extreme 

events such as storms events on king penguins breeding at Kerguelen. The reduced 

suitability of the area near to the Kerguelen Plateau for king penguin foraging, resulting in 

increased time and energy requirements, as well as in their exploration of potentially less 

stable oceanographic features in the open ocean, illustrates the negative effects of the 

extreme environmental situation on king penguins. These consequences may be important 

for other marine predators feeding near to the Kerguelen Plateau, particularly those that use 

similar areas and oceanographic structures for foraging, and are dependent on similar 

oceanographic and atmospheric processes (Hindell et al. 2011). 

Additional figures (from other publications): 

 

 

 

 

 

 

 

 

 

  

Figure A1: Definition of a discrete abrupt 

event,  defined  by  magnitude  over 

duration. Figure from Jentsch et al. (2007). 
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4.5.4 Discussion Kerguelen Part C: Impact of environmental variability on the 

foraging behaviour of king penguins at Kerguelen 

4.5.4.1 Response of a diving marine predator to oceanographic variability 

The foraging behaviour of king penguins breeding at Kerguelen showed significant 

responses to environmental variability in their surface travel and diving behaviour as well 

as body mass gain. Regional variability in oceanographic conditions in the area to the north 

of the Chun Spur appeared to be of key importance for changes in diving predators such as 

king penguin’s foraging, with southward shifts in the PF and FTC surface signatures 

negatively impacting the penguin’s foraging efficiency.  

4.5.4.2 Role of the Polar Front and Fawn Trough Current 

The PF and the FTC are the two major large-scale oceanographic features in the area to the 

southeast of Kerguelen, playing important roles for foraging king penguins breeding at 

Kerguelen (see Kerguelen part 1). Variability in surface characteristics of these ocean 

features is likely to have important impacts on the thermal properties of water at depth and 

hence on the distribution of prey such as myctophids (Hulley 1981; Kozlov et al. 1991; 

Collins et al. 2008, 2012), which are key components of king penguins diet (Cherel & 

Ridoux 1992; Bost et al. 2002). 

The area downstream of the Kerguelen Plateau is characterized by the presence of different 

ACC fronts (Park et al. 1998, 2008a, 2010; Sallee et al. 2008; Rintoul & Sokolov 2009a; 

Roquet et al. 2009), creating a  highly dynamic region with strong physical gradients. In 

the foraging area of king penguins to the southeast of Kerguelen, the juxtaposition of cold 

FTC waters of southern origin with PF waters as well as bathymetric-related effects, such 

as upwellings and the cold-water flow along the Kerguelen shelf break, may lead to a 

highly diverse and structured environment. Such diversity and structuring in the 
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oceanographic habitat may impact upon the distribution and biomass of many species, 

ranging from planktonic organisms to higher trophic levels such as myctophid fish (Gon & 

Heemstra 1990; Collins et al. 2008), and therefore to distinct and predictable prey field 

patterns in the foraging area used by king penguins. Furthermore the influx of cold 

southerly waters may represent an important input of nutrients and oxygen-rich waters into 

the foraging area of king penguins (Charrassin et al. 2002), enhancing biological 

productivity and increasing prey availability (Blain et al. 2007).  

Variability in the FTC influx into the area to the southeast of Kerguelen appears to be 

closely related to the position of the PF to the north of the Chun Spur, presumably due to 

the direct juxtaposition of the two features with their contrasting physical properties and 

flow directions. However, the complex bathymetry of the Kerguelen Plateau leads to non-

linear responses in these oceanographic features under differing environmental conditions, 

with abrupt changes in oceanographic patterns after a given environmental threshold is 

passed. Our work shows how the relationship between the relative positions of the FTC 

and the PF is variable with shifts from quasi-linear to non-linear behaviour, and with 

abrupt southward shifts of the FTC to the south of the Chun Spur when the PF is at 51.4°S 

or further to the south. These anomalous southward shifts of the FTC may indicate critical 

changes in the oceanographic habitat to the north of the Chun Spur, as the absence of the 

FTC influx may significantly affect biological productivity and oceanographic structures, 

and therefore the abundance and distribution of king penguin’s prey. The co-variability of 

the FTC and the PF position suggest the PF position might be a suitable indicator 

characterizing the oceanographic habitat to the southeast of Kerguelen, taking into account 

the FTC influx over the Chun Spur as well as the southward extent of PF waters. 

Changes in king penguins foraging behaviour and efficiency with the PF position indicate 

the importance of the FTC influx into the area to the southeast of Kerguelen for foraging 
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king penguins. Increased foraging trip duration of incubating birds, and reduced body mass 

gain of brooding birds suggests decreasing foraging efficiency with the PF moving 

southward, confirming the negative impact of PF southward shifts and reduced FTC influx 

on prey resources available to king penguins during both breeding stages. Such reduced 

foraging efficiency may result from lower catch per unit effort (CPUE) due to increased 

travel to more distant foraging locations, greater search or travel time between prey 

patches, or more frequent dive attempts to catch sufficient prey within a patch. Foraging 

habitat shifts away from slope areas during both breeding stages may indicate reduced 

profitability of prey resources associated with different features arising from the interaction 

of oceanography and bathymetry in shelf break areas such as upwellings and the cold-

water tongue originating from the FTC influx. However, while brooding birds concentrated 

their foraging activity onto the Kerguelen Plateau, incubating birds moved into offshore 

and more southerly waters, where higher geostrophic velocities and SSH variance indicate 

the use of dynamic large-and mesoscale features such as ocean currents and eddies.  

4.5.4.3 Behavioural responses of king penguins in relation to the breeding stage 

The different responses of incubating and brooding birds to variability in environmental 

conditions and prey availability may reflect changes in priority with regard to offspring 

survival over the summer breeding season. Increased trip duration and BMG for incubating 

birds suggests that birds adapted their foraging behaviour to compensate for less 

favourable foraging conditions by longer at-sea times and exploration of offshore large-and 

mesoscale features. This may allow less colony-constrained birds during incubation to 

encounter more profitable and stable prey resources in exchange for longer foraging trips. 

During persistent anomalies, penguins increase their foraging range so far that they take 

the risk of breeding failure, being unable to return to their colony in time to relay the 

partner (see Kerguelen part 2). Such behaviour may reflect the life-history trade-off in 
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long-lived seabirds, favouring adult survival over that of their offspring (Stearns 1992; 

Gauthier-Clerc et al. 2002; Groscolas et al. 2008); parents build up their own body reserves 

by taking the risk of breeding failure. The constant trip duration and decreased BMG of 

brooding birds indicates a higher priority for regular provisioning of chicks, hence 

ensuring chick survival while losing their own body reserves. This may indicate that birds 

have commited a certain level of resource to their offspring by the time brood starts, and 

they are prepared to take greater risks. Shifts in foraging areas onto the Kerguelen Plateau 

shelf may allow them to keep trip durations sufficiently short to ensure chick provisioning, 

but may also allow them to explore for any prey resources associated with small-scale 

oceanographic features (Park et al. 2008b; see Kerguelen part 1). These features may be 

less profitable and stable than those associated with other features related to the FTC influx 

in proximity to the shelf break, or larger-scale oceanographic features in offshore areas at 

greater distances. Alternatively, penguins may switch their myctophid diet to a larger prey 

spectrum including squid and ice fish (C.A.Bost, pers.comm.).  

The most significant behavioural changes occurred at the highest probabilities of FTC 

shifts, reflecting the significant effect of the absence of FTC water mass on oceanography 

and prey resources in the area to the southeast of Kerguelen, and may indicate points of 

critical change in foraging conditions for king penguins. In particular, diving behaviour 

and the vertical foraging habitat utilised by incubating birds showed changes with the FTC 

southward shifts, indicating important changes in prey resources in the upper ocean layers 

such as occur at the SML, TH and WW, which are known to be used by foraging king 

penguins (Charrassin & Bost 2002; Scheffer et al. 2012; see Kerguelen part 1). The 

reduced presence of cold FTC water masses, and warmer PF waters approaching the Chun 

Spur presumably lead to changes in the thermal structure of the upper water column and 

associated prey resources used by king penguins. In case of such changes in the upper 

ocean, CDW may provide an alternative foraging niche for diving predators, allowing 
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adjustments of vertical foraging habitat to environmental variability and significant 

changes in upper cean conditions and prey resources. As CDW is usually found at greater 

depths than the SML, TH and WW, it may be less affected by direct environmental forcing 

of ocean-atmosphere interactions (Roquet et al. 2009), which may lead to higher stability 

of associated prey resources (see Kerguelen part 2). However, the possibility of such 

vertical foraging habitat adjustments by use of the CDW may be restricted to areas at 

greater distances from the colony in southerly offshore waters or over the southern part of 

the Northern Kerguelen Plateau, where CDW may be available within the diving range of 

king penguins at depths < 350m (Park et al. 2008a; Roquet et al. 2009; van Wijk et al. 

2010). Due to these geographical restrictions, only incubating birds may be able to make 

such vertical foraging habitat adjustments. However, reduced wiggle numbers of 

incubating birds with FTC shifts indicate reduced foraging efficiency despite the horizontal 

and vertical foraging habitat changes, suggesting that the best foraging conditions are 

usually associated with features arising from the interaction of oceanography, presumably 

the FTC influx, with bathymetry in proximity to the Kerguelen Plateau shelf break.  

The position of the PF and FTC in the area to the southeast of Kerguelen appear to be of 

key importance for the oceanographic habitat structure and the foraging of king penguins 

in terms of their surface travel and diving behaviour. Such significant impacts from 

changes in thermal structure confirms the importance of SST for foraging king penguins at 

Kerguelen as in other breeding localities (Bost et al. 2011). Our study suggests that critical 

changes in the oceanographic structure and associated prey resources of the foraging 

habitat of king penguins may occur when the PF changes position to south of 51.4°S in the 

area to the north of the Chun Spur, leading to possible southward shifts of the FTC.  
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4.5.4.4 Consequences of long-term climate change 

With the projected southward shifts of the PF with climate change (IPCC 2007) the PF 

may increasingly approach the Chun Spur, which may lead to reduced FTC influx over the 

Chun Spur. This may have important impacts on the oceanographic habitat in the area to 

the southeast of Kerguelen, potentially also significantly affecting king penguin foraging. 

However, as oceanographic and oceanographic-bathymetry interactions at the Chun Spur 

are complex, these hypotheses must remain somewhat speculative and limited to patterns 

observed during our study period. 

4.5.4.5 Interest of diving predators to behavioural studies 

Our study shows the impact of environmental variability, particularly in the positions of 

the PF and FTC, on king penguins breeding at Kerguelen both in terms of surface and 

diving behaviour. King penguins breeding at Crozet have already been shown to be 

impacted by changes in the PF position (Peron et al. 2012) and SST (Le Bohec et al. 2008). 

Our study confirms this hypothesis for king penguins breeding at Kerguelen. However, 

bathymetry-oceanography interactions at Kerguelen appear to induce non-linear responses 

in other important oceanographic features and associated prey resources, potentially 

leading to drastic changes in king penguins foraging behaviour. 

Studies of the impact of climate change on king penguins breeding at Crozet were based on 

survival rates (Le Bohec et al. 2008), but future studies may need to take into account other 

important factors affecting king penguin’s population growth (Barbraud et al. 2008). 

Studies based on surface behaviour only (Peron et al. 2012) do not take into account 

changes in the vertical habitat and diving behaviour of penguins, which play crucial roles 

for understanding animal’s behaviour towards environmental variability. In this study, the 

combination of behaviour and habitat descriptors in the horizontal and vertical dimension 

allowed us to gain more detailed insights into a diving predator’s behavioural responses in 
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relation to oceanographic conditions at the ocean surface and at depth. Thus, this approach 

allowed to find possible explanations for changes in the animal’s foraging behaviour 

associated with environmental change. The thermal structure of the water column has been 

shown to play a key role for diving predators (Brill et al. 1993; Brill & Lutcavage 2001; 

Cartamil & Lowe 2004; Scott & Chivers 2009) and king penguins in particular (Charrassin 

& Bost 2001; Scheffer et al. 2012). Significant changes in diving behaviour and vertical 

foraging habitat use by king penguins breeding at Kerguelen underline the importance of 

oceanographic conditions at depth for birds and environmental variability. By taking into 

account the variability in the vertical foraging habitat and behavioural adaptations of 

animals, future studies should develop a more comprehensive understanding of the 

reactions of diving predators towards environmental change.  

King penguin populations have increased since the 1960’s (Woehler et al. 2001; Delord et 

al. 2004) despite warming of the Southern Ocean (Solomon et al. 2007). Our study shows 

that king penguins can adjust their behaviour to environmental conditions encountered, 

presumably enabling them to buffer reproductive success and population survival against 

environmental variability. However, it appears that such adaptive capacities can buffer 

changes in environmental conditions only to a certain extent and that threshold conditions 

may exist, limiting an animal’s capacity to buffer reductions in prey availability by 

adaptations in foraging behaviour (Piatt & Sydeman 2007; Harding et al. 2008; Ronconi & 

Burger 2008). This effect may be enhanced by non-linear responses in oceanographic 

conditions and prey availability to changes in environmental conditions, as appears to be 

the case in the area to the southeast of Kerguelen. 
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Annexes Chapter 4: 

 

 

 

  

Annex  A:    Exploration  of  offshore  oceanographic  features  during  February  2010  on  the 

example  of  one  penguin  (shown  in  white).    Colours  indicate  SSH,  arrows  direction  and 

intensity of the geostrophic current. Grey lines show bathymetry at 0,1000 and 2000 m depth. 

SSH  and  geostrophic  velocities  represent oceanography during  4 days  in  the Middle of  the 

foraging trip, when the bird foraged in proximity of the warm‐core oceanographic feature  in 

the south. Data source for SSH and geostrophic velocities: Aviso. 
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Annex B: Monthly SSTA maps for February a – 2010 and b ‐ 1998. In the equatorial Pacific warm 

SSTA show the typical El Nino signature for a ‐  Central Pacific (CP) El Nino, and b – Eastern Pacific 

(EP) El Nino. The green boxes  indicates the study area around Kerguelen. Data source: HadISST1 

dataset, Met Office.  

(b) – February 2010 

(a) – February 1998 

SSTA (°C)
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This thesis explores the foraging behaviour of breeding king penguins in a spatially and 

temporally variable environment. As a biological model king penguins exhibit potentially 

noticeable advantages. First, it is a long-distance forager and deep diver with major 

constraints as a flightless bird and a central place forager (Weimerskirch 2007). The field 

work was based on the analysis of behavioural and environmental data (sea water 

temperature) from tagged penguins foraging in two of the main breeding locations of the 

Southern ocean: South Georgia (South Atlantic) and Kerguelen Islands (South Indian). 

Studying king penguins in two different sectors of the Southern Ocean facilitated a 

comparative analysis of plasticity in the animal’s foraging behaviour under different 

physical conditions, providing insights into key oceanographic features and potential 

behavioural adaptations under differing environmental conditions and energetic 

constraints.   

For both breeding locations we identified the key oceanographic features targeted during 

foraging in both the horizontal and vertical dimension, and king penguin behavioural 

patterns as they explore these features. This allowed, as a first step, an investigation into 

penguin foraging behaviour in relation to the oceanographic habitat of the different 

breeding locations. Combining both datasets in a comparative study further enabled me to 

identify common patterns in how penguins explore their oceanographic habitat as well as 

any behavioural differences resulting from any local habitat characteristics. This provides 

insights into potential key features of king penguins foraging as well as behavioural 

patterns allowing the optimal exploration of environmental features under different 

conditions and different constraints on the animals. From this, I attempted to gain insights 

into behavioural adaptations of king penguins to environmental variability as well as into 

potential reactions towards changes in the environment and to key specific oceanographic 

features.  
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5.1 Foraging between the Polar Front and the SACCF 

With breeding colonies situated south of the PF, king penguins at both study locations 

explored the area between the Polar Front (PF) and the southern ACC Front (SACCF). 

Birds at different breeding stages showed distinct patterns exploring different 

oceanographic features in terms of foraging areas and thermal features at depth. Foraging 

trips of incubating birds extended to the PF during early summer (December-January), and 

shifted to the SPF during late summer (February). Brooding birds foraged in areas close to 

the colony, where they explored cold-water features of southern origin, the SACCF at 

South Georgia and the cold-water subsurface current originating from the Fawn Trough 

Current (FTC) at Kerguelen. Such changes in foraging trip characteristics of central-place 

foragers at different times of the summer season are known to occur and are thought to be 

the result of changing time constraints arising from the need to supply their offspring with 

food. Increasing time pressure may lead to a shortening of foraging trips with the 

advancing summer season as reported for other penguin species (Bost et al. 1997; 

Charrasin et al. 1999; Charrassin & Bost 2002; Lescroel & Bost 2005). However, the 

consistency of foraging patterns in relation to oceanography observed at both study 

locations despite differences in local habitat and the detailed location of the islands in 

relation to the PF suggests that such behaviour may represent general patterns of foraging 

behaviour and adaptations to oceanography.   

 

5.1.1 Foraging at the Polar Front and south Polar Front  

Importance of the PF according to the breeding location and season 

Foraging trips of incubating king penguins breeding at South Georgia and Kerguelen were 

directed towards PF waters, confirming the importance of the PF as a foraging area for 
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king penguins breeding at South Georgia and Kerguelen. The PF is known to be a key 

foraging area for marine predators of the Southern Ocean (see review Bost et al. 2009) due 

to the occurrence of prey resources at high densities and shallow depths (Kozlov et al. 

1991; Collins et al. 2012), therefore providing favourable foraging conditions for diving 

marine predators such as king penguins. However, foraging trips of king penguins 

extended into the PF only during early summer, and shifted towards the southern PF 

boundary during late summer (see Fig. 4.1.1 Kerguelen part 1; Fig. 3.3 South Georgia 

part). While the change in foraging areas to the southern PF corresponds to a shortening of 

foraging trips at South Georgia and therefore to behavioural patterns expected with the 

advancing summer season, king penguins at Kerguelen increased their foraging distances 

when foraging in the southern PF parts during late summer (see Table 5.1). Such common 

patterns in the exploration of the different PF areas, despite differences in habitat 

accessibility, may indicate different prey patterns in terms of availability and energetic 

value associated with the PF core and its southern boundary, with the southern boundary 

appearing to be a more suitable foraging habitat than the PF core during late summer at 

both breeding locations. Similar patterns in diving behaviour of birds exploring the 

different PF zones further suggest such differences in prey distribution, with the PF 

allowing for foraging at shallower depths (Fig. 5.1). Common behavioural patterns at 

South Georgia and Kerguelen suggest that such differences in prey distribution as well as 

their exploration by foraging king penguins during different times of the summer season 

may be similar at both breeding sites. During the extended incubation trips, the penguins 

are able to forage at more distant locations and have access to potentially more profitable 

area. During incubation, prey distribution resulting from the oceanographic structure of the 

foraging habitat thus appeared to play a more important role than spatial constraints in the 

adjustment of foraging strategy in king penguins.  
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 Early Inc Late Inc Brooding Reference 

South Georgia 556 ± 32 462 ± 25 222 ± 25  

Kerguelen  470 ± 48 263  ± 12 263  ± 12  

Crozet 448  ± 40 228  ± 29 Charrassin & Bost 2001 

 394  ± 33 351  ± 21 Bost et al. 1997 

 336  ± 105 324  ± 155 Jouventin et al. 1997 

 

 

 

 

 

 

Frontal zones are characterized by different properties in terms of hydrological structure 

and oceanographic dynamics (Orsi et al. 1995; Park et al. 2008; Venables et al. 2012), 

which may lead to distinct patterns of prey resources that associate with such features 

(Pakhomov et al. 1996). The PF is characterized by strong thermal gradients from the 

juxtaposition of the different water masses, leading to dense prey aggregations at shallow 

depths (Kozlov et al. 1991; Collins et al. 2008, 2012). However, strong velocities and 

Table  5.1: Maximum  distances  from  the  colonies  reached  by  foraging  king  penguins  during 

early incubation  

Figure 5.1: Bottom start depths of king penguins foraging in the PF and at the southern PF 

edge (SPF).  

     South Georgia                               Kerguelen

    SPF                 PF                             SPF                PF
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vertical mixing associated with frontal cores may lead to increased spatial and temporal 

variability in hydrological structures and associated prey resources (Spear et al. 2001). The 

exploration of such highly profitable prey resources at the PF may therefore be associated 

with increased search times between prey patches due to the high spatial variability and 

dispersion of prey patches. The potentially high time investment needed to search for prey 

patches may decrease the suitability of the PF when birds are under increasing constraints 

with the advancing summer season, making prey resources of higher stability associated 

with areas other than the PF core more important.  

Potential role of frontal boundaries for profitable foraging 

Characterized by lower levels of mixing and lower velocities compared with frontal cores, 

frontal boundaries may provide for more stable hydrological structures and therefore 

higher stability in associated prey resources (Spear et al. 2001), which may provide for 

more suitable foraging conditions during periods of increased constraints in the late 

summer season. Foraging patterns of king penguins at Kerguelen underline such 

suggestions when compared with South Georgia, as habitat suitability of the southern PF 

boundary at South Georgia may be biased by shorter distances to the colony.  Foraging at 

the southern PF by king penguins breeding at Crozet (Charrassin & Bost 2002; Peron et al. 

2012, see Fig. 5.2) may further underline the importance of the southern PF boundary as a 

foraging area for king penguins. In contrast to South Georgia and Kerguelen, Crozet is 

located to the north of the PF, and foraging in southern parts of the PF despite being the 

most remote PF area from the colony may underline the penguin’s preference of this area 

to the PF core and its northern boundary, as well as to the Subtropical Front (STF) to the 

north of Crozet. Both PF boundaries are characterized by lower velocities and vertical 

mixing than the PF core, and may therefore provide for prey resources of higher stability. 

A decreasing Winter Water (WW) depth in southern areas of the PF compared with its 
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Figure 5.2: Foraging trips of king penguins breeding at Crozet (medium black lines with dots) on 

their predicted spatial distribution, showing the exploration of the PF and SPF. Thick black lines 

correspond to 4°C and 5°C isotherms indicating the PF. Figure from Peron et al. (2012).  

northern boundary, together with the presence of the still relatively warm Surface Mixed 

Layer (SML) waters >4°C of the PF (Park et al. 1993) may lead to the occurrence of strong 

thermal gradients at relatively shallow depths, which may offer more profitable foraging 

conditions for king penguins than the northern boundary.    
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Role of the geographic location of the breeding colony: breeding to the south of the PF 

The location of the colony in relation to the PF may therefore play an important role in the 

foraging strategy of king penguins in terms of possible behavioural adaptation to changing 

breeding constraints. At South Georgia and Kerguelen, better accessibility to the southern 

PF boundary may allow better adjustments of foraging behaviour in relation to the 

animal’s constraints, allowing birds under increasing constraints the opportunity to explore 

more suitable prey resources at the southern PF with less travel effort than at Crozet.  

 

5.1.2 Influx of cold waters of southern origin into the foraging area 

The oceanography around South Georgia and Kerguelen is characterized by a northward 

deviation of the southern ACC flows by the prominent bathymetry of the North East 

Georgia Rise (NEGR) in the Scotia Sea and the Kerguelen Plateau in the Indian Ocean. 

Such northward deviations of the southern ACC flow leads to an influx of cold southern 

waters, the SACCF at South Georgia and the FTC at Kerguelen. These flows into the areas 

close to the islands may have important impacts on the oceanographic structure and 

associated prey resources in the foraging area of king penguins breeding at these islands. 

Role of the cold-water influx for marine productivity 

The influx of the cold waters of southern origin leads to enhanced nutrient input into the 

areas close to the breeding colonies, resulting in increased phyto-and zooplankton 

development (Thorpe et al. 2002; Ward et al. 2002; Thorpe et al. 2004; Murphy et al. 

2007), certainly also affecting the abundance of myctophids preying upon the zooplankton 

(Shreeve et al. 2009). The ecological importance of waters associated with the southern 

ACC fronts (SACCF, SB) has already been suggested for primary productivity and baleen 

whale abundance at a circumpolar scale (Tynan 1997, 1998) as well as for nutrient 



 

194 
 

enrichment and increased phyto-and zooplankton development in the Scotia Sea (Thorpe et 

al. 2002; Ward et al. 2002; Thorpe et al. 2004; Murphy et al. 2007). At Kerguelen, the 

cold-water tongue originating from the FTC has been suggested to play a key role for 

providing iron-input to the Kerguelen Plateau ecosystem (Charrassin et al. 2002), which 

plays a critical role for primary production on the Kerguelen Plateau. In both locations, 

brooding king penguins exploring the cold-water influx indicate profitable myctophid 

resources to be associated with these water masses, suggesting the importance of this cold-

water influx for king penguins and potentially other marine predators.  

The approach of the cold-water influx with the warmer PF waters may furthermore lead to 

increased thermal gradients at the southern edge of the PF, which may further enhance 

biological productivity and biomass accumulation and therefore increase the profitability 

of  prey resources at the southern PF edge and adjacent areas for king penguins and 

potentially other marine predators.  

Role of the ACC flows in ecosystem structuring and foraging niches of marine predators 

The northward deviation of the southern ACC flows and their close juxtaposition with PF 

waters furthermore leads to the presence of several distinct ACC features in a spatially 

restricted area in proximity to the breeding colonies at South Georgia and Kerguelen. This 

may lead to a highly segregated and diverse environment, providing for the presence of 

several distinct foraging niches in the area explored by foraging king penguins. Such 

habitat characteristics may allow higher behavioural diversity and distinct behaviour 

during the foraging trips and lead to better adjustments of foraging strategy to breeding 

constraints, which may ultimately result in increased foraging profitability over the 

summer breeding season. This may drive individual fitness, as niche variation among 

individuals is thought to be a major source of variation in fitness (Svanback & Bolnick 

2005). Furthermore habitat segregation and niche separation may decrease inter-and 



 

195 
 

intraspecific competition (Pianka 1981; Svanback & Bolnick 2005), which may be 

particularly important during periods of increased constraint and competition for resources 

such as during chick raising in summer. Similar mechanisms have been suggested for 

sexual habitat segregation in grey seals (Breed et al. 2006) and age-based habitat 

segregation in southern elephant seals (Field et al. 2005). The high degree of horizontal 

and vertical habitat segregation may allow king penguins to optimally exploit resources in 

agreement with the theory proposed for age-based niche segregation (Polis 1984). The 

impact of environmental variability may also be buffered, as alternative foraging locations 

and niches may be targeted if others become unavailable or less profitable. The presence of 

a segregated and diverse environment, particularly the presence of alternative foraging 

locations in close proximity to the colony, may therefore represent important elements in 

the birds foraging strategy, especially when under increased constraints. 

 

Advantages of Kerguelen and South Georgia with respect to energetic requirements 

So far such strong habitat segregation and the presence of alternative foraging niches have 

not been reported for king penguins from other locations. Concerning other penguin 

species, a large foraging plasticity have been described among inshore feeders such as 

Gentoo penguins Pygoscelis papua (Lescroël & Bost 2005). Patterns described from 

Crozet suggest changes in foraging characteristics of king penguins over the summer 

season mainly in terms of dive depth and foraging range at the end of summer. However, 

the lack of accessible foraging niches in proximity to the colony appears to allow less 

behavioural adaptation to increasing breeding constraints in terms of reduction of foraging 

trip duration and increases in profitability. The segregated environment and the presence of 

several distinct foraging niches in the foraging areas of king penguins breeding at South 

Georgia and Kerguelen appear to provide for favourable conditions for adaptation of 
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foraging strategy to breeding constraints. At both of our study locations, brooding king 

penguins foraged in the area to the south of the PF at closer distances to the colony, where 

they explored features below the thermocline related to the cold-water influx of southern 

waters, Circumpolar Deep Water (CDW) in the SACCF influx at South Georgia, and WW 

in the cold-water subsurface tongue from the FTC at Kerguelen. Such alternative foraging 

niches in proximity of the colony allow king penguins breeding at South Georgia and 

Kerguelen to explore prey resources at short distances from the colony during brooding, 

keeping trip distances much shorter than at Crozet where the northern PF boundary appears 

to provide for the closest foraging grounds for king penguins of all breeding stages. The 

lower travel costs for king penguins breeding at South Georgia and Kerguelen during the 

brooding stage may result in higher foraging efficiency, which may be of particular 

importance with increasing constraints on the animals. Additionally the expression of two 

distinct patterns of foraging behaviour shown by brooding birds at South Georgia 

(Brooding I – Brooding II, see South Georgia part) may indicate that the oceanographic 

environment and prey distribution in the area to the north of South Georgia may allow 

higher flexibility and adjustment of foraging strategies. It may be valuable to examine king 

penguin foraging behaviour elsewhere in order to determine if this is also evident; 

similarly, it would be valuable to sample birds from South Georgia in other seasons, to see 

if this is a permanent behavioural trait. 
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Potential role of high stability in the cold-water flows in the Scotia Sea and to the east of 

the Kerguelen shelf 

The highly constrained nature of the cold-water flows in the Scotia Sea and to the east of 

the Kerguelen Plateau may lead to a high level of stability for the habitat characteristics 

resulting from the cold-water influx. In the area to the north of South Georgia, the SACCF 

shows a lower monthly spatial variability compared with areas further south as well as 

when compared with the PFZ (Boehme et al. 2008). This is possibly because the flow is 

constrained by bathymetry. At Kerguelen, the cold-water subsurface tongue originating 

from the FTC is channelled along the eastern shelf break of the Kerguelen Plateau, leading 

to high spatial stability of this flow (Park et al. 2008a; Roquet et al. 2009). The particular 

conditions of the Scotia Sea and the Kerguelen Plateau may therefore make the cold-water 

influx from the SACCF and FTC and resulting oceanographic features predictable habitat 

characteristics, which may increase the profitability of feeding success in these foraging 

areas for king penguins and potentially other marine predators. 

In addition to the location to the south of the PF, with better access to prey resources at the 

SPF, the northward deviation of cold southern waters and their juxtaposition with the PF 

may provide for favourable foraging conditions for king penguins breeding at South 

Georgia and Kerguelen through increased nutrient input, the sharpening and stabilizing of 

frontal signatures as well as increasing habitat segregation, which may all be factors 

increasing foraging habitat suitability and profitability for marine predators such as king 

penguins.  

Comparison with foraging patterns of other southern king penguin populations 

The exploration of oceanographic features in the area to the south of the PF may be a 

common feature of king penguins breeding south of the PF. King penguins from Heard 

Island show similar foraging zones to those breeding at Kerguelen, exploring areas to the 
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east and south-east of Kerguelen as well as areas coinciding with the FTC flow over the 

Chun Spur (Moore et al. 1999; Wienecke & Robertson 2006; van Wijk et al. 2010; Hindell 

et al. 2011). Although there is no detailed information about their use of frontal zones and 

spatio-temporal variability in foraging patterns with circulation patterns over the Chun 

Spur, foraging behaviour reported for king penguins breeding at Heard Island suggests 

they explore oceanographic patterns similar to those at South Georgia and Kerguelen.  

The potential importance of such cold-water influx into the foraging area and its meeting 

with PF waters is underlined by the breeding season 2009/10 at Kerguelen, where the 

reduced cold-water influx from the FTC over the Chun Spur into the foraging area resulted 

in significant changes in foraging behaviour and reduced breeding success of king 

penguins. At South Georgia, the oceanographic warm anomaly in the area to the north of 

South Georgia may also have impacted the cold-water influx from the SACCF. However, 

as there are no details on oceanographic patterns or foraging behaviour of marine predators 

during that season, this statement remains speculative.   

 

5.1.3 Circumpolar Deep Water (CDW) use by foraging king penguins 

At both study locations, king penguins appeared to explore prey resources associated with 

CDW and modified CDW (mCDW). King penguins are known to explore the water 

column in a directed way and to target specific depth levels in relation to the hydrothermal 

structure (Charrassin et al. 1999; Charrassin & Bost 2001; Charrassin et al. 2004; Trathan 

et al. 2008; Scheffer et al. 2010), presumably targeting most profitable and accessible prey 

resources associated with specific thermal features or water masses. The thermocline and 

WW have been identified as representing important features for foraging king penguins 

(Charrassin & Bost 2002). Until now, king penguins have not been reported as exploring 

water masses below WW such as CDW. In our study, however, bottom periods directed 
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into CDW indicate they do target profitable prey resources associated with CDW at both 

South Georgia and Kerguelen. Such behaviour in both study locations suggests CDW 

represents an important and consistent feature in the foraging habitat of king penguins in 

addition to the upper ocean water masses such as the TH and WW, at least when foraging 

in southern parts of the PF. 

CDW is characterized by high levels of nutrients and Fe, stimulating biological 

productivity through the input of nutrients into the upper water column (Prezelin et al. 

2000; Klinck et al. 2004; Moffat et al. 2009; Dinniman et al. 2011). Particularly mCDW 

formed at the upper CDW boundary through mixing with WW, is thought to play a key 

role for such nutrient enrichment and biological activity (see Dinniman e al. 2011). The 

discontinuity in physical properties between WW and CDW may furthermore act as a 

barrier for sinking matter as well as for primary and secondary production, enhancing 

biological activity (Boyd & Arnbom 1991) and biomass accumulation (Hofmann et al. 

1996; Hofmann & Klinck 1998) at the boundary between WW and CDW as suggested for 

the thermocline (TH) (Charrassin & Bost 2002) and the Sub-Antarctic Mode Water 

(SAMW) limit in the context of elephant seal foraging (Muelbert et al. 2012). Such a layer 

of high nutrient content and potential biomass accumulation characterized by distinct 

physical properties may attract zooplankton, which is in turn consumed by mid-trophic 

levels such as myctophids (Shreeve et al. 2009). The upper CDW boundary and mCDW 

may therefore host potentially profitable prey resources for diving marine predators. 

Significant increases in myctophid density and/or species diversity (Piatowski et al. 1994; 

Pusch et al. 2003; Donnelly & Torres 2008) and the occurrence of species consumed by 

king penguins (Collins et al. 2012) at the transition between WW and CDW at depths of 

200-400m may indicate prey resources of high profitability associated with the start of 

CDW in the water column. This is further supported by the observation of highest 

myctophid biomasses at depths of 200-400 m in the Scotia Sea (Collins et al. 2008). Such 
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myctophid aggregations of high density and potentially different energy content may 

represent profitable prey resources for diving predators such as king penguins.   

Dive depth is one of the most important factors in foraging adjustment for air-breathing 

marine predators (Boyd 1997; Morei 1998; Thompson & Fedak 2001; Green et al. 2005), 

and if prey are deep, dive depth will restrict the access of king penguins to potential prey 

resources associated with CDW. While larger marine predators with higher breath-hold 

capacities, such as elephant seals, are known to explore myctophids in deeper water masses 

such as CDW (Cherel et al. 2008; Costa et al. 2008, 2010; Biuw et al 2010), these prey 

resources may be inaccessible to smaller species of lesser breath-hold capacity, such as 

king penguins. However, upwellings may lead to CDW intrusions into the upper water 

column (Prezelin et al. 2000; Klinck et al. 2004; Moffat et al. 2009), resulting in the 

occurrence of CDW at shallower depths accessible to king penguins. The strong vertical 

mixing and input of nutrient-rich CDW into the upper water column may enhance 

biological productivity (Prezelin et al. 2000; Klinck et al. 2004; Moffat et al. 2009; 

Dinniman et al. 2011) and further attract higher trophic levels in such upwelling locations, 

as indicated by increased abundance and body sizes of Antarctic krill associated with 

CDW intrusions at the West Antarctic Peninsula (WAP) (Lawson et al 2004). CDW 

upwellings may lead to the occurrence of profitable myctophid aggregations at relatively 

shallow depths, and represent attractive foraging habitats for marine predators such as king 

penguins. CDW intrusions onto shelf areas have been reported as attractive to foraging 

elephant seals in the WAP area (Costa et al. 2008, 2010), at the northern Antarctic 

Peninsula (Muelbert et al. 2012) and in the Weddel Sea (Biuw et al. 2010), and have also 

been suggested as playing an important role for the winter foraging of Adélie penguins 

breeding at the WAP (Erdmann et al. 2011). Our study suggests that king penguins at 

South Georgia and Kerguelen may exhibit similar behaviour when they target CDW at 

both study locations.  
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Figure  5.3:    Spatial  patterns  of 

CDW  exploration,  indicated  by 

relative  bottom  time  of  king 

penguins  spent  in  CDW,  and 

ACC frontal positions (indicated 

in red, based on SSH signatures 

following Venables et al. 2012) 

at  South  Georgia  and 

Kerguelen.    According  to  our 

results  of  CDW  use  during  the 

different breeding stages at our 

study  sites  CDW  use  for  South 

Georgia includes incubating and 

brooding  birds,  for  Kerguelen 

only incubating birds.  

Interactions of the southern ACC flow with pronounced bathymetric features appears to 

provide for conditions favouring such CDW intrusions into the upper water column, as 

reported for the SACCF and SB approaching the Antarctic continental shelf at the WAP 

(Klinck et al. 2004; Moffat et al. 2009) and at other locations around Antarctica (Prezelin 

et al. 2000). At South Georgia and Kerguelen, the SACCF and FTC flows approaching the 

Kerguelen Plateau and South Georgia shelf may provide for similar conditions for such 

bathymetry-related CDW upwellings leading to local CDW intrusions into the upper water 

column. The spatial coincidence of CDW bottom periods with those of the SACCF and 

FTC flows in proximity of the South Georgia and Kerguelen shelf break (see Fig. 5.3) 

indicates that CDW intrusions explored by foraging king penguins may result from the 

interaction of southern ACC flows with any particularly pronounced bathymetry.  
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CDW occurrence at Kerguelen 

CDW occurrence at shallower depths of  <250 m (i.e. at depths accessible to king 

penguins) in proximity of the eastern Kerguelen Plateau shelf break (van Wijk et al. 2010) 

as well as the presence of CDW and cold WW of southern origin at parts of the Kerguelen 

Plateau shelf (Park et al. 2008) may indicate the upwelling of southern water masses at the 

Kerguelen Plateau. The pronounced troughs and canyons of the Kerguelen Plateau may 

also play an important role in defining such upwelling areas similar to the Marguerite 

Trough at the WAP, as suggested for the Heard McDonald Islands (HMI) Trough for the 

influx of CDW and cold WW from the FTC onto the Kerguelen Plateau (Park et al. 2008). 

CDW exploration by king penguins mainly occurred in a restricted area to the north of the 

Chun Spur corresponding to CDW patterns from the FTC flow over the Chun Spur 

(Roquet 2010), where upwelling of the CDW flow at the Chun Spur bathymetry may 

occur.  

CDW occurrence at South Georgia 

At South Georgia, spatial patterns of CDW exploration by king penguins generally 

coincided with the path of the SACCF influx and its reflection to the north of South 

Georgia (Thorpe et al. 2002, 2004; Boehme et al. 2008). High nutrient content and krill 

biomass as well as a change in CDW properties at the SACCF (Ward et al. 2002, 2012) 

may further increase the habitat suitability of CDW associated with the SACCF influx for 

myctophids. Isopycnal doming at the SACCF fluxes in the area to the north of South 

Georgia (Ward et al. 2002), appears to lead to the presence of CDW at depths <250 m 

(Brandon et al. 1999; Thorpe et al. 2002; Ward et al. 2002, 2012), and may result in the 

occurrence of profitable prey resources associated with CDW at accessible depths for 

foraging king penguins. Even though processes associated with CDW flooding the shelf at 

South Georgia and Kerguelen have not been described in detail, our study suggests that 
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similar oceanographic patterns occur and CDW upwelling may be of ecological 

importance to marine predators such as king penguins.  

Profitability of CDW 

High levels of dive effort and decreasing foraging performances in terms of available 

bottom time suggest high energy costs are associated with CDW exploration at both South 

Georgia and Kerguelen. However, CDW and modified CDW (mCDW) at the boundary 

with the overlaying WW may represent a distinct environmental niche in terms of physical 

and biogeochemical properties of the water column, which may host distinct myctophid 

resources of potentially increased profitability compared to those in the upper water 

column (Piatowski et al. 1994; Pusch et al. 2003; Collins et al. 2008, 2012). If prey in 

deeper water masses are easier to capture or are of higher energetic value, then deeper 

foraging strategies can be more efficient than shallow dives (Zimmer et al. 2010). At South 

Georgia, brooding king penguins consistently targeting CDW while foraging close to the 

colony, suggests that they do explore such profitable prey resources associated with CDW. 

The potential profitability of CDW prey resources, at least at South Georgia, may be 

indicated by the high body mass gains of Brooding II birds foraging in CDW compared to 

Brooding I birds exploring shallower TH prey resources, as suggested in Scheffer et al. 

2012. Reduced BrIdx and wiggle numbers with high body mass gains of Brooding II birds 

suggests increased foraging efficiency in these deep waters, with higher energy return per 

distances travelled, bottom time and number of wiggles invested for prey capture. Such 

high foraging efficiency may be related to higher catch rates (e.g. patch size or density), or 

the prey targeted may be of different energy content (e.g. of different size of body 

composition) when exploring CDW.  
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Generalization: use of deep high-energy prey by diving predators 

The exploration of deep high-energy prey associated with a change in hunting technique 

has been reported for pilot whales (Soto et al. 2008), and may correspond to the observed 

higher foraging efficiency with changes in bottom behaviour of king penguins exploring 

CDW. Targeting more profitable prey resources at greater depths has also been reported 

from other marine predators such as baleen whales (Panigada et al. 1999) and swordfish 

(Chancollon et al. 2006) as well as for emperor penguins (Klages 1989), and has been 

proposed to indicate different foraging modes for sperm whales (Teloni et al. 2008). 

Foraging mode is thought to integrate a range of traits such as habitat preference, prey, 

energy budget and reproductive effort (Huey&Pianka 1981), and can be used to determine 

whether predators switch foraging tactics (McLaughlin 1989). So far, such analyses have 

mostly been carried out for predators where prey capture behaviour can be directly 

observed. However the separation of different patterns based on foraging characteristics 

and targeted environmental niches with potentially different prey may suggest the presence 

of different foraging modes for king penguins when exploring prey resources associated 

with CDW opposed to the TH and WW. Despite the occurrence of mixed patterns due to 

the continuous variation in foraging activity (Cooper 2005), two main patterns of 

behaviour and targeted foraging niches emerged for brooding birds at South Georgia, long 

bottom periods and high wiggle numbers targeting shallow waters near strong vertical 

temperature gradients, and short bottom times with low wiggle numbers with apparently 

higher foraging efficiency into deep CDW and mCDW in areas closer to the colony. 

However, such clear behavioural patterns may be related to the presence of distinct 

environmental niches and associated prey resources at South Georgia. In different 

environments, the observed behaviour may result from variable degrees of expression of 

different foraging modes, which may be determined by the animal’s constraints as well as 

oceanographic and prey conditions encountered.  
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Synthesis: CDW use at South Georgia 

High energetic costs for diving and short proportions of time available for dive bottom 

periods which were associated with the exploration of deep waters suggests that king 

penguins may preferentially forage in the TH and WW, and target CDW only in cases 

where there was insufficient prey resources at shallower depths. The occurrence of CDW 

exploration may therefore depend on the animal’s energy requirements associated with 

current breeding constraints, and on prey distribution related to seasonal effects or 

environmental variability.  

CDW use at Kerguelen 

At South Georgia, high time and energy constraints during brooding and potential seasonal 

depletion of prey resources in the area close to shore may be the reason for the costly 

exploration of CDW while minimizing travel effort and maximizing foraging efficiency. 

At Kerguelen, increased CDW exploration occurred under high pressures from 

environmental conditions impacting prey distribution in the TH and WW. In both 

locations, CDW exploration increased with increasing pressure on the penguins by 

seasonal or environmental constraints. CDW exploration may therefore be a strategy for 

coping with elevated pressures arising from breeding constraints, seasonal prey depletion 

effects or environmental variability, potentially allowing penguins to buffer insufficient 

prey resources in the TH and WW. However, CDW was also targeted by incubating birds 

at Kerguelen and South Georgia, indicating that such behaviour may not only occur when 

forced by high constraints. Deeper dives with CDW exploration towards the end of 

incubation foraging trips appears similar to behaviour reported from elephant seals at the 

Northern Antarctic Peninsula (Muelbert et al. 2012), suggesting that CDW prey resources 

may be targeted just before the animal’s return to the colony. While such behaviour may 
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also be impacted by local oceanographic patterns, it may underline the potential 

profitability of prey resources associated with CDW to foraging marine predators.  

CDW use at Crozet 

CDW exploration by king penguins may be limited to areas to the south of the PF, where 

CDW may shoal to sufficiently shallow depths. In locations to the north of the PF, greater 

CDW depths may not allow the exploration of CDW prey resources, as indicated by 

temperature profiles recorded by foraging king penguins breeding at Crozet showing 

exclusively TH and WW exploration during their summer foraging trips (Charrassin & 

Bost 2002). However, during autumn when foraging trips extended further south, the 

exploration of warmer water masses below the Tmin WW layer (Charrassin & Bost 2001 

Fig. 7) may indicate foraging on CDW prey resources. In breeding locations to the south of 

the PF, CDW exploration by king penguins may depend on local oceanography in terms of 

spatial patterns of CDW circulation and the presence of pronounced bathymetric features 

to create such upwellings. At South Georgia, CDW at accessible depths in proximity of the 

colony appears to allow highly profitable foraging, while such a CDW niche near the 

colony does not seem to exist at Kerguelen.  

CDW use at Heard Island 

At Heard Island situated to the south of Kerguelen, king penguins have been reported to 

generally forage in proximity of the shelf break to the south and the east of the island 

(Costa et al. 2011). In these locations, CDW upwellings of the FTC meeting the Kerguelen 

Plateau may occur at close distances from the breeding colony, which may result in 

accessible CDW prey resources in proximity to the colony, similar to South Georgia. 

However, due to the lack of information on thermal properties of the water column 

encountered by king penguins breeding at Heard Island, such suggestions remain 

speculative. 
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CDW: a stable and predictable foraging niche at greater depths 

The CDW is not directly exposed to the atmosphere as are the water masses of the upper 

water column; therefore, CDW may be less impacted by atmospheric forcing (Roquet et al. 

2009), therefore potentially representing a foraging niche of relatively high spatial and 

temporal stability. During the breeding season of 2009/10 at Kerguelen, atmospheric 

anomalies lead to changes in prey distribution in the TH and WW (see Kerguelen part 2). 

However, prey resources associated with CDW may have been less impacted by the 

atmospheric anomaly, potentially providing for alternative prey resources. However, 

changes in upper-ocean conditions in 2009/10 appeared to be too drastic to be buffered by 

switching to CDW foraging, indicating the supplementary and not exclusive character of 

foraging on CDW prey resources at Kerguelen. At South Georgia, the CDW niche in 

proximity to the colony appears to provide for sufficiently profitable prey resources to 

represent a potentially exclusive foraging niche, at least for king penguins during brooding. 

Such differences may underline the importance of local oceanography in the breeding 

location for CDW foraging patterns and the profitability of such behaviour. However, 

while the coincidence of oceanography during our study years at South Georgia with 

general oceanographic patterns in the area to the north of South Georgia indicate that CDW 

exploration may be a constant foraging element under normal oceanographic conditions, it 

remains open whether and to what extent seasonal or interannual variability in 

oceanographic conditions may impact CDW flow patterns and associated prey resources in 

the area to the north of South Georgia.  

CDW intrusions arising from ACC-bathymetry interactions may be impacted by wind 

events (Thoma et al. 2008), and have been suggested to be affected by changing wind 

fields around Antarctica in the context of climate change (Wallace et al. 2008). Such 

changes in CDW intrusions may imply changes in the foraging habitat of king penguins 
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and potentially other marine predators exploring associated prey resources. Being a 

potentially important foraging niche for foraging king penguins, changes in CDW 

intrusions may ultimately impact the foraging behaviour and success of king penguins. 

However, such statements remain speculative, and to be confirmed require further studies 

on the behaviour and profitability of king penguins and other marine predators associated 

with CDW.   

 

5.2 Different local habitats and implications for foraging behaviour and profitability 

Role of local bathymetry 

Despite similarities between locations in the presence of distinct oceanographic features in 

the foraging area and their exploration by king penguins, local bathymetry and its impact 

on ACC circulation patterns may lead to differences in local oceanography at both study 

locations. Local habitat has been shown to account for significant differences in foraging 

profitability among colonies (Karnovsky et al. 2011; Sharples et al. 2012), as it defines the 

oceanographic structure and therewith prey distribution patterns of the animal’s foraging 

area. Myctophids, king penguins main prey, are known to be highly sensitive to thermal 

conditions in their environment (Hulley 1981; Pusch et al. 2003; Collins et al. 2008, 2012; 

Fielding et al. 2012). Myctophid distribution and behavioural patterns of animals exploring 

such prey resources are therefore strongly determined by the local oceanographic habitat, 

and are likely to vary between different breeding locations even though larger-scale 

similarities in oceanographic and behavioural patterns may exist.  

At both our study locations, bathymetry plays an important role in the steering of ACC 

flows as well as the occurrence of mesoscale oceanographic features (Moore et al. 1997, 

1999; Trathan et al. 1997, 2000; Park et al. 2008). However, while the large spatial 
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extension of the Kerguelen Plateau to shallow depths is directly impacting horizontal and 

vertical circulation processes throughout the entire water column (Park et al. 1998, 2008; 

van Wijk et al. 2010), the area to the north of South Georgia is of a more pelagic nature 

characterized by greater depths. In these conditions, bathymetry may impact the upper 

water column mostly through horizontal steering defining ACC flows and mesoscale 

features, and only to a lesser extent through vertical processes such as upwellings reaching 

the ocean surface as occur in proximity to the Kerguelen Plateau. The differences in the 

oceanographic structure of the foraging habitat in both breeding locations, and the driving 

forces defining such differences are likely to be reflected in prey distribution patterns, and 

in the foraging behaviour of marine predators exploring such prey resources.     

Role of vertical processes: differences between South Georgia and Kerguelen 

Vertical processes such as bathymetry-related upwellings into the upper water column 

associated with low geostrophic velocities appeared to constitute a major foraging feature 

for king penguins breeding at Kerguelen, whereas king penguins at South Georgia 

explored more oceanic structures characterized by strong horizontal dynamics and 

increased geostrophic velocities such as frontal flows and eddies (see Fig. 5.4a; see also 

Trathan et al. 2008; Scheffer et al. 2010). Both these processes, vertical dynamics at 

upwellings as well as horizontal dynamics at fronts and eddies, are known to be associated 

with elevated biological productivity (Franks et al. 1992; Lima et al. 2002), and are 

thought to represent profitable foraging areas for marine predators (Rodhouse et al. 1996; 

Yen et al. 2006; Cotte et al. 2007; Baylis et al. 2008; Bost et al. 2009; Bailleul et al. 2010). 

Diving behaviour further suggests the exploration of less profitable prey resources at 

Kerguelen (see Fig. 5.4b), with longer bottom periods at all dive depths indicating less 

accessible prey requiring more time investment for foraging (Charrassin et al. 2002, see 

Fig. 5.5) throughout the water column.  
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Figure  5.4:  a  ‐  Bottom  periods  of  foraging  king  penguins  at  South  Georgia  (blue  line)  and 

Kerguelen (red line) spent in different geostrophic velocities.  b – Bottom duration in relation to 

bottom start depth of king penguins at South Georgia    (blue & green bars) and Kerguelen  (red 

bars).  

Figure  5.5:  Relation  of  time  spent  in  the 

bottom  phase  and  seasonal  changes  in 

prey  availability,  assuming  variable  prey 

availability  in  terms  of  density  and/or 

energetic value at a given depth. Low prey 

availability  during  winter  leads  to  longer 

bottom times. Figure from Charrassin et al. 
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The area along the south-eastern Kerguelen Plateau shelf break may provide for profitable 

prey resources associated with the upwelling of southern waters to shallow depths, which 

is known to be explored by a range of marine predators breeding on the Kerguelen Plateau 

(Hindell et al. 2011). However, our study suggests that these resources may be less 

profitable for foraging king penguins than those encountered at South Georgia in terms of 

foraging trip time necessary for exploitation as well as in terms of daily BMG. Maximum 

biological productivity has been reported to occur at locations of combined vertical and 

horizontal mixing through upwelling and horizontal flow dynamics (Martin et al. 2002). At 

Kerguelen, the upwelling area along the south-eastern Kerguelen shelf break is situated in 

the lee of the Kerguelen Plateau, resulting in low geostrophic velocities and reduced 

horizontal mixing, which may also impact prey resources associated with such upwellings. 

In the area to the north of South Georgia, the strong horizontal and vertical dynamics of 

frontal juxtaposition and eddies may result in higher biological productivity and potentially 

more profitable myctophid aggregations. Such differences in profitability may be related to 

different prey patterns in the different foraging areas, where the PF core or eddies at South 

Georgia may provide for prey resources of high densities (Kozlov et al. 1991; Rodhouse et 

al. 1996). Alternatively, it may be related to prey of different energy content, which may 

result from different prey sizes or different maturity stages or different species exploited. 

However, this hypothesis remains speculative due to insufficient data on myctophid 

distribution and their consumption by king penguins.  

Brooding birds showed shorter foraging trips and higher foraging performance in terms of 

daily body mass gain at South Georgia (see Fig. 5.6). The high foraging performance of 

South Georgia birds may be related to differences in prey accessibility as indicated by 

diving behaviour, with longer bottom periods suggesting less accessible prey from depths 

>150 m at Kerguelen (see Fig. 5.5b), but more accessible than at Crozet indicated by 

deeper dives during brooding (Charrassin et al. 1999). However, the strong habitat and 
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behavioural segregation during brooding may also improve adaptation of foraging strategy 

to prey distribution and breeding constraints, which may allow better prey exploration and 

ultimately lead to overall improved foraging performances. Different environments 

characterized by the presence of different oceanographic features have been suggested to 

play important roles in prey accessibility and therefore foraging behaviour and profitability 

of marine predators (McConnell & Fedak 1996; Bornemann et al. 2000; Muelbert et al. 

2012). Specifically the distance to profitable feeding grounds from the breeding location 

(Sharples et al. 2012) and the profitability of prey resources associated with oceanographic 

features accessible from the  colony (Karnovsky et al. 2011) have been found to play 

important roles in foraging strategy and behaviour as well as for the profitability of 

foraging trips. Bathymetry is known to significantly impact oceanography and prey 

patterns in a given area, and has been found to be a major driving force for the foraging 

strategy of marine predators adjusting their behaviour to explore prey resources associated 

with bathymetry-related features (Campagna et al. 2000, 2007; Chapman et al. 2004; 

Baylis et al. 2008; Wingfield et al. 2011; Muelbert et al. 2012). At the Kerguelen Plateau, 

the importance of the prominent bathymetry on foraging behaviour has been suggested for 

king penguins (Bost et al. 2011) and other marine predators (Lea et al. 2008; Hindell et al. 

2011). Our study confirms bathymetry to be a major factor driving foraging behaviour of 

king penguins breeding at Kerguelen. It furthermore suggests that the foraging habitat 

differences between our breeding locations, which appear to be at least partly determined 

by local bathymetry, may lead to differences in foraging strategy and profitability, 

confirming studies on other marine predators. However, despite the inter-colony 

differences in foraging behaviour and performance, the long-term trends in king penguin 

numbers in both breeding colonies have been reported to be increasing (South Georgia: 

Woehler & Croxall 1997; Kerguelen/Ratmanoff colony: Weimerskirch et al. 1989; 

Chamaillé-James et al. 2000) in relation to recovery from human disturbances and major 
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unsteadiness in trophic webs, see Bost et al. 2012. This implies that current oceanographic 

conditions and associated prey resources are particularly adequate for the successful 

raising of chicks in both locations. The observed behavioural differences and the apparent 

sufficient foraging performance in both locations may reflect strong behavioural flexibility 

of king penguins in order to adapt foraging to local habitat conditions in order to maximize 

foraging performance.  

 

 

 

 

 

 

 

5.3 Adaptive capacities and susceptibility of king penguins towards environmental 

variability and climate change 

King penguins showed high inter-and intracolony behavioural flexibility, adjusting 

foraging behaviour to different environments and changing breeding constraints. The 

selective exploration of distinct oceanographic features in the foraging habitat depending 

on local oceanography and breeding constraints may indicate high adaptive capacities of 

king penguins towards variability in environmental conditions in the foraging area. 

However, while seabirds are known to be able to buffer variability in environmental 

conditions and prey availability through flexibility in foraging behaviour (Waugh & 

Weimerskirch 2003; Peron et al. 2012), thresholds may exist whereby such foraging 

Figure  5.6:  Foraging 

trip  characteristics 

(trip  duration  and 

length) and daily body 

mass  gain  (BMG)  for 

incubating  and 

brooding  king 

penguins  at  South 

Georgia  (SG)  and 

Kerguelen (Ker). 
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flexibility can no longer buffer reproductive success against low food availability (Dall & 

Boyd 2002; Ronconi & Burger 2008). The breeding season 2009/10 at Kerguelen indicated 

such limits in the buffering of environmental variability through behavioural flexibility for 

king penguins, showing the possible drastic effects of surpassing the animal’s adaptive 

capacities on reproductive success. The identification of critical environmental conditions 

triggering such threshold responses is important for understanding limiting factors in 

marine ecosystems and the potential impact of future environmental changes on these 

systems, which has important implications for conservation and ecosystem management. 

The investigation of king penguins behaviour in two breeding locations under different 

environmental conditions and constraints over several years allowed us to identify 

oceanographic features of key importance for foraging king penguins, which may help to 

better understand critical environmental factors impacting such  key features and 

associated prey resources when triggering threshold responses. Such results may be of 

particular importance when taking into account information from the observed threshold 

response situation during the catastrophic breeding season 2009/10 at Kerguelen, which 

has helped in identifying key features of successful foraging, and qualify and quantify 

environmental conditions leading to such threshold responses in king penguins.  

Changes in oceanographic features related to climate change have been suggested to 

significantly impact king penguins foraging behaviour and at-sea distribution, with the 

foraging behaviour of king penguins breeding at Crozet directly reflecting latitudinal 

southward shifts in the PF position (Peron et al. 2012). Our study confirms the importance 

of the PF for foraging king penguins at South Georgia and Kerguelen as suggested by 

earlier studies (Bost et al. 1997; Guinet et al. 1997; Trathan et al. 2008; Bost et al. 2009; 

Scheffer et al. 2010; Peron et al. 2012). Particularly the interannual changes in foraging 

behaviour in relation to the PF position at Kerguelen may indicate the importance of the PF 

variability for foraging king penguins, with southward shifts negatively impacting foraging 
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performances in terms of trip characteristics, diving behaviour and body mas gain (see 

Kerguelen part 3). However, in addition to the PF, our study also points out the importance 

of oceanographic features independent of the PF for foraging penguins. For breeding 

colonies located to the south of the PF such as South Georgia and Kerguelen, the cold-

water features of southern origin in proximity of the islands appear to represent such 

additional key features. King penguins may therefore not only be affected by variability of 

the PF, but also by changes in such other key oceanographic features in their foraging area, 

which may in turn be impacted by the variability of the adjacent PF. Prey resources 

associated with these cold-water features and their interaction with the PF may even be of 

higher importance than the PF itself, as indicated by the breeding season 2009/10 at 

Kerguelen. The shift of the cold-water influx from the FTC to the south of the foraging 

area of king penguins resulted in drastically reduced foraging performances, where 

extended foraging trips following the PF path may indicate that the PF in proximity of the 

colony may not have provided for sufficiently profitable prey resources to sustain efficient 

foraging. However, this may also have been related to changes in prey resources at the PF 

due to the warm-water intrusions in the upper ocean during the breeding season 2009/10 at 

Kerguelen (see Kerguelen part 2).   

Despite their behavioural flexibility, king penguins appear to have limits of behavioural 

adaptation to changes in environmental conditions and prey resources. While our inter-

colony comparison indicates high behavioural flexibility in adapting to different 

environmental conditions, the breeding season 2009/10 clearly showed the limits of such 

adaptive capacities to maintain successful foraging and chick raising. Current climate 

change projections predict a general warming of the oceans (Solomon et al. 2007), which is 

thought to be particularly pronounced in the Southern Ocean. Changes in the distribution 

of environmental parameters such as the mean and variance lead to non-linear changes in 

the frequency and amplitude of extreme events due to shifts in the distribution tails (Mehl 
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Figure 5.7: Expected changes  in the probability of occurrence 

of  extreme  weather  events  under  climate  change  for  any 

given  climate  parameter  such  as  for  example  temperature. 

Figure from Jentsch et al. (2007).  

et al. 2000; Jentsch et al. 2007, see Fig. 5.7). Facing ongoing climate change and future 

warming of the oceans (Gille 2002; Solomon et al. 2009), extreme events are predicted to 

become more likely (Alley et al. 2003; Jentsch et al. 2007; Solomon et al. 2007; Jentsch & 

Beierkuhnlein 2008). Intensification of weather extremes is currently emerging an 

important aspect of climate change, and research on extreme events (event-focused in 

contrast to trend-focused) 

has increased in recent 

years (Jentsch et al. 2007). 

Investigating ecosystem or 

species reactions towards 

extreme events and 

evaluating critical 

environmental conditions 

where systems or 

components can not adjust 

anymore, and the 

underlying causes for these 

critical points is an 

important issue. The 2010 

event allows insights into key elements of successful foraging of king penguins breeding at 

Kerguelen, and into possible reactions towards pronounced changes in their foraging 

habitat.  

Extreme weather events have been shown to negatively affect marine predators such as the 

survival of fur seal pups (Forcada et al. 2005; Lea et al. 2009) and seabirds (Frederiksen et 

al. 2008). In threatened seabirds, extreme events are thought to lead to a higher probability 

of extinction through increasing process variance in survival (Frederiksen et al. 2008). Our 
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study confirms the negative impact of extreme environmental events on king penguins 

breeding at Kerguelen in terms of foraging and reproductive success, which is ultimately 

impacting survival. It therefore underlines the importance of including the impact of 

extreme events and their increasing frequency (Solomon et al. 2007) into predictions for 

the ecological effects of climate change as suggested by Frederiksen et al. 2008. At South 

Georgia, penguins and fur seals showed lowest weaning and fledging masses on record 

during a local warm SST anomaly in the foraging area of marine predators during the 

breeding season 2009 (Hill et al. 2009). Even though a warm year was expected from 

remote impacts (Meredith et al. 2008; Hill et al. 2009), the local warming was higher than 

expected, and predator data and a combined standard index suggest 2009 was the worst 

year on record with only 1994 being comparable (Croxall et al 1999; Hill et al. 2009). It 

has been suggested that the warm SST anomaly may have been caused by intense in situ 

heating of the mixed layer as a consequence of local atmospheric effects (Hill et al. 2009). 

Such patterns of local upper-ocean warming and extreme effects on marine predators, 

potentially also through alterations in prey distribution, may be similar to the situation and 

mechanisms at Kerguelen during February 2010.  

Our study shows the impact of environmental variability, particularly in the PF and FTC 

position, on king penguins breeding at Kerguelen in terms of surface and diving behaviour. 

King penguins breeding at Crozet have already been reported to be impacted by changes in 

the PF position (Peron et al. 2012) and sea ice retreat (Le Bohec et al. 2008). Our study 

confirms this hypothesis for king penguins breeding at Kerguelen. However, bathymetry-

oceanography interactions at Kerguelen appear to induce non-linear responses of key 

oceanographic features and associated prey resources to PF southward movements, 

potentially leading to drastic changes in king penguins foraging behaviour from critical PF 

southward positions in the area to the SE of Kerguelen. Studies of the impact of climate 

change on king penguins breeding at Crozet were based on survival rates (Le Bohec et al. 
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2008), but in future analyses it may be necessary to take into account other important 

factors affecting king penguin’s population growth (Barbraud et al. 2008). Studies based 

on surface behaviour only (Peron et al. 2012) do not take into account changes in the 

vertical habitat and diving behaviour of the penguins, which play crucial roles for 

understanding animal’s behaviour towards environmental variability.  In this study, the 

combination of behaviour and habitat descriptors in the horizontal and vertical dimension 

allowed us to gain more detailed insights into king penguins foraging behaviour in relation 

to oceanographic conditions at the ocean surface and at depth, and find possible 

explanations for changes in the animal’s foraging behaviour associated with environmental 

change. The thermal structure of the water column has been shown to play a key role for 

diving predators (Brill et al. 1993; Brill & Lutcavage 2001; Cartamil & Lowe 2004; Scott 

& Chivers 2009) and king penguins in particular (Charrassin & Bost 2002; Scheffer et al. 

2012). Significant changes in diving behaviour and vertical foraging habitat use by king 

penguins breeding at Kerguelen associated with environmental variability underlines the 

importance of oceanographic conditions at depth for the birds. Taking into account the 

variability in the vertical foraging habitat and behavioural adaptations of the animals 

should therefore lead to a more comprehensive understanding of the reactions of diving 

predators towards environmental change.  

King penguin populations have increased since the 1960’s (Woehler et al. 2001; Delord et 

al. 2004) despite warming of the Southern Ocean (Solomon et al. 2007). Our study shows 

that king penguins are adjusting their behaviour to the environmental conditions 

encountered, presumably enabling them to buffer reproductive success and population 

survival towards environmental variability. However, it appears that such adaptive 

capacities can buffer changes in environmental conditions only to a certain extent and that 

threshold conditions may exist, limiting the animal’s capacities to buffer reductions in prey 

availability by adaptations in foraging behaviour (Harding et al. 2007). Marine predators 



 

219 
 

have been reported to exhibit non-linear threshold-type responses to changes in prey 

availability (Cairns 1987), where small changes in prey trigger rapid changes in adult 

survival, reproductive performance and/or foraging behaviour (Reid et al. 2005; Harding et 

al. 2007; Piatt et al. 2007). Even small changes in oceanographic features and prey 

distribution associated with climate change may therefore lead to significant changes in 

foraging behaviour of king penguins, which may ultimately be reflected in the reproductive 

success of the animals. This effect may be enhanced by non-linear responses in 

oceanographic conditions and prey availability to changes in environmental conditions, as 

it appears to be the case in the area to the south-east of Kerguelen. 

 

5.4 Conclusion and future research perspectives 

This work has improved our knowledge about the foraging behaviour of a top marine 

predator of the Southern Ocean, the king penguin, in relation to its environment. Through 

the study of the species in two distinct locations it allowed me to generate important new 

insights into the detailed behaviour of king penguins in relation to their oceanographic 

environment, and further enabled me to identify potential key oceanographic features for 

profitable foraging, and finaly how the species may respond to changes in these features in 

the future.   

One important challenge for ecologists in the 21st century is to understand and predict the 

potential effects of environmental change on biological communities. In this context, 

understanding the foraging behaviour and the identification of potential key features for 

successful foraging by king penguins is indispensable. Understanding and predicting how 

marine predator populations will respond to habitat change will be essential for developing 

conservation management strategies. Responses of animals to variability in their habitat as 

well as to previous and current environmental change may give important information for 
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the development of predictive models. Such models may be developed taking into account 

horizontal habitat descriptors such as SST, SSH and/or bathymetry, but they will also need 

to take into account the vertical structure of the ocean. The results of this thesis provide 

detailed information on how king penguins explore their habitat in both horizontal and 

vertical dimensions, and highlights key structures at the ocean surface and at depth. Future 

studies building on this work may therefore include predictive habitat modelling in the 

horizontal and vertical dimension, building on results from my thesis work.  

Due to time constraints and the magnitude of the task for the complete analysis of the 

tracking data from Kerguelen (with different temporal and spatial data resolution recorded 

by different devices used over the course of the long-term king penguin monitoring 

programme resulting from different types of ARGOS devices, GPS devices, and TDR 

devices), as well as the large datasets of behavioural and oceanographic data in 3 

dimensions, I was not able to analyze the entire Kerguelen tracking dataset. Analysis of the 

remaining years will undoubtedly add information to the results of this work, underlining 

patterns that have emerged from my study.   

The study of potential responses of king penguins breeding at South Georgia to interannual 

changes in their environment was restricted by the limited number of study years. 

Additional fieldwork on king penguins breeding at South Georgia would allow valuable 

insights into the potential impact of such interannual variability in oceanographic 

conditions on the animals breeding there, which may add important information to my 

results and hypotheses concerning the foraging behaviour of king penguins resulting from 

my study.  

Advances in biologging technology will also result in more complete and continuous 

datasets, and improve the spatial and temporal resolution of tracking data. In this context 

the future use of GPS loggers may be of particular importance, as the resulting datasets 
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will allow for more detailed study of surface behaviour with considerably reduced 

uncertainties due to data gaps. This may allow the use of more sophisticated modelling 

methods such as state-space modelling, where behavioural modes of the animals can be 

inferred from changes in surface behaviour. In my study, the use of such methods was 

restricted by the low spatial resolution of tracking data obtained by ARGOS devices. 

Future work on high-resolution GPS datasets would facilitate this approach, which may be 

further improved by incorporating environmental covariates into the models. Such 

modelling may be carried out in the horizontal dimension as used for a number of study 

species (Jonsen et al. 2003, 2005; Breed et al. 2009; Block et al. 2011), but may also 

include most recent developments of state-space modelling based on behaviour and 

environmental covariates for the vertical dimension (Bestley et al. 2012). In both instances, 

results from this study will provide important information about key oceanographic 

structures and environmental variables for foraging king penguins, which may facilitate the 

development of such models including the horizontal and vertical dimension of the 

animal’s environment.     

 

 

 

 

 

 

 

 

 
To be continued... 



 

222 
 

References 

 

Alley RB, Marotzke J, Nordhaus WD, Overpeck JT, Peteet DM, Pielke RA, Pierrehumbert RT, Rhines 
PB, Stocker TF, Talley LD, Wallace JM (2003) Abrupt Climate Change. Science 299:2005‐
2010 

Annett CA, Pierotti R (1999) LONG‐TERM REPRODUCTIVE OUTPUT IN WESTERN GULLS: 
CONSEQUENCES OF ALTERNATE TACTICS IN DIET CHOICE. Ecology 80:288‐297 

Austin D, Bowen WD, McMillan JI, Boness DJ (2006) Stomach temperature telemetry reveals 
temporal patterns of foraging success in a free‐ranging marine mammal. Journal of 
Animal Ecology 75:408‐420 

Bailleul F, Charrassin JB, Ezraty R, Girard‐Ardhuin F, McMahon CR, Field IC, Guinet C (2007) 
Southern elephant seals from Kerguelen Islands confronted by Antarctic Sea ice. Changes 
in movements and in diving behaviour. Deep‐Sea Research Part Ii‐Topical Studies in 
Oceanography 54:343‐355 

Bailleul F, Pinaud D, Hindell M, Charrassin JB, Guinet C (2008) Assessment of scale‐dependent 
foraging behaviour in southern elephant seals incorporating the vertical dimension: a 
development of the First Passage Time method. Journal of Animal Ecology 77:948‐957 

Bainbridge R (1957) THE SIZE, SHAPE AND DENSITY OF MARINE PHYTOPLANKTON 
CONCENTRATIONS. Biological Reviews 32:91‐115 

Ballard G, Toniolo V, Ainley DG, Parkinson CL, Arrigo KR, Trathan PN (2010) Responding to climate 
change: Adelie Penguins confront astronomical and ocean boundaries. Ecology 91:2056‐
2069 

Barbraud C, Rivalan P, Inchausti P, Nevoux M, Rolland V, Weimerskirch H (2011) Contrasted 
demographic responses facing future climate change in Southern Ocean seabirds. Journal 
of Animal Ecology 80:89‐100 

Barbraud C, Weimerskirch H (2006) Antarctic birds breed later in response to climate change. Proc 
Natl Acad Sci U S A 103:6248‐6251 

Barraquand F, Benhamou S (2008) ANIMAL MOVEMENTS IN HETEROGENEOUS LANDSCAPES: 
IDENTIFYING PROFITABLE PLACES AND HOMOGENEOUS MOVEMENT BOUTS. Ecology 
89:3336‐3348 

Belkin IM, Gordon AL (1996) Southern Ocean fronts from the Greenwich meridian to Tasmania. J 
Geophys Res 101:3675‐3696 

Bell W (1990) Central place foraging. In: Searching Behaviour. Springer Netherlands, p 171‐187 
Benhamou S (2004) How to reliably estimate the tortuosity of an animal's path:: straightness, 

sinuosity, or fractal dimension? Journal of Theoretical Biology 229:209‐220 
Benhamou S, Bovet P (1989) How animals use their environment: a new look at kinesis. Animal 

Behaviour 38:375‐383 
Bestley S, Jonsen ID, Hindell MA, Guinet C, Charrassin J‐Bt (2012) Integrative modelling of animal 

movement: incorporating in situ habitat and behavioural information for a migratory 
marine predator. proceedings of the Royal Society B 

Biuw M (2007) Observational approaches to vertical movements of predators and prey in relation 
to physical structures Ocean Biology Observatories Workshop, Venice 

Biuw M, Boehme L, Guinet C, Hindell M, Costa D, Charrassin JB, Roquet F, Bailleul F, Meredith M, 
Thorpe S, Tremblay Y, McDonald B, Park YH, Rintoul SR, Bindoff N, Goebel M, Crocker D, 
Lovell P, Nicholson J, Monks F, Fedak MA (2007) Variations in behavior and condition of a 
Southern Ocean top predator in relation to in situ oceanographic conditions. Proc Natl 
Acad Sci U S A 104:13705‐13710 

Biuw M, NÃ¸st OA, Stien A, Zhou Q, Lydersen C, Kovacs KM (2010) Effects of Hydrographic 
Variability on the Spatial, Seasonal and Diel Diving Patterns of Southern Elephant Seals in 
the Eastern Weddell Sea. PLoS ONE 5:e13816 



 

223 
 

Boehme L, Meredith MP, Thorpe SE, Biuw M, Fedak M (2008a) Antarctic Circumpolar Current 
frontal system in the South Atlantic: Monitoring using merged Argo and animal‐borne 
sensor data. J Geophys Res 113:C09012 

Boehme L, Thorpe SE, Biuw M, Fedak M, Meredith MP (2008b) Monitoring Drake Passage with 
elephant seals: Frontal structures and snapshots of transport. Limnology and 
Oceanography 53:2350‐2360 

Boggs CL (1992) Resource allocation: exploring connections between foraging and life history. 
Functional Ecology 6:508‐518 

Bost CA, Charrassin JB, Clerquin Y, Ropert‐Coudert Y, Le Maho Y (2004) Exploitation of distant 
marginal ice zones by king penguins during winter. Mar Ecol‐Prog Ser 283:293‐297 

Bost CA, Cotté C, Bailleul F, Cherel Y, Charrassin JB, Guinet C, Ainley DG, Weimerskirch H (2009a) 
The importance of oceanographic fronts to marine birds and mammals of the southern 
oceans. Journal of Marine Systems 78:363‐376 

Bost CA, Georges JY, Guinet C, Cherel Y, Putz K, Charrassin JB, Handrich Y, Zorn T, Lage J, Le Maho 
Y (1997) Foraging habitat and food intake of satellite‐tracked king penguins during the 
austral summer at Crozet Archipelago, p 21‐33 

Bost CA, Goarant A, Scheffer A, Koubbi P, Duhamel G, Charrassin JB (2011) Foraging habitat and 
performances of King penguins Aptenodytes patagonicus Miller, 1778 at Kerguelen islands 
in relation to climatic variability. In: Duhamel G, Welsford D (eds) The Kerguelen Plateau: 
marine ecosystem and fisheries, Proceedings of the 1st international Science Symposium 
on the Kerguelen Plateau  Société Française d'Ichtyologie, Paris, p 199‐202 

Bost CA, Handrich Y, Butler PJ, Fahlman A, Halsey LG, Woakes AJ, Ropert‐Coudert Y (2007) 
Changes in dive profiles as an indicator of feeding success in king and Adélie penguins. 
Deep Sea Research Part II: Topical Studies in Oceanography 54:248‐255 

Bost CA, Jaeger A, Huin W, Koubbi P, Halsey L, Hanuise N, Handrich Y (2008) Monitoring prey 
availability via data loggers deployed on seabirds: advances and present limitations. 5th 
World Fisheries Congress. Fisheries for Global Welfare and Environment, 

Bost CA, Thiebot JB, Pinaud D, Cherel Y, Trathan PN (2009b) Where do penguins go during the 
inter‐breeding period? Using geolocation to track the winter dispersion of the macaroni 
penguin. Biology Letters 5:473‐476 

Bost CA, Zorn T, Le Maho Y, Duhamel G (2002) Feeding of diving predators and diel vertical 
migration of prey: King penguins' diet versus trawl sampling at Kerguelen Islands. Mar 
Ecol‐Prog Ser 227:51‐61 

Bovet P, Benhamou S (1991) Optimal sinuosity in central place foraging movements. Animal 
Behaviour 42:57‐62 

Boyd IL (1997) The behavioural and physiological ecology of diving. Trends in ecology & evolution 
(Personal edition) 12:213‐217 

Boyd IL, Arnbom T (1991) Diving Behavior in Relation to Water Temperature in the Southern 
Elephant Seal ‐ Foraging Implications. Polar Biology 11:259‐266 

Boyd IL, Murray AWA (2001) Monitoring a marine ecosystem using responses of upper trophic 
level predators. Journal of Animal Ecology 70:747‐760 

Breed GA, Bowen WD, McMillan JI, Leonard ML (2006) Sexual segregation of seasonal foraging 
habitats in a non‐migratory marine mammal. Proceedings of the Royal Society B‐Biological 
Sciences 273:2319‐2326 

Burns JM, Costa DP, Fedak MA, Hindell MA, Bradshaw CJA, Gales NJ, McDonald B, Trumble SJ, 
Crocker DE (2004) Winter habitat use and foraging behavior of crabeater seals along the 
Western Antarctic Peninsula. Deep Sea Research Part II: Topical Studies in Oceanography 
51:2279‐2303 

Campagna C, Rivas AsL, Marin MR (2000) Temperature and depth profiles recorded during dives 
of elephant seals reflect distinct ocean environments. Journal of Marine Systems 24:299‐
312 



 

224 
 

Cayre P, Marsac F (1993) Modelling the yellowfin tuna (Thunnus albacares) vertical distribution 
using sonic tagging results and local environmental parameters. Aquatic Living Resources 
6:1‐14 

Charnov EL (1976) Optimal foraging: the marginal value theorem. Theoretical Population Biology 
9:129‐136 

Charrassin J‐B, Bost C‐A (2001) Utilisation of the oceanic habitat by king penguins over the annual 
cycle. Marine Ecology Progress Series 221:285‐298 

Charrassin J‐B, Park Y‐H, Le Maho Y, Bost C‐A (2004) Fine resolution 3D temperature fields off 
Kerguelen from instrumented penguins. Deep Sea Research Part I: Oceanographic 
Research Papers 51:2091‐2103 

Charrassin JB, Bost CA, Puetz K, Lage J, Dahier T, Le Maho Y (1999) Changes in depth utilization in 
relation to the breeding stage: A case study with the King Penguin Aptenodytes 
patagonicus. Marine Ornithology 27:43‐47 

Charrassin JB, Hindell M, Rintoul SR, Roquet F, Sokolov S, Biuw M, Costa D, Boehme L, Lovell P, 
Coleman R, Timmermann R, Meijers A, Meredith M, Park YH, Bailleul F, Goebel M, 
Tremblay Y, Bost CA, McMahon CR, Field IC, Fedak MA, Guinet C (2008) Southern Ocean 
frontal structure and sea‐ice formation rates revealed by elephant seals. Proc Natl Acad 
Sci U S A 105:11634‐11639 

Costa DP, Huckstadt LA, Crocker DE, McDonald BI, Goebel ME, Fedak MA (2010) Approaches to 
studying climatic change and its role on the habitat selection of antarctic pinnipeds. 
Integrative and Comparative Biology 50:1018‐1030 

Costa DP, Klinck JM, Hofmann EE, Dinniman MS, Burns JM (2008) Upper ocean variability in west 
Antarctic Peninsula continental shelf waters as measured using instrumented seals. Deep 
Sea Research Part II: Topical Studies in Oceanography 55:323‐337 

Cotté C, Park Y‐H, Guinet C, Bost C‐A (2007) Movements of foraging king penguins through marine 
mesoscale eddies. Proceedings of the Royal Society B 274:2385‐2391 

Croxall JP, Trathan PN, Murphy EJ (2002) Environmental change and Antarctic seabird 
populations. Science 297:1510‐1514 

Cunningham SA, Alderson SG, King BA, Brandon MA (2003) Transport and variability of the 
Antarctic Circumpolar Current in Drake Passage. J Geophys Res 108:8084 

Dall SRX, Boyd IL (2002) Provisioning under the risk of starvation. Evol Ecol Res 4:883‐896 
Darwin C (1859) On the origin of life, Vol, London 
Deacon GER (1937) The Hydrology of the Southern Ocean, Vol. Cambridge University Press 
Deacon GER (1982) Physical and biological zonation in the Southern Ocean. Deep Sea Research 

Part A Oceanographic Research Papers 29:1‐15 
Dinniman MS, Klinck JM, Smith Jr WO (2011) A model study of Circumpolar Deep Water on the 

West Antarctic Peninsula and Ross Sea continental shelves. Deep Sea Research Part II: 
Topical Studies in Oceanography 58:1508‐1523 

Dragon A‐C, Monestiez P, Bar‐Hen A, Guinet C (2010) Linking foraging behaviour to physical 
oceanographic structures: Southern elephant seals and mesoscale eddies east of 
Kerguelen Islands. Progress In Oceanography 87:61‐71 

Dunn MJ, Silk JRD, Trathan PN (2011) Post‐breeding dispersal of Adelie penguins (Pygoscelis 
adeliae) nesting at Signy Island, South Orkney Islands. Polar Biology 34:205‐214 

Eppley RW, Peterson BJ (1979) Particulate organic matter flux and planktonic new production in 
the deep ocean. Nature 282:677‐680 

Fauchald P (1999) Foraging in a hierarchical patch system. The American Naturalist 153:603‐613 
Fauchald P (2009) Spatial interaction between seabirds and prey: review and synthesis. Marine 

Ecology Progress Series 391:139‐151 
Fauchald P, Erikstad KE, Skarsfjord H (2000) SCALE‐DEPENDENT PREDATORâ€“PREY 

INTERACTIONS: THE HIERARCHICAL SPATIAL DISTRIBUTION OF SEABIRDS AND PREY. 
Ecology 81:773‐783 

Fauchald P, Tveraa T (2003) USING FIRST‐PASSAGE TIME IN THE ANALYSIS OF AREA‐RESTRICTED 
SEARCH AND HABITAT SELECTION. Ecology 84:282‐288 



 

225 
 

Field IC, Bradshaw CJA, Burton HR, Sumner MD, Hindell MA (2005) Resource partitioning through 
oceanic segregation of foraging juvenile southern elephant seals (Mirounga leonina). 
Oecologia 142:127‐135 

Fogt RL, Bromwich DH (2006) Decadal Variability of the ENSO Teleconnection to the High‐Latitude 
South Pacific Governed by Coupling with the Southern Annular Mode*. Journal of Climate 
19:979‐997 

Forcada J, Trathan PN (2009) Penguin responses to climate change in the Southern Ocean. Global 
Change Biology 15:1618‐1630 

Forcada J, Trathan PN, Reid K, Murphy EJ (2005) The effects of global climate variability in pup 
production of Antarctic fur seals. Ecology 86:2408‐2417 

Forcada J, Trathan PN, Reid K, Murphy EJ, Croxall JP (2006) Contrasting population changes in 
sympatric penguin species in association with climate warming. Global Change Biology 
12:411‐423 

Frederiksen M, Edwards M, Richardson AJ, Halliday NC, Wanless S (2006) From plankton to top 
predators: bottom‐up control of a marine food web across four trophic levels. Journal of 
Animal Ecology 75:1259‐1268 

Fritz H, Said S, Weimerskirch H (2003) Scale dependent hierarchical adjustments of movement 
patterns in a long‐range foraging seabird. Proceedings of the Royal Society B 270:1143‐
1148 

Furness RW, Greenwood JJD (1993) Birds as Monitors of environmental change, Vol, London 
Georges JY, Bonadonna F, Guinet C (2000) Foraging habitat and diving activity of lactating 

Subantarctic fur seals in relation to sea‐surface temperatures at Amsterdam Island Marine 
Ecology Progress Series 196:291‐304 

Gille ST (2002) Warming of the Southern Ocean Since the 1950s. Nature 295:1275‐1277 
Gille ST, Yale MM, Sandwell DT (2000) Global correlation of mesoscale ocean variability with 

seafloor roughness from satellite altimetry. Geophysical Research Letters 27:1251‐1254 
Giorgi F, Avissar R (1997) Representation of heterogeneity effects in Earth system modeling: 

Experience from land surface modeling. Reviews of Geophysics 35:413‐437 
Gordon LI, Codispoti LA, Jennings Jr JC, Millero FJ, Morrison JM, Sweeney C (2000) Seasonal 

evolution of hydrographic properties in the Ross Sea, Antarctica, 1996‐1997. Deep Sea 
Research Part II: Topical Studies in Oceanography 47:3095‐3117 

Green JA, Boyd IL, Woakes AJ, Warren NL, Butler PJ (2005) Behavioural flexibility during year‐
round foraging in macaroni penguins. Mar Ecol‐Prog Ser 296:183‐196 

Grémillet D, Boulinier T (2009) Spatial ecology and conservation of seabirds facing global climate 
change: a review. Marine Ecology Progress Series 391:121‐137 

Guinet C, Koudil M, Bost CA, Durbec JP, Georges JY, Mouchot MC, Jouventin P (1997) Foraging 
behaviour of satellite‐tracked king penguins in relation to sea‐surface temperatures 
obtained by satellite telemetry at Crozet Archipelago, a study during three austral 
summers, p 11‐20 

Halsey LG, Blackburn TM, Butler PJ (2006) A comparative analysis of the diving behaviour of birds 
and mammals. Functional Ecology 20:889‐899 

Halsey LG, Bost CA, Handrich Y (2007) A thorough and quantified method for classifying seabird 
diving behaviour. Polar Biology 30:991‐1004 

Hamer KC, Humphreys EM, Garthe S, Hennicke J, Peters G, Gremillet D, Phillips RA, Harris MP, 
Wanless S (2007) Annual variation in diets, feeding locations and foraging behaviour of 
gannets in the North Sea: flexibility, consistency and constraint. Marine Ecology Progress 
Series 338:295‐305 

Harding AMA, Piatt JF, Schmutz JA, Shultz MT, Pelt TIV, Kettle AB, Speckman SG (2007) PREY 
DENSITY AND THE BEHAVIORAL FLEXIBILITY OF A MARINE PREDATOR: THE COMMON 
MURRE (URIA AALGE). Ecology 88:2024‐2033 

Hazen EL, Jorgensen S, Rykaczewski RR, Bograd SJ, Foley DG, Jonsen ID, Shaffer SA, Dunne JP, 
Costa DP, Crowder LB, Block BA (2012) Predicted habitat shifts of Pacific top predators in 
a changing climate. Nature Clim Change 3:234‐238 



 

226 
 

Hooker SK, Biuw M, McConnell BC, Miller PJO, Sparling CE (2007) Bio‐logging science: Logging and 
relaying physical and biological data using animal‐attached tags. Deep Sea Research II 
54:177‐182 

Hooker SK, Boyd IL (2003) Salinity sensors on seals: use of marine predators to carry CTD data 
loggers. Deep Sea Research Part I: Oceanographic Research Papers 50:927‐939 

Houston AI, Carbone C (1992) The optimal allocation of time during the diving cycle, p 255‐265 
Houston AI, McNamara JM (1985) A general theory of central place foraging for single‐prey 

loaders. Theoretical Population Biology 28:233‐262 
Hughes L (2000) Biological consequences of global warming: is the signal already apparent? 

Trends in Ecology & Evolution 15:56‐61 
Hunt GL (1990) The pelagic distribution of marine birds in a heterogeneous environment. Polar 

Research 8:43‐54 
Hunt GL, Mehlum F, Russell RW, Irons D, Decker MB, P.H. B (1999) Physical processes, prey 

abundance, and the foraging ecology of seabirds. In: Adams NJ, Slotow RH (eds) 22 Int 
Ornithol Congr. BirdLife South Africa, Johannesburg, Durban, p 2040‐2056 

Jacobs SS, Georgi DT (1977) Observations on the Southwest Indian/Antarctic Ocean. In: Angel M 
(ed) A Voyage of Discovery. Deep‐Sea Research (Suppl.), p 43‐84 

Jenouvrier S, Barbraud C, Weimerskirch H (2005) LONG‐TERM CONTRASTED RESPONSES TO 
CLIMATE OF TWO ANTARCTIC SEABIRD SPECIES. Ecology 86:2889‐2903 

Jenouvrier S, Caswell H, Barbraud C, Holland M, Stroeve J, Weimerskirch H (2009) Demographic 
models and IPCC climate projections predict the decline of an emperor penguin 
population. Proc Natl Acad Sci U S A 106:1844‐1847 

Jentsch A, Beierkuhnlein C (2008) Research frontiers in climate change: Effects of extreme 
meteorological events on ecosystems. Comptes Rendus Geoscience 340:621‐628 

Jentsch A, Kreyling Jr, Beierkuhnlein C (2007) A new generation of climate‐change experiments: 
events, not trends. Frontiers in Ecology and the Environment 5:365‐374 

Jodice PGR, Collopy MW (1999) Diving and foraging patterns of Marbled Murrelets 
(Brachyramphus marmoratus): testing predictions from optimal‐breathing models. 
Canadian Journal of Zoology 77:1409‐1418 

Jonsen ID, Basson M, Bestley S, Bravington MV, Patterson TA, Pedersen MW, Thomson R, 
Thygesen UH, Wotherspoon SJ (2012) State‐space models for bio‐loggers: A 
methodological road map. Deep Sea Research Part II: Topical Studies in Oceanography 

Jonsen ID, Flemming JM, Myers RA (2005) ROBUST STATE‐SPACE MODELING OF ANIMAL 
MOVEMENT DATA. Ecology 86:2874‐2880 

Jonsen ID, Myers RA, Flemming JM (2003) META‐ANALYSIS OF ANIMAL MOVEMENT USING STATE‐
SPACE MODELS. Ecology 84:3055‐3063 

Kareiva P, Odell G (1978) Swarms of predators exhibit ’preytaxis’ if individual predators use area–
restricted search. The American Naturalist 130:233‐270 

Kitagawa T, Nakata H, Kimura S, Itoh T, Tsuji S, Nitta A (2000) Effect of ambient temperature on 
the vertical distribution and movement of Pacific bluefin tuna Thunnus thynnus orientalis. 
Mar Ecol‐Prog Ser 206:251‐260 

Kleidon A (2010) A basic introduction to the thermodynamics of the Earth system far from 
equilibrium and maximum entropy production. Philosophical Transactions of the Royal 
Society B: Biological Sciences 365:1303‐1315 

Kooyman GL (1989) Diverse Divers: Physiology and Behaviour, Vol 23. Springer Verlag, Berlin 
Kooyman GL, Campbell WB (1972) Heart rates in freely diving weddell seals,leptonychotes 

weddelli. Comparative Biochemistry and Physiology Part A: Physiology 43:31‐36 
Kotliar NB, Wiens JA (1990) Multiple scales of patchiness and patch structure : a hierarchical 

framework for the study of heterogeneity. Oikos 59:253‐260 
Kozlov AN, Shrust KV, Zemsky AV (1991) Seasonal and inter‐annual variability in the distribution of 

Electrona carlsbergi in the southern Polar Front area (the area to the north of South 
Georgia is used as an example). Selected Scientific Papers (SC‐CAMLR‐SSP/7), CCAMLR, 
Hobart:p 337‐367 



 

227 
 

Krebs JR, Davies NB (1993) An introduction to behavioural ecology, Vol. Blackwell Scientific 
Publications, Oxford 

Lea M‐A, Dubroca L (2003) Fine‐scale linkages between the diving behaviour of Antarctic fur seals 
and oceanographic features in the southern Indian Ocean. ICES Journal of Marine Science 
60:990‐1002 

Lima ID, Olson DB, Doney SC (2002) Biological response to frontal dynamics and mesoscale 
variability in oligotrophic environments: Biological production and community structure. J 
Geophys Res 107:3111 

Longhurst AR, Glen Harrison W (1989) The biological pump: Profiles of plankton production and 
consumption in the upper ocean. Progress in Oceanography 22:47‐123 

Lovelock JE (1965) A Physical Basis for Life Detection Experiments. Nature 207:568‐570 
Lutjeharms JRE, Walters NM, Allanson R (1985) Oceanic frontal systems and biological 

enhancement. In: Siegfried WR, Condy PR, Laws RM (eds) Antarctic nutrient cycles and 
food webs. Springer Berlin Heidelberg New York, p 11‐21 

Lydersen C, Nøst OA, Lovell P, McConnell BJ, Gammelsrød T, Hunter C, Fedak MA, Kovacs KM 
(2002) Salinity and temperature structure of a freezing Arctic fjord—monitored by white 
whales (Delphinapterus leucas). Geophysical Research Letters 29:2119 

MacArthur RH, Pianka ER (1966) On optimal use of a patchy environment. The American 
Naturalist 100 

MacArthur RH, Wilson EO (1967) The theory of island biogeography, Vol. Princeton University 
Press, Princeton 

Mann KH, Lazier JRN (1996) Dynamics of Marine Ecosystems, Vol. Blackwell Science 
Marra J (1978) Phytoplankton photosynthetic response to vertical movement in a mixed layer. 

Marine Biology 46:203‐208 
Marshall D (1995) Topographic Steering of the Antarctic Circumpolar Current. Journal of Physical 

Oceanography 25:1636‐1650 
Martin AP, Richards KJ, Bracco A, Provenzale A (2002) Patchy productivity in the open ocean. 

Global Biogeochemical Cycles 16:9‐1‐9‐9 
McIntyre T, Ansorge IJ, Bornemann H, Pl, xf, tz J, Tosh CA, Bester MN (2011) Elephant seal dive 

behaviour is influenced by ocean temperature: implications for climate change impacts on 
an ocean predator. Marine Ecology Progress Series 441:257‐272 

McIntyre T, de Bruyn P, Ansorge I, Bester M, Bornemann H, Plötz J, Tosh C (2010) A lifetime at 
depth: vertical distribution of southern elephant seals in the water column. Polar Biology 
33:1037‐1048 

Moore JK, Abbott MR, Richman JG (1999) Location and dynamics of the Antarctic Polar Front from 
satellite sea surface temperature data. J Geophys Res‐Oceans 104:3059‐3073 

Mori Y, Boyd IL (2004) THE BEHAVIORAL BASIS FOR NONLINEAR FUNCTIONAL RESPONSES AND 
OPTIMAL FORAGING IN ANTARCTIC FUR SEALS. Ecology 85:398‐410 

Muelbert MMC, de Souza RB, Lewis MN, Hindell MA (2012) Foraging habitats of southern 
elephant seals, Mirounga leonina, from the Northern Antarctic Peninsula. Deep Sea 
Research Part II: Topical Studies in Oceanography 

Murphy EJ, Trathan PN, Watkins JL, Reid K, Meredith MP, Forcada J, Thorpe SE, Johnston NM, 
Rothery P (2007) Climatically driven fluctuations in Southern Ocean ecosystems. 
Proceedings of the Royal Society B‐Biological Sciences 274:3057‐3067 

Olsson O, North AW (1997) Diet of the King Penguin Aptenodytes patagonicus during three 
summers at South Georgia. Ibis 139:504‐512 

Orians GH, Pearson NE (1979) On the theory of central place foraging. In: Horn DF (ed) Analysis of 
Ecological Systems. Ohio State University Press, p 157‐177 

Orsi AH, Whitworth T, Nowlin WD (1995) On the meridional extent and fronts of the Antarctic 
Circumpolar Current. Deep Sea Research Part I: Oceanographic Research Papers 42:641‐
673 



 

228 
 

Pakhomov A, Perissinotto R, McQuaid CD (1994) Comparative structure of the 
macrozooplankton/micronekton communities of the Subtropical and Antarctic Polar 
Fronts. Marine Ecology Progress Series 111:155‐169 

Park Y‐H, Gamberoni L, Charriaud E (1993) Frontal structure, water masses, and circulation in the 
Crozet Basin. Journal of Geophysical Research: Oceans 98:12361‐12385 

Park YH, Charriaud E, Fieux M (1998) Thermohaline structure of the Antarctic Surface 
Water/Winter Water in the Indian sector of the Southern Ocean. Journal of Marine 
Systems 17:5‐23 

Parker G, Stewart R (1976) Animal behaviour as strategy optimizer: evolution of resource 
assessment strategies and optimal emigration thresholds. The American Naturalist 
110:1055‐1076 

Parmesan C (2006) Ecological and Evolutionary Responses to Recent Climate Change. Annual 
Review of Ecology, Evolution and Systematics 37:637‐669 

Patterson TA, Thomas L, Wilcox C, Ovaskainen O, Matthiopoulos J (2008) State space models of 
individual animal movement. Trends in ecology & evolution (Personal edition) 23:87‐94 

Pearson RG, Thuiller W, Araújo MB, Martinez‐Meyer E, Brotons L, McClean C, Miles L, Segurado P, 
Dawson TP, Lees DC (2006) Model‐based uncertainty in species range prediction. Journal 
of Biogeography 33:1704‐1711 

Peck LS, Webb KE, Bailey DM (2004) Extreme sensitivity of biological function to temperature in 
Antarctic marine species. Functional Ecology 18:625‐630 

Perissinotto R, McQuaid CD (1992) Land‐based predator impact on vertically migrating 
zooplankton and micronekton advected to a Southern Ocean archipelago. Marine Ecology 
Progress Series 80:5‐27 

Péron C, Weimerskirch H, Bost C‐A (2012) Projected poleward shift of king penguins' 
(Aptenodytes patagonicus) foraging range at the Crozet Islands, southern Indian Ocean. 
Proceedings of the Royal Society B 

Pianka ER (1981) Competition and niche theory. In: May RM (ed) Theoretical Ecology. Blackwell, p 
167‐ 196 

Piatt JF, Sydeman WJ (2007) Seabirds as indicators of marine ecosystems. Marine Ecology 
Progress Series 352:199‐309 

Pinaud D, Weimerskirch H (2005) Scale‐dependent habitat use in a long‐ranging central place 
predator. Journal of Animal Ecology 74:852‐863 

Polis GA (1984) Age Structure Component of Niche Width and Intraspecific Resource Partitioning ‐ 
Can Age‐Groups Function as Ecological Species. Am Nat 123:541‐564 

Pyke GH (1984) Optimal foraging theory: a critical review. Annual review of Ecology and 
Systematics 15:523‐575 

Rintoul SR, Hughes CW, Olbers D (2001) The Antarctic Circumpolar Current System. In: Siedler G, 
Church J, Gould J (eds) Ocean Circulation and Climate: Observing and Modelling the 
Global Ocean Elsevier, New York, p 271‐302 

Rintoul SR, Sokolov S (2001) Baroclinic transport variability of the Antarctic Circumpolar Current 
south of Australia (WOCE repeat section SR3). J Geophys Res‐Oceans 106:2815‐2832 

Robinson PW, Tremblay Y, Crocker DE, Kappes MA, Kuhn CE, Shaffer SA, Simmons SE, Costa DP 
(2007) A comparison of indirect measures of feeding behaviour based on ARGOS tracking 
data. Deep Sea Research Part II: Topical Studies in Oceanography 54:356‐368 

Rodhouse PG, Prince PA, Trathan PN, Hatfield EMC, Watkins JL, Bone DG, Murphy EJ, White MG 
(1996) Cephalopods and mesoscale oceanography at the Antarctic Polar Front: Satellite 
tracked predators locate pelagic trophic interactions. Mar Ecol‐Prog Ser 136:37‐50 

Ronconi RA, Burger AE (2008) Limited foraging flexibility: increased foraging effort by a marine 
predator does not buffer against scarce prey. Marine Ecology Progress Series 366:245‐258 

Ropert‐Coudert Y, Beaulieu M, Hanuise N, Kato A (2009) Diving into the world of biologging. 
Marine Ecology Progress Series 10:21‐27 

Ropert‐Coudert Y, Wilson RP (2005) Trends and perspectives in animal‐attached remote sensing. 
Frontiers in Ecology and the Environment 3:437‐444 



 

229 
 

Roquet F, Park YH, Guinet C, Bailleul F, Charrassin JB (2009) Observations of the Fawn Trough 
Current over the Kerguelen Plateau from instrumented elephant seals. Journal of Marine 
Systems 78:377‐393 

Sabourenkov EN (1991) Mesopelagic fish of the Southern Ocean – Summery results of recent 
soviet studies. CCAMLR Selected Scientific Papers 433‐457 

Salleé JB, Speer K, Morrow R (2008) Response of the Antarctic Circumpolar Current to 
Atmospheric Variability. Journal of Climate 21:3020‐3039 

Salleé JB, Speer KG, Rintoul SR (2010) Zonally asymmetric response of the Southern Ocean mixed‐
layer depth to the Southern Annular Mode. Nature Geosci 3:273‐279 

Scheffer A, Bost CA, Trathan PN (2012) Frontal zones, temperature gradient and depth 
characterize the foraging habitat of king penguins at South Georgia. Marine Ecology 
Progress Series 465:281‐297 

Scheffer A, Trathan PN, Collins M (2010) Foraging behaviour of King Penguins (Aptenodytes 
patagonicus) in relation to predictable mesoscale oceanographic features in the Polar 
Front Zone to the north of South Georgia. Progress In Oceanography 86:232‐245 

Schneider DC (1990) Seabirds and fronts: a brief overview. Polar Research 8:17‐21 
Schoener TW (1979) Generality of the size‐distance relation in models of optimal feeding. The 

American Naturalist 114:902‐914 
Schroedinger E (1944) What is life?, Vol. The University Press 
Schulman EE (1975) A study of topographic effects. In: Numerical models of ocean circulation. 

Academy of Science, Washington D.C., p 147‐169 
Simeone A, Wilson RP (2003) In‐depth studies of Magellanic penguin ( &lt;i&gt;Spheniscus 

magellanicus&lt;/i&gt;) foraging: can we estimate prey consumption by perturbations in 
the dive profile? Marine Biology 143:825‐831 

Simpson EH (1949) Measurements of diversity. Nature 163:668 
Sokolov S, Rintoul SR (2009) Circumpolar structure and distribution of the Antarctic Circumpolar 

Current fronts: 1. Mean circumpolar paths. J Geophys Res 114:C11018 
Solomon S, Plattner G‐K, Knutti R, Friedlingstein P (2009) Irreversible climate change due to 

carbon dioxide emissions. Proc Natl Acad Sci U S A 106:1704‐1709 
Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL (2007) Climate 

Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth 
Assessment Report of the Intergovernmental Panel on Climate Change. In. Cambridge 
University Press, Cambridge, UK 

Sparling CE, Georges J‐Y, Gallon SL, Fedak M, Thompson D (2007) How long does a dive last? 
Foraging decisions by breath‐hold divers in a patchy environment: a test of a simple 
model. Animal Behaviour 74:207‐218 

Spear LB, Ballance LT, Ainley DG (2001) Response of seabirds to thermal boundaries in the tropical 
Pacific: the thermocline versus the Equatorial Front. Mar Ecol‐Prog Ser 219:275‐289 

Stearns SC (1992) The evolution of life histories, Vol. Oxford University Press, Oxford 
Stenseth NC, Mysterud A, Ottersen G, Hurrell JW, Chan K‐S, Lima M (2002) Ecological Effects of 

Climate Fluctuations. Science 297:1292‐1296 
Stenseth NC, Ottersen G, Hurrell JW, Mysterud A, Lima M, Chan KS, Yoccoz NG, Ã…dlandsvik Br 

(2003) Review article. Studying climate effects on ecology through the use of climate 
indices: the North Atlantic Oscillation, El NiÃ±o Southern Oscillation and beyond. 
Proceedings of the Royal Society B 270:2087‐2096 

Stephens DW, Krebs JR (1986) Foraging theory, Vol. Princeton University Press, Princeton 
Stevick PT, McConnell BC, Hammond PS (2002) Patterns of movement. In: Hoelzel AR (ed) Marine 

mammal biology: an evolutionary approach. Blackwell Science, p 185‐216 
Svanback R, Bolnick DI (2005) Intraspecific competition affects the strength of individual 

specialization: an optimal diet theory method. Evol Ecol Res 7:993‐1012 
Sverdrup HU (1942) Oceanography for meteorologists, Vol. Prentice‐Hall, Inc, New York 



 

230 
 

Takahashi A, Dunn MJ, Trathan PN, Croxall JP, Wilson RP, Sato K, Naito Y (2004) Krill‐feeding 
behaviour in a chinstrap penguin compared to fish‐eating in Magellanic penguins: a pilot 
study. Marine Ornithology 32:47‐54 

Terray P, Dominiak Sb (2005) Indian Ocean Sea Surface Temperature and El NiÃ±oâ€“Southern 
Oscillation: A New Perspective. Journal of Climate 18:1351‐1368 

Tews J, Brose U, Grimm V, Tielbörger K, Wichmann MC, Schwager M, Jeltsch F (2004) Animal 
species diversity driven by habitat heterogeneity/diversity: the importance of keystone 
structures. Journal of Biogeography 31:79‐92 

Thiebot JB, Lescroel A, Pinaud D, Trathan PN, Bost CA (2011) Larger foraging range but similar 
habitat selection in non‐breeding versus breeding sub‐Antarctic penguins. Antarctic 
Science 23:117‐126 

Thomas AC, Emery WJ (1988) Relationships Between Near‐Surface Plankton Concentrations, 
Hydrography, and Satellite‐Measured Sea Surface Temperature. J Geophys Res 93:15733‐
15748 

Thompson AF, Fedak M (2001) How long should a dive last? A simple model of foraging decisions 
by breath‐hold divers in a patchy environment. Animal Behaviour 61:287‐296 

Thompson DWJ, Solomon S (2002) Interpretation of Recent Southern Hemisphere Climate 
Change. Science 296:895‐899 

Thorpe SE, Heywood KJ, Brandon MA, Stevens DP (2002) Variability of the southern Antarctic 
Circumpolar Current front north of South Georgia. Journal of Marine Systems 37:87‐105 

Thorpe SE, Heywood KJ, Stevens DP, Brandon MAMA (2004) Tracking passive drifters in a high 
resolution ocean model: implications for interannual variability of larval krill transport to 
South Georgia. Deep Sea Research Part I: Oceanographic Research Papers 51:909‐920 

Trathan PN, Bishop C, Maclean G, Brown P, Fleming A, Collins MA (2008) Linear tracks and 
restricted temperature ranges characterise penguin foraging pathways. Marine Ecology 
Progress Series 370:285‐294 

Trathan PN, Brandon MA, Murphy EJ (1997) Characterization of the Antarctic Polar Frontal Zone 
to the north of South Georgia in summer 1994. J Geophys Res 102:10483‐10497 

Trathan PN, Brandon MA, Murphy EJ, Thorpe SE (2000) Transport and structure within the 
Antarctic Circumpolar Current to the north of south Georgia. Geophys Res Lett 27:1727‐
1730 

Trathan PN, Forcada J, Murphy EJ (2007) Environmental forcing and Southern Ocean marine 
predator populations: effects of climate change and variability. Philosophical Transactions 
of the Royal Society B‐Biological Sciences 362:2351‐2365 

Trathan PN, Green C, Tanton J, Peat H, Poncet J, Morton A (2006) Foraging dynamics of macaroni 
penguins Eudyptes chrysolophus at South Georgia during brood‐guard. Mar Ecol‐Prog Ser 
323:239‐251 

Tremblay Y, Roberts AJ, Costa DP (2007) Fractal landscape method: an alternative approach to 
measuring area‐restricted searching behavior, p 935‐945 

Trenberth KE, Large WG, Olson JG (1990) The Mean Annual Cycle in Global Ocean Wind Stress. 
Journal of Physical Oceanography 20:1742‐1760 

Tynan CT (1998) Ecological importance of the Southern Boundary of the Antarctic Circumpolar 
Current. Nature 392:708‐710 

Venables H, Meredith MP, Atkinson A, Ward P (2012) Fronts and habitat zones in the Scotia Sea. 
Deep Sea Research Part II: Topical Studies in Oceanography 59‐60:14‐24 

Weimerskirch H (2007) Are seabirds foraging for unpredictable resources? Deep Sea Research 
Part II: Topical Studies in Oceanography 54:211‐223 

Weimerskirch H, Inchausti P, Guinet C, Barbraud C (2003) Trends in bird and seal populations as 
indicators of a system shift in the Southern Ocean. Antarctic Science 15:249‐256 

Weng KC, Stokesbury MJW, Boustany AM, Seitz AC, Teo SLH, Miller SK, Block BA (2009) Habitat 
and behaviour of yellowfin tuna Thunnus albacares in the Gulf of Mexico determined 
using pop‐up satellite archival tags. Journal of Fish Biology 74:1434‐1449 

Wiens JA (1989) Spatial scaling in ecology. Functional Ecology 3:385‐397 



 

231 
 

Wilson RP, Scolaro JA, GrÃ©millet D, Kierspel MAM, Laurenti S, Upton J, Gallelli H, Quintana F, 
Frere E, MÃ¼ller G, Straten MT, Zimmer I (2005) HOW DO MAGELLANIC PENGUINS COPE 
WITH VARIABILITY IN THEIR ACCESS TO PREY? Ecological Monographs 75:379‐401 

Worthington LV (1981) The Water Masses of the World Ocean: Some Results of a Fine‐Scale 
Censu. In: Warren BA, Wunsch C (eds) Evolution of Physical Oceanography: Scientific 
Surveys in Honor of Henry Stommel. MIT Press, Cambridge, Mass., p 42‐69 

 

 



Progress in Oceanography 86 (2010) 232–245
Contents lists available at ScienceDirect

Progress in Oceanography

journal homepage: www.elsevier .com/locate /pocean
Foraging behaviour of King Penguins (Aptenodytes patagonicus) in relation
to predictable mesoscale oceanographic features in the Polar Front Zone
to the north of South Georgia

Annette Scheffer *, Philip N. Trathan, Martin Collins
British Antarctic Survey, Natural Environment Research Council, High Cross, Madingley Road, Cambridge, UK

a r t i c l e i n f o a b s t r a c t
Article history:
Received 13 March 2008
Received in revised form 1 December 2009
Accepted 10 April 2010
Available online 8 May 2010
0079-6611/$ - see front matter � 2010 Elsevier Ltd. A
doi:10.1016/j.pocean.2010.04.008

* Corresponding author. Tel.: +44 (0)1223 221547;
E-mail address: annhef@bas.ac.uk (A. Scheffer).
Marine predators are thought to utilise oceanic features adjusting their foraging strategy in a scale-
dependent manner. Thus, they are thought to dynamically alter their foraging behaviour in response
to environmental conditions encountered. In this study, we examined the foraging behaviour of King Pen-
guins (Aptenodytes patagonicus) breeding at South Georgia in relation to predictable and stable oceano-
graphic features. We studied penguins during their long post-laying foraging trips during December
2005 and January 2006. For this investigation, we undertook a simultaneous analysis of ARGOS satel-
lite-tracking data and Mk 7 WildLife Computers Time Depth Recorder (TDR) dive data. To investigate cor-
relations between foraging behaviour and oceanographic conditions, we used SST data from January 2006
from MODIS satellite AQUA. To determine changes in search effort, first passage time (FPT) was calcu-
lated; for analysis of dive behaviour, we used several dive parameters that are thought to be reliable indi-
cators of changes in foraging behaviour. King Penguins appeared to target predictable mesoscale features
in the Polar Front Zone (PFZ), either a warm-core eddy in the PFZ or regions of strong temperature gra-
dients at oceanic fronts. Two different trip types could be distinguished: direct trips with a straight path
to one foraging area at the edge of an eddy or at a thermal front, and circular trips where birds foraged
along strong thermal gradients at the northern limit of the PFZ. It is likely that both trip types were a
direct consequence of prey encounter rates and distributions, both of which are likely to be associated
with these oceanographic features. Circular trips often included passages across the centre of an eddy
where birds made deep foraging dives, but remained only a short time in the eddy, possibly because prey
were too deep. All birds showed Area Restricted Search (ARS) at scales of <10 km. The two trip types had
different ARS patterns, with clear ARS hotspots for direct trips and several ARS hotspots over the whole
duration of the trip for circular trips. Dive behaviour had clear relationships with the changing water
temperature and the time of day, presumably in response to different prey distribution. Especially for
direct trips, dive behaviour showed significant differences within and outside of ARS hotspots. Thus, King
Penguins appear to target predictable mesoscale features in the PFZ. They use ARS in different patterns to
exploit the environment and adjust their foraging strategy and diving behaviour depending upon condi-
tions they encountered. Diving behaviour showed correlations to ARS patterns, especially for direct trips,
which may represent a favourable foraging strategy. The presence of predictable oceanic features allows
King Penguins to focus their foraging effort, presumably allowing them to increase their foraging success
and decrease their diving effort.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The survival and breeding success of seabirds and other marine
predators critically depends upon the spatial and temporal distri-
bution of their prey; indeed, their foraging behaviour is strongly
related to the abundance, distribution and predictability of these
resources (Rodhouse et al., 1996; Hull et al., 1997; Weimerskirch
et al., 1997; Fauchald et al., 2000; Weimerskirch, 2007).
ll rights reserved.

fax: +44 (0)1223 362616.
Physical and biological processes in the ocean control the distri-
bution and abundance of plankton and nekton, which affects the
distribution of higher trophic levels such as seabirds and marine
mammals (Pakhomov and McQuaid, 1996). Heterogeneity in the
marine environment results in patchiness and aggregated distribu-
tions of marine resources over several different scales (Croxall
et al., 1984; Fauchald, 1999). Foragers in patchy systems are
known to adjust their search pattern in order to assess the system
at different scales (Fauchald, 1999). Marine predators feeding on
such prey patches should concentrate their foraging efforts in areas
where resources are most predictable and therefore adjust their
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foraging behaviour at different scales depending on the conditions
encountered (Weimerskirch et al., 1997; Fauchald et al., 2000; Pin-
aud and Weimerskirch, 2005; Weimerskirch, 2007). Polar and tem-
perate waters can be highly productive and contain predictable
oceanographic structures and prey resources (Weimerskirch,
2007). Therefore, marine predators in the Southern Ocean can rely
on these predictable oceanographic features and the associated
prey resources.

With the development of satellite tracking and other bio-log-
ging techniques it is now possible to obtain detailed insights into
predator–prey dynamics and predator foraging strategies including
the diving behaviour of marine predators. Such methods have so
far mainly concentrated on flying seabirds (Weimerskirch et al.,
1997; Nel et al., 2001; Pinaud and Weimerskirch, 2005; Weimers-
kirch, 2007) and other marine predators (Block et al., 1997; Cam-
pagna et al., 1998; Bailleul et al., 2007; McMahon et al., 2007;
Teo et al., 2007) and less is known about the fine-scale foraging
behaviour and spatial patterns of diving seabirds such as penguins.
King Penguins (Aptenodytes patagonicus) constitute an important
component of the Southern Ocean marine food web (Woehler,
1993). They breed on many of the sub-Antarctic islands (Williams,
1995) in the proximity of the Polar Frontal Zone (PFZ). There are
important aggregations breeding at Marion, Prince Edward, Crozet,
Kerguelen, Heard, Macquarie, South Georgia and the Falkland Is-
lands. Estimates of the world population (Woehler, 1993) are up-
dated by current estimates that suggest 2000,000 breeding pairs
(Available at: http://www.penguins.cl/king-penguins.htm) how-
ever population numbers have changed rapidly over recent years
and the actual world population size is unknown. For example,
the colony at St. Andrews Bay, South Georgia comprised only 700
pairs in 1928 (Kohl-Larsen, 2002); today the same colony is suffi-
ciently large that it may comprise upwards of 150,000 pairs (Tra-
than et al., 2007).

Together with Emperor Penguins (Aptenodytes forsteri), King
Penguins are known to be the most pelagic of all penguins (Kooy-
man and Kooyman, 1995) and are able to spend several weeks at
sea during their extended foraging trips (Kooyman et al., 1992;
Fig. 1. Location of the island of South Georgia in the Southern Ocean, with the main fro
(1997, 2000)).
Wilson, 1995; Pütz et al., 1998). This makes them highly depen-
dent on oceanographic mesoscale features of the open ocean,
which in turn are often determined by rugged topography and
bathymetric features. Flying seabirds are able to cross extended
areas of the ocean (Weimerskirch et al., 1997; Pinaud and Wei-
merskirch, 2005) and can therefore search for prey at large scales.
In contrast, diving seabirds such as penguins generally travel more
slowly and with higher energy costs per unit travel-swimming is
more energetically costly than flying or gliding (Maina, 2000; Lovv-
orn and Liggins, 2002). Diving seabirds also have a much lower ra-
dius of prey detection due to reduced visibility underwater.
Therefore, penguins need to rely on predictable prey resources that
may be associated with detectable oceanographic features.

The island of South Georgia is situated to the north of the Scotia
Sea south of the Polar Frontal Zone (PFZ; Fig. 1). The PFZ is a com-
plex, circumpolar transition region between the Antarctic and sub-
Antarctic surface waters. It is generally highly dynamic and is char-
acterised by the presence of numerous eddies and meanders (Gor-
don et al., 1977; Glorioso et al., 2005). Production within frontal
zones is often elevated compared to that in surrounding oceano-
graphic areas (Thomas and Emery, 1988). Such production can be
spatially extensive and temporarily stable over several weeks with
a certain scale-dependent predictability (Weimerskirch, 2007).

King Penguins are known to forage preferentially along large-
scale physical features such as oceanographic fronts (Bost et al.,
1997) and to use hydrographic features in the vertical dimension
to exploit the water mass in three dimensions (Charrassin and Bost,
2001). In the South Indian Ocean, they are also able to adjust their
foraging activity and utilise specific oceanographic areas for non-
random foraging (Charrassin and Bost, 2001; Cotté et al., 2007).

King Penguins are highly specialised diving birds (Kooyman and
Ponganis, 1990); they spend nearly 50% of their time at sea under-
water (Charrassin et al., 1998). It is assumed that they are visual
feeders and need a certain ambient light level to detect their prey
underwater (Pütz et al., 1998; Bost et al., 2002). King Penguins de-
pend upon the distribution of myctophid fish that constitute their
main prey (Cherel and Ridoux, 1992; Olsson and North, 1997;
nts of the Antarctic Circumpolar Current (after Orsi et al. (1995) and Trathan et al.

http://www.penguins.cl/king-penguins.htm
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Cherel et al., 2002; Bost et al., 2002) and which undertake diurnal
vertical migrations (Zasel’sliy et al., 1985; Bost et al., 2002). Previ-
ous studies have suggested the existence of close relationships be-
tween penguins’ foraging activity and time of day, with deep dives
during daylight and shallower dives during night-time (Wilson,
1995; Kooyman et al., 1992; Pütz et al., 1998; Bost et al., 2002). In-
deed, penguin foraging behaviour can be identified by a number of
dive parameters (Kooyman et al., 1992; Pütz et al., 1998, 2006;
Pütz and Cherel, 2005; Bost et al., 2007) calculated from satellite
and time–depth–temperature recorder (TDTR) data.

This study investigates the foraging strategy of King Penguins
breeding at South Georgia in relation to both the time of day and
variation in sea surface temperature (SST). We also explored how
penguins encounter predictable oceanographic mesoscale features
in the PZF to the north of South Georgia, and how they adjust their
dive behaviour and foraging activity as a consequence. We under-
took a simultaneous analysis of ARGOS satellite-tracking data and
TDR dive data allowing insights into trip orientation, bird move-
ment in relation to oceanographic mesoscale features as well as de-
tailed analysis of several dive parameters that are thought to be
reliable indicators of changes in diving behaviour.
2. Materials and methods

2.1. Device deployments

Between December 2005 and January 2006, 11 female King Pen-
guins breeding at the Hound Bay colony in the north-east of South
Georgia (54023�S, 36015�W) were tracked during their long, post-
laying foraging trips. The birds were equipped with ARGOS satellite
transmitters (SPOT 4 Platform Transmitter Terminals, WildLife
Computers, Redmond, USA) as well as with Mk 7 (Wildlife Comput-
ers) time–depth recorders. Devices were attached following meth-
ods modified from Wilson et al. (1997); briefly, devices were
attached using waterproof Tesa� tape and quick-drying two-part
glue. To aid in the recovery of devices, all birds were marked on
their front with permanent black hair dye and all devices were
painted yellow. All devices were recovered after a single foraging
trip. Attached devices may have negative impacts on the hydrody-
namics of swimming (Wilson et al., 2004) but in our study, there
was no significant difference in trip duration between instru-
mented and control birds (see Trathan et al., 2008).
2.2. Sea surface temperature data

Sea surface temperature data for the study area (between 48–
56�S and 30–44�W) were obtained from MODIS AQUA satellite
(NOAA, Available at: http://modis.gsfc.nasa.gov/) for the month of
January 2006. A composite map for the period was created with a
spatial resolution of 0.04167� latitude and longitude. The foraging
tracks of all birds were plotted on the SST map of the region to visu-
alize potential correlations with oceanographic features at different
scales.
2.3. Satellite tracking

The horizontal movements of penguins at sea were tracked by
ARGOS satellite telemetry. The devices were set to transmit contin-
uously when dry, with a repetition rate of 45 s. Three classes of
accuracy were obtained with the ARGOS system: class 3 with accu-
racy 150 m; class 2 with accuracy 350 m and class 1 with accuracy
1 km (http://www.argos-system.org/html/system/faq_en.html#
LOCATION%20ACCURACY). Locations with accuracy A, B or Z were
not used in this study (1.15% of positions); these positions can have
variable accuracy and were not required with respect to the scale
needed to analyse the general form of the tracks.

Trips were classified into two types according to the differences
in trip course identified from satellite data: direct trips which tar-
geted one limited area, and circular trips where birds moved along
strong temperature gradients and targeted multiple areas. For each
bird, we calculated trip duration, distance covered, mean and max-
imum distance to the colony. Surface speed between two ARGOS
locations was calculated by assuming travel in a straight line with
constant surface speed (Weavers, 1992). Since the maximum travel
speed of a King Penguin is 14 km/h (Kooyman and Davis, 1987),
speeds higher than 14 km/h were rejected.

To determine changes in search effort of the tracked birds, first
passage time (FPT) was calculated following Fauchald and Tveraa
(2003) at different spatial scales of radius 1–128 km. To calculate
FPT, track positions were interpolated at temporal resolution of
5 min; locations where the radius at a given spatial scale over-
lapped with either the start or the end of the track were removed.
Variance maxima of FPT S(r) = Var(log(t(r))) indicated the spatial
scale of slowest passage time and of highest search effort, where
r is the radius of the circle and t(r) the time lag between the first
passage time of the circle backward and forward along the path.
To locate areas with the highest search effort in each trip, FPT
was plotted as a function of time since departure from colony
(Fauchald and Tveraa, 2003). Areas of the upper quartile values
of FPT represent the areas with the slowest passage time and the
most intense search effort and were designated as ‘ARS hotspots’.

2.4. Time–depth recorders: analysis of diving behaviour

Time and depth data were recorded at 1 Hz and stored in a 2 Mb
Flash EPROM chip. During long surface intervals, recording was
halted by a saltwater switch and resumed when the bird restarted
diving activity. The resolution of dive data recording was 0.5 m. To
avoid the analytical complications associated with surface wave
clutter, dives less than 3 m were removed from the analysis. Dives
were classified as either foraging (>20 m depth; Pütz and Cherel,
2005) or travel dives. With a combination of the dive profiles from
TDR data and the PTT tracks overlaid on the SST map, correlations
relating to trip type, diving behaviour and oceanographic condi-
tions could be determined.

Dive analyses were carried out on 1400 randomly selected dives
per bird using Matlab software (The MathWorks, Inc., Natick, MA,
USA). For each dive we determined maximum dive depth, dive dura-
tion, duration of the prior surface interval and post-dive interval,
number of reversals (i.e. number of changes in depth direction dur-
ing the dive, either increasing or decreasing), bottom duration (i.e.
time spent at 75% of the dive depth) and bottom activity (i.e. vertical
distance travelled during bottom period). We assessed changes in
dive frequencies and the above dive parameters in relation to the
time of day and SST during the trip to determine whether there were
major differences between the trip types in several dive parameters
and to determine the conditions under which the different trip
types were carried out. Geographical coordinates for each dive start
were interpolated from satellite-tracking data, assuming straight-
line travel and constant speed between two location points (Weav-
ers, 1992). The sea surface temperature values at each dive location
were estimated by searching for the geographically nearest value
within the SST satellite dataset; this allowed us to determine
changes in diving behaviour associated with changes in SST and
oceanographic features encountered during the trips.

To evaluate changes in diving behaviour with the time of day
and changing SST, dive activity (dives/h) during different daytime
periods (daytime, twilight and night-time) was calculated for the
different SST values. For each dive, we assigned one of the daytime
periods. Exact times for sunrise and sunset were calculated for

http://modis.gsfc.nasa.gov/
http://www.argos-system.org/html/system/faq_en.html#LOCATION%20ACCURACY
http://www.argos-system.org/html/system/faq_en.html#LOCATION%20ACCURACY
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each dive location based on the interpolated geographical coordi-
nates (Sea_Air Matlab Code, Woods Hole Oceanographic Institu-
tion, Woods Hole, MA, USA). For twilight hours, we used the
nautical twilight definition (US Naval Observatory Astronomical
Applications Department), with dawn and dusk defined as the cen-
tre of the sun being geometrically 12� below the horizon. Because
of light absorption in water, underwater twilight hours were de-
fined as the nautical twilight hours but with a 90 min shift towards
daylight. Midday was defined as the period between 11:00 and
13:00 in order to test specific characteristics and changes in diving
behaviour around midday.

To identify correlations in diving behaviour with surface tracks
and search behaviour, several dive parameters were compared
within the ARS hotspots (dives within the upper 25% of FPT) and
outside the ARS hotspots. In order to determine differences be-
tween the different trip types, these comparisons were carried
out separately on the dives for direct trips and the dives for circular
trips. To evaluate the influence of latitude (and changing SST) on
foraging behaviour, the number of foraging dives within and out-
side of the ARS hotspots was calculated in relation to latitude.

2.5. Statistical analysis

To compare diving behaviour between the two trip types, be-
tween ARS hotspots and other areas, as well as the throughout the
day, we used Kruskal–Wallis tests. We chose a nonparametrical test
to cope with possible autocorrelation in the data. To test differences
in parameters calculated from satellite data (trip duration, distance
travelled, distance from colony) we used two-sample t-tests.

3. Results

3.1. Trip orientation in relation to SST and mesoscale oceanographic
features

All trips were oriented to the north towards the PFZ waters or
regions on its northern limit. Many trips appeared to target meso-
scale oceanographic features in these areas. Travel at the start and
end of each trip was across waters of 2–4 �C; those periods were
characterised by straight headings for all birds and elevated travel
speed with short surface intervals (Table 1). When birds reached
waters with SST >4 �C, two different trip types could be distin-
guished for 10 out of 11 birds, and one bird was performing an
alternative strategy.

Direct trips were shown by five birds (Fig. 2a); these were char-
acterised by a straight pathway to and from one focused foraging
area. While commuting and travelling in colder waters, movement
Table 1
Mean and standard deviation of trip type characteristics for direct and circular trips. Diffe
trips), foraging = >4 �C for direct trips, >5 �C for circular trips (KW: Kruskal–Wallis test).

Direct trips (n = 5)

Trip duration (days) 20.59 ± 1.21
Total dist covered (km) 1342.66 ± 125.06
Max dist to colony (km) 537.99 ± 46.98
Mean dist to colony (km) 362.39 ± 56.23

Surface speed (km/h)
Travel to/from foraging area 3.9 ± 1.8 (n = 4470)
Search in eddy (circular) –
Foraging (>4 �C direct, >5 �C circular) 2.5 ± 1.7 (n = 2434)
KW surface speeds for different trip phases p < 0.001, F = 928, df = 6902

Surface intervals (s)
Travel to/from foraging area 222 ± 1788 (n = 11816)
Search in eddy (circular) –
Foraging 323 ± 2286 (n = 6402)
KW surface intervals for different trip phases p = 0.91, F = 0.01, df = 18217
was fast and direct; on arrival in the foraging area, movements and
headings showed a clear change towards more erratic movements
within the limited geographic sphere of the foraging area (Fig. 3).
Surface speeds also decreased while in the foraging area and in-
creased again during travel back to the colony when birds followed
their outward pathway, only in reverse (Table 1). The foraging
areas of the direct trips were located either at the edge of an eddy
at 49.5–50.0�S, 35.0–36.0�W (birds 02 and 16) or close to a north-
eastern area of mixing where cold waters from the south meet
warmer waters from the north at 50–51.5�S, 31–33.5�W (birds
15 and 17). One direct trip (bird 14) was oriented northwestward
to a highly dynamic mixing area of cold waters from the east and
warm waters from the west at 50–51�S, 40–41.5�W.

Circular trips were shown by five birds (Fig. 2b). They were
characterised by a more constant speed over the whole trip dura-
tion (Table 1). Contrary to the direct trips, these birds did not focus
their activity in one foraging area, rather they travelled along tem-
perature gradients where different water masses mixed; their
course and heading were less erratic than the movement of birds
following direct trips in the foraging area. Four of the circular trip
birds (birds 01, 03, 05 and 07) crossed the centre of the eddy at
50.0�S, 37.0�W where they engaged in deep foraging dives. The res-
idence time in the eddy was only a few hours after which the birds
continued heading northwards towards the strong temperature
gradients between warm northern waters (>9 �C) and the colder
PFZ waters close to the Falklands Ridge. One of the circular trips
(bird 04) passed to the east of the eddy and the bird remained
for a few days in this area but then continued north-eastwards to
the PFZ boundary region. One trip (bird 06) showed characteristics
of both trip types and could not clearly be assigned to one of the
two trip types. This trip was excluded from further analysis (track
not shown in Fig. 2).

Direct and circular trips showed no significant difference in trip
duration, whereas total distance covered and maximum and mean
distance to the colony were significantly greater for circular trips
(Table 1).

3.2. FPT analysis and ARS behaviour

FPT variance maxima of all birds occurred at spatial scales with
radius between 2 and 10 km (Fig. 4a), with different curve forms
for the different trip types. Direct trips (Fig. 4b) showed single
peaks in variance of S(r) = 0.43 and 0.47 at r = 2–4 km for birds
14 and 15, and very low variance peaks between S(r) = 0.23 and
0.16 at r = 2–6 km for birds 02, 16 and 17. Circular trips (Fig. 4c)
had either a broader maximum of variance, r = 2–10 km, with sev-
eral peaks around S(r) = 0.7 and 0.53 (birds 03 and 05), or a single
rent trip phases are defined as: travel = 2–4 �C, search in eddy = 4–5 �C (only circular

Circular trips (n = 5) t-test

22.52 ± 3.38 No difference with p = 0.26
1668.74 ± 99.10 p = 0.002
709.94 ± 34.63 p = 0.0002
470.72 ± 60.28 p = 0.01

KW direct-circular

4.2 ± 0.9 (n = 3595) p = 0.016, F = 5.83, df = 8064
3.39 ± 1.2 (n = 1514) –
3.08 ± 1.3 (n = 1879) p < 0.001, F = 151.89, df = 4311
p < 0.001, F = 1170, df = 6985

180 ± 1121 (n = 4135) p < 0.001, F = 13.93, df = 15950
305 ± 1955 (n = 1742) –
350 ± 2235 (n = 2160) p < 0.001, F = 309.45, df = 8561
p < 0.001, F = 345.15, df = 8036



Fig. 2. Orientation of (a) direct trips and (b) circular trips, in relation to SST (SST from NOAA MODIS satellites for January 2006).
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but only slowly decreasing peak in variance for birds 07, 04 and 01,
with S(r) = 0.48, 0.37 and 0.29. Nine out of the 10 birds studied
showed a dip in S(r) at r = 12 km; this could be further explored
in the future.

The plots of FPT as a function of time since departure from the
colony showed different patterns for the different trip forms for 8
out of the 10 birds. Direct trips (Fig. 5a) showed either one clear
ARS hotspot with an increase and decrease of FPT (birds 02, 16
and 17) or several but clearly separated hotspots over the trip (bird
14). Circular trips (Fig. 5b) did not show a single ARS hotspot in one
particular area of the trip, but several areas of elevated passage
time over the whole trip (birds 01, 04, 05 and 07). Apart from bird



Fig. 3. Changing movements between travel and foraging phases of a direct trip (bird 16) for (a) the total trip and (b) for the foraging phase where circles indicate ARS
hotspots (areas of slowest passage time). Grey numbers indicate the dates during the course of the trip.

Fig. 4. Variance in first passage time S(r) after Fauchald and Tveraa (2003) for (a) all trips at larger scale with r = 1–128 km, (b) direct trips at finer scale with r = 1–20 km, and
(c) circular trips at finer scale with r = 1–20 km.
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03, FPT maxima for ARS hotspots from circular trips did not exceed
1 day, whereas direct trip ARS hotspots had FPT maxima between
0.7 and 2.4 days.

Two birds (birds 03 and 15) showed mixed FPT patterns even
though their trip form allowed a clear assignment to circular or di-
rect. Bird 03 showed several but clearly separated ARS hotspots
over the trip with FPT maxima between 1.4 and 2.1 days for
r = 5 km. Bird 15 showed a slow but constant increase of FPT dur-
ing the first days, then a relatively constant FPT at the maximum
value (never >1 day for r = 5 km).
3.3. Diving behaviour in relation to SST, oceanographic features, time
of day and ARS behaviour

For analysis of diving behaviour we distinguished two different
phases: the travel phase during the outward and inward trip in 2–
Fig. 5. First passage time for r = 5 km as a function of time since de

Fig. 6. Number of travel and forag
4 �C Antarctic Zone waters, and the focal foraging phase in waters
>4 �C.
3.3.1. Diving behaviour in 2–4 �C Antarctic Zone waters: travel phase
Maximum diving activity was located in waters between 2 �C

and 4 �C where birds executed travel and foraging dives in approx-
imately equal proportions and diving activity was pronounced dur-
ing the day and night (Fig. 6, Table 3). Foraging activity appeared
during the total 24 h period, with numerous deep foraging dives
during daytime and shallow foraging dives <50 m depth during
night-time. Surface speeds were high, and only short surface inter-
vals appeared (Table 1). Both trip types showed the same form of
diving behaviour described above, though there were detailed dif-
ferences in the exact times of maximum dive effort. Direct trips
had maxima of foraging dive frequency, dive depth and dive dura-
tion during the twilight periods (Tables 2 and 3), whereas circular
trips showed the maximum foraging activity during dawn with
parture from colony for (a) a direct trip and (b) a circular trip.

ing dives with increasing SST.
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then a constant decrease of foraging activity over the day, but with
maximal dive depth and duration around midday (Tables 2 and 3,
Fig. 8a). In general, circular trips showed higher surface speeds and
higher foraging activity over the total 24 h period than direct trips
in 2–4 �C waters (Tables 1 and 3).

3.3.2. Diving behaviour in waters >4 �C
With the birds arrival in waters >4 �C, travel activity and surface

speeds decreased and surface intervals increased (Table 1). Diving
behaviour showed a more marked diurnal pattern, with far fewer
travel dives and almost no foraging dives during night-time. Dur-
ing daytime and twilight periods, diving behaviour showed contin-
uous foraging activity with frequency maxima in the twilight
hours. Direct trip types generally showed a higher foraging activity,
with the maximum during the dawn period (Table 3). With a finer
resolution temperature differentiation of waters >4 �C, a clear
change in diving behaviour appeared in circular trips with regards
to foraging activity and several dive parameters (Tables 3 and 4a
and b; Fig. 8). In 4–5 �C waters across the eddy, foraging dives fre-
quency showed pronounced maxima during twilight periods and a
minimum around midday (Table 3). Dive depth, duration and bot-
tom activity showed clear maxima at midday (Table 4a). Surface
speed decreased compared to the prior travel phase in 2–4 �C
waters, but was significantly higher than surface speeds of direct
trips in the same SST zone (Table 1). With the birds arrival in
waters >6 �C, diving behaviour changed showing an inverse pattern
of the behaviour in the eddy. Dive depth and duration as well as
Table 3
Foraging activity (foraging dives/h) in different SST zones for direct (D) and circular (C) tr

D dawn D dusk D midday D days D night

Travel
2–4 �C 7.5 5.7 4.3 4.8 4.8

Eddy
4–5 �C – – – – –

Forage
>4 �C 14.6 11.3 10.3 9.2 1.9
>6 �C

Table 2
Dive depth and duration over the day period in 2–4 �C waters (KW: Kruskal–Wallis test).

Twilight (n = 1183) Rest d

(a) for direct trips
Dive depth (m) 74.47 ± 69.45 53.5
Dive duration (s) 158.98 ± 102.1 126.8

Midday (n = 231) Rest d

(b) for circular trips
Dive depth (m) 76.36 ± 62.32 66.6
Dive duration (s) 166.64 ± 113.19 156.4

Fig. 7. Number of foraging dives within and outside of AR
bottom activity and number of reversals all showed significant
(p < 0.01) maxima during the twilight hours and minima around
midday (Table 4b). From SST >5 �C, dive depth and duration during
twilight hours increased with SST (Table 5). With SST >6 �C, only a
small number of records (n = 471) were available for analysis due
to memory limitations in the TDR devices.

Foraging dive frequency within the ARS hotspots changed with
latitude. At higher latitudes, foraging dives occurred within and
outside of ARS hotspots, and with decreasing latitude, the foraging
dives were reduced outside the ARS hotspots and increased within
the ARS hotspots (Fig. 7). This behaviour was more pronounced for
direct than for circular trips, especially for the two birds targeting
the edge of the eddy (birds 02 and 16); these birds showed a
strongly reduced foraging dive frequency in latitudes >51�S and
an intense foraging activity within ARS hotspots around 50�S.

Several dive parameters showed significant differences within
and outside of ARS hotspots, especially for direct trips (Table 6).
Within ARS hotspots, birds executed deeper and longer dives with
elevated bottom time and bottom activity, but the number of
reversals did not show significant differences. Surface speed was
reduced within ARS hotspots. SST values showed significant differ-
ences within and outside ARS hotspots, with a mean ARS hotspot
SST of 4.11 �C and 3.24 �C in other areas. Circular trips also showed
changes in diving behaviour, but not all dive parameters showed
significant differences. A comparison of dive parameters within
ARS hotspots between direct and circular trips did not show any
significant differences (Table 6).
ips.

s C dawn C dusk C midday C days C nights

9.0 5.4 6.8 6.3 7.5

9.6 9.3 4.6 8.5 0.8

7.7 7.9 5.3 7.8 1.1

aylight period (n = 4972) KW

8 ± 62.29 p < 0.001, F = 158.39
9 ± 104.4 p < 0.001, F = 91.86

aylight period incl. twilight (n = 1686) KW

4 ± 57.24 p < 0.001, F = 56.73
5 ± 103.42 p = 0, F = 56.72

S hotspots as a function of latitude for a direct trip.



Fig. 8. Dive depth and dive duration for different SST zones for foraging dives of circular trips.

Table 4
Changing dive parameters over the day period. Values are means ± standard deviation.

Dawn Dusk Rest daylight period incl. midday KW test (df = 1364)

(a) In waters of 4–5 �C for circular trips (eddy passage)
Dive depth (m) 56.3 ± 36.6 61.9 ± 28.1 70.7 ± 40.9 p < 0.01, F = 26.4
Dive duration (s) 179.2 ± 32.9 170.2 ± 52.8 195.1 ± 61.1 p < 0.01, F = 66.2
Bottom activity (m) 94.81 ± 37.25 101 ± 31.29 108.05 ± 38.32 p < 0.005, F = 31.68
Number of reversals 7.82 ± 4.84 8.15 ± 4.05 7.16 ± 4.51 p < 0.005, F = 11.45

Midday Rest daylight period incl. twilight KW test (df = 339)

(b) In waters >6 �C for circular trips (after eddy passage)
Dive depth (m) 68.7 ± 21.0 100.7 ± 38.9 p < 0.001, F = 32.5
Dive duration (s) 145.6 ± 41.5 222.2 ± 62.8 p < 0.001, F = 54.7
Bottom activity 78.4 ± 26.4 117.5 ± 37.9 p < 0.001, F = 40.3
Number of reversals 4.4 ± 2.4 5.8 ± 3.3 p < 0.001, F = 4.4

Table 5
Changing dive depth and duration during twilight hours for increasing SST >5 �C for
circular trips.

Dive depth (m) Dive duration (s)

5–6 �C (n = 380) 73.21 ± 45.10 190.54 ± 70.99
6–7 �C (n = 76) 97.75 ± 37.65 239 ± 53.88
>7 �C (n = 14) 120.79 ± 15.7 232.14 ± 25.42
KW test (df = 469) p < 0.01, F = 40.31 p < 0.01, F = 45.97
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4. Discussion

At South Georgia, King Penguin foraging trips showed clear
associations with oceanographic features, particularly strong ther-
mal gradients or an eddy in the PZF. Two different behaviours were
Table 6
Mean dive parameters for foraging dives for all birds of (a) direct and (b) circular trips w
in = within ARS hotspots, out = outside of ARS hotspots.

Depth Duration Number of reversals

In Out In Out In Out

(a) Direct trips (n = 4110)
B02 74.66 66.26 210.75 197.37 7.61 6.45
B14 87.64 39.49 196.60 133.69 5.41 3.41
B15 103.56 62.36 229.93 184.72 5.74 6.75
B16 101.88 68.26 225.53 192 5.73 5.9
B17 118.10 94.51 236.94 223.58 5.65 5.27
KW test p < 0.01 p < 0.01 p = 0.92

(b) Circular trips (n = 5246)
B01 85.18 75.07 227.01 222.98 6.59 6.41
B03 72.12 56.89 189.90 171.74 7.35 6.69
B04 85.04 80.36 213.08 204.71 7.19 5.16
B05 99.44 49.65 232.38 168.83 5.77 4.62
B07 88.11 78.06 214.11 201.21 6.65 5.34
KW test p < 0.01 p > 0.05 p = 0.76
evident that resulted in two different foraging trip types. It is likely
that both trip types were a direct consequence of prey encounter
rates and distribution, both of which are likely to be associated
with these oceanographic features. King Penguins appeared to
use Area Restricted Search (ARS) in different patterns to exploit
the environment depending upon conditions encountered. Varia-
tion in several dive parameters was apparent during the trips
and was related to time of day, SST and ARS behaviour.
4.1. Trip orientation and ARS behaviour in relation to SST and
mesoscale oceanographic features

All trips were clearly oriented northwards towards the Polar
Frontal Zone and regions with SST >4 �C. The PFZ is a complex, cir-
ithin and outside of ARS hotspots. KW test = Kruskal Wallis test results (for df = 8),

Bottom activity Bottom duration SST Surface speed

In Out In Out In Out In Out

115.12 99.68 113.12 97.68 4.19 3.32 3.53 4.19
101.75 63.83 99.75 61.83 4.14 2.68 2.42 3.89
116.01 97.91 114.01 95.91 3.42 3.18 3.42 3.93
119.23 97.04 117.23 95.04 4.43 3.2 2.63 4.94
120.42 111.55 118.42 109.55 2.87 2.82 2.32 3.83
p < 0.01 p < 0.01 p < 0.01 p < 0.01

121.64 117.46 119.64 115.46 3.99 3.72 3.99 5.05
110.5 94.08 108.5 92.08 5.23 3.14 2.68 4.02
111.71 93.34 109.71 91.34 4.21 2.91 3.04 3.22
119.76 86.41 117.76 84.41 4.33 2.54 3.81 4.44
116.92 90.17 114.92 88.17 4.28 4.36 4.12 4.04
p < 0.01 p < 0.01 p = 0.75 p = 0.12
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cumpolar transition region between the Antarctic and sub-Antarc-
tic surface waters; in places it is constrained by bathymetry where
it is characterised by the presence of high-energy eddies and
meanders (Gordon et al., 1977; Moore et al., 1999). Mesoscale
oceanographic features related to the local bathymetry in the PFZ
north of South Georgia have been reported in earlier studies (Rod-
house et al., 1996; Trathan et al., 1997), particularly for the region
situated over the northern end of the North-east Georgia Rise and
near to the gap in the Falkland Ridge. In this region, the warm-core
eddy described in this study appears to be a recurrent and tempo-
rally stable feature.

King Penguins feed mainly on myctophid fish (Williams, 1995;
Bost et al., 1997, 2002; Olsson and North, 1997; Cherel et al., 2002)
and therefore their foraging strategies are likely to be strongly re-
lated to the biogeography of these prey. In the Atlantic sector of the
Southern Ocean, myctophid fish are highly abundant in the frontal
regions of the PFZ, though their biomass decreases farther south
(Pakhomov et al., 1994). Rodhouse et al. (1996) suggest that the
mesoscale distribution of myctophids may be related to frontal
systems and particularly to warm-core eddies which may therefore
constitute reliable foraging regions for myctophid predators. Birds
in this study appeared to target regions in the PFZ where they had
a high probability of encountering mesoscale oceanographic fea-
tures that provide zones of elevated biological productivity (Tho-
mas and Emery, 1988) and a high probability of prey encounter
with the best foraging success in terms of CPUE (catch per unit ef-
fort) despite the remoteness of this foraging area. The importance
of warm-core eddies as foraging regions for King Penguins is cer-
tainly supported by 8 of the 11 birds tracked in this study, as their
initial foraging focus coincided with the mesoscale eddy described
above or regions close to its eastern edge.

Direct trips concentrated on one limited foraging area after the
direct outwards travel period, presumably as a consequence of a
successful search for dense and stable prey patches in the first re-
gion explored. Regions with adequate prey resources to allow this
foraging strategy were located at the edge of certain mesoscale
oceanographic features; either the warm-core eddy in the PFZ or
the strong thermal gradients within or on the limits of the PFZ.
Such precisely oriented foraging to the edge of eddies has been re-
ported for Grey-headed Albatrosses (Thalassarche chrysostoma) in
the Southern Indian Ocean (Nel et al., 2001) and at South Georgia
(Rodhouse et al., 1996). Birds targeting one very limited foraging
area (birds 02, 16 and 17) showed a similar FPT pattern, with
one clear ARS hotspot between the outwards and inwards travel
period and a low first passage time (FPT) variance peak. This could
be the result of a direct encounter with dense prey aggregations in
the border region of the eddy due to small-scale oceanographic
features in this boundary that would only require a low search ef-
fort in a very limited area. Direct trips with a search effort over a
broader area (birds 14 and 15) showed several ARS hotspots and
higher peaks in FPT variance. This could be the result of dense
but more dispersed prey patches in the foraging area, which en-
abled birds to execute ARS on small scales once a prey patch was
found, but meant birds subsequently needed to locate other prey
patches. The high FPT variance peak indicates that search effort
had to be more intense than that during the three other direct trips
with only one ARS hotspot. Bird 14 foraged towards the north-west
of the study area where colder, fresher waters from the Scotia Sea
originating southeast of South Georgia mixed with warmer, more
saline waters originating from the Scotia Sea west of South Georgia
(Trathan et al., 1997). This results in a highly dynamic area with
small-scale oceanographic features and strong temporal and spa-
tial variability (Trathan et al., 1997), which is likely to support high
biological productivity over an extended area. The meander in the
foraging pathway at the north-western end of this trip and several
ARS hotspots over the course of the trip could indicate that possi-
bly spatially and temporally less stable prey were associated with
small-scale oceanographic features (Fauchald et al., 2000) over the
entire area.

Circular trips with travel along temperature gradients were
potentially the result of the encounter of prey resources that were
insufficient for efficient foraging in the first regions targeted within
the PFZ. Trip form and various ARS hotspots over the whole trip
duration with lower maximum passage times than for direct trips
indicate that these birds had to search constantly for prey while
moving along temperature gradients. The differences in FPT vari-
ance maximum values and spatial scales may indicate that birds
utilised different search efforts at different scales for prey detec-
tion: a larger-scale search to locate prey patches along their path-
way, and a search effort at a smaller scale in a restricted area once a
dense prey patch was found. Four birds showed a direct north-
wards trajectory towards the warm-core eddy in the PFZ crossing
the eddy at its centre. Within the eddy the conditions may not
be favourable for efficient foraging (see Section 4.2) and birds con-
tinued heading towards regions of strong temperature gradients
after several hours.

Some of the birds showed characteristics of both trip types in
either trip form or FPT pattern. There were two main obvious trip
forms with direct and circular trips identifiable with the quantity
and resolution of our data; however, it is possible that behaviour
can show intermediate forms, presumably as a consequence of
spontaneous individual adaptations to conditions encountered
during the trip. Due to the resolution of our ARGOS data, behaviour
at scales of less than 15 km was smoothed (see Trathan et al.,
2008). ARS in this study appeared at scales of r = 2–10 km, which
makes statements about search behaviour of tracked birds at scales
less than this, speculative. In this study, we highlight some behav-
ioural tendencies of King Penguin foraging strategy, but more pre-
cise tracking data with GPS loggers (see Trathan et al., 2008) and
data on feeding activity are needed to get more detailed insights
into King Penguin foraging behaviour and to identify more pre-
cisely the feeding regions and correlations with environmental
conditions.

Circular trips had a significantly greater foraging range and
reached more distant waters than direct trips, whereas there was
no significant difference in trip duration (Table 1). This implies
greater surface speeds over the whole trip (Table 1), which could
result in the need for higher prey ingestion rates to compensate
for the higher energy costs associated with travelling (Froget
et al., 2004). It is plausible that the favoured foraging strategy
would target the nearest foraging areas in order to minimise ener-
getic costs, but that birds must modify this strategy in response to
conditions encountered, even though such a modification may be
less efficient in terms of energy costs.

Changes in the patterns of movement from a direct heading
while travelling to a more erratic movement in the foraging area,
may be related to the rate of encounter of prey patches and in-
creased search effort in a restricted area at a small scale (Fauchald,
1999). Such behaviour has already been reported for foraging alba-
trosses (Weimerskirch et al., 1997; Weimerskirch, 2007; Pinaud
and Weimerskirch, 2005), murres and petrels (Fauchald et al.,
2000; Fauchald and Tveraa, 2003), and corresponds to theoretical
predictions of animal movements during foraging in heteroge-
neous environments (Fauchald, 1999). This change in behaviour
is particularly obvious between the travel and foraging phases of
direct trips. However, it is also plausible that similar changes in
behaviour occur on circular trips as has been reported for foraging
albatrosses (Weimerskirch, 2007), but due to the scale of available
ARGOS data, the smaller-scale foraging hotspots were not detect-
able. Weimerskirch (2007) describes analogous behaviour with
two different trip types for foraging albatrosses, but with a much
higher proportion of direct trips than circular trips (93% direct).
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This may be due to the lower travelling speed of penguins (Lovvorn
and Liggins, 2002) compared to flying seabirds that may allow fly-
ing seabirds to explore a much greater foraging area for a direct
trip type than penguins. Therefore, penguins may be highly depen-
dent on smaller-scale oceanographic structures that are less stable
and predictable in temporal and spatial terms (Fauchald et al.,
2000), which may explain the lower percentage of direct trips in
penguins foraging behaviour compared to flying seabirds.

It has already been suggested that King Penguins have alterna-
tive foraging strategies in relation to the sea surface temperature
and that frontal zones play a major role in the non-random exploi-
tation of the oceanographic habitat by King Penguins (Bost et al.,
1997; Guinet et al., 1997; Charrassin and Bost, 2001; Cotté et al.,
2007) and other seabirds (Hull et al., 1997; Weimerskirch, 2007).
Factors determining their trip orientation remain unclear. Other
studies have already shown that the breeding status of birds affects
their trip duration (Guinet et al., 1997) and trip type (Jouventin
et al., 1994; Hull et al., 1997; Nel et al., 2001). Guinet et al.
(1997) reported that incubating King Penguins did not necessarily
travel as far as they could, but rather remained in areas with SST of
4–5 �C, which may correspond to the direct trips found in this
study. Hull et al. (1997) distinguished two trip types for Royal Pen-
guins (Eudyptes schlegeli) foraging from Macquarie Island: direct
trips were associated with predictable marine resources, circular
trips with feeding on less predictable and patchy resources. Jou-
ventin et al. (1994) distinguished two trip types for King Penguins
foraging from the Crozet Islands: long direct trips were associated
with predicable marine resources in the Polar Frontal Zone, and
shorter circular trips with feeding on less predictable and patchy
resources. However, these latter trips were for birds with hatched
chicks. At South Georgia, birds also undertake such shorter trips
after eggs hatch (Trathan, pers. obs.). The results of the current
study correspond to direct trips exploiting more predictable re-
sources as described by Jouventin et al. (1994) but in this study
the trips were not confounded by breeding status, rather they are
the result of individual adaptations to oceanographic conditions
and prey distribution encountered during the trip.

All trips except one direct trip were undertaken in a clockwise
direction; this pattern is particularly obvious in the circular trips
that follow the currents to the east of the eddy and then the west-
wards current between 48�S and 49�S along the frontal zones on
the northern limits of the PFZ (Trathan et al., 1997). This may indi-
cate that birds are able to use oceanographic currents for more eco-
nomic travelling, which has already been proposed for other
species (Randall et al., 1981; Hull et al., 1997) and King Penguins
in the southern Indian Ocean (Cotté et al., 2007). Furthermore, this
behaviour confirms the predictability of oceanographic features as
well as the predictability of potential prey in specific areas targeted
by birds using the currents.

4.2. Diving behaviour in relation to SST, oceanographic features and
time of day, and correlation with ARS behaviour

Diving behaviour showed a clear relationship with both chang-
ing water temperature and time of day. In general, birds showed a
marked diurnal diving pattern, supporting previous reports from
studies on King Penguins at other breeding sites (Pütz et al.,
1998, Pütz and Cherel, 2005; Bost et al., 2002). Changes in SST
and the presence of oceanographic features had an important influ-
ence on variation in this diurnal pattern. This is probably a reflec-
tion of adaptations in diving behaviour to different prey types and
prey distributions associated with these oceanographic features.
Furthermore there was a correlation between search behaviour
and first passage time with diving behaviour. This study therefore
highlights the correlation of general and specific changes in diving
behaviour with time of day, SST and the encounter of oceano-
graphic features as well as the correlations of search and diving
behaviour.

4.2.1. Travel phase in 2–4 �C waters
All birds showed a direct and constant course heading while in

the 2–4 �C Antarctic Zone waters south of the PFZ. Birds travelling
between the colony and their preferred foraging regions in the PFZ
needed to provide maximal food ingestion, which resulted in in-
tense travel and foraging activity over the entire 24 h period, with
elevated surface speeds and only short surface intervals for physi-
ological recovery (Kooyman and Ponganis, 1990). During the night,
foraging dives never exceeded 50-m depth and foraging activity
was reduced compared to daylight and twilight periods. Several
studies have suggested that the much reduced foraging activity
with decreased dive depth and duration during night-time could
be a result of the fact that visually guided King Penguins mostly fail
to detect and catch prey at night due to insufficient light levels
(Wilson et al., 1993; Pütz et al., 1998; Bost et al., 2002) and the in-
creased dispersal of myctophid fish during night (Perissinotto and
McQuaid, 1992; Pakhomov et al., 1996). In the cold 2–4 �C Antarc-
tic Zone waters however, it may be that birds must dive under
these suboptimal foraging conditions at night-time to provide
maximal food ingestion after the long starvation period on land
prior to egg laying (Williams, 1995) when foraging during the
day was not sufficient, either because of higher energy needs or be-
cause prey distributions were not adequate to support exclusive
daylight foraging.

The main foraging activity of all birds was during the daylight
period, though diving behaviour showed some differences between
direct and circular trips. High foraging activity during daylight
hours has already been reported in other studies (Pütz et al.,
1998, Pütz and Cherel, 2005) and is potentially associated with
the fact that the maximal ambient light level around midday al-
lows the birds to detect their prey at even greater depths. In waters
of 2–4 �C, direct trips showed maximum foraging dive activity, dive
depth and dive duration during the twilight hours, which may indi-
cate that these birds did not follow their prey until its maximum
depth around midday, but could concentrate their foraging effort
during twilight hours when prey is more available due to its verti-
cal migration (Pütz et al., 1998; Bost et al., 2002). In circular trips,
the maximum dive depth and dive duration around midday indi-
cates that prey was followed until its maximum depth. Some of
the observed differences in diving behaviour between direct and
circular trips in 2–4 �C waters could be due to the fact that TDR
recordings for circular trips were only available for the outward
paths and not for the return journey to the colony, whereas most
direct trips (all except one) had complete TDR recordings over
the entire trip. It may be that different foraging behaviour occurs
on outward and return journeys, with higher surface speed, gener-
ally higher foraging activity and prey pursuit to maximum depths
at midday on the outwards journey as a result of the high energy
needs and demands for prey after the colony leave. On return jour-
neys, prey ingestion may occur only to maximise energy resources
and provide for chick provisioning, therefore foraging behaviour
could potentially be more selective and focus on more favourable
foraging periods during twilight and periods of vertical migration
of prey (Pütz et al., 1998; Bost et al., 2002).

4.2.2. Foraging phase in waters >4 �C
In waters of 4–5 �C, birds reduced their intense travel activity

and appeared to search for dense prey patches located close to
the mesoscale features encountered in these areas. Depending on
the foraging success within a given time period, birds may con-
tinue in a direct or circular trip. Conditions for dense and spatially
stable prey patches may be encountered on the outside of eddies
(Nel et al., 2001). Direct trips targeting such areas may be able to
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exploit these prey patches and stay in the same area during the
whole foraging phase. Surface speeds decreased when birds were
mainly undertaking foraging dives; travelling dives potentially
were only undertaken to move between small-scale features in this
mesoscale area or to follow movements of prey patches (Fauchald,
1999). Due to the apparent stability and density of some patches,
birds could focus their foraging on the dawn period when prey
was most accessible (Bost et al., 2002). In terms of optimal foraging
periods during the day and minimal energy costs due to travel and
search, direct trips would seem to be an optimal foraging strategy
for King Penguins in this area.

In waters of 4–5 �C, birds on a circular trip passed across the
centre of the eddy. Given the elevated SST in the eddy, thermo-
clines would be inclined downwards and would increase the pre-
ferred depth of the targeted prey (Brandt, 1981; Glorioso et al.,
2005). Maximum dive depth and duration around midday indi-
cated that prey was targeted over the whole day and followed to
its maximum depths. This behaviour is potentially a result of prey
patches that may not be sufficiently dense or spatially stable to en-
able maximal foraging effort during twilight hours when prey is lo-
cated at shallower depths (Pütz et al., 1998; Bost et al., 2002), or of
fish communities in the eddy that differ from communities
encountered on the edges (Brandt, 1981, 1983). Foraging on these
prey is potentially too difficult or not efficient enough to focus ef-
fort in this area. Thus, birds only spent a short time undertaking
this intense foraging behaviour within the eddy. Diving behaviour
in the middle of the eddy showed significant differences to diving
in areas outside of the eddy, but horizontal movements of the ani-
mals did not show elevated FPT and increased search effort. This
could indicate that King Penguins would rather use vertical move-
ments for prey patch detection than horizontal movements. Once a
prey patch is located, diving behaviour as well as horizontal sur-
face movement alters in order to exploit the prey source in the
most efficient manner. When birds were unable to encounter
favourable conditions for efficient and precisely oriented foraging
in waters of 4–5 �C, they continued heading towards regions of
strong temperature gradients on the northern limit of the PFZ,
where prey patches may be more frequent (Thomas and Emery,
1988). Unfortunately, our TDR recording stopped for all circular
trips shortly after having reached these zones of strong tempera-
ture gradient. As a result, we have only a few observations on div-
ing behaviour in these waters. All recorded dives showed a strong
bimodal distribution for dive frequency, dive depth and dive dura-
tion, which indicated a clear concentration of foraging activity at
the twilight periods. Twilight dives were deeper and longer in
duration in waters >6 �C and may be the result of following prey
into their preferential temperature envelope to deeper waters. This
may be particularly the case due to increases in the upper water
column where warmer northern waters flow above PFZ waters
(Gordon et al., 1977; Arhan et al., 2002). Prey are outside of the div-
ing range when myctophids reach their deepest point at midday
therefore foraging has to be concentrated in twilight hours. Despite
this restriction, prey patches appear to be concentrated and suffi-
ciently stable so as to provide adequate resources for King Pen-
guins. However, there are only a few of records for these high
SST areas and it is not possible to draw extensive conclusions on
the birds behaviour.

The number of reversals may be an indicator of the intensity of
foraging activity, especially if it is combined with a strong prey
search activity in the water column (Simeone and Wilson, 2003;
Takahashi et al., 2004). A large number of reversals during one dive
allows an intense exploration of the water column with a higher
chance of prey detection due to the greater volume of water
searched. Bost et al. (2007) suggested a strong relationship be-
tween the number of ingested prey and the number of reversals
during one dive where King Penguins were feeding on fast-moving
prey, which makes the number of reversals an appropriate indica-
tor for feeding activity. In this study, the number of reversals
showed maxima in the twilight periods (Table 4), which may indi-
cate an intense prey search and foraging activity in this period, and
confirms the importance of twilight hours for foraging. Alterna-
tively, the elevated number of reversals may constitute a response
to a more dispersed prey field during twilight hours, and thus more
movements are necessary to catch dispersed prey. This has already
been suggested by Pütz and Cherel (2005) with an association of
W-dives (undulations occurring during the bottom period) with
foraging on dispersed prey in twilight hours. More focused maxima
in direct trips may confirm the hypothesis that this trip type allows
a more concentrated foraging activity on twilight hours when prey
is more accessible; in circular trips, a longer search effort is neces-
sary to detect more dispersed and less stable prey patches.

The number of foraging dives executed within ARS hotspots in-
creased with decreasing latitude and shows its maximum in waters
between 50�S and 52�S, which corresponds to the geographical posi-
tion of the PFZ. At the same time the foraging dives executed outside
of ARS hotspots decreased strongly in these areas. This may indicate
a more focused foraging behaviour within the PFZ waters, with an
adjustment of horizontal and vertical foraging effort to exploit the
environment in a more efficient way. This pattern is particularly pro-
nounced for direct trips, which may indicate that these birds could
undertake a focused foraging effort on a limited area. Differences
in dive parameters within and outside ARS hotspots indicate a
change of diving behaviour with a change in surface movements.
This is especially obvious for birds undertaking direct trips when
changing from travelling to foraging behaviour. All dive parameters,
except the number of reversals, showed significant differences for
direct trips. Deeper and longer foraging dives within the ARS hot-
spots with high values for bottom duration and bottom activity
may reflect intense foraging activity in these areas. Pütz et al.
(2006) suggest that longer bottom times may be the result of more
predictable prey distributions at greater depths, which appears to
coincide with our results of the diving behaviour within ARS hot-
spots. Higher bottom activity but no significant change in the num-
ber of reversals may indicate foraging on more concentrated prey
patches with less reversals needed for prey capture.
5. Conclusion

The importance of the PFZ as a key foraging area for King Pen-
guins and other marine predators has been recognised in earlier
studies in the Southern Indian Ocean (Jouventin et al., 1994; Bost
et al., 1997; Guinet et al., 1997; Hull et al., 1997; Pütz et al.,
1998; Charrassin and Bost, 2001; Bailleul et al., 2007). This study
confirms the importance of this oceanographic area for King Pen-
guins breeding at South Georgia. Here, oceanographic features
such as frontal systems and eddies also appear to play an impor-
tant role in the foraging behaviour of these marine predators as
it does in the southern Indian Ocean (Nel et al., 2001; Cotté
et al., 2007). It is probable that King Penguins concentrate their for-
aging search activity in parts of the ocean where oceanographic
features provide predictable feeding resources. In order to exploit
the marine environment in an optimal way, King Penguins seem
to use area restricted search and adjust their foraging behaviour
upon conditions encountered. To gain greater insights into the fi-
ner-scale foraging behaviour, higher resolution tracking data as
well as feeding data are needed.
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AbstrAct. - understanding how climate change affects the foraging ecology of key marine predators is an important 
issue in the study of southern ocean food webs. since 1998, we have conducted a long term research program on the 
foraging ecology of a top-diving predator, the King penguin Aptenodytes patagonicus, simultaneously at Kerguelen and 
Crozet islands with the support of the iPeV (institut Polaire français). King penguin is one of the most important predatory 
birds at Kerguelen. in summer, they forage preferentially along large-scale physical features and use the three dimensions 
of hydrographic features to feed on myctophid fishes (the penguins’ main prey and a major prey species in the Southern 
Ocean). Primarily, this study aims to evaluate how the change in foraging parameters and success of penguins reflect the 
impact of oceanographic conditions on key food webs in the polar frontal zone. each summer, breeding (incubation and 
brooding) penguins from the ratmanoff colony (Courbet Peninsula, Kerguelen; 100 000 pairs) are instrumented with Argos 
transmitters or GPS with time-temperature-depth recorders. Here we provide a first modelling approach to the King pen-
guin’s foraging habitat during summer from static variables (bathymetry), dynamic variables (SSHt, SST, Chlorophyll) and 
their related trends (gradients). In addition, trawl data on the distribution of myctophid fishes have been integrated. The 
most important factors explaining penguin foraging location are the ssht, the bathymetry gradient and the sst. results of 
interannual change in penguins at-sea trajectories, diving behaviour, foraging success and effort are discussed according to 
the interannual changes in the hydrographic structure in the Kerguelen region.

rÉsUMÉ. - Habitat d’alimentation du manchot royal (Aptenodytes patagonicus) à Kerguelen.
Comprendre comment les changements climatiques vont affecter les prédateurs supérieurs marins de l’océan Austral 

et les chaînes trophiques dont ils dépendent est d’un intérêt majeur. Depuis 1998, nous menons un programme de recher-
che à long terme sur les stratégies alimentaires d’un prédateur marin plongeur, le manchot royal Aptenodytes patagonicus 
aux îles Kerguelen et Crozet, avec le support de l’IPEV (Institut Polaire Français). Le manchot royal est un des prédateurs 
marins les plus importants de Kerguelen, en termes de biomasse consommante. en été, les manchots royaux se nourrissent 
préférentiellement de poissons de la famille des myctophidés, un groupe clé des chaînes trophiques de l’océan Austral. Ils 
recherchent leurs proies préférentiellement au niveau de caractéristiques physiques à grande échelle et utilisent les 3 dimen-
sions de la structure hydrologique. Un des objectifs de notre étude est d’évaluer comment les changements dans l’écologie 
alimentaire des manchots vont refléter l’impact des conditions océanographiques à l’échelle locale et à grande échelle, 
sur les chaînes alimentaires dont ils dépendent. A cette fin, des manchots partant en mer pour se nourrir sont équipés de 
balises Argos, GPS ou enregistreurs de plongée / température de l’eau, durant chaque été austral. A Kerguelen, la colonie 
étudiée est située à ratmanofff, sur la façade est de la péninsule Courbet (100 000 couples). nous présentons ici la première 
approche de modélisation de l’habitat alimentaire en mer des manchots, à partir de l’analyse des variables statiques (bathy-
métrie) et dynamiques (température et hauteur de l’eau et leurs gradients, chlorophylle et gradients associés). Les données 
des pêches scientifiques existantes sur la distribution des myctophidés ont été intégrées. Les facteurs explicatifs les plus 
importants vis-à -vis de la distribution en mer des manchots sont les anomalies des hauteurs d’eau et les gradients associés, 
la température de l’eau et le gradient de bathymétrie. Les résultats des changements d’année en année des trajectoires en 
mer des manchots, du comportement de plongée et de leur effort de pêche sont discutés en perspectives des changements 
hydrologiques affectant l’écosystème de Kerguelen.
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the southern ocean is one of the marine areas most sus-
ceptible to climate change (trathan et al., 2007). The detec-
tion and quantification of the impact of the climatic vari-

ability on the biodiversity of this ocean and its food webs 
have been given high international priority because it still 
accommodates the planet’s largest unexploited animal bio-
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mass (Atkinson et al., 2004). However, the links between the 
physical features of the southern ocean, biological produc-
tivity and the distribution and abundance of zooplanktonic 
and nektonic prey remain poorly understood. 

Considering these difficulties, it has been proposed that 
the foraging behaviour of tagged predators could be used 
as bio-indicators of the availability of underlying resource 
distribution (Wilson et al., 1994; Bost et al., 1997; Wilson 
et al., 2002; Austin et al., 2006). Many marine birds from 
these areas are wide-ranging predators, highly mobile, and 
dependent on secondary and tertiary productivities. At sea, 
they strive to forage efficiently to maximize their chances of 
reproductive success (lescroël et al., 2010).

most research efforts concerning pelagic resources in the 
southern oceans have been devoted to the change in the sta-
tus of krill stocks (Atkinson et al., 2004). However, the mes-
opelagic fishes (Family Myctophidae) are also an important 
biological resource, in which biomass is estimated at 200-
400 x 106 tons (e.g., lubimova et al., 1987; Pakhomov et al., 
1994). Additionally the distribution of these small schooling 
fish is closely related to the thermal structure of the water 
mass (Torres and Somero, 1988). Myctophids are difficult to 
sample using traditional techniques because of their patchy 
distribution and mobility (Duhamel 1998). Diving top pred-
ators such as King penguins Aptenodytes patagonicus miller 
1778 are good candidates to investigate the inter-annual and 
long-term change in myctophid distribution. King penguins 
are one of the most important avian consumers of the south-
ern ocean (Guinet et al., 1996). It is also one of the most 
specialized seabirds in terms of diet, relying almost exclu-
sively on myctophid fishes during the summer (Cherel and 

ridoux, 1992). they are deep divers and pelagic foragers 
able to routinely dive deeper than 250 m and to forage up to 
400 km from their colonies (Bost et al., 2002). 

since 1998, we have conducted a long term research 
program on the King penguin foraging ecology at Kergue-
len Islands. The aim of the project is to evaluate how the 
changes in foraging parameters and success of an avian top 
predator can reflect and predict change in the availability of 
myctophids in one of the most productive ecosystem of the 
Polar frontal Zone, the Kerguelen archipelago. 

Here we provide a first modelling approach of the King 
penguins foraging habitat during summer at Kerguelen. the 
habitat model was developed to explain and predict spatial 
distribution of foraging effort within the penguins’ available 
geographic range. this was carried out from the analysis 
of penguins foraging activity (via a bio-logging approach) 
over four years (1999-2002) concurrently with both datasets 
describing physical and biological oceanography.

MAteriAls And Methods 

The project relied on the long-term monitoring of pen-
guins movements at sea and foraging effort during the breed-
ing season depending on oceanographic conditions. each 
summer, breeding (incubation and brooding) penguins from 
the ratmanoff colony (Courbet Peninsula, 100 000 pairs) are 
instrumented with Argos transmitters or fast-loc GPs (sir-
track: havelock north, nZ), and time-temperature-Depth 
recorders (MK7 to MK9, Wildlife Computers: Redmond, 
WA, usA). 

We used the spatial distribution of dives to determine the 
at-sea distribution of the foraging habitat. only dives deeper 
than 50 m were used as most of the feeding activity occurs 
beyond that depth (Charrassin et al., 2002a). this corre-
sponded to a total of 27 271 foraging dives recorded on 27 
birds from 1998 to 2002. A grid of 0.2° cell size was designed 
over the Kerguelen shelf and in each cell the number of dive 
was recorded. only cells where at least three different indi-
viduals had dived were kept (n = 107, 54% of the dives; Fig. 
1). the number of foraging dives was then log-transformed. 
finally the number of dives per grid cell was modelled 
according to three types of environmental components: the 
spatial, physical and biological component. Dynamic ocea-
nographic variables (surface height, sea surface temperature, 
chlorophyll concentration) were extracted for each grid cell 
from both sources of oceanographic information (model 
and satellite), whereas static variables such as bathymetry 
was obtained from the national oceanic and Atmospheric 
Administration’s (NOAA) ETOPO dataset, and their gradi-
ent (in terms of slope between each cell) computed.

in addition, myctophid presence-absence (distribution 
trawls data on the Kerguelen shelf from the Ichtyoker data-

figure 1. - foraging dives distribution of King penguins satellite-
tracked from Ratmanoff Colony, East of Kerguelen Islands (n = 4 
years, 1998-2002, 27 271 dives, n = 27 birds).
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base, 1998-2000) was modelled according to the four pre-
vious environmental variables and their gradient. A model 
was performed using random forests, a machine-learning 
method combining three models trained on different boot-
strap replicate sample of the data (elith and Graham, 2009). 
We used data from night trawls at depths ranging from the 
surface to 100 m (n=73 trawls), performed from January to 
march (Duhamel 1998; Guinet et al., 2001). the perform-
ance and evaluation of the model was evaluated using a 
leave-one-out cross-validation. 

the variable testing procedure for assessing penguin for-
aging habitat was based on the test of the main variables and 
their possible combinations, which provided seven hypoth-

eses (Tab. I). A bootstrap procedure (Potts and Elith, 2006) 
was performed to evaluate the performance of each model-
ling hypothesis (10 000 simulations). 

resUlts And discUssion

At Kerguelen, King penguins are distributed in an area 
dominated by complex interactions between the proximity 
of the polar front, bathymetry and current advection. they 
forage at a mean distance of 300 km off the colony and tar-
get mainly waters along the shelf break that are associated 
with the Polar front. We used the most important physi-

cal and biological variables and 
parameters likely to determine the 
penguin’s foraging distribution. 

the three main influencing 
variables follow. first, the spa-
tial distribution of dives, which 
are strongly autocorrelated at dif-
ferent scales. to determine the 
corresponding spatial scales, a 
principal coordinate analysis of 
neighbour matrices (PCnm) was 
performed (Dray et al., 2006) 
(tab. i). six spatial scales were 
retained in the analysis (fig. 2). 
second, the environmental vari-
ables, which includes the physi-
cal (static: bathymetry; dynamic: 
sst, sea surface height anomaly) 
and biological variables (chloro-

phyll). lastly, the prey fields (myctophids) obtained from 
the model. 

overall, the hypothesis combining spatial and environ-
mental variables had the best average performance (45% of 
explained variance, tab. i). the output of the foraging habi-
tat model indicated the contribution of the most significant 
variables (fig. 2), primarily, the variable combining the 
spatial distribution of dives and environmental variables; 
and secondly, two significant dynamic variables, sea surface 
height and sea surface temperature. static variables, like 
depth gradient and depth, also play a significant role.

Intrinsically, modelling of the King penguin’s foraging 
habitat based on a four-year study of diving activity indicates 
the importance of physical variables such as the temperature 
of the water mass and sea surface height. other studies have 
shown how oceanic foragers such as King penguins concen-
trate their foraging effort in colder waters of the Polar fron-
tal Zone where myctophids tend to aggregate (Cotté et al., 
2007; Bost et al., 1997). In the Crozet sector, the foraging 
activity occurs within mesoscale frontal zones and strong 
currents, both associated with eddies at the Polar front (Cotté 

table i. - tests of the hypothesis predicting the distribution of the king penguin foraging habitat 
at Kerguelen islands (rmse: root means square error; AVe: Average error). the letters m 
and b correspond to the coefficients of a linear regression between the observed and predicted 
values: observed = m  predicted + b. the hypothesis with the best performance is indicated in 
bold.

hypothesis Pear-
son

spear-
man m b rmse AVe Variance  

explained
“space” 0.652 0.631 1.232 -0.467 0.259 0.000 27.9%

“Physical environment” 0.667 0.487 1.502 0.025 0.236 0.004 28.1%

“Prey” 0.481 0.142 1.017 -1.326 0.278 -0.001 17.3%

“space + environment” 0.787 0.703 1.217 -0.448 0.203 0.004 45.1%
“space + Prey” 0.741 0.647 1.311 -0.635 0.222 0.001 39.3%

“environment + Prey” 0.665 0.487 1.515 -0.044 0.238 0.006 29.1%
“space + environment + 

prey” 0.784 0.690 1.251 -0.518 0.203 0.004 43.7%

figure 2. - output of the foraging habitat model showing the most 
important variables (hypothesis “space + environment”). V1: large 
scale distribution of dives (Kerguelen North and South); V4: mes-
oscale distribution of dives (range 100 km, including the 2 areas of 
highest diving activity); V6: mesoscale distribution of dives (range 
76 km, limit of the studied area); V14: mesoscale distribution of 
dives (range 52 km, restricted diving zones, Kerguelen north); 
V26: mesoscale distribution of dives (range 47 km); V34: fine scale 
distribution of dives (range < 10 km) [not shown].
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et al., 2007). However, this study also confirms the role of 
the extensive Kerguelen plateau as a major physical vari-
able driving the foraging behaviour of such pelagic forager 
(Charrassin et al., 2002b). Climate change scenario predicts 
a major southern shift of the polar front during this century 
(solomon et al., 2007). In the future, warmer surface waters 
and increased frequency of mesoscale warm anomalies may 
alter the myctophid distribution and the foraging success of 
the penguins and other top-diving predators. next steps will 
be to model the foraging habitat/prey distribution in distinct 
climatic scenarios and to evaluate the foraging responses of 
the penguins in different modelled foraging habitats by using 
Behaviour Based models (Grimm and railsback, 2005). 
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INTRODUCTION

The behaviour and distribution of marine predators
are generally thought to be determined by the loca-
tion of their prey, but influenced by specific time and
energy constraints. Prey distribution is strongly influ-
enced by the structure of the marine environment
(Owen 1981, Franks 1992), which is determined by
physical properties such as temperature and temper-
ature gradient. They govern the concentration of
nutrients in the water column (Lima et al. 2002),
which in turn influence the distribution and abun-

dance of planktonic organisms and, hence, higher
trophic levels including the prey of apex predators
(Owen 1981, Lutjeharms 1985, Schneider 1990). Sur-
face features such as oceanographic fronts arise from
where different water masses meet (Schneider 1990),
and are, therefore, locations where different habitats
as well as strong physical gradients occur in a spa-
tially restricted area. Such a heterogeneous environ-
ment may be crucial for the existence of distinct for-
aging niches for predators.

King penguins are one of the most important avian
consumers in the Southern Ocean (Woehler 1995).
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They feed mainly on myctophids (Cherel & Ridoux
1992, Olsson & North 1997), mesopelagic fish that are
generally associated with particular water masses or
temperature ranges (Hulley 1981, Kozlov et al. 1991,
Collins et al. 2012, Fielding et al. 2012), as well as
with fronts and related oceanographic features
(Brandt et al. 1981, Kozlov et al. 1991, Pakhomov et
al. 1996, Rodhouse et al. 1996). Among diving birds,
king penguins are able to forage at depths of over 300
m (Charrassin et al. 2002), and are known to use ther-
mal discontinuities for foraging (Charrassin & Bost
2001). However, we still have little detailed under-
standing about how these predators may ex plore the
thermal structure of the water column in different
marine environments, and how habitat use may be
adjusted depending upon changing constraints.

King penguins experience changing time and
energy constraints over the summer breeding season
(Charrassin et al. 2002, Halsey et al. 2010). During
incubation (December to February), each parent
alternately incubates and then returns to sea to
restore its body reserves in 2 to 3 wk long foraging
trips (Bost et al. 1997). After hatching, chick rearing
(February to March) causes increased energy de -
mand since the chick must be provisioned regularly
(Charrassin et al. 1998). It is likely that changes in
foraging behaviour reflect how these predators ac -
cess the most profitable oceanographic structures ac -
cording to their time and energy constraints. In this
context, the thermal structuring of the foraging area
and the presence of different foraging niches may
play an important role (Charrassin & Bost 2001).

South Georgia is situated within the Antarctic Cir-
cumpolar Current (ACC), the most pronounced fea-
ture of the Southern Ocean circulation (Rintoul et al.
2001). It includes 3 major deep-reaching fronts, from
north to south, the SubAntarctic Front (SAF), the
Polar Front (PF) and the southern ACC Front
(SACCF) (Orsi et al. 1995). The PF is an important
foraging area for incubating king penguins at South
Georgia (Trathan et al. 2008, Scheffer et al. 2010).
However, there is no information on how changing
breeding constraints may affect foraging behaviour,
and how this may relate to local oceanography. For
king penguins, foraging areas close to the SACCF
have not yet been considered, despite the key role of
this front for the Scotia Sea ecosystem (Thorpe et al.
2002, 2004, Ward et al. 2002, Murphy et al. 2004) and
its close proximity to the breeding colonies at South
Georgia. We know very little about features in the
vertical dimension that may restrict efficient foraging
for diving predators such as king penguins, or how
this may relate to any changing constraints for these

birds. Identifying such features and their association
with different oceanographic areas may increase our
understanding of how horizontal habitat use by div-
ing predators is related to their exploration of the
water column. This may be of importance in the con-
text of environmental change, and any future poten-
tial effects on king penguin populations (Le Bohec et
al. 2008, Forcada & Trathan 2009, Péron et al. 2012).

We investigated how king penguins breeding at
South Georgia explore their available foraging area
over the summer season in the horizontal and vertical
dimensions. Using a combination of Global Position-
ing System (GPS) tracking and time-depth-tempera-
ture recorders (TDR), we addressed the question of
how horizontal habitat use may relate to different
ACC frontal zones and associated thermal structur-
ing of the water column, and how diving behaviour,
presumably targeting particular niches in the water
column, changed accordingly. The results are dis-
cussed in the context of environmental variability
and the potential vulnerability of diving predators
such as king penguins to future environmental
change.

MATERIALS AND METHODS

Study area, study period and device deployments

The study was conducted at the Hound Bay king
penguin breeding colony on the northeast coast of
South Georgia (54.23° S, 36.15° W) during the austral
summers of 2005 to 2006 and 2006 to 2007. In total,
17 adult breeding king penguins were tagged: (1)
during incubation in December 2005 to January 2006
(Early Incubation, n = 4, female), (2) during late incu-
bation in January to February 2007 (Late Incubation,
n = 4, unknown sex) and (3) during brooding (n = 9,
unknown sex). Brooding birds were subsequently
distinguished into Brooding I and Brooding II based
on behaviour (see ‘Results’).

The horizontal movements of penguins were
tracked by Track-Tag GPS loggers (Navsys; further
details of Track-Tag are available at www.navsys.
com/ Products/tracktag.htm), which require only 60
ms to store raw GPS data. Devices were programmed
to record positions at 60 s intervals and were
equipped with a saltwater switch to delay acquisition
while birds were under water. Loggers, with batteries
and housing, weighed 55 g (<0.5% of body mass) and
measured 35 × 100 × 15 mm (<0.7% of the cross sec-
tional area of the body). Diving behaviour was
recorded by TDR (Wild life Computers). TDR devices
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were programmed to record depth and water temper-
ature at 1 s intervals when wet. Recordings during
surface periods were halted by a saltwater switch and
re sumed when the bird restarted diving. The resolu-
tion of depth recordings was 0.5 m. TDRs weighed
30 g (<0.25% of body mass) and measured 15 × 100 ×
15 mm (Mk9) and 10 × 90 × 20 mm (Mk7) (<0.5% of
the cross sectional area of the body). Of the 17 pen-
guins equipped with GPS devices, 13 of them had
Mk9 TDR with external fast-responding temperature
sensors, 2 had Mk7 TDR and 2 were without TDR de-
vices. Devices were at tached using methods modified
from Wilson et al. 1997. All devices were recovered
after a single foraging trip (varying between 5 and
23 d). In 2007, all tracked birds were weighed before
leaving for sea and after their return to land to deter-
mine body mass gain during the foraging trips.

Oceanography of the study area

South Georgia is a sub-Antarctic island situated
within the path of the ACC, with the PF to the north
and the SACCF close to the island (Fig. 1). In contrast
to most other king penguin breeding colonies which
are located north of the PF (Bost et al. 2009), South
Georgia is situated south of the PF. The PF is com-
monly defined as the location where cold Antarctic
subsurface waters sink below warmer sub-Ant arctic

waters (Deacon 1933), corresponding to the northern-
most extent of the subsurface temperature minimum,
< 2°C near 200 m depth (Belkin & Gordon 1996). The
flow regime close to South Georgia is dominated by
the SACCF, which loops anticyclonically around the
South Georgia peri-insular shelf before retroflecting
north of the island (Orsi et al. 1995, Thorpe et al. 2002,
Meredith et al. 2003) at ~36° W. The SACCF flow is
rich in nutrients (Ward et al. 2002), and hosts high
biomass of zooplankton (Murphy et al. 2004). The
Antarctic Zone (AAZ) is situated between the PF and
the SACCF; it is characterized by the meeting of cold
Antarctic waters and warmer surface waters from the
PF. A complex eddy field has been described in the
AAZ north of South Georgia as well as a warm-core
anticyclonic circulation at around 52° S, 35° W (Mere -
dith et al. 2003). Recent definitions of ACC fronts and
zones in terms of Sea Surface Height (SSH) allow the
identification of such features from altimetry data
(Sokolov & Rintoul 2009, Venables et al. 2012), and
the assignation of specific thermal profiles to frontal
zones (Venables et al. 2012). In the Scotia Sea, the
vertical structure of the water column includes the
Surface Mixed Layer (SML), and the underlying cold
Winter Waters (WW) originating from the previous
winter mixed layer. The SML and WW are separated
by a thermocline, a strong vertical temperature gradi-
ent of variable extent and intensity. Be low the WW
layer (from ~250 to 300 m), temperatures rise to wards

2°C, characterizing the Circum -
polar Deep Water (CDW).

Oceanographic data

SSH data

Changes in SSH encountered by
the penguins over their foraging
trips were analyzed using Aviso
(www. aviso. oceanobs.com) ab so -
lute dy na mic topography (ADT)
data. We used Near-real time
(NRT) data available at a higher
temporal resolution than the de -
layed time (DT) products. Data
were available at a spatial resolu-
tion of 1/3° × 1/3° and a bi weekly
tem poral resolution. SSH values at
each dive location were estimated
by searching for the geo graph -
ically nearest value within the cor-
responding dataset.
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Fig. 1. South Georgia and the Antarctic Circumpolar Current (ACC) frontal posi-
tions in the Scotia Sea. Fronts: thick grey lines; 500 m and 1000 m isobaths: dark
grey. Frontal positions from Orsi et al. (1995). SAF: Sub-Antarctic Front; PF: Polar 

Front; SACCF: Southern ACC Front; SB: Southern ACC Boundary
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Vertical temperature data

Vertical temperature values were obtained from
the external Mk9 sensor data after applying appro-
priate temperature correction factors from the device
calibration data sheets (Wildlife Computers). Mk7
temperature data were not used due to long response
times of the internal temperature sensors. Mk9 tem-
perature sensors provide high quality data (accuracy
0.1°C ± 0.05°C, Simmons et al. 2009), and were,
therefore, used for determining the properties of the
water column encountered during the penguins’
dives. To compensate for the surface heating effect by
direct sun exposure and penguin body temperature
on the temperature sensors (McCafferty et al. 2007),
temperature values collected between 0 and 10 m
were replaced by the value measured at 10 m depth
during the ascent. The vertical water temperature
gradient for each recorded depth point was also cal-
culated; this was estimated as the temperature differ-
ence between 25 m above and 25 m below the given
depth point. Temperature gradients near to the depth
extremes of a dive were calculated using the maximal
depth range possible (limited by the surface for points
<25 m depth, and by the maximal dive depth for
points >max. depth 25 m). The resulting possible bias
in gradient values may only affect the depth range
between the maximum depth range of a dive and
25 m above, as dives < 50 m were not considered for
analyses of foraging behaviour (see Data analysis). A
temperature gradient of 1 thus corresponds to a tem-
perature increase of 1°C per 50 m depth, –1 to a tem-
perature decrease of 1°C per 50 m.

Data analysis

Data analyses were performed using Matlab
(MathWorks) and the custom-made software Multi-
Trace (Jensen software systems).

Analysis of surface and diving behaviour

GPS data were filtered to remove positions with
navigation class >2, where class categories were 0:
good, 1: altitude aided, 2: marginal position dilution
of precision, and 3: bad. For each bird, we calculated
trip duration, distance covered, max. distance from
the colony and the furthest latitude south reached.
Exact departure and return times from and to the
island were determined from the TDR data. A forag-
ing zone coefficient (FZC) was calculated as the total

trip length (km) divided by the max. distance from
the colony (km) (modified from Guinet et al. 1997,
Hull et al. 1997), indicating the degree of directness
or looping of a foraging trip.

A zero offset correction was applied on the dive
data. Only dives >50 m depth were used for analysis,
as they were considered to represent the majority of
king penguins foraging dives (Pütz et al. 1998, Char-
rassin et al. 2002). Diving behaviour was analysed by
calculating the following dive parameters: dive
depth, dive duration, bottom duration (the time
between the first and last wiggle or dive step deeper
than 75% of the maximum dive depth, following
Halsey et al. 2007), the number of wiggles (devia-
tions >1 m of depth with an absolute vertical instant
> 0) as a proxy of feeding success (Bost et al. 2007)
and broadness index (bottom duration:dive duration,
indicating the proportion of a dive used for the bot-
tom period, see Halsey et al. 2007 for more details).
Furthermore, we determined the total vertical dis-
tance travelled per day, the dive frequency, the per-
centage of submerged time compared to the total
time at sea, and the percentage of submerged time
spent at depths >150 m as proxies of foraging effort.
As king penguins are visual feeders and essentially
forage during the daylight and twilight hours (Bost et
al. 2002), night dives were excluded from the analy-
ses. Exact sunrise and sunset times were calculated
as described in Scheffer et al. 2010. Geographical
coordinates at the start of each dive were interpo-
lated based on time from the GPS data, assuming
straight line travel and constant speed between 2
location points (Weavers 1992).

Principal Component Analysis (PCA) was carried
out on 15 variables characterizing foraging behaviour
(surface movements and diving behaviour, see Table 1
for the complete listing of all PCA variables), al lowing
identification of the main variables accounting for dif-
ferences in foraging behaviour as well as behavioural
groupings of birds. Dive parameters among grouped
birds were compared using Kruskal-Wallis statistics
as tests for normality failed (Jarque Bera test) and
transformations did not help the data to conform to the
normality assumption. When significant differences
were found among groups, an all pairwise  multiple
comparison (Dunn’s method) was performed to deter-
mine the groups that differed from the others.

Analysis of horizontal and vertical habitat use

The horizontal habitat use of king penguins was
analysed with respect to trip orientation relative to
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the different ACC fronts. The ACC fronts and zones
were defined based on SSH signatures following
Venables et al. (2012). The penguin’s vertical habitat
use was analysed with respect to the exploration of
depth and thermal properties of the water column
relative to the ACC fronts. We considered the bottom
phases of dives, which is thought to be the most
important phase for prey capture (Charrassin et al.
2002, Simeone & Wilson 2003, Ropert-Coudert et al.
2006). Kernel density estimations of bottom periods
of the different foraging groups were computed on
SSH and depth using a Gaussian Kernel. These were
then overlaid on the vertical thermal structure of dif-
ferent ACC frontal zones following Venables et al.
2012. This allowed us to analyse the penguins’ use of
the water column with respect to depth and thermal
structures relative to frontal zones.

Detailed use of the water column by the penguins
while foraging was analysed by considering depth,
temperature and temperature gradient during the
bottom periods of the dives. Analyses were carried
out on data with a resolution of 1 Hz. Contour plots
of bottom periods of dives >50 m on depth – temper-
ature gradient and temperature – temperature gra-
dient axes allowed us to evaluate the penguins’ use
of the water column, and to identify the target of
different water masses by the different foraging
groups. To identify water masses from the water
characteristics targeted by the penguins, we defined
4 water masses based on water temperature (T) and
temperature gradient (gradT): thermocline waters
(T ≥ 1.5; gradT < 0), WW in proximity ≤25 m of the

thermocline (T < 1.5; gradT < 0), WW deeper than
25 m below the  thermo cline (T < 1.5; gradT ≥ 0),
CDW (T ≥ 1.5; gradT ≥ 0).

Wiggles occurrence and influencing factors

As wiggles are good proxies of prey capture
attempts in penguins (Takahashi et al. 2004, Bost et
al. 2007, Hanuise et al. 2010), we examined water
characteristics where wiggles occurred, with respect
to temperature and temperature gradient. We used
logistic regression models to quantify relationships
between water properties and the occurrence of wig-
gles for individual as well as for grouped birds. For
the regression models, we in cluded temperature and
temperature gradient data for dives >50 m depth
with a temporal resolution of 1 s, after testing for non-
correlation using Pearson’s correlation coefficient.
The predictor of wiggles occurrence was a combina-
tion of the water temperature, the values and the
absolute values of the temperature gradient, taking
into account the direction of the gradient as well as
its intensity. To evaluate model discrimination per-
formances between wiggle presence and absence,
we used risk score plots (Royston & Altman 2010).
Risk score plots allowed us to graphically compare
the densities of the risk score (linear predictor) in the
event and no-event group (occurrence and non-
occurrence of wiggles). The overlap of the risk score
densities determined the discrimination performance
of the model: the larger the overlap, the weaker the
discrimination.

RESULTS

Identification of different foraging groups

We distinguished 4 foraging groups characterized
by differences in breeding stage as well as foraging
characteristics (Fig. 2, Tables 1, 2 & 3). The groups
were Early Incubation (n = 4), Late Incubation (n = 4),
Brooding I (n = 3) and Brooding II (n = 4). The PCA of
foraging parameters showed the separation of the 4
foraging groups, and allowed the identification of the
main variables accounting for the differences (Fig. 2,
Table 1). The first principal component was mainly
explained by the horizontal and vertical distances
travelled. These variables separated the Brooding II
from the Incubation groups, with the Brooding I birds
spread out in between. Brooding II birds were char-
acterized by the shortest horizontal (Table 2) and

Variable                                  PC1 (75.7%)    PC2 (21.8%)

Dive depth                                    0.1717             0.1133
Dive duration                               0.0551             0.0456
Bottom duration                         −0.0868           −0.2066
No. wiggles/dive                       −0.0613           −0.3846
Dive frequency                          −0.0812           −0.2237
% time submerged                      0.0498           −0.0957
% time submerged >150 m        0.5444             0.3738
No. wiggles:time submerged   −0.0718           −0.5024
No. wiggles:bottom duration      0.0217           −0.1862
Depth range index                    −0.0336           −0.1832
Broadness index                        −0.1306           −0.2522
Vertical distance:day                   0.1422           −0.0198
Trip duration                              −0.4662             0.3432
Trip length                                 −0.487               0.2627
Max. distance from colony       −0.3902             0.1557

Table 1. Principal component analysis of the foraging para -
meters. Component loadings of the different variables
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longest daily vertical (Table 3) distances travelled.
The second principal component was mainly loaded
with variables of underwater foraging behaviour,
separating the Brooding I birds from the Incubation

and Brooding II groups. Brooding I birds were char-
acterized by a dominant bottom phase, high wiggle
numbers and a high dive frequency (Table 3). Brood-
ing II birds showed the deepest and longest dives
with the shortest bottom periods (Table 3). Broadness
index was highest for Brooding I birds and lowest for
Brooding II birds (Table 3). A main variable influenc-
ing both principal components was the proportion of
dive time spent at depths >150 m, separating the
Brooding II birds from the Incubation and Brooding I
groups (Fig. 2, Table 1).

Trip orientation and foraging areas

All trips were oriented to the north towards the
SACCF, AAZ and PF waters, with birds of different
breeding stages targeting different foraging areas
(Fig. 3) and showing different foraging trip charac-
teristics (Table 2). Early Incubation birds undertook
the most extended foraging trips, where increased
SSH values indicated PF and Polar Frontal Zone
(PFZ) waters. Late Incubation birds targeted areas at
the southern edge of the PF and in the AAZ.
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Fig. 2. Aptenodytes patagonicus. Principal component analysis
of the foraging para meters in the different foraging groups.

Component loadings of the variables are listed in Table 1

Bird ID                     Date of deployment        Trip duration     Trip length         Max. distance             Min.° S             FZC
                                      and recovery                       (d)                    (km)             from colony (km)          reached

Early Incubation
8                             23.12.2005–13.01.2006              19.9                   2077                        642                        49.84                3.2
9                             28.12.2005–18.01.2006              19.5                   2291                        522                        49.77                4.4
10                           30.12.2005–17.01.2006              16.4                   1880                        520                        49.83                3.6
11                           30.12.2005–23.01.2006              23.2                   2510                        537                        49.73                4.7

Mean ± SE                                                           19.7 ± 1.4         2190 ± 136               556 ± 29              49.79 ± 0.03      4.0 ± 0.3

Late Incubation                                                                                                                                                                          
C5                          02.02.2007–20.02.2007              17.3                   1585                        435                        50.77                3.7
C7                           02.02.2007–2.02.2007               20.3                   1506                        409                        50.72                3.7
C9                          03.02.2007–26.02.2007              23.2                   1690                        558                        51.82                3.0
C10                        03.02.2007–17.02.2007              13.4                   1150                        445                        50.40                2.6

Mean ± SE                                                           18.6 ± 2.1         1483 ± 117               462 ± 33               50.93±0.31       3.2 ± 0.3

Brooding I                                                                                                                                                                                  
H5                          09.02.2007–17.02.2007               6.1                     610                         234                        52.55                2.6
H9 (no TDR)          12.02.2007–19.02.2007               6.2                     559                         227                         52.5                 2.5
P3                           18.02.2007–01.03.2007               9.1                     925                         317                        51.67                3.1
P5                           18.02.2007–28.02.2007               7.0                     822                         346                        51.32                2.9

Mean ± SE                                                            7.1 ± 0.7            729 ± 87                 281 ± 30               52.01±0.31       2.8 ± 0.1

Brooding II
H3                          09.02.2007–16.02.2007               5.1                     491                         190                        52.98                2.6
H6 (no TDR)          10.02.2007–16.02.2007               5.5                     490                         159                        53.04                3.1
P4                           18.02.2007–25.02.2007               6.0                     517                         163                        53.50                3.2
P10                         27.02.2007–04.03.2007               4.8                     430                         112                        53.44                3.9
T4                          28.02.2007–06.03.2007               5.5                     629                         247                        52.20                2.4

Mean ± SE                                                            5.4 ± 0.2            512 ± 33                 174 ± 22               53.03±0.23       3.0 ± 0.3

Table 2. Aptenodytes patagonicus. Trip parameters for individual birds in the different foraging groups (FZC = foraging zone 
coefficient)
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Brooding birds undertook shorter trips into areas
south of the PF. Brooding I birds showed highly di -
rected foraging trips into AAZ waters, indicated by
low FZC values. Brooding II birds were characterized
by less directed foraging trips into the SACCF or its
northern boundary.

Vertical habitat use

Penguins in the different foraging groups showed
differing use of the water column in the various ACC
zones (Fig. 4), targeting different depths, water tem-
peratures and temperature gradients during the bot-
tom periods of the dives (Fig. 5). Early Incubation
birds foraged in the SACCF, the AAZ, the PF and
occasionally in PFZ waters, and explored a broad
temperature range of –1 to 6°C, with temperature
gradients between 0.5 and –3°C per 50 m. The ther-
mocline and WW appeared to be the most important
water masses for bottom times, but there was no clear
concentration of bottom times in specific parts of the
water column. Late Incubation birds foraged in the

SACCF and in the AAZ until the southern edge of the
PF. Bottom periods were directed into waters of –0.5
to 2°C and temperature gradients of up to –4°C per
50 m. Shallow and deep WW were the most targeted
water masses. Brooding I birds showed highly fo -
cused targeting of shallow waters of strong thermal
gradients in the AAZ. Bottom periods were directed
into similar conditions to those of Late Incubating
birds, but more focused on strong gradients in shal-
low WW. Brooding II birds concentrated their forag-
ing activity in SACCF waters, where they dived to
depths of 100 to 300 m. Bottom periods occurred in a
restricted range of temperature and temperature gra-
dient of –0.5 to 2°C and –0.5 to 0.5°C per 50 m,
respectively. This indicates the target of deep WW
and CDW.

Wiggles occurrence and influencing factors

For incubating birds, the correlations between wig-
gle occurrence and water properties were generally
weak when considered over an entire foraging trip.
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Bird ID                 Dive depth         Dive           Bottom     Wiggles     Broadness     Total VD      Total dives   % of time sub-
                                   (m)          duration (s)  duration (s)  per dive         index          (km d–1)          per day     merged >150 m

Early Incubation                                                                                                                                                                  
8                                117.8              246.5             61.6             6.3               0.26              306.5              268.5                  2.3
9                                130.2              259.0             73.1             8.0               0.28              306.2              209.4                  4.7
10                              129.0              287.4             92.2             9.1               0.32              266.1              171.0                  3.5
11                              126.0              260.5             82.6            12.4              0.32              301.8              583.0                  3.4
Mean ± SE           125.7 ± 2.8    263.3 ± 8.6    77.4 ± 6.6    9.0 ± 1.3     0.30 ± 0.02    295.1 ± 9.7    308.0 ± 93.8        3.5 ± 0.5

Late Incubation                                                                                                                                                                    
C5                             134.2              246.8             61.9            10.5              0.25              310.1              412.5                  4.1
C7                             128.8              260.9             73.3             7.4               0.28              315.1              249.7                  4.1
C9                             144.1              258.6             54.1             7.1               0.21              297.7              261.3                  4.6
C10                           122.5              251.4             57.8             5.7               0.23              364.2              361.5                  3.1
Mean ± SE           132.4 ± 4.6    254.4 ± 3.3    61.8 ± 4.1    7.7 ± 1.0     0.24 ± 0.02   321.8 ± 14.6   321.2 ± 39.4        4.0 ± 0.3

Brooding I                                                                                                                                                                            
H5                             145.1              256.0             70.9             9.7               0.28              434.8              327.3                  6.4
P3                              118.0              249.8             96.2            14.6              0.39              317.1              254.2                  2.0
P5                              111.3              239.0             81.0            10.4              0.34              333.6              355.4                  2.1
Mean ± SE          124.8 ± 10.3   248.3 ± 4.7    82.7 ± 7.4   11.6 ± 1.5   0.33 ± 0.03   361.8 ± 36.8   312.3 ± 30.2        3.5 ± 1.4

Brooding II                                                                                                                                                                           
H3                             163.8              272.2             57.9             8.8               0.21              432.2              294.2                  8.4
P4                              201.9              308.4             52.1             6.5               0.17              377.5              249.0                 10.8
P10                            183.4              288.8             55.5             5.3               0.19              437.6              199.0                 12.7
T4                              175.8              294.2             68.1            11.4              0.24              424.9              366.4                  9.6
Mean ± SE           181.2 ± 8.0    290.9 ± 7.5    58.4 ± 3.4    8.0 ± 1.3     0.20 ± 0.01   418.0 ± 13.8   277.2 ± 35.5       10.4 ± 0.9

KW &  Dunn’s test      all                BI-BII            BI-BII            BI              BI-BII        Inc-BI&BII            BII                    BII

Table 3. Aptenodytes patagonicus. Dive parameters for individual birds in the different foraging groups. KW = Kruskal Wallis
test with p < 0.001. Dunn’s test was performed with p < 0.05. The foraging groups show significant differences from others as
indicated (all: all other foraging groups; Inc: Early & Late Incubation; BI: Brooding I; BII: Brooding II). VD = vertical distance
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In the PFZ, low water temperature appeared to play
a more important role for wiggles occurrence than
the temperature gradient (Fig. 6 a,b). The logistic
regression model showed that wiggle occurrence
was greater at negative water temperature gradients
for Brooding I birds, and increasing with positive gra-
dient for Brooding II birds (Fig 6c,d). Correlations
were stronger for Brooding I than for Brooding II
birds. Risk score plots indicated better model dis-
crimination performances for conditions of wiggles
absence than of wiggles presence for all birds, and
reduced performances for grouped birds compared
to the analysis of single birds.

Body mass gain of tracked penguins

Brooding II birds had highest body mass gains per
day as well as in relation to horizontal and vertical
distances travelled. Brooding I birds showed higher
mass gains per day and distances travelled than the
Incubation group (Table 4).

DISCUSSION

This is the first study to investigate how a deep div-
ing avian marine predator changes its foraging
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(a) Early Incubation 2005/06 (n = 4) (b) Late Incubation 2007 (n = 4)

(c) Brooding I 2007 (n = 4) (d) Brooding II 2007 (n = 5) 
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Fig. 3. Aptenodytes patagonicus. Tracks of GPS-equipped individuals (a–d) from South Georgia during summer 2005 to 2006
and summer 2007 with the major ACC fronts in the Scotia Sea. Incomplete tracks are due to tag memory limitations or insuffi-
cient time at the surface to collect GPS satellite ephemerides. Frontal zones are based on Sea Surface Height (SSH) definitions
from Venables et al. (2012). Frontal positions shown on the maps correspond to the mean positions over the trip period of the
corresponding foraging group. PFZ: Polar Frontal Zone; PF: Polar Front; AAZ: Antarctic Zone; SACCF: Southern ACC Front; 

SB: Southern ACC Boundary
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behaviour and habitat use at a fine spatial scale, both
vertically and horizontally. The major features of our
study are: (1) King penguin foraging behaviour
showed different horizontal and vertical patterns
over the summer season, presumably in response to
changing energetic constraints related to their
breeding phase. Foraging trips during incubation ex -
tended to the PF, whereas brooding birds foraged ex -
clusively south of the PF in AAZ and SACCF waters.
(2) Diving behaviour was correlated with the thermal
structure of the water column, with the vertical tem-
perature gradient and depth appearing to play
important roles for the separation of different vertical
foraging niches. (3) Structure in the hydrological en -
vironment south of the PF may allow foraging strat-

egy adjustment in relation to changing constraints,
and may offer important flexibility for king penguins
in the context of environmental variability.

Foraging areas in relation to frontal zones

Areas used for foraging by king penguins changed
over the course of the summer season. Birds explored
the PF during early incubation and the waters be -
tween the PF and the SACCF later in the summer sea-
son. For seabirds, changes in foraging trip duration at
different times of the breeding cycle are known to oc-
cur and are thought to be the result of changing time
constraints arising from the need to supply the chick
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with food (Bost et al. 1997, Char-
rassin et al. 1999, Lescroël & Bost
2005). However, in contrast with
the situation at South Georgia,
king penguins breeding at other
locations have not been re ported
as changing their foraging areas
between incubation and brood-
ing (Bost et al. 1997, Guinet et al.
1997, So ko lov et al. 2006). The
accessible region to the north of
South Ge or gia is in fluenced by 2
major ACC fronts, both repre-
senting po tential areas of in-
creased meso scale variability
(Trathan et al. 1997, 2000, Moore
et al. 1999b, Thorpe et al. 2002,
Mer edith et al. 2003), and, there-
fore, the possibility of alternative
foraging locations for marine
predators. The role of the PF has
al ready been reported for king
pen guins breeding at South Ge -
or gia (Trathan et al. 2008, Schef-
fer et al. 2010) and at other loca-
tions (Bost et al. 1997, 2009,
Moore et al. 1999a, Charrassin &
Bost 2001, Sokolov et al. 2006).
At South Georgia, the AAZ and
SACCF appear to provide alter-
native foraging areas closer to
the colony. It may allow short for-
aging trips with low travel costs
for birds with high time and en-
ergy constraints, as shown by
brooding birds, and may, there-
fore, play a key role for king
 penguins.

The importance of the SACCF
for the Scotia Sea ecosystem has
been emphasised in previous
studies (Thorpe et al. 2002, 2004,
Ward et al. 2002, Murphy et al.
2004;) due to nutrient enrich-
ment resulting in increased
phyto- and zooplankton devel-
opment, possibly resulting in
increased myctophid densities
associated with these more pro-
ductive waters. In the AAZ, the
meeting of Antarctic waters with
warmer PFZ waters as well as
the presence of SACCF eddies
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Fig. 6. Aptenodytes patagonicus. Wiggles occurrence as a function of water temperature and temperature gradient, and corre-
sponding risk score plots for model discrimination performance.  Output of the logistic regression model and risk score plots for
(a) 1 Early Incubation and (b) 1 Late Incubation bird. Early Incubation includes data from only within PF and PFZ waters, Late
Incubation includes data from the entire trip. (c,d) Model output and risk score plot for (c) 1 Brooding I and (d) 1 Brooding II bird
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(Thorpe et al. 2002, Meredith et al. 2003) may create
areas of strong thermal gradients, where myctophids
may aggregate (Brandt et al. 1981, Kozlov et al.
1991). Reduced vertical mixing in the AAZ compared
to adjacent frontal areas may in crease the stability of
such thermal structures, therefore favouring associ-
ated prey patches (Spear et al. 2001).

King penguins have already been reported to use
mesoscale oceanographic features for non-random
directed foraging during incubation at South Georgia
(Trathan et al. 2008, Scheffer et al. 2010) and at
Crozet islands (Cotté et al. 2007). Seasonal changes
between foraging areas associated with different
larger-scale oceanographic features of elevated
mesoscale activity support the hypothesis that king
penguin alter their foraging behaviour at different
spatial and temporal scales.

Targeted foraging niches in the water column

Our detailed analysis of the time spent at the bot-
tom of the dives, relative to frontal zones and to ther-
mal structures in the water column, allowed us to de -
termine the water masses explored by king penguins
over the summer season, and how birds adjust their
foraging niches according to breeding constraints.

During December and January, incubating birds
foraged in the SACCF, the AAZ and the PF, and

targeted various thermal structures at different
depths in the water column. Enhanced vertical
 mixing in frontal areas (Spear et al. 2001) may lead
to in creased spatial and temporal variability in
 thermal structures and associated prey resources.
Such dynamic prey distributions may be reflected
by the less consistent targeting of specific depth-
 temperature- gradient patterns of birds foraging in
the PF compared to in the AAZ, and only weak cor-
relation of wiggle occurrence with specific temper-
ature gradients.

Late Incubation and Brooding I birds mainly for-
aged in AAZ waters. Brooding I birds targeted shal-
low WW in close proximity to the thermocline, and
wiggles occurrence was correlated with strong ther-
mal gradients. The importance of sub-thermocline
prey aggregations has already been reported for dol-
phins (Scott & Chivers 2009), tuna (Schaefer et al.
2007) and sunfish (Cartamil & Lowe 2004), and
appears to be confirmed for king penguins foraging
in the AAZ. Collins et al. (2008, 2012) found that cer-
tain myctophid species can be present at shallow
depths during daytime in the AAZ in the area to the
north of South Georgia. Strong thermal gradients of
high stability may represent suitable conditions for
stable myctophid aggregations at shallow depths,
which have been reported previously associated with
warm-core rings in the Gulf Stream (Conte et al.
1986) and in the equatorial Atlantic Ocean, with tuna

Bird ID                  Start weight          End weight                                                           Mass gain                                  
                                     (kg)                        (kg)                           (kg d–1)                  (kg per 100 km HD)         (kg per 100 km VD)

Late Incubation
C5                                 11.4                        15.4                              0.23                                  0.25                                   0.07
C7                                 11.4                        17.0                              0.28                                  0.34                                   0.09
C9                                 11.0                        14.2                              0.14                                  0.19                                   0.05
C10                               11.8                        14.6                              0.21                                  0.24                                   0.06
Mean ± SE              11.4 ± 0.2               15.3 ± 0.6                    0.21 ± 0.03                       0.26 ± 0.04                        0.07 ± 0.01

Brooding I
H5                                13.8                        15.8                              0.33                                  0.33                                   0.08
H9                                13.8                        16.9                              0.50                                  0.55                                no TDR
P3                                 12.1                        15.1                              0.33                                  0.32                                   0.10
P5                                 14.1                        17.0                              0.42                                  0.35                                   0.12
Mean ± SE              13.5 ± 0.5               16.2 ± 0.4                    0.39 ± 0.04                       0.39 ± 0.06                        0.10 ± 0.01

Brooding II
H3                                14.0                        16.8                              0.55                                  0.57                                   0.13
H6                                13.0                        15.8                              0.51                                  0.57                                no TDR
P4                                 13.8                        15.9                              0.35                                  0.41                                   0.09
P10                               12.0                        14.5                              0.46                                  0.58                                   0.10
T4                                 15.1                        17.9                              0.58                                  0.44                                   0.14
Mean ± SE              13.6 ± 0.5                   16.0                         0.49 ± 0.04                       0.51 ± 0.04                        0.12 ± 0.01

Table 4. Aptenodytes patagonicus. Body mass at start and end of foraging trips as well as total body mass gain per day and per 
distance travelled for individuals tracked in 2007. HD = horizontal distance; VD = vertcal distance
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also exploiting these aggregations (Marchal & Le -
bour ges 1996, Bard et al. 2002). The diving behav-
iour of Brooding I birds may indicate the presence of
such permanent myctophid layers at shallow depths
of 70 to  110 m in the Scotia Sea, even though this has
so far only been reported from more temperate
regions. However, this hypothesis remains specula-
tive as independent prey data was not available for
our study.

Brooding II birds showed significantly deeper dives
than the other groups, mainly targeting waters with
weak positive temperature gradients at the transition
between deep WW and CDW in the SACCF. High
body mass gains despite increased dive depths and
reduced bottom times suggest increased foraging
efficiency in these deep waters. Deep and long dives
reported from king penguins at Crozet in autumn
(Charrassin et al. 1998, 2002, Halsey et al. 2010) sug-
gest seasonal changes in targeted prey similar to
those observed at South Georgia for Brooding II
birds. At Crozet, king penguins appear to compen-
sate increased costs for deeper dives in autumn by
longer bottom times (Charrassin et al. 2002, Halsey et
al. 2010). At South Georgia, king penguins seem to
be able to increase foraging efficiency at the bottom
of dives. The foraging area targeted by Brooding II
birds may provide particular conditions of highly
profitable prey resources at great depths, potentially
enhanced by the higher nutrient content in areas
with the SACCF influx into the Scotia Sea (Ward et
al. 2002).

Thermal structure of the water column and foraging

The thermal structure of the water column and
depth appeared to play a crucial role for the separa-
tion of foraging niches and the expression of different
foraging patterns, especially with increasing con-
straints on the animals. Relative water structures
have been suggested to play an important role for
vertical movements of other diving predators such as
tuna and billfish (Brill et al. 1993, Brill & Lutcavage
2001), sunfish (Cartamil & Lowe 2004), dolphins
(Scott & Chivers 2009) and basking sharks (Sims et
al. 2005). Foraging tuna and associated tropical
seabirds have been reported to be more abundant in
non-frontal areas characterized by lower vertical
mixing and higher stability of vertical thermal struc-
tures (Owen 1981, Spear et al. 2001). King penguins
are diving predators that target similar prey; they
may, therefore, rely on the same criteria for favour -
able foraging habitats and show similar affinity with

well structured waters, possibly reflected by target-
ing distinct niches in non-frontal or border areas by
brooding birds. In addition to the importance of
frontal zones for Southern Ocean marine predators
(Bost et al. 2009), non-frontal or boundary areas with
a higher stability of vertical thermal structures may
also play a key role for diving predators such as king
penguins, especially when constraints limit flexible
travel times and behavioural adaptations to dynamic
conditions at fronts.

The vertical temperature gradient appeared to be a
main factor for foraging niche adjustment and
explaining differences in prey pursuit behaviour
(wiggle occurrence). Thermal gradients are locations
of enhanced biological activity (Thomas & Emery
1988, Lima et al. 2002), resulting in the accumulation
of biomass for various trophic levels, ranging from
planktonic organisms to mesopelagic fish and ulti-
mately upper trophic level predators. Being one of
the most pronounced vertical temperature gradients
in the ocean, the thermocline has already been sug-
gested as an important feature for king penguins at
Crozet (Charrassin & Bost 2001) as well as for other
marine predators foraging in the Southern Ocean
(Boyd & Arnbom 1991, Biuw et al. 2007) and in more
temperate regions (Cayre & Marsac 1993, Kitagawa
et al. 2000, Spear et al. 2001, Weng et al. 2009, Sepul-
veda et al. 2010). Our study underlines the crucial
role of the thermocline for foraging king penguins
breeding at South Georgia. It also demonstrates the
possibility that king penguins have alternate efficient
foraging strategies for exploiting water masses
where thermal gradients do not seem to be the main
factor governing prey distribution.

Our regression models have revealed some in -
sights into the effect of thermal properties of the
water column on king penguins foraging. However,
variable regression coefficients between individual
birds as well as the prevalence of Brooding I and
Brooding II patterns on identical trip departure dates
underline the fact that foraging strategies might not
only relate to particular environmental conditions.
Behavioural plasticity and individual factors (Svan-
back & Bolnick 2005, Sargeant et al. 2007) such as
de tailed breeding constraints, fitness and prior expe-
rience may also play a role. Lower model perform-
ances for wiggle presence than absence may result
from the fact that favourable foraging conditions for
king penguins are not only determined by the ther-
mal structure of the water column, but may also be
influenced by other factors governing prey distribu-
tion in a given environment such as stochastic pro-
cesses and prey behaviour.
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King penguins’ foraging and 
environmental  variability

Foraging behaviour of king penguins breeding at
South Georgia appears to be structured both horizon-
tally and vertically. Penguins targeted different for-
aging areas depending on their breeding constraints,
and adjusted their foraging activity in the water col-
umn. So far such strong habitat selection and the
presence of alternative foraging niches have not
been reported for king penguins from other locations.
Patterns described from Crozet suggest changes in
foraging characteristics over the summer season sim-
ilar to those described at South Georgia, with short-
ening of foraging trips and in creasing dive depths.
However, penguins in both the incubation and
brooding stage target the PF, and foraging patterns
appear less diverse than those of king penguins at
South Georgia with respect to trip characteristics,
diving behaviour and the targeting of distinct niches
in the water column (Charras sin et al. 1998, 2002,
Charrassin & Bost 2001). This may suggest that alter-
native foraging areas closer to the colony, as reported
from South Georgia, are not available at Crozet.

For king penguins breeding north of the PF (i.e.
Crozet, Marion Island), the geographically nearest
profitable myctophid aggregations may be found at
accessible depths mostly at the PF and its northern
edges, as myctophid species targeted by king pen-
guins are known to increase in depth northwards of
the PF (S. Fielding pers. comm.). This means that
penguins breeding in these locations may depend to
a higher degree on the PF. Predicted declines of king
penguins due to environmental variability (Barbraud
et al. 2008, Le Bohec et al. 2008, Péron et al. 2012)
and in case of shifts in the PF may, therefore, only
relate to areas where the animals are highly depend-
ent on the PF due to the lack of alternative foraging
areas. Such predictions might be of lesser value for
king penguins breeding at South Georgia.

King penguins at South Georgia appear to be able
to exploit profitable prey resources at the southern
edge and south of the PF, either in terms of reduced
depth in the AAZ or of increased profitability per
catch effort at the bottom in SACCF waters. The area
south of the PF may offer an elevated degree of for-
aging habitat segmentation to king penguins, as
other structures than the PF may provide for prof-
itable prey resources at accessible depths. King pen-
guins from Heard Island, also located south of the PF,
appear mainly to forage in the area to the east of the
island (Moore et al. 1999a, Wienecke & Robertson
2006), a location influenced by the southern branch

of the PF and the Fawn Trough current (Roquet et al.
2009, van Wijk et al. 2010). Foraging in areas outside
or at the southern boundaries of the PF, areas charac-
terized by cold water masses, may produce similar
patterns to those at South Georgia. However, studies
from Heard Island provide no information on diving
behaviour in relation to the thermal structure of the
water column, or on segregation of foraging areas.

Oceanography at South Georgia is known to be
influenced by ENSO (El Niño − Southern Oscillation)
and SAM (Southern Annular Mode) as well as more
direct atmospheric processes (Trathan & Murphy
2002, Meredith et al. 2008). However, different time
lags between these events and the response in
oceano graphy at South Georgia occur (Meredith et
al. 2008), as well as temporal variation in the connec-
tions within the Scotia Sea ecosystem (Murphy et al.
2007). Our study includes reports of only one season
per foraging group. Therefore, it remains open as to
whether the patterns observed are a constant ele-
ment in the foraging strategy of king penguins
breeding at South Georgia, or whether they are a
response to particular conditions during our study
years. Nevertheless, the oceanographic patterns ob -
served during our study appear to be consistent with
general patterns described in the area to the north of
South Georgia (Trathan et al. 1997, 2000, Thorpe et
al. 2002, Meredith et al. 2003, Brandon et al. 2004).
Also, the temporal and spatial scales of the oceano-
graphic features considered exceed the duration of
the tracked foraging trips. Low sample sizes of the
different foraging groups may raise questions about
conclusions on general behavioural patterns at a
population level. Even so, the foraging patterns
observed during brooding indicate the presence of
optional foraging niches close to shore at South Geor-
gia, allowing foraging of potentially increased effi-
ciency, at least in some years. This might also play a
key role in potential responses of king penguins to
environmental changes (Forcada & Trathan 2009), as
optional foraging niches may allow them to better
adjust foraging behaviour in response to the prevail-
ing oceanographic conditions.
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