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Abstract
1. Sexual competition is increasingly recognized as an important selective pressure 

driving species distributions. However, few studies have investigated the relative 
importance of interpopulation versus intrapopulation competition in relation to 
habitat availability and selection.

2. To explain spatial segregation between sexes that often occurs in non- territorial 
and central place foragers, such as seabirds, two hypotheses are commonly used. 
The ‘competitive exclusion’ hypothesis states that dominant individuals should 
exclude subordinate individuals through direct competition, whereas the ‘niche 
divergence’ hypothesis states that segregation occurs due to past competition and 
habitat specialization.

3. We tested these hypotheses in two populations of an extreme wide- ranging and 
sexually dimorphic seabird, investigating the relative role of intrapopulation and 
interpopulation competition in influencing sex- specific distribution and habitat 
preferences.

4. Using GPS loggers, we tracked 192 wandering albatrosses Diomedea exulans dur-
ing four consecutive years (2016– 2019), from two neighbouring populations in the 
Southern Ocean (Prince Edward and Crozet archipelagos). We simulated pseudo- 
tracks to create a null spatial distribution and used Kernel Density Estimates (KDE) 
and Resource Selection Functions (RSF) to distinguish the relative importance of 
within-  versus between- population competition.

5. Kernel Density Estimates showed that only intrapopulation sexual segregation 
was significant for each monitoring year, and that tracks between the two colo-
nies resulted in greater overlap than expected from the null distribution, especially 
for the females. RSF confirmed these results and highlighted key at- sea foraging 
areas, even if the estimated of at- sea densities were extremely low. These differ-
ences in selected areas between sites and sexes were, however, associated with 
high interannual variability in habitat preferences, with no clear specific prefer-
ences per site and sex.

6. Our results suggest that even with low at- sea population densities, historic intrap-
opulation competition in wide- ranging seabirds may have led to sexual dimorphism 
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1  | INTRODUC TION

A fundamental goal in the field of population ecology is to under-
stand the factors that drive population distribution and abundance. 
With increasing population density, intraspecific competition be-
comes an important regulating mechanism that can largely impact 
on population growth and distribution (May, 1974; Turchin, 2001). 
The distribution of an organism is, however, not only determined 
by competition but also by its entire ecological niche, which can 
be formalized as an n- dimensional hypervolume, with each dimen-
sion influencing the persistence of an organism in its environment 
(Hutchinson, 1957). Together, ecological niche theory and density 
dependence mechanisms predict that organisms with similar eco-
logical niches should segregate spatially, temporally or trophically, 
to limit competition for resources (Hutchinson, 1957; Pianka, 1981; 
Schoener, 1974). At the species level, intraspecific competition is 
therefore expected to play an important role in driving the distribu-
tion of individuals, and potentially gives rise to diverging behaviours, 
diet preferences or habitat specializations (Bolnick et al., 2003; 
Polis, 1984).

Animals, including birds, mammals and reptiles, often breed 
colonially, placing a high demand on surrounding resources 
(Ashmole, 1963; Cairns, 1989). As such, intraspecific competition 
often results in spatial segregation between foraging individu-
als to minimize the negative effects of intraspecific competition 
(Ashmole, 1963; Cairns, 1989). This extends beyond single colonies, 
with competition between neighbouring colonies also often result-
ing in clear intercolony segregation in foraging areas (e.g. in raptors, 
Cecere et al., 2018, seals, Breed et al., 2013, or seabirds, Wakefield 
et al., 2013). Thanks to advances in bio- logging technologies, dis-
tributional segregation within and between different colonies have 
increasingly been reported for marine predator species, especially in 
the case of seabirds (reviewed in Bolton et al., 2019). Many marine 
top predators, including seabirds, are central place foragers (Orians 
& Pearson, 1979), which means that they must commute between 
at- sea foraging areas and a central place on land where they breed 
in colonies, fulfilling their breeding duties (swapping with brooding 
or incubating partner, feeding and care of young). In addition, acces-
sibility to potential foraging grounds is restricted in space and time, 
accessibility being inversely related to the distance travelled from 

the central place (Matthiopoulos, 2003; Orians & Pearson, 1979). In 
a dynamic marine environment characterized by patchy and ephem-
eral resource availability, segregation between colonies is likely to 
be dependent on prey field distribution, species dispersion capaci-
ties, distances between colonies and their relative population sizes, 
as characterized by the density- dependent hinterland model (DDH, 
Wakefield et al., 2013). In the DDH model, which combines both 
Ashmole's (1963) and Cairns's (1989) models, competition is a func-
tion of both population size and distance of foraging grounds from 
the colony. Therefore, the DDH model predicts elevated competi-
tion at the interface of dense, neighbouring colonies and, conversely, 
less segregation of individuals from small colonies and/or at more 
distant foraging grounds (Bolton et al., 2019).

The ecological implications of intraspecific competition have 
often been reported to be age-  and sex- specific (Polis, 1984; 
Ruckstuhl & Neuhaus, 2006; Wearmouth & Sims, 2008). With re-
gard to the latter, there is a large body of literature on seabirds and 
ungulates that has demonstrated that the different sexes segre-
gate by foraging in distinct habitats (Giery & Layman, 2019; Phillips 
et al., 2017; Ruckstuhl & Neuhaus, 2006; Wearmouth & Sims, 2008). 
There are several non- exclusive hypotheses potentially explaining 
why sexes segregate (Ruckstuhl & Neuhaus, 2006; Wearmouth & 
Sims, 2008) but for species exhibiting sexual size dimorphism, the 
most likely explanations relate to differential energy requirements, 
activity budgets and/or foraging efficiencies between males and 
females. It is, however, often challenging to derive the causes of 
sexual segregation and there is little consensus on the evolution-
ary mechanisms driving this segregation (Giery & Layman, 2019; 
Ruckstuhl & Neuhaus, 2006; Wearmouth & Sims, 2008). Difficulties 
in testing potentially relevant hypotheses to explain sex- specific 
segregation have often led to multiple possible evolutionary driv-
ers being proposed (Alves et al., 2013; Bonenfant et al., 2004; Loe 
et al., 2006; Whiteside et al., 2018). This ambiguity can at least partly 
be explained by resource availability, a fundamental component of 
competition (Courbin et al., 2018), often being poorly understood, 
particularly in the marine environment (Lehodey et al., 2010).

In the absence of information on prey resources, an assess-
ment of competition involving neighbouring populations of a cen-
tral place forager is likely to help better understand the drivers 
of sexual segregation. Indeed, spatial segregation between sexes 

and niche specialization, favouring the ‘niche divergence’ hypothesis. In this study, 
we provide a protocol to study competition within as well as between populations 
of central place foragers. This is relevant for understanding their distribution pat-
terns and population regulation, which could potentially improve management of 
threatened populations.

K E Y W O R D S

bio- logging, central place foraging, ecological niche theory, intraspecific competition, kernel 
density estimates, resource selection functions, sexual segregation, wandering albatross



     |  3Journal of Animal EcologyORGERET ET al.

arising due to processes originating from both within and be-
tween populations is thought to limit intraspecific competition. 
Site- specific competition is, however, theorized to have a stronger 
effect on a central place forager's distribution compared to com-
petition between populations (Fretwell, 1972; Lewis et al., 2001). 
This is because individuals from the same population need to 
compete for the same resources situated in their surroundings. 
Therefore, assuming sex- specific segregation to be a function of 
current competition, this should lead to spatial segregation, both 
between sexes within and between colonies, with more dominant 
individuals excluding subordinate individuals (the ‘competitive ex-
clusion’ hypothesis; Ruckstuhl & Neuhaus, 2006). Alternatively, if 
past intraspecific competition gave rise to the evolution of sexual 
dimorphism and niche specialization between sexes, direct intra-
specific competition between sexes should be relatively low. In 
such a case, sexes could be selecting different foraging areas/hab-
itats (according to the ‘niche divergence’ hypothesis; Ruckstuhl & 
Neuhaus, 2006), as a means to reduce the negative influence of 
competition. To demonstrate site-  and sex- specific competition, 
however, confounding factors such as resource availability should 
ideally be taken into account and results must be compared with 
an appropriate null model that assumes no segregation (Bolton 
et al., 2019). Competition is rarely taken into account in habitat se-
lection models (Bolton et al., 2019; McLoughlin et al., 2010); doing 
so is particularly challenging in highly dynamic environments such 
as many marine ecosystems (Melo- Merino et al., 2020).

In this study, by comparing the relative importance of sex- specific 
competition within and between two neighbouring populations of 
one of the most sexually dimorphic and wide- ranging seabird spe-
cies, the wandering albatross, Diomedea exulans (Shaffer et al., 2001; 
Weimerskirch et al., 1989), we investigated which of the two hypoth-
eses (‘competitive exclusion’ or ‘niche divergence’) would be more 
likely to explain at- sea sexual segregation. Wandering albatrosses 
are remarkable in that they are able to cover up to 15,000 km in a 
foraging trip during the incubation phase, through dynamic soaring 
flight (Jouventin & Weimerskirch, 1990). This low- cost flight tactic 
to cover extensive areas in search of prey is likely an adaptation to 
their diet, which consists of scavenged squid and fish, which have a 
patchy and extensive distribution (Grémillet et al., 2012). The two 
studied populations, one on the Prince Edward Archipelago (Marion 
Island) and the other on the Crozet Archipelago (Possession Island), 
are situated in the Southern Indian Ocean, ~1,000 km apart. The two 
populations together contain more than half of the world population: 
~3,000 breeding pairs at Prince Edward Islands and ~2,000 breed-
ing pairs at Crozet archipelago (Ryan et al., 2009; Weimerskirch 
et al., 2018).

Long- term monitoring of these two populations has shown an 
overall steep decline in numbers of breeding pairs from the 1970s to 
the mid- 1980, followed by an increase and a stabilization but at lower 
levels than those of the 1960s (Nel, Ryan, Crawford, et al., 2002; 
Ryan et al., 2009; Weimerskirch et al., 2018). The decline in the 
1970s and 1980s been attributed to by- catch associated with long-
line fisheries (Nel, Ryan, Nel, et al., 2002; Weimerskirch et al., 1997) 

and the subsequent trends suggest that both populations are still 
below their carrying capacities. Although these two populations rep-
resent a large proportion of the world population, the fact that they 
cover vast areas while foraging and the fact that both populations 
appear to be still recovering suggests very low at- sea densities which 
would be in favour of the ‘niche divergence’ hypothesis to explain 
possible sexual segregation. However, in support of the ‘competitive 
exclusion’ hypothesis, it has been suggested that because wandering 
albatross males are ~20% larger than females (Shaffer et al., 2001), 
size- mediated competition could directly exclude females from some 
feeding grounds (Weimerskirch et al., 1993). Wandering albatrosses 
have indeed been shown to exhibit partial sexual segregation in their 
at- sea distribution during the breeding season, especially during in-
cubation (Clay et al., 2020; Froy et al., 2015; Nel, Ryan, Nel, et al., 
2002; Pinaud & Weimerskirch, 2007; Weimerskirch et al., 1993). 
To our knowledge, this apparent segregation has, however, never 
been tested for large albatrosses against a null model constructed 
by randomization or simulation (e.g. Barbraud et al., 2019; Cleasby 
et al., 2015; Ito et al., 2020) nor linked to differences in habitat pref-
erence models (sensu Aarts et al., 2008; Wakefield et al., 2011) that 
explicitly account for site-  and sex- specific competition (but see 
Wakefield et al., 2011; Catry et al., 2013 for habitat selection models 
that integrated ‘distance from neighbouring colonies’ as a proxy of 
intraspecific competition).

Our aim was to test two hypotheses commonly used to explain 
sexual segregation in a central place forager characterized by sexual 
dimorphism: ‘competitive exclusion’ (H1) versus ‘niche divergence’ 
(H2; Phillips et al., 2004). Synchronously between populations and 
over four consecutive years, we tracked 192 wandering albatrosses 
(110 males and 82 females) during the incubation period. Tracking 
data were analysed using two approaches. First, we compared Kernel 
Density Estimates (KDE) of the tracking data against a null model to 
investigate whether spatial segregation or aggregation occurs more 
than expected by chance (Ito et al., 2020). Second, we used Resource 
Selection Functions (RSF, Boyce & McDonald, 1999) to investigate 
the relative influence of interpopulation and intrapopulation sexual 
competition while controlling for habitat availability and variabil-
ity, to estimate at- sea densities for the two populations, weighted 
by their relative population size (following Wakefield et al., 2011). 
Because the Prince Edward Archipelago has ~1,000 more breeding 
pairs, we expect that birds from this population should have a larger 
distribution range (due to greater intrapopulation competition), com-
pared to birds breeding on the Crozet Archipelago and birds from the 
Prince Edward Archipelago might exert a greater influence on the 
distribution of birds from the Crozet Archipelago due to potential 
interpopulation competition. Moreover, because females are ~20% 
smaller than the males, females are expected to avoid areas selected 
by males as a result of direct competition (in favour of H1). However, 
because both populations appear to be below their carrying capac-
ities, resulting in presumably low at- sea densities, we expect more 
pronounced sexual segregation than interpopulation segregation, 
which would suggest niche divergence (H2) rather than competitive 
exclusion (H1).
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2  | MATERIAL S AND METHODS

2.1 | Data collection and processing

Wandering albatrosses from Possession Island, Crozet Archipelago 
(46°24′S, 51°46′E, henceforth abbreviated as ‘Crozet’) and Marion 
Island, Prince Edward Archipelago (46°54′S, 37°48′E, hence-
forth abbreviated as ‘Marion’), were individually sexed from field 
observations or from genetic analyses. GPS loggers (CatLog- S, 
Catnip Technologies, Hong Kong, and Igot- U GPS, Mobile 
Action Technology, at Marion, and Igot- U and X- GPS at Crozet, 
Weimerskirch et al., 2018) were deployed on incubating birds and 
attached to the back feathers using Tesa© tape and left on birds for 
one (180 individuals) or two (12 individuals) at- sea trips. Tracking 
was conducted synchronously at Marion and Crozet. A total of 192 
birds (Crozet: 66 males and 55 females totalling 121 birds; Marion: 
44 males and 27 females totalling 71 birds, Table 1) were tracked 
during four subsequent years (2016– 2019) with a relatively similar 
sample size (N) and sex ratio (SR; percentage of males) per year: 
2016: N = 42, SR = 36%; 2017: N = 35, SR = 40%; 2018: N = 48, 
SR = 48%; 2019: N = 67, SR = 45%. GPS sampling rates were pro-
grammed to record locations at intervals from 1 to 90 min, depend-
ing on site and year.

Data processing and analyses were conducted in R v.3.6.3 (R 
Core Team, 2020). Locations within 2 km of the islands were re-
moved and locations were regularly interpolated every 90 min using 
the crawl package (Johnson et al., 2008). Analyses described here-
after were performed with data projected in Lambert Equal- Area 
Azimuthal projection.

2.2 | Null model and pseudo- track simulations

To examine the effect of intraspecific competition on the move-
ments of birds, we used pseudo- tracks simulated with the 
availability package (Raymond et al., 2015) for two different pur-
poses. First, we simulated 1,000 pseudo- tracks per individual 
to build a null model that assumes no intraspecific competition 
between sexes and populations. This set of pseudo- tracks was 
used to quantify the degree of overlap expected by chance (Ito 
et al., 2020). Second, we randomly selected 10 pseudo- tracks 
per individual (Figure S1) and used these to characterize the oce-
anic environment potentially available to birds (i.e. where they 

could have been if they did not have any habitat preferences). 
Combined with the real tracks, the pseudo- tracks allow for a 
case– control design to be used in the habitat selection models 
(i.e. RSF, details below).

Pseudo- tracks were simulated by fitting a first- order vector au-
toregressive model based on the parameters estimated from the real 
tracks; the pseudo- tracks maintain the step length and turning angle 
distributions of the real tracks to realistically estimate null move-
ments for each population and sex (details in Raymond et al., 2015). 
A land mask was used to avoid pseudo- track locations on land.

2.3 | Kernel density estimations and overlaps

To quantify the spatial overlap between populations and sexes, 
we calculated Utilization Distributions (UD, see protocol in 
Figure 1a) using Kernel Density Estimation (KDE) in the adehabi-
tathr package (Calenge, 2006). Following Lascelles et al. (2016), 
we estimated the smoothing parameter (h) based on the spatial 
scale of area- restricted search estimated with the first pas-
sage time method (adehabitatlt package, see details in Pinaud 
& Weimerskirch, 2007) and then averaged over all individuals 
(h = 85 km). We calculated 95% UD, which represents most of 
the distribution range of the population, and 50% UD, which rep-
resents core distribution. To assess the effect of tracking sam-
ple size on the estimation of UD, we calculated ‘Representative 
Values’ from saturation curves, following Lascelles et al. (2016). 
Specifically, we randomly selected an increasing number of indi-
vidual trips and at each step calculated the resulting UD size as a 
percentage of the UD size for all trips. We obtained Representative 
Values >85% for each population; this is considered sufficiently 
representative of the tracked populations (Lascelles et al., 2016, 
Figure S2).

We then used Bhattacharyya's Affinity index (BA, Fieberg 
& Kochanny, 2005) to calculate the overlap between each of 
the six combinations of site and sex, per year (Table 2), for the 
observed tracks. This was followed by calculating 6,000 over-
lap values for the 1,000 simulated pseudo- tracks datasets per 
year. For both observed and simulated tracks, only overlaps 
per year were considered (i.e. overlaps between two different 
years were not considered, as no direct interaction between 
individuals could have occurred). To estimate whether segre-
gation and/or aggregation was greater than expected, p values 

Site Sex Nid Ntrip Maximum range (km)
Total travelled distance 
(km) Trip duration (days)

Crozet Females 66 69 1,265 ± 674 5,381 ± 3,036 11.4 ± 4.3

Crozet Males 55 57 1,350 ± 1,117 5,662 ± 5,407 11.7 ± 6.3

Marion Females 44 49 1,647 ± 855 7,157 ± 3,041 14 ± 4.0

Marion Males 27 29 2,265 ± 1,077 8,605 ± 4,723 15.2 ± 6.1

TA B L E  1   Trip parameters (M ± SD) per site and sex with corresponding sample size (number of individuals: Nid; Number of trips: Ntrip)



     |  5Journal of Animal EcologyORGERET ET al.

were estimated as the proportion of 1,000 simulated overlaps 
that were smaller (segregation) or greater (aggregation) than 
the observed overlap for each combination of site and sex (see 
details in Ito et al., 2020).

2.4 | Resource selection functions

Following Aarts et al. (2008), we used a habitat selection ap-
proach to investigate the relative effects and importance of habitat 

F I G U R E  1   Schematic representation of the analytical protocol. The two main aims were as follows: (a) To compare overlap values between 
observed tracks and pseudo- tracks that assume no intraspecific competition for each site (Marion [Mar] vs. Crozet [Cro]) and sex (Males [M] vs. 
Females [F]) (b) To disentangle effects of environmental and competition covariates to estimate individual densities at- sea for each site and sex
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availability and competing groups on the distribution and habitat 
preferences of populations and sexes.

2.4.1 | Environmental covariates

We first selected three environmental variables that are known to 
have the most influence on albatross habitat preferences, namely 
sea surface temperature, wind speed and bathymetry (e.g. Louzao 
et al., 2011; Wakefield et al., 2011). Sea surface temperature (SST, 
°C) and wind speed (Wind, m/s) variables were downloaded from 
U.E Copernicus Marine Service Information (http://marine.coper 
nicus.eu/) at a monthly, 1/12° grid resolution and were extracted 
for each location along the real and pseudo- tracks using the 
SdMtoolS package. Bathymetry (m) was extracted at each location 
using the MarMap package from the NOAA ETOPO1 1 arc- minute 
global relief model.

2.4.2 | Intraspecific competition covariates

To estimate the influence of intraspecific competition for resources, 
data on prey distribution and densities would be necessary. However, 
direct data on prey availability are generally not available for marine 
top predators and/or would require complex mechanistic models 
to estimate mesopelagic prey biomass, which is especially difficult 
to perform in the Southern Ocean (Green et al., 2020). Based on 
the common assumption that highest habitat preferences should 
be correlated with higher prey availability (Boyd et al., 2015; Torres 
et al., 2008), we developed our own protocol (Figure 1) to estimate 
sex-  and site- specific competition covariates. For this, we first esti-
mated habitat preference models for each site and sex, which were 
then used to predict competition covariates for the other site and 
sex combinations (see protocol in Figure 1b). For example, at each 
location for Crozet males, the habitat preferences of Crozet females, 
Marion males and Marion females were predicted separately, using 

TA B L E  2   Kernel Utilization Distribution (95% UD) overlap (Bhattacharyya Affinity index) between Crozet (CRO) and Marion (MAR) by sex 
(Males = M, Females = F) and years. When the observed overlaps were significantly higher or lower than the overlaps calculated from the 
1,000 simulated tracks, we interpreted this as aggregation or segregation, respectively, between sites and sexes. Note that intrapopulation 
competition systematically resulted in segregation between sexes, with a higher rate than interpopulation competition that, in contrast, 
resulted in non- significant overlaps or more aggregation than expected (but see marginally significance for segregation between MAR.F and 
CRO.M in 2019). Intrapopulation competition overlaps are highlighted in grey. Codes: *, <0.05; **, <0.01; ***, <0.001; ns, non- significant

Site.sex1 Site.sex2 UD Year Observed
Simulated 
mean±sd Interpretation p value Code

CRO.F CRO.M 95% 2016 0.49 0.71 ± 0.04 Segregation <0.001 ***

CRO.F MAR.F 95% 2016 0.49 0.26 ± 0.10 Aggregation 0.012 *

CRO.F MAR.M 95% 2016 0.20 0.30 ± 0.11 Segregation 0.196 ns

CRO.M MAR.M 95% 2016 0.41 0.38 ± 0.11 Aggregation 0.426 ns

MAR.F CRO.M 95% 2016 0.36 0.35 ± 0.11 Aggregation 0.452 ns

MAR.F MAR.M 95% 2016 0.25 0.50 ± 0.08 Segregation 0.001 **

CRO.F CRO.M 95% 2017 0.48 0.73 ± 0.05 Segregation <0.001 ***

CRO.F MAR.F 95% 2017 0.46 0.22 ± 0.10 Aggregation 0.019 *

CRO.F MAR.M 95% 2017 0.12 0.22 ± 0.11 Segregation 0.217 ns

CRO.M MAR.M 95% 2017 0.08 0.20 ± 0.11 Segregation 0.133 ns

MAR.F CRO.M 95% 2017 0.14 0.21 ± 0.11 Segregation 0.320 ns

MAR.F MAR.M 95% 2017 0.29 0.63 ± 0.06 Segregation <0.001 ***

CRO.F CRO.M 95% 2018 0.50 0.75 ± 0.04 Segregation <0.001 ***

CRO.F MAR.F 95% 2018 0.41 0.20 ± 0.09 Aggregation 0.017 *

CRO.F MAR.M 95% 2018 0.11 0.27 ± 0.10 Segregation 0.056 ns

CRO.M MAR.M 95% 2018 0.21 0.35 ± 0.10 Segregation 0.102 ns

MAR.F CRO.M 95% 2018 0.15 0.27 ± 0.10 Segregation 0.115 ns

MAR.F MAR.M 95% 2018 0.23 0.68 ± 0.05 Segregation <0.001 ***

CRO.F CRO.M 95% 2019 0.57 0.79 ± 0.03 Segregation <0.001 ***

CRO.F MAR.F 95% 2019 0.31 0.28 ± 0.09 Aggregation 0.370 ns

CRO.F MAR.M 95% 2019 0.42 0.26 ± 0.11 Aggregation 0.080 ns

CRO.M MAR.M 95% 2019 0.44 0.19 ± 0.10 Aggregation 0.008 **

MAR.F CRO.M 95% 2019 0.06 0.20 ± 0.08 Segregation 0.018 *

MAR.F MAR.M 95% 2019 0.35 0.76 ± 0.04 Segregation <0.001 ***

http://marine.copernicus.eu/
http://marine.copernicus.eu/
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in each of those cases estimates from each of the three other cor-
responding models (Figure 1b).

We assessed habitat preferences (probability to select a grid 
cell relative to its availability) by modelling the ratio of used versus 
available locations as a function of the three environmental covari-
ates (SST, Wind and Bathymetry). To allow for nonlinear relation-
ships, we used Generalized Additive Mixed Models (GAMM) with 
a binomial distribution and a logit link, fitted in the Mgcv package 
(Wood, 2017). The 1/0 response value represented each cell in the 
study area that contained either real (1) or only pseudo- locations (0) 
(Aarts et al., 2008). Following Fithian and Hastie (2013), we assigned 
‘infinite weights’ for availability points (using a weight of 1/1,000 
for used/available). Fitting random effects in large case– control 
tracking datasets can be computationally demanding (e.g. Raymond 
et al., 2015). However, greater efficiency has been achieved with 
recent GAMM algorithm techniques (Li & Wood, 2020), which we 
adopted to fit individuals (IDs) as random slope/intercept effects, 
thus taking the hierarchical structure of the data into account (Aarts 
et al., 2008). We therefore modelled habitat preference (w) following 
Wakefield et al. (2011):

The logit of w gives the habitat preference for each site i and sex 
j, given the environmental covariates bathymetry (bathy), sea surface 
temperature (sst) and wind speed (wind) while s(IDs) corresponds to 
the random effects structure for each covariate. Because the ran-
dom slope structure was non- significant for each covariate, we only 
retained the random intercept structure in the following models. 
Smooth functions of all covariates were fitted as cubic regression 
splines s1- >n with shrinkage to prevent overfitting (Wood, 2017). 
Study year ‘yr’ was added as an interaction (:) for each environmen-
tal covariate to control for potential interannual variability in habitat 
preferences and b0 corresponds to the model intercept. Finally, to 
limit residual autocorrelation, a temporal autoregressive correlation 
structure of order 1 (CorAR1) was implemented (Beale et al., 2010; 
Wood, 2017). The habitat preference predictions, that is, the com-
petition covariates, were then scaled between 0 and 1 using a com-
monly used transformation (e.g. Wereszczuk & Zalewski, 2015) that 
takes the following form:

where Ci,j is the resulting scaled competition covariate for each site and 
sex, and wi,j is the output from Equation (1) with wmin and wmax repre-
senting the smallest and largest RSF values.

2.4.3 | Disentangling environmental effects from 
intraspecific competition

For each site and sex, we finally used habitat models (GAMM) 
as above, but this time using all two types of covariates: three 

environmental covariates and three competition covariates 
(Figure 1b). Here, we therefore assumed that if all groups have the 
same preferences for a given cell, accounting for habitat prefer-
ence, the second set of models will result in probabilities of spatial 
aggregation (or conversely, segregation) among sites and sexes. We 
also added an additional smoother— a two- dimensional spline on 
geographical projected coordinates— to take into account the spa-
tial structure of the data (Beale et al., 2010). We then used Akaike's 
Information Criterion corrected for small sample size (AICc, 
Burnham & Anderson, 2002) to select the most parsimonious 
model against all possible models including a null model, excluding 
covariates other than year and the spatiotemporal structure and 
random effects.

To estimate the proportion of Deviance Explained (DE) for each 
covariate j we used:

with wj corresponding to the deviance for a model with only the covari-
ate j, wbest corresponding to the deviance explained by the best model 
(estimated by AICc) and w0 to deviance explained by the null model 
(Wood, 2017, which is similar to the D2 statistic used for GLM, Guisan 
& Zimmermann, 2000).

The different competition covariates were highly correlated 
per sex between the two populations, which could cause estima-
tion biases (Dormann et al., 2013). We therefore also conducted 
the analyses without these highly correlated competition covari-
ates (|r| > 0.7), investigating the effects on the estimation of every 
other competition covariate. We found no strong effect of cor-
related covariates on the models’ estimations (Figures S3– S7), and 
since our aim was to investigate the relative influence of the com-
petition covariates, we retained all the competition covariates for 
model selection. However, we dropped the SST covariate because 
it was also highly correlated with several competition covariates 
(Figure S3).

2.5 | At- sea density estimates

To investigate the potential for direct competition between individu-
als, we then used RSF to estimate the at- sea population densities 
(birds/km). Following Aarts et al. (2008), we first estimated the dis-
tance covariate (d) for each site i and sex j with the same GAMM 
structure:

with di,j being the distances from the colony for the corresponding site 
and sex. Following Aarts et al. (2008) and Wakefield et al. (2011), we 
then estimated spatial densities by calculating the probability of spatial 
usage (f) for each site and sex as:

(1)wi,j = b0 + yr + s(bathyi,j : yr) + s(ssti,j : yr) + s(windi,j : yr) + s(IDs) + CorAR1.

(2)Ci,j = (wi,j − wmin)∕(wmax − wmin),

(3)DEj = (deviance(wj) − deviance(wbest))∕deviance(w0),

(4)di,j = b0 + yr + s(di,j) + s(IDs),

(5)fi,j = wi,j∕(1 − wi,j) × r × di,j ,
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with r = k0/k1 where k0 is the number of pseudo- locations (0) and k1 
the number of real locations (1) for a given cell, and wi,j defined as in 
Equation (1). We normalized f to the range 0– 1 and then weighted esti-
mates by the relative population size (Prince Edward islands = 3,000/2 
breeding pairs and Crozet archipelago = 2,000/2 breeding pairs) 
for each site and sex, assuming an equal sex ratio (Weimerskirch 
et al., 2005).

3  | RESULTS

3.1 | Trip characteristics

On average (±SD), trips lasted 12.6 ± 5.3 days, for a maximum 
distance from the colony of 1523 ± 971 km and a total travelled 
distance of 6,342 ± 4,214 km (Table 1). On average, Marion birds 
had a maximum range that was 457 ± 155 km further away from 
the breeding colony than Crozet birds (Linear Mixed Effects model, 
LMM, t185 = 2.6, p < 0.01), and Marion birds travelled a total dis-
tance of 2083 ± 780 km further than Crozet birds (LMM, t185 = 2.6, 
p < 0.01), with trips lasting 2.9 ± 1.0 days longer than Crozet birds 
(LMM, t185 = 2.9, p < 0.01). No detectable differences were evident 
between sexes for maximum range, total travel distance or trip dura-
tion, nor for the two- way interaction between site and sex (Table 1; 
Tables S1– S3). Some differences in trip parameters between years 
were, however, detected for each site and sex, with the year 2016 
being characterized by longer distances travelled (LMM, F185 = 4.2, 
p < 0.01) and longer maximum ranges (LMM, F185 = 3.6, p < 0.01) for 
both sites. The year 2017 had the shortest trip duration at both sites 
(LMM, F185 = 3.0, p = 0.03, see Tables S1– S3).

3.2 | Sex-  and site- specific overlap in at- sea 
distribution

Birds ranged over an extensive area, from the Subtropics (up to 30°S) 
to Antarctica (down to 70°S) and from 42°W to 102°E, giving average 
95% UD of ~9.0 million km2 and 50% UD of ~1.4 million km2 (Figure 2). 
At both Marion and Crozet, females tended to travel farther north 
than males (Figure 2). Even though overlap between sites and sexes 
varied substantially, sometimes reaching high values (ranging from 
6% to 57%, Table 2), pronounced spatial segregation was consistent 
per year (Figure 3). However, only intrapopulation segregation (i.e. 
between sexes) was detected, although these were also the highest 
overlap values (Table 2). Surprisingly, interpopulation segregation was 
not detected but greater interpopulation overlap than expected by 
chance was evident, resulting in more aggregation than expected, es-
pecially for females from different sites (Table 2).

3.3 | Resource selection functions

For each RSF built per site and sex, different combinations of com-
petition and environmental covariates were retained (ΔAICc > 2, 
Figure 4; Figures S8). This means that the relative importance of 
each covariate differed between sites and sexes (Figure S8).

For each site, the intracolony competition covariate (opposite 
sex) was never selected in the best models, whereas the intercol-
ony competition covariate was consistently selected, but the sex- 
specific covariates selected were different between sites and sexes 
(Figure 4). Males from both sites preferred grid cells also selected 
by males from the other site, which is also the case for females 

F I G U R E  2   Foraging distribution of 
female (purple, N = 110) and male (blue, 
N = 82) incubating wandering albatrosses 
Diomedea exulans from Marion and Crozet. 
Kerguelen Archipelago is also indicated. 
Blue background indicates the bathymetry 
(in meters)
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from both sites (Figure 4). This resulted in more aggregation than 
expected between individuals from the two colonies, for the same 
sex. Between sexes, only males from Marion avoided the grid cells 
selected by Crozet females and females from Marion avoided the 
ones selected by Crozet males.

Different combinations of environmental covariates were also 
selected depending on the site and sex considered (Figure S8). 
However, strong interannual variability was detected per site and 
sex, with habitat preferences that could have opposite effects 
from one year to another, or with no effects at all in some years 
(Figure S9). This demonstrates the absence of clear and consistent 
habitat preferences per site and sex across years.

When mapped, predicted densities (habitat and competition 
preferences weighted by population size) were very low. Key im-
portant areas of higher densities were situated within the KDE and 
differed between sites and sexes (Figure 5). These areas of relatively 
high predicted densities confirmed the occurrence of sexual segre-
gation between sexes per site (i.e. high intrapopulation competition) 
and aggregation between similar sexes between sites (i.e. low inter-
population competition).

4  | DISCUSSION

In this study, we highlighted that Kernel Density Estimations (KDE), 
together with Resource Selection Function (RSF), controlled for en-
vironmental availability and variability (Figure 1), could be used to 
disentangle the relative importance of sexual competition, between 
and within neighbouring populations. Both methods demonstrated 
that intrapopulation competition between sexes was systemati-
cally more important than interpopulation competition, which was 
relatively weak. This strongly supports the notion that sexual seg-
regation is more likely to result from selection of specific areas (H2), 
rather than by direct interference competition (H1), at least for sexu-
ally dimorphic central place foragers that have low at- sea densities.

Numerous studies have demonstrated that sexual segregation is 
widespread in animals, especially in polygamous species which are 
commonly characterized by sexual size dimorphism (Ruckstuhl & 
Neuhaus, 2006; Wearmouth & Sims, 2008). In dimorphic ungulates, 
such sexual segregation has been hypothesized to stem from a range 
of factors (Bonenfant et al., 2004; Loe et al., 2006; Wearmouth & 
Sims, 2008). These species generally associate with complex social 

F I G U R E  3   Kernel Utilization Distribution (UD) overlap between populations and sexes per year at 95% UD. Triangles indicate the 
locations of Marion (left) and Crozet (right)
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systems, with the intensity of segregation usually changing during 
the breeding season. Sexual segregation also occurs frequently in 
monogamous species, such as seabirds (Phillips et al., 2011, 2017); 
therefore, sexual segregation seems to be relatively independent 
from the mating system (Catry et al., 2006). This segregation seems, 
however, to be exacerbated for some central place foragers, espe-
cially during the breeding season (reviewed in Phillips et al., 2017, 
our study) due to restricted access to foraging grounds in time and 
space (Orians & Pearson, 1979). The two main hypotheses com-
monly used to explain sexual segregation in central place foragers 
are (H1) competitive exclusion (through direct competition) or (H2) 
niche divergence (through indirect competition, Phillips et al., 2004).

A good example of where the first hypothesis (H1) has been 
used to explain sexual segregation is in the dimorphic, scavenging 
giant petrels Macronectes spp. The larger, dominant males have 
been observed to directly exclude females from seal and pen-
guin carcasses on land, forcing females to primarily forage at- sea 
(Gonzalez- Solis et al., 2000; but see discussions in Granroth- Wilding 
& Phillips, 2019 and Reisinger et al., 2020 that demonstrated more 
behavioural flexibility than previously thought for these species). 
Social dominance and competitive exclusion have also been sug-
gested to explain sexual segregation in polygynous species. For 
example, in the Indo- Pacific bottlenose dolphin, Tursiops aduncus, 
females drive sexual segregation by directly avoiding male groups 

F I G U R E  4   Preference probabilities (logit scale) showing different response curves as a function of competition covariates (‘preds’, i.e. 
habitat selection probability predicted by the first series of RSF, see Figure 1b, with ‘cro’ for Crozet, ‘mar’ for Marion and ‘F’ for females and 
‘M’ for Males) retained for the best GAMM per site and sex with 95% confidence intervals indicated by grey shading (competition covariates 
were non- significant for Crozet females and thus not shown here). Positive relationships can be interpreted as increases in the probabily of 
selection of an area, in relation to increases in preference for the same area of the other sex or site- sex considered
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that are more aggressive (Galezo et al., 2018). This demonstrates 
the potential importance of social factors that can have a stronger 
effect than ecological factors (Galezo et al., 2018). Using habitat 
preferences from two different sites and both sexes as a proxy of 
intraspecific competition, we demonstrated in our study that in-
trapopulation competition covariates were never selected by the 
RSF (Figure 4). This suggests that direct competition within each 
population is unlikely to occur. Because sexual segregation was 
higher than expected for both populations (Table 2), this suggests a 
shared constraint for both sexes to select different foraging areas. 
The only case of ‘direct’ avoidance shown by the RSF was for males 
and females from Marion that were not avoiding individuals from 
the opposite sex but from the neighbouring population (i.e. Crozet, 
Figure 4). However, sexual segregation between populations was 
only detected once by KDE (Table 2, marginal significance in 2019), 
counter to the expectation that sexual segregation should occur 
both within and between populations. Moreover, because of very 
low at- sea population densities (<1.25 bird/km2, Figure 5), the like-
lihood that wandering albatrosses encounter one another at sea 
must be low, and such at- sea exclusion through direct competition 
is thus unlikely to occur. This is particularly the case during incu-
bation, when the at- sea distributional range is particularly large 
(Weimerskirch et al., 1993). In comparison, the at- sea density of 
black- browed albatrosses Thalassarche melanophrys can vary be-
tween 15 and 75 birds/km2 in some areas during incubation and 
brooding (Wakefield et al., 2011) and in that case direct competition 

may be greater. However, sexual segregation in this species only 
occurs during incubation and surprisingly not during brood- guard, 
when individuals are more constrained to forage closer to the col-
ony (Phillips et al., 2004). Our results also strongly suggest that the 
observed sexual segregation in albatrosses is due to niche diver-
gence (H2) and suggests that competitive exclusion (H1) is probably 
not the main driver of this segregation.

Sexual size dimorphism might have had an influence on niche di-
vergence, but from an eco- evolutionary perspective (Connell, 1980; 
Giery & Layman, 2019). Interestingly, wandering albatrosses have a 
unique courtship mating behaviour, where females can evaluate the 
wing size and quality of males (Pickering & Berrow, 2001), probably 
resulting in sexual selection for larger males during these display rit-
uals (Xavier & Croxall, 2005). Different wing loading between males 
and females influences their flight capacities (Schaffer et al., 2001) 
and this could, in turn, have resulted in different windscape habitat 
specializations. Therefore, probably as a result of sexual selection 
(Giery & Layman, 2019), wandering albatross males with their higher 
wing loading are more constrained as they require windier conditions 
for their gliding flight and taking- off (Clay et al., 2020; Cornioley 
et al., 2016; Shaffer et al., 2001) which confirms the importance of 
sexually selected traits in ecology (Giery & Layman, 2019). Sex dif-
ferences in foraging tactics in relation to wind conditions seem to be 
common in soaring birds that are often characterized by sexual size 
dimorphism such as albatrosses (Wakefield et al., 2009). This has also 
recently been demonstrated in shearwaters (De Pascalis et al., 2020) 

F I G U R E  5   Comparisons between predicted population densities at- sea and the corresponding 95% Kernel Utilization Distribution (red 
contours) calculated with the observed tracks. Density values have been averaged per 100 km2 grid cell. Common areas of higher densities 
for males, from both sites, are situated in the south- west of the mapped region, below 50°S, and on the Kerguelen plateau (island locations 
indicated in Figure 2). Common areas among all sites and sexes are situated south- east of South Africa, over the continental shelf edge
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and shags (Lewis et al., 2015) as well as terrestrial species such as 
Andean condors (Vultur gryphus, Alarcón et al., 2017).

Sexual segregation could thus arise from sexual size dimorphism 
that would then result in niche divergence, potentially manifested 
as differences in habitat preferences (Barbraud et al., 2019; Cleasby 
et al., 2015; Paiva et al., 2017). However, in our study, no clear and 
consistent habitat preferences could be detected (Figure S9). While 
our aim in this study was not to investigate habitat preferences in 
detail, but rather to control habitat models by environmental vari-
ability to directly investigate intraspecific competition, our results 
confirmed that wandering albatrosses displayed high flexibility in 
habitat preferences (Carpenter- Kling et al., 2020), from both sexes 
and sites. While more advanced analyses on the differences in flight 
tactics between sexes in relation to more detailed wind measure-
ments (e.g. wind directions) would be necessary to better investigate 
wind selectivity (Clay et al., 2020; De Pascalis et al., 2020; Wakefield 
et al., 2009), the sexual segregation in our study seems to be more 
related to differences in selection of specific areas per sex (even if 
they represent very large areas, Figure 5) rather than having specific 
habitat preferences. This questions the evolutionary mechanisms 
behind the selection of these areas (Fagan et al., 2013): are they aris-
ing from spatial memory processes and/or from inherited migration 
programmes? One way to answer this question would be to inves-
tigate the ontogeny of sexual segregation, which has hardly been 
investigated to date (Kernaléguen et al., 2016). In Antarctic fur seals, 
Arctocephalus gazella, for example, differences in behaviour and sex-
ual segregation already occur before weaning (Jones et al., 2020) and 
are already significant just after weaning (Kernaléguen et al., 2016) 
indicating that sexual size dimorphism and breeding constraints are 
not the main factors that drive sexual segregation in this species, but 
that sexual segregation can be caused by differential innate resource 
preferences of males and females (Kernaléguen et al., 2016). In wan-
dering albatrosses, sexual segregation has also been described in 
juveniles after their first departure from land, where they used sex- 
specific foraging areas based on inherited preferred departure routes 
(Åkesson & Weimerskirch, 2014). Moreover, it seems that aging also 
plays a role in segregation for males; it has been shown that only 
older wandering albatross males forage in Antarctic waters, whereas 
young breeding males do not forage south of the Antarctic Polar 
Front (Lecomte et al., 2010). These interesting patterns echo the age 
effects on segregation in dimorphic ungulates (Alves et al., 2013; 
Wang et al., 2018), highlighting the utility of studying ontogeny in 
ecology, to better understand complex eco- evolutionary mecha-
nisms (Bon & Campan, 1996; Stewart, 1997).

Sexual size dimorphism may promote differences in reproductive 
roles between sexes, such as differences in foraging effort, due to dif-
ferent physiology, energy requirements, activity budgets and/or for-
aging efficiencies, which, in turn, could also drive sexual segregation 
(Phillips et al., 2004). We did not find sex differences in trip maximum 
ranges, travelled distance and duration, potentially indicating similar 
foraging effort, at least during incubation. Precise metrics of foraging 
behaviour and energetics, together with information on the effect 
of environmental conditions may, however, be required to elucidate 

differences in foraging effort that might only be evident in periods 
of relatively low food availability when competition is exacerbated. 
This has been recently demonstrated in shearwaters, where com-
petition fluctuated with a global climatic index (Paiva et al., 2017). 
Because of the high energetic cost of egg production and differences 
in moult physiology (Weimerskirch, 1991), energy requirements 
may be higher for female wandering albatrosses during incubation, 
potentially explaining the higher foraging effort in females, com-
pared to males, during incubation (Weimerskirch, 1995). However, 
when rearing chicks, it has been shown that the provisioning rate 
of males is lower than that of females (Weimerskirch et al., 2000). 
Even though this is dependent on offspring sex and the male's body 
condition (Cornioley et al., 2017), it does result in unequal parental 
contributions, at least during chick rearing. Future studies that di-
rectly investigate intraspecific competition per breeding stage would 
be necessary to better understand whether differences in repro-
ductive roles can explain sexual segregation in dimorphic species 
(e.g. in shearwaters, Yamamoto et al., 2011 or in penguins, Ludynia 
et al., 2013).

Sexual segregation has, however, also been described in mono-
morphic species (seabirds Phillips et al., 2011, dolphins, Galezo 
et al., 2018, bats, Levin et al., 2013, chamois, Crampe et al., 2021) 
suggesting that factors other than sexual size dimorphism can 
lead to sexual segregation, such as changes in environmental con-
ditions (Paiva et al., 2017), breeding stages (Granroth- Wilding & 
Phillips, 2019), habitat preferences (Barbraud et al., 2019; Cleasby 
et al., 2015) and differences in diet (Phillips et al., 2011). Finally, seg-
regation between sexes could also occur in time rather than in space 
(e.g. in gannets Clark et al., 2021 and shags, Harris et al., 2013). It is 
therefore likely that several non- exclusive factors (size dimorphism, 
habitat preferences, timing, parental roles, breeding stages, foraging 
behaviour, age and diet) interact and should therefore be investi-
gated together to better understand how sexual selection might in-
fluence ecological processes shaping individuals’ distribution (Giery 
& Layman, 2019; Wearmouth & Sims, 2008).

Most previous studies on the distribution of neighbouring pop-
ulations of central place foragers found partial or complete segre-
gation (reviewed for seabirds in Bolton et al., 2019). Indeed, very 
few studies demonstrated aggregation of central place foragers in 
shared foraging areas (but see Dean et al., 2015; Evans et al., 2016). 
In our study, even though absolute overlap between populations’ 
at- sea distributions was relatively low, the overlap was higher than 
expected from the null model especially for females, or was non- 
significant (Table 2; Figure 4). Our study is, to our knowledge, one of 
the first to robustly describe this configuration (Bolton et al., 2019). 
The absence of interpopulation segregation could be viewed in 
relation to the relatively large distance between the two islands 
(~1,000 km) with both populations potentially being below carrying 
capacity, implying low levels of competition (Figure 5). Marion birds 
had greater distribution range, travelling further and longer, which 
also confirmed that intrapopulation competition has a stronger ef-
fect than interpopulation competition. Between populations, some 
positive effect of density dependence could even occur through 
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exchange of information (Wakefield et al., 2013) leading individuals 
to share common areas, if the strength of competition is reduced 
and/or with greater food availability. In our study, these shared areas 
were mainly on the African continental shelf, on the Del- Cano Rise 
(a shallow area situated between Marion and Crozet) and on the 
Kerguelen Plateau (Figure 5). These are known to be productive areas 
also targeted by other marine predators (Koubbi et al., 2012; Thiers 
et al., 2017) including wandering albatrosses from these two popula-
tions (Corbeau, Collet, Orgeret, et al., 2021; Louzao et al., 2011; Nel, 
Ryan, Nel, et al., 2002) and from the Kerguelen Archipelago (Corbeau, 
Collet, Orgeret, et al., 2021; Pinaud & Weimerskirch, 2007).

One important factor that was not considered in terms of influ-
encing sexual segregation but also observed aggregation patterns 
is the association of albatrosses with fisheries (as recently demon-
strated over a large scale, in albatrosses, through the use of new 
radar- logger technology; Weimerskirch et al., 2020). Indeed, it is 
known that several seabird species are attracted by fisheries and 
suffer by- catch mortality (Gianuca et al., 2017). Sex- biased mortal-
ity rates due to by- catch have been observed, especially in species 
that displayed sexual segregation (Bugoni et al., 2011). This could 
be problematic for our study since if one sex is more attracted to 
fisheries (as recently demonstrated in shearwaters; Reyes- González 
et al., 2021), this could result in different areas used by sexes simply 
because of the distribution of fisheries fleets rather than natural 
ecological processes. However, a study recently demonstrated that 
male and female wandering albatrosses were similarly attracted 
by fisheries and found no evidence of competitive exclusion of fe-
males by larger males behind fishing vessels (Collet et al., 2017). 
This therefore suggests that female- biased by- catch rates in wan-
dering albatrosses (Bugoni et al., 2011) are a result of differences 
in dispersion between the sexes, resulting in differential interac-
tions with fisheries (Corbeau, Collet, Pajot, et al., 2021). The relative 
importance of intraspecific competition, food resource availability 
and the presence of fisheries should ideally be considered together 
(see habitat models with fisheries data in Catry et al., 2013) to bet-
ter understand the effect of intraspecific competition on the dis-
tribution of populations. We believe that the protocol developed 
in this study (Figure 1) could be a useful step to further investigate 
the importance of fisheries and intraspecific competition in a vari-
ety of seabird species. This might become possible soon, as data on 
the location of legal and illegal fisheries are becoming increasingly 
available (Corbeau, Collet, Orgeret, et al., 2021; Park et al., 2020; 
Weimerskirch et al., 2020).
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