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ABSTRACT
Aim: Ecologically similar species living in sympatry are expected to segregate to reduce the effects of competition where re-
sources are limiting. Segregation from heterospecifics commonly occurs in space, but it is often unknown whether such segre-
gation has underlying environmental causes. Indeed, species could segregate because of different fundamental environmental 
requirements (i.e., ‘niche divergence’), because competitive exclusion at sympatric sites can force species to either change the 
habitat use they would have at allopatric sites (i.e., ‘niche displacement’) or to avoid certain areas, independently of habitat (i.e., 
‘spatial avoidance’). Testing these hypotheses requires the comparison between sympatric and allopatric sites. Understanding 
the competitive mechanisms that underlie patterns of spatial segregation could improve predictions of species responses to envi-
ronmental change, as competition might exacerbate the effects of environmental change.
Location: North Atlantic and Arctic.
Taxa: Common guillemots Uria aalge and Brünnich's guillemots Uria lomvia.
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Methods: Here, we examine support for these explanations for spatial segregation in two closely- related seabird species, com-
mon guillemots (Uria aalge) and Brünnich's guillemots (U. lomvia). For this, we collated a pan- Atlantic data set of breeding sea-
son foraging tracks from 1046 individuals, collected from 20 colonies (8 sympatric and 12 allopatric). These were analysed with 
habitat models in a spatially transferable framework to compare habitat preferences between species at sympatric and allopatric 
sites.
Results: We found no effect of the distribution of heterospecifics on local habitat preferences of the focal species. We found dif-
ferences in habitat preferences between species, but these were not sufficient to explain the observed levels of spatial segregation 
at sympatric sites.
Main Conclusions: Assuming we did not omit any relevant environmental variables, these results suggest a mix of niche diver-
gence and spatial avoidance produces the observed patterns of spatial segregation.

1   |   Introduction

Species distributions are constrained by environmental condi-
tions and additional factors such as obstacles to dispersal and 
biotic interactions (Soberón  2007). Even when their broad- 
scale distributions are mostly segregated by environmental 
conditions, closely related species may co- occur in space. In 
these areas, interspecific competition is likely to be strong 
and segregation of some form, for example in time, space 
or diet is often considered as a prerequisite for coexistence 
(Amarasekare  2003). Spatial segregation in such situations 
often results in a species distribution being more restricted 
than would be expected compared to an area with simi-
lar conditions where the species occurs alone (Tannerfeldt, 
Elmhagen, and Angerbjörn  2002; Odden, Wegge, and 
Fredriksen 2010; Pickett et al. 2018).

Fine- scale spatial segregation of closely- related sympatric spe-
cies could result from different mechanisms, which may be 
related to the species' habitat preferences. Segregation in geo-
graphic space may emerge from that in environmental space: 
species may have evolved different environmental preferences 
while in allopatry which are retained when ranges expand to 
produce zones of parapatry or sympatry (hereafter, ‘niche di-
vergence’; e.g., Wereszczuk and Zalewski 2015). Alternatively, 
competitive exclusion at sympatric sites can force one or both 
species to change their habitat use in response to competition 
(hereafter, ‘niche displacement’; e.g., Reif et al. 2018), or oth-
erwise competitive exclusion due to behavioural responses 
of subordinate species to the presence of dominant competi-
tors can emerge independently of habitat (hereafter, ‘spatial 
avoidance’, e.g., Swanson et  al.  2014). Understanding the 
mechanisms underpinning segregation may facilitate predic-
tions of how competing species may respond to environmen-
tal change. In the case of niche divergence, we would expect 
changes in the two species' distributions to mirror changes in 
habitat, whereas with competitive exclusion, changes in spe-
cies distributions in response to environmental change would 
depend on the species relative dominance given the altered 
conditions. In contrast, we would expect spatial avoidance to 
show little response to environmental change as it is predi-
cated upon mutual behavioural avoidance rather than the en-
vironment in which they coexist.

Comparing the spatial behaviour and habitat use of ecologically 
similar species across sympatric and allopatric sites has the 
potential to identify the most likely mechanism that generates 

spatial segregation (Peers, Thornton, and Murray 2013; Benítez- 
López et al. 2014; Bentley et al. 2024). Where ‘niche divergence’ 
is the mechanism for spatial segregation, habitat preferences 
will differ between species, but these will remain similar across 
sympatric and allopatric sites. If ‘niche displacement’ is the 
mechanism, at least one species will show different habitat pref-
erences between allopatric and sympatric sites. Finally, if ‘spa-
tial avoidance’ drives segregation, then habitat preferences will 
not differ between species in a consistent manner across sites as 
it arises from mutual behavioural responses that are indepen-
dent of habitat.

Seabirds are a suitable model for studying the roles that com-
petition and the environment play in driving interspecific spa-
tial segregation. During the breeding season, they form large 
colonies, in which a high number of individuals forage from 
a common central place, creating high competition within a 
shared area (Oppel et al. 2015; Jessopp et al. 2020; Patterson 
et al. 2022). In this shared area, habitat is equally available to 
individuals of the given species (within the bounds of their 
time and energy constraints). During breeding, large- scale 
oceanography and nesting habitat availability determine 
the location of colonies (Buckley and Buckley  1980; Irons 
et al. 2008), while around those colonies, the foraging range 
is defined by the fasting tolerance of partners and chicks 
(Weimerskirch  2007), and additional factors that result in 
only a limited proportion of that potential foraging radius 
being used. Factors include a range of environmental variables 
(Wakefield et  al.  2011; Scales, Miller, Embling, et  al.  2014), 
avoidance of areas used by neighbouring colonies and spatial 
segregation of closely related species breeding at the same 
sites (Jones et al. 2020; Reisinger et al. 2020).

Among seabirds, Brünnich's guillemots (Uria lomvia; BG) 
and common guillemots (Uria aalge; CG), two closely- 
related species, provide a classic case study to disentan-
gle the three above- mentioned mechanisms (Birkhead and 
Nettleship  1987a, 1987b). The two species broadly segregate 
latitudinally: BG are mostly Arctic, while CG are mostly tem-
perate, but they breed in sympatry at some colonies in the sub- 
Arctic (see maps in Irons et  al.  2008, Patterson et  al.  2022). 
Despite their broad- scale segregation, they are otherwise 
ecologically similar (both species form dense colonies on cliff 
ledges, feed on small shoaling fish and macro- zooplankton 
that are captured by pursuit diving, and are single- prey load-
ers; Birkhead and Nettleship  1987a, 1987b). Whenever food 
is the limiting factor at sympatric colonies, segregation of 
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some form of foraging distributions should promote long- 
term coexistence. Indeed, there are multiple records of fine- 
scale segregation between the two species: not only spatially 
(e.g., Pratte, Robertson, and Mallory  2017), but also verti-
cally, temporally (Barrett, Asheim, and Bakken 1997; Barger 
et  al.  2016; Bonnet- Lebrun et  al.  2021), or in diet or isoto-
pic niche (Barger and Kitaysky  2011; Linnebjerg et  al.  2013; 
Kokubun et al. 2016; Barger et al. 2016; Pratte, Robertson, and 
Mallory 2017). Similar patterns have been found across other 
seabird taxa (Petalas et al. 2021; Fromant et al. 2022; Symons 
and Diamond 2022; Bentley et al. 2024). However, it remains 
unknown whether these segregation patterns can be at-
tributed to habitat preferences and therefore how these might 
vary with habitat. This paper aims to quantify the spatial 
segregation of BG and CG and elucidate the roles that habitat 
preference and avoidance play in this. It achieves this using a 
large dataset of 323 CG and 723 BG GPS tracks sampled from 
20 sites (7 with BG only, 5 with CG only and 8 with both) sit-
uated across the North Atlantic. After empirically quantify-
ing the degree of spatial segregation across sites, we built a 
pan- Atlantic habitat preference model that included the effect 
of environmental variables and interspecific competition. We 
use these to test whether differences in habitat preference are 
consistent across allopatric and sympatric sites and if species- 
specific differences in habitat preference are sufficient to ex-
plain the observed patterns of spatial segregation across sites.

2   |   Methods

2.1   |   Data

2.1.1   |   Guillemot Data

GPS tracking data were collated from a range of studies across 
the North Atlantic during incubation and chick- rearing (June to 
August, depending on colonies; see Tables S1 and S2 for details 
on sample sizes, tracking devices and methodologies). Tracking 
was done at 20 colonies, with between 1 and 6 years of tracking 
depending on the colonies, and between one and 140 individ-
uals of a given species tracked each year. Common guillemots 
were tracked across 28 site- year combinations (11.6 individu-
als tracked per site- year on average) and Brünnich's guillemots 
were tracked across 40 site- years (34.5 individuals tracked on 
average). Inaccurate GPS locations were excluded using a com-
bination of visual inspection and a speed filter of 30 m.s−1. Only 
at- sea locations, that is locations ≥ 500 m away from the colony, 
were retained for analysis. Locations were classified as “flight” 
versus “on/under the sea surface” based on a speed threshold of 
8 m.s−1 (see Supporting Information and Figure S1 for details).

For each colony, an availability buffer was defined as all the at- 
sea area within a 237.35 km radius around each colony, exclud-
ing locations < 500 m away from the colony. This distance was 
the maximum distance reached by any bird in the final dataset 
and was therefore chosen to encompass all locations visited by 
any bird.

A common Albers Equal Area projection (lon_0 = −22.5, 
lat_0 = 65.1, lat_1 53.1, lat_2 = 77.2) was defined for the whole 
dataset and used whenever spatial data had to be projected.

2.1.2   |   Missing Breeding Stage Data

The breeding stage of the bird at capture was unavailable for 
5.5% of all deployments used in the habitat models. Breeding 
stage was therefore inferred using a logistic regression for each 
species separately, with breeding stage (0 for incubation, 1 for 
chick rearing) as a response and deployment day of the year and 
colony latitude as explanatory variables. Estimated parameters 
for the regression are presented in Table S3.

2.2   |   Spatial Segregation

To compare foraging areas of the two species at sympatric col-
onies, kernels of space use (Utilisation Distributions, UD) were 
calculated for each species and colony separately, based on all 
waterborne locations (see Supporting Information for the identi-
fication of waterborne locations).

Foraging segments were defined as a series of consecutive wa-
terborne locations, each segment separated by airborne periods 
of at least 90 s in duration (see Supporting Information for the 
choice of thresholds). To weight all foraging segments according 
to their duration, locations were linearly interpolated to every 
3 min between the start and end date/time of each foraging seg-
ment. Segments lasting < 3 min were reduced to their first loca-
tion (see Supporting Information for the approach and choice 
of threshold; see Results for the resulting amount of data thin-
ning). These linearly interpolated foraging locations were used 
as input in the kernel density and overlap analyses.

A bandwidth was estimated for each site and species separately 
for the kernel density analyses, using the “ad hoc” method 
(“href” option in the kernelUD function of the adehabitatHR. 
package in R; Calenge 2023). A common bandwidth was then 
calculated as the average of these site-  and species- specific op-
timal bandwidths. This resulted in a bandwidth of 4.2 km and 
a 500 m grid used for the kernel density and overlap analyses. 
Overlap in foraging areas between species was calculated with 
the UD Overlap Index (UDOI; Fieberg and Kochanny 2005), 
using the kerneloverlap function in the adehabitatHR package in 
R (Calenge 2023) and a 95% home range estimation. Whether the 
two species overlapped less than expected by chance was tested 
by permutation (Geange et al. 2011). This analysis was done for 
each colony- year separately, where the sample size exceeded 2 
birds and 10 foraging segments for each species.

2.3   |   Species Habitat Preferences

2.3.1   |   Environmental Layers

The environmental variables used in the habitat selection 
models are presented in Table 1. Variables were selected be-
cause they are known to influence the distribution of seabirds 
generally (Wakefield, Phillips, and Matthiopoulos  2009) or 
that of guillemots specifically (Sadykova et al. 2017; Wakefield 
et al. 2017). Bathymetric variables (sea floor depth, sea floor 
slope) were included because of their role in driving stratifi-
cation regimes and prey aggregations (Wakefield et al. 2017), 
while sea surface temperature (SST) is known to affect the 
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large- scale distribution of the species (Irons et al. 2008) and 
affect segregation within foraging ranges from some colo-
nies (Bonnet- Lebrun et  al.  2021). SST fronts were included 
as they are known to cause the aggregation of seabird prey 
(Scales, Miller, Hawkes, et al. 2014; Cox 2016). Distance to the 
coast (more or less than 3 km away) was fitted to account for 
guillemots sometimes foraging inshore (Mehlum, Watanuki, 
and Takahashi 2001; Bonnet- Lebrun et al. 2021). Sea ice con-
centration was included in the foraging habitat model for 
Brünnich's guillemots only because of the importance of sea 
ice for this species at some sites (Mehlum and Gabrielsen 1993; 
Mehlum 1997; Descamps and Ramírez 2021) while CG do not 
occur at latitudes where sea ice is present during much of the 
breeding season.

Additional variables—including sea level anomaly, eddy kinetic 
energy and net primary productivity—were considered for the 
analysis. However, the environmental layers that were available 
either lacked sufficient spatial resolution or spatial/temporal ex-
tent or had too much missing data, which would have meant 
removing some locations from the data set. In particular, low- 
resolution data tend to have missing data along the coast, and 
a disproportionate number of foraging locations compared to 
pseudo- absences occurred here (44.8% of all foraging segment 
locations vs. 6.8% of all pseudo- absences within less than 3 km 
from the coast).

Finally, colony sizes were taken from (Patterson et  al.  2022) 
and used to model the previously described increase in foraging 
range with population density (Patterson et al. 2022).

2.3.2   |   Modelling Framework

The model focused on waterborne locations as proxies for for-
aging. However, to overcome problems associated with the spa-
tiotemporal autocorrelation inherent to high- resolution tracking 
data, only the first location of each foraging segment was used 
on the rationale this was the point at which the bird chose to 
cease flying and begin foraging.

Foraging habitat selection was modelled for each species sep-
arately (see 2.3.3), using a logistic GLM, contrasting the con-
ditions at the start of foraging segments with those at a set of 
background locations (pseudo- absences). For each colony, back-
ground locations were randomly selected from within the avail-
ability buffer, with a ratio of presence to background locations 
of 1:10, as a compromise between the recommendation for high 
numbers of pseudo- absences when using regression techniques 
(Barbet- Massin et al. 2012) and computational limitations.

Foraging habitat preferences were modelled within a 
Generalised Functional Response framework (GFR; 
Matthiopoulos et  al.  2011). This framework is particularly 
well- suited for multi- colony modelling as it allows coefficients 
of selection for environmental variables to vary across colo-
nies, depending on the surrounding habitat availability. For 
instance, this may deal well with situations where a species 
may select strongly for a habitat where it is scarce but use it in 
proportion to its availability where it is superabundant. A first- 
order GFR achieves this by including interactions between 

environmental variables and their first- order moments, that 
is their mean values over each sampling instance. Sampling 
instances were defined as colony- year- month combinations 
because of the dynamic nature of certain variables included 
in the model (varying both within season and between years) 
and the differences in breeding and tracking periods for birds 
across colonies (Table  S1). Quadratic forms were allowed 
for SST and sea ice concentration, as we assumed that there 
would be an optimal temperature/sea ice concentration above 
and below which habitat would become less suitable.

In addition to including the GFR formulation for all environmen-
tal variables (see 2.3.1 section for a detailed list of predictors), 
the model included the effects of accessibility and of two forms 
of competition. First, because they need to care for their egg or 
chick, guillemots are central- place foragers during the breeding 
season, which imposes constraints on individuals to regularly re-
turn to the colony. These accessibility constraints were therefore 
modelled by including distance from the colony as a covariate. 
An interaction between breeding stage and distance from the 
colony was also added to account for the fact that adults need 
to return to the colony more frequently when raising a chick, 
particularly so because they are single- prey loaders. Second, as 
inter-  and intraspecific competition may force birds to forage far-
ther away from the colony (Lewis et al. 2001), the square root 
of the total number of pairs of both species was included in the 
model in interaction with distance from the colony. We related 
distance from the colony to the square root of the number of 
pairs, as one would expect the area around the colony covered 
by birds to scale up with the number of pairs. Finally, we inves-
tigated the consequences of interspecific competition on habitat 
preferences by adding the proportion of heterospecifics and its 
interactions with all environmental variables in the model.

The full linear predictor therefore takes the following form:

With:

With the �s being the estimated coefficients, xi the envi-
ronmental variable i, and xi  its mean over the sampling in-
stance, x2

i
 its quadratic form when relevant (SST and sea ice 

concentration).

2.3.3   |   Model Selection

For each species, a forward model selection approach based on 
leave- one- colony- out cross- validation was applied. Variables 

a0 + adist(distance| from the colony) + aixi + ai,2x
2
i

adist=[
�
(0)
distance

+�
stage

distance
(breeding stage)+�

pairs

distance
(number of pairs)

]

ai=
∑I

i=1

(
�
(0)
i

+
∑I

j=1
�
(1)
i,j
xj+ �

heterospecifics
i

(proportion of heterospecifics)
)

ai,2=
∑I

i=1

(
�
(0)
i,2

+
∑I

j=1
�
(1)
i,j,2
xj+�

heterospecifics
i,2 (proportion of heterospecifics)

)
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(environmental variable or distance from the colony) were 
added sequentially. During each selection step, the value of 
adding each remaining variable to the current model was as-
sessed as follows: For each tested variable, a reduced model 
was built using cross- validation. To build the reduced mod-
els, each time an environmental variable was added, the full 
corresponding GFR was built, that is the variable was also 
added in interaction with the means of all other environmen-
tal variables present in the model, and its mean was added 
in interaction with all other environmental variables. When 
distance from the colony was added in the model, its inter-
actions with the number of breeding pairs and with breeding 
stage were also added. All possible models resulting from the 
inclusion or not of the various interactions were compared in 
terms of the cross- validation score and only the best model 
(i.e., the one with the highest cross- validation score) was kept. 
Reduced models were then compared across tested variables 
and the best reduced model was retained only if it led to an im-
provement in the cross- validation score (no matter how small) 
compared with the current model.

For each sub- model, a cross- validation score was calculated. 
To do so, for each colony, the log- likelihood at the presence 
points was calculated as follows: (1) Model fitting: A model 
was trained on the whole dataset, excluding the focal colony; 
(2) Prediction of relative abundance: using the fitted model, the 
values of the linear predictor were calculated at all data loca-
tions in the domain of the focal colony (i.e., both presences and 
background locations), exponentiated (Matthiopoulos, Fieberg, 
and Aarts  2020) and standardised by dividing them by their 
sum. (3) Calculation of log- likelihood: values at presence points 
were then log- transformed and summed across the focal colony. 
Two approaches were explored to obtain a final cross- validation 
score: (1) summing all log- likelihood values across colonies, 
which gives a higher weight to colonies with more data; (2) stan-
dardising each colony's log- likelihood value by the number of 
observations in the colony, which meant that colonies with a 
small number of observations had the same weight as data- rich 
colonies (hereafter referred to as “without standardisation” and 
“with standardisation”, respectively).

Note that numerous possible interactions can generate a large 
number of candidate models. This is the reason why each spe-
cies was modelled separately. The alternative would have been 
to build one model for both species and include an interaction 
between the species label and each term in the model (Ratcliffe 
et  al.  2014). However, for each model with n terms, testing 
whether the interaction with the species should be kept in the 
model would have necessitated testing 2n different models, rap-
idly leading to tens of thousands of models to test.

2.3.4   |   Spatial Predictions and Predicted Segregation

For each colony and species, the models were projected on a 
0.05° × 0.05° grid, covering a buffer of radius 237.35 km. For each 
colony, a map of predictions was generated for each breeding 
stage and each month/year during which there were tracking 
data for that colony. To make predictions comparable with empir-
ical data, predictions were then averaged across those months/
years and the two breeding stages, weighting each month/year 

and breeding stage prediction by the proportion of tracking data 
for this colony that was recorded during this month/year and for 
this breeding stage. To generate these maps of predicted density, 
the models were projected using the exponential of the linear 
predictor. The overlaps between the predicted distributions of 
the two species were visualised and calculated by extracting 
50% and 95% contours of empirical UDs estimated using a kernel 
approach (see Section 2.2) and those of predicted densities. For 
each colony and model selection approach, the percent overlaps 
between empirical and modelled distributions were calculated 
as the ratio of the area of overlap of the surfaces inside the 50% 
or 95% contours of those distributions and the area of the union 
of these same surfaces. Differences between empirical and pre-
dicted percent overlap values were tested using two- sided paired 
t- tests (paired by colony). This parametric test was chosen be-
cause for all comparisons, Shapiro–Wilk normality tests did not 
reject the hypothesis that differences were normally distributed 
(50% contour, data vs. model selected without standardising 
cross- validation scores by colony sample size: W = 0.96, p = 0.80; 
data vs. model selected with standardisation of cross- validation 
scores: W = 0.97, p = 0.88; 95% contour, data vs. model [without 
standardisation]: W = 0.87, p = 0.14; data vs. model [with stan-
dardisation]: W = 0.95, p = 0.71).

3   |   Results

The raw tracking data are presented in Figure 1. We identified 
634,724 linearly interpolated foraging locations belonging to 
18,689 foraging segments (14,495 for BG and 4194 for CG) for use 
in the habitat models (after removing foraging segments with 
missing environmental variables). There were on average 33.96 
linearly interpolated locations (2.5% quantile: 1.0; 97.5% quan-
tile: 225) in a retained foraging segment.

The overlap analysis confirmed the existence of segregation 
between the two species at all sites in at least 1 year (Table 2). 
Overlap did not differ from that expected by chance at Hornøya 
in 2011 and Langanes from 2019 to 2021 (Table 2), although this 
could be due to small sample sizes.

The habitat preference models for BG, after reduction by cross- 
validation, explained 72.1% (model selection without stan-
dardisation by colony sample size) and 71.4% of the deviance 
(with standardisation). Those for CG explained 69.1% (without 
standardisation) and 65.8% (with standardisation) of the devi-
ance. The retained environmental variables varied with the 
model selection approach for a given species (Tables  3 and 4). 
Nevertheless, there were common variables retained with the 
different model selection approaches (e.g., log(depth) and dis-
tance from colony in all models; SST and SST fronts in both 
models for CG).

All models found that both species exhibited a strong reduc-
tion in preference for foraging with distance from the colony 
(Tables  3 and 4; Figure  2 and Figure  S2). The model for CG 
selected with no standardisation by colony sample size and 
both models for BG selected retained the interaction between 
distance from the colony and the number of pairs, with range 
increasing with abundance (Tables  3 and 4); (Figure  2). The 
model for BG selected with standardisation and the model for 
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FIGURE 1    |    Map of the data. (A) All colonies for which counts were available are represented on the map (blue: Brünnich's guillemots only, red: 
Common guillemots only; orange: Both species breed in sympatry). Numbered labels correspond to colonies for which tracking data were available. 
(B–M) Tracking data for all corresponding colonies (blue: Brünnich's guillemots; red: Common guillemots).
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CG selected without also retained an interaction between dis-
tance from the colony and breeding stage, with birds preferring 
locations closer to the colony during chick rearing compared to 
incubation (Tables 3 and 4).

The results of the habitat models provide insights into the mech-
anisms underlying the segregation between the two species. 
First, the ‘niche displacement’ hypothesis predicted that the 
habitat preferences of at least one species would depend on the 
presence of the competitor species. Our results do not support 
this prediction, as the proportion of heterospecifics variables 
was not retained in any model (Tables 3 and 4).

Second, the ‘niche divergence’ hypothesis predicted that habitat 
preferences would differ between the two species. Our results 
support this prediction: for a given model selection approach, 
the models for the two species retained different variables 
(Tables 3 and 4; Figure 2 and Figure S2). For example, CG se-
lected steeper bathymetric slopes in both models, a variable that 
was not retained in any BG model. BG selected more for coastal 
areas (with standardisation), which was not retained in any CG 
model (Tables 3 and 4). According to both CG models, CG se-
lected deeper depths (Tables 3 and 4), while there was high inter- 
colony variation in the BG models, with BG selecting deeper 
depths at some sites and shallower depths at others (Figure S2).

However, the modelled environmental preferences did not 
fully explain the observed segregation between the two spe-
cies (Figure 3, see Figures S3–S6 for predictions for all colonies 
and species), suggesting some additional habitat- independent 
mechanism, in line with the ‘spatial avoidance’ hypothesis. 
Indeed, empirical percent overlap between the contours of the 

distributions of the two species was lower than percent over-
lap predicted by the models selected without standardisation of 
cross- validation scores (two- sided paired t- tests, data vs. mod-
els, 50% contours: mean difference = 17.59, t7 = 2.07, p = 0.077; 
95% contours: mean difference = 36.46, t7 = 5.37, p = 0.001). 
However, observed overlap did not significantly differ from 
overlap predicted by the models selected with standardisation 
(two- sided paired t- tests, data vs. models, 50% contours: mean 
difference = −6.20, t7 = −0.65, p = 0.538; 95% contours: mean 
difference = 6.05, t7 = 0.72, p = 0.4936).

4   |   Discussion

Our pan- Atlantic multi- scale analysis confirmed the existence of 
interspecific spatial segregation at all sympatric colonies during 
most years but revealed only limited support for the ‘niche di-
vergence’ hypothesis (i.e., different fundamental environmental 
requirements) and no support for the ‘niche displacement’ hy-
pothesis (i.e., competitive exclusion forcing species at sympatric 
sites to change their habitat use). The fine- scale foraging habitat 
models retained different environmental variables for the two 
species, suggesting some form of ‘niche divergence’, but this was 
insufficient to explain the levels of segregation observed, sug-
gesting an additional role of ‘spatial avoidance’ (independent of 
habitat).

Both common and Brünnich's guillemots showed strong pref-
erence for foraging locations closer to the colony, with forag-
ing range increasing with colony size (both species combined). 
These results, in line with other studies on guillemots (Patterson 
et  al.  2022) and other breeding seabirds (Lewis et  al.  2001; 
Oppel et  al.  2015), are consistent with Ashmole's halo theory 
(Ashmole 1963) that disturbance or depletion of food around the 
colony increases competition, forcing individuals to forage fur-
ther. Food availability might therefore be more limiting at larger 
colonies, where such competition for food pushes both species 
toward their maximum foraging range. Interestingly, foraging 
range was previously found to be best predicted by total colony 
size (both species combined) rather than by the number of con-
specifics only, suggesting that levels of intra-  and interspecific 
competition are comparable (Patterson et al. 2022).

At large sympatric colonies, strong competition for food not only 
creates impetus for niche segregation but also extends foraging 
radii over an area that encompasses levels of habitat variation 
that accommodate it. For example, the large, mixed colony at 
Látrabjarg in Iceland (~226,000 common and 118,000 Brünnich's 
guillemots; Garðarsson, Guðmundsson, and Lilliendahl  2019) 
has an extensive foraging range that encompasses two water 
masses and a range of coastal features, which might provide the 
impetus and opportunity for Brünnich's guillemots to segregate 
from common guillemots by occupying distant cold- water cur-
rents and fjords (Bonnet- Lebrun et al. 2021, 2022). In contrast, 
the environmental conditions within the short foraging ranges 
of many of the small colonies we sampled are likely to be rel-
atively homogeneous, which might reduce the likelihood of 
detecting habitat preference. This could be true both because en-
vironmental gradients were too weak to be biologically relevant 
and because of the limited spatial resolution of available envi-
ronmental data relative to the foraging range around the colony.

TABLE 2    |    Overlap between foraging Brünnich's and common 
guillemots. Utilisation Distribution Overlap Indices calculated from 
tracking data linearly interpolated to every 3 min, selecting foraging 
locations only (based on a speed threshold of 8 ms−1). Significance tested 
using a permutation test with 1000 iterations, each time resampling 
species labels across individuals within each colony (and year).

Colony Year

Number of 
individuals

Overlap 
value 

(UDOI) pBG CG

Bjørnøya 2017 15 19 1.076 0.001

Gannet 2015 6 9 0.126 < 0.001

Grímsey 2019 7 18 0.582 0.007

Látrabjarg 2019 31 33 2.821 < 0.001

2022 8 6 1.299 0.017

Hornøya 2011 5 25 0.619 0.238

2013 29 3 0.600 0.006

Langanes 2015 5 3 0.125 < 0.001

2019 3 2 0.860 0.103

2020 3 5 1.379 0.457

2021 4 4 1.320 0.296

Note: Bold values are for p- values < 0.05.
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We found evidence of segregation between the two species at 
sympatric colonies of all sizes, which was only partially ex-
plained by differing habitat preferences and so appeared to arise 
from spatial avoidance. Spatial avoidance could be due to inter-
ference competition (Swanson et  al.  2014), with subordinates 
avoiding areas occupied by heterospecifics when searching for 
food (using direct cues and/or memory), independently of habi-
tat; or with dominant competitors actively chasing subordinates 
away from the former's preferred foraging areas. Spatial avoid-
ance could also result from the two species exploiting different 
shoaling or swarming prey that are spatially clumped in differ-
ent parts of the foraging radius, or them targeting habitats within 
the foraging range that we were unable to include in our models 
as they were not available across locations or at a sufficiently fine 
scale. For instance, fine- scale sediment- type variables have been 
shown to drive the distribution of some known guillemot prey 
(e.g., for lesser sandeels Ammodytes marinus, Wright, Jensen, 
and Tuck 2000) but were not available for the whole study area. 
Similarly, we had to exclude oceanographic variables such as 

eddy kinetic energy or sea level anomaly, despite those being 
known drivers of seabird foraging distributions (Wakefield, 
Phillips, and Matthiopoulos 2009), because of high amounts of 
missing data along the coast. Finally, we only modelled the en-
vironment in two dimensions, but guillemots, as diving species, 
forage in a three- dimensional environment; this third dimen-
sion can be included in models (e.g., Freer et al. 2020), but we 
did not have access to appropriate environmental data in depth 
in this study. In the future, additional and finer- scale environ-
mental data, but also more variety in conditions sampled (i.e., 
more colony- years), would provide the scope for a better general-
isation of habitat preferences across colonies through a possibly 
more complex GFR structure, creating opportunities to detect 
finer habitat- related mechanisms. In turn, this might strengthen 
the detected role of niche divergence or niche displacement in 
driving these species' foraging distributions.

CG and BG may also segregate in, for example, diet or isoto-
pic niches (Barger and Kitaysky  2011; Linnebjerg et  al.  2013; 

TABLE 3    |    Results of the final habitat models selected by cross- validation with no standardisation of cross- validation scores across colonies. 
Logistic regressions with whether the location is a presence (1) or a background location (0) as a response variable. Variable names with “M1” 
correspond to the means of the corresponding variables over each sampling instance.

Estimate Standard error z p

Common guillemots

(Intercept) 4.51E+00 4.35E+00 1.036 0.300

SST - 9.99E- 03 1.51E- 02 −0.662 0.508

SSTfronts 5.19E- 01 5.06E- 02 10.263 < 0.001

log(depth) 2.81E- 01 2.97E- 02 9.461 < 0.001

Distcolony −1.12E- 04 3.05E- 06 −36.581 < 0.001

Number of pairs −3.58E- 03 2.70E- 04 −13.264 < 0.001

Breeding stage 3.60E- 01 9.70E- 02 3.709 < 0.001

Distcolony:Number of pairs 1.33E- 07 5.26E- 09 25.316 < 0.001

Distcolony:Breeding stage −1.28E- 05 1.77E- 06 −7.255 < 0.001

Brünnich's guillemots

(Intercept) 3.11E+03 3.52E+02 8.823 < 0.001

SSTfronts 5.78E- 01 2.94E- 02 19.652 < 0.001

SST −1.12E+01 1.26E+00 −8.860 < 0.001

log(depth) −3.26E+00 1.97E+00 −1.656 0.098

M1 SST −8.82E+00 1.19E+00 −7.392 < 0.001

M1 log(depth) −1.03E+02 6.00E+00 −17.063 < 0.001

Distcolony −1.12E- 04 1.30E- 06 −86.249 < 0.001

Number of pairs −3.82E- 03 2.50E- 04 −15.256 < 0.001

log(depth):M1 SST 5.99E- 03 6.98E- 03 0.857 0.391

SST:M1 log(depth) 3.63E- 01 2.16E- 02 16.788 < 0.001

SST:M1 SST 3.20E- 02 4.28E- 03 7.470 < 0.001

log(depth):M1 log(depth) 2.69E- 01 1.84E- 02 14.603 < 0.001

Distcolony:Number of pairs 1.41E- 07 3.26E- 09 43.315 < 0.001
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Kokubun et  al.  2016; Barger et  al.  2016; Pratte, Robertson, 
and Mallory  2017), diving depth (Barger et  al.  2016; Bonnet- 
Lebrun et al. 2021), or time (Barger et al. 2016; Bonnet- Lebrun 
et al. 2021). If studies of temporal segregation in these species 
mostly investigated the species' diel cycle, phenological dif-
ferences could also be important, with the later breeding of 
Brünnich's guillemots staggering their food demand (Barrett, 
Asheim, and Bakken 1997), which could potentially create leap-
frog foraging (Clewlow et al. 2019). Whether or not niche diver-
gence or niche displacement drives these patterns of segregation 
along other axes remains an open question. An at- sea diet study 
off Finmark in Norway, comparing monospecific and mixed 
feeding flocks, found that Brünnich's guillemots fed on a differ-
ent size class of capelin Mallotus villosus in the presence vs. in 
the absence of common guillemots, which could be indicative of 
niche displacement (Erikstad and Vader 1989). However, the diet 
of guillemots varies between colonies and species within colo-
nies (e.g., Bradstreet 1980; Lønne and Gabrielsen 1992; Mehlum 
and Gabrielsen 1993; Barrett, Bakken, and Krasnov 1997; Woo 
et al. 2008; Anderson et al. 2014) and the distributions of each 

prey species may have differing environmental drivers, which 
complicates the identification of consistent patterns of niche di-
vergence or niche displacement across sites. In contrast, regard-
ing nesting sites, a study on Bear Island in Norway suggests a mix 
of niche divergence and niche displacement (Williams  1974). 
There, common guillemots tend to nest earlier and aggressively 
move Brünnich's guillemots out of broader ledges, suggesting 
that the latter might be dominant; Brünnich's guillemots choose 
narrower, steep ledges to avoid competition, but also because 
they evolved to use these in the high Arctic, where such habitat 
clears of ice sooner (Williams 1974).

More generally, it remains unclear why in some systems, 
habitat- related mechanisms (i.e., ‘niche divergence’ and ‘niche 
displacement’) seem to explain spatial segregation between 
closely- related species, while in our system the support for 
such hypotheses was weak to non- existent. For example, in 
stone martens Martes foina and pine martens Martes martes 
(Wereszczuk and Zalewski  2015), diverging habitat prefer-
ences explained the differences in habitat use at sympatric 

TABLE 4    |    Results of the final habitat models selected by cross- validation with standardisation of cross- validation scores across colonies. Logistic 
regressions with whether the location is a presence (1) or a background location (0) as a response variable. Variable names with “M1” correspond to 
the means of the corresponding variables over each sampling instance.

Estimate Standard error z p

Common guillemots

Intercept −3.07E+03 5.66E+02 −5.417 < 0.001

log(slope) 8.70E- 01 4.92E- 01 1.767 0.077

M1 log(depth) −1.93E+01 9.59E+00 −2.015 0.044

SST 1.07E+01 2.00E+00 5.331 < 0.001

M1 SST 1.15E+01 1.92E+00 6.003 < 0.001

SSTfronts 6.32E- 01 5.95E- 02 10.623 < 0.001

log(depth) 2.48E- 01 2.88E- 02 8.617 < 0.001

Distcolony −6.97E- 05 1.17E- 06 −59.380 < 0.001

log(slope):M1 log(depth) −8.82E- 02 9.62E- 02 −0.917 0.359

M1 log(depth):SST 6.59E- 02 3.38E- 02 1.948 0.051

SST:M1 SST −4.01E- 02 6.78E- 03 −5.913 < 0.001

Brünnich's guillemots

Intercept 1.20E+01 5.04E- 01 23.805 < 0.001

Coastal 3.32E- 01 5.23E- 02 6.348 < 0.001

log(depth) −1.71E+00 9.45E- 02 −18.059 < 0.001

M1 log(depth) −1.60E+00 9.26E- 02 −17.315 < 0.001

Distcolony −1.01E- 04 1.56E- 06 −64.337 < 0.001

Number of pairs −3.99E- 03 2.20E- 04 −18.128 < 0.001

Breeding stage 3.56E- 01 6.02E- 02 5.916 < 0.001

log(depth):M1 log(depth) 3.03E- 01 1.72E- 02 17.603 < 0.001

Distcolony:Number of pairs 1.33E- 07 3.24E- 09 40.937 < 0.001

Distcolony:Breeding stage −1.70E- 05 1.40E- 06 −12.133 < 0.001
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sites. In contrast, for thrush nightingales Luscinia luscninia 
and common nightingales Luscninia megarhynchos (Reif 
et al. 2018), niche displacement was apparent and symmetric 

at sympatric sites. Similarly, although focusing on only six col-
onies, a study of two congeneric albatross species found that 
while sooty albatrosses Phoebetria fusca retained the same 

FIGURE 2    |    Percentage of deviance explained by each variable when added to models not containing it, as a percentage of the deviance explained 
by final foraging habitat models. Final models were selected using cross- validation (blue: with standardisation of cross- validation scores across 
colonies, orange: ithout standardisation of cross- validation scores). The size of the circles corresponds to the number of variables already present in 
the model when adding the focal variable to estimate its effect. Left: Models for Brünnich's guillemots, right: Models for common guillemots. See 
Supporting Information for further explanations about this visualisation. This figure shows the disproportionate effect of the distance from the 
colony in deviance explained.

FIGURE 3    |    Spatial overlap between the two species at each sympatric study colony, empirical and predicted (based on models selected without 
standardisation of cross- validation scores across colonies vs. with standardisation). Red: Common guillemots, blue: Brünnich's guillemots; thick 
lines: 50% contour of the empirical or predicted distribution, thin lines: 95% contour. Percent overlap values are presented in the bottom- right panel, 
calculated for each percent contour (50% and 95%).
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habitat preferences across sites, light- mantled albatrosses 
Phoebetria palpebrata showed different habitat preferences 
between sympatric and allopatric sites (Bentley et  al.  2024), 
suggesting some form of niche displacement. More research 
is required to understand the fundamental processes that 
underpin the observed patterns of spatial segregation across 
systems.

Overall, future research into such a classic example of spatial 
partitioning would ideally focus on large sympatric colonies that 
provide the levels of competition and habitat heterogeneity re-
quired for the various forms of segregation to arise. Extending 
such studies over multiple years in which environmental change 
occurs and including information on dive depths and diet would 
create greater power to unravel the potential drivers or out-
comes of spatial segregation, allowing a better understanding 
of how competition may interact with climate change to shape 
community structure.
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