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ABSTRACT

Aim: In highly mobile species, Migratory Connectivity (MC) has relevant consequences in population dynamics, genetic mixing,
conservation and management. Additionally, in colonially breeding species, the maintenance of the breeding geographical struc-
ture during the non-breeding period, that is, a strong MC, can promote isolation and population divergence, which ultimately can
affect the process of lineage sorting. In geographically structured populations, studying the MC and differences in environmen-
tal preferences among colonies, populations, or taxa can improve our understanding of the ecological divergence among them.
Location: Atlantic Ocean and Mediterranean Sea.

Methods: We investigated the MC and non-breeding ecological niche of three seabird taxa from the genus Calonectris (n =805
individuals). Using 1346year-round trips from 34 different breeding colonies, we assess the level (from taxa to colony) at which
MC and non-breeding spatial and environmental segregation emerge.

Results: At a taxon level, we found a clear difference in the non-breeding distributions between Cory's (C. borealis) and Scopoli's
(C. diomedea) shearwaters, and a clear ecological divergence between Cory's and Cape Verde (C. edwardsii) shearwaters. At an
intermediate aggregation level, we found that birds breeding in proximity had similar non-breeding habitat preferences, while
birds breeding in very distant colonies (and therefore classified in different populations) had different non-breeding habitat
preferences. Furthermore, within each taxon, we found more structure (i.e. stronger MC) and non-breeding divergence at an
intermediate aggregation level than at the colony scale, where MC was weak.

Main Conclusions: These results suggest that conspecifics from nearby colonies mix in common non-breeding areas, but not
with birds from more distant colonies or different taxa. These results support the need for management and conservation strate-

gies that take into account this structure when dealing with migratory species with high connectivity.

1 | Introduction

Migratory Connectivity (MC), or the link between breeding and
non-breeding distributions in migratory species, is defined as
the preservation of the spatial structure between the breeding
and non-breeding distributions, and is usually classified along
a continuum from weak to strong (Webster et al. 2002). Weak
MC occurs when the geographic structure of populations in
the breeding grounds is not maintained in the non-breeding
grounds (i.e. animals from different breeding populations mix
in common non-breeding areas), while strong MC occurs when
the geographic structure in the non-breeding grounds mirrors
that of the breeding grounds (i.e. animals that breed closer to
each other also spend the non-breeding period closer to each
other, and farther from others, Finch et al. 2017).

In colonially breeding species, such as most seabirds, the breed-
ing populations have a segmented geographic structure, formed
by isolated patches of suitable habitat (islands or coastline) in a
continuum of habitat unsuitable for breeding the ocean (Hanski
and Gilpin 1997). Particularly in some highly mobile species,
although the populations are not physically separated by geo-
graphical barriers or distance, the structure is still maintained,
mostly by behavioural traits, such as natal philopatry and breed-
ing site fidelity (Matthiopoulos et al. 2005; Friesen et al. 2007).

In such geographically structured species, strong MC favours
the ecological divergence between populations as, with time,
their non-breeding habitat preferences diverge, which eventu-
ally increases the genetic structure of the population (Quillfeldt

etal. 2017; Hipfner et al. 2020), as the opportunities for encounters
between animals of different breeding populations are reduced
(Marra et al. 2019). Conversely, in species with weak MC, there
are more opportunities for encounters between animals from dif-
ferent breeding populations in the non-breeding grounds, which
can facilitate changes in breeding locations (e.g. even though
pair bonding happens generally at the colonies, an animal (par-
ticularly a young and inexperienced one) sharing non-breeding
ground with animals from another breeding population, can fol-
low them back in their prenuptial migration and change breeding
location), potentially leading to gene flow among populations,
hybridisation and introgression (Tigano et al. 2015; Quillfeldt
et al. 2017). Thus, MC has relevant consequences for population
dynamics and genetic mixing, but also for conservation and man-
agement actions as the geographic structure of a population will
dictate where conservation or management actions should be di-
rected (Bauer et al. 2016; Finch et al. 2017).

In this context, tools to model the non-breeding distribution and
ecological niche of these migratory, geographically structured
species, such as Ecological Niche Models (ENMs, Melo-Merino
et al. 2020), and to analyse at what scale connectivity patterns
emerge (i.e. at colony, population, or taxon scale) can be partic-
ularly insightful when dealing with closely related taxa with
incomplete lineage separation, for example, when morphologi-
cal divergence is subtle, reproductive isolation is not absolute or
genetic differentiation is still small (Rissler and Apodaca 2007;
Fiser et al. 2018; Ferrer Obiol et al. 2023). This is the case for
the Calonectris complex, a group of four taxa of pelagic seabirds
breeding colonially in islands and islets in subtropical waters of
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the northern hemisphere (Warham 1996). Three of them have
a parapatric breeding distribution spanning the North-eastern
coast of the Atlantic Ocean and the Mediterranean Sea, and spend
the non-breeding season in several discrete areas of the Atlantic
and Indian Oceans, with different degrees of inter-specific mixing
(Gonzalez-Solis et al. 2007). The most recent common ancestor of
the Calonectris species complex is thought to have been 4.3 Mya
(Ferrer Obiol et al. 2022), subsequently splitting into the Pacific
streaked shearwater (Calonectris leucomelas) and the Atlantic
clade. From the latter, the Cape Verde shearwater (C. edwardsii,
CALEDW hereafter) diverged later than 1.0 Mya and is consen-
sually regarded as a full species (Hazevoet 1995), and Cory's (C.
borealis; CALBOR) and Scopoli's (C. diomedea; CALDIO) shear-
waters diverged shortly after that, late enough that they have only
recently been recognised as separate species (Sangster et al. 2012),
and there is still debate as to whether they should be considered
as such (Genovart et al. 2013; Ferrer Obiol et al. 2022). Despite
their mainly parapatric breeding distribution, there is a small re-
gion around the strait of Gibraltar where CALBOR and CALDIO
breed in sympatry. Mixed-species pairs and occasional hybridisa-
tion have been reported from mixed colonies or nearby colonies
of each taxon (Gémez-Diaz et al. 2006; Navarro et al. 2009; Zidat
et al. 2017). These characteristics make them a valuable species
complex to study ecological divergence through the analyses of
non-breeding distributions and MC at different hierarchical levels
(i.e. colony, population and taxon).

For this work, we collated a dataset of 1346year-round tracks
of 805 individuals from the Atlantic Calonectris species com-
plex, breeding in 34 different colonies distributed along the
Mediterranean and Atlantic basins. With this large dataset, we
aimed to (1) compare MC values at three different aggregation lev-
els (colony, a distance-based intermediate aggregation level and
taxon) and (2) obtain non-breeding distributions and habitat pref-
erences for each taxon and at different aggregation levels, in order
to detect differences that can be indicative of ecological and, even-
tually, evolutionary divergence. First, we expect to find weak MC
among breeding colonies of the same taxon, but stronger among
different distance-based groups and strongest among different
taxa. Second, we expect larger differences in habitat preferences
during the non-breeding period among different taxa than among
distance-based groups or colonies of a given taxon.

2 | Methods
2.1 | Studied Taxa and Sampling Design

Calonectris shearwaters are medium-sized Procellariforms, with
long lifespans, high reproductive investment and low reproduc-
tive output (Navarro and Gonzalez-Solis 2007; Ramos et al. 2012),
and they display strong natal and breeding philopatry (Mougin
et al. 1999). Females lay a single egg per season, and incubation
and chick-rearing duties are shared by both parents (Thibault
et al. 1997; Granadeiro et al. 2006). CALBOR breeds mainly on
Macaronesia Islands (except Cabo Verde) and off the west coast
of the Iberian Peninsula and spends the non-breeding season in
different areas of the Atlantic and Indian Oceans, off the coasts
of Africa and South America as well as two oceanic areas of the
Atlantic, one south of Newfoundland and another in the South
Atlantic over the mid-oceanic ridge (Gonzalez-Solis et al. 2007,

Dias et al. 2011). CALDIO breeds in the Mediterranean Sea and
spends the non-breeding season in the Atlantic Ocean off the
West coast of Africa and East coast of South America (Gonzalez-
Solis et al. 2007; Morera-Pujol et al. 2023), and CALEDW breeds
in Cabo Verde Archipelago and spends the non-breeding season
off the East coast of South America (Birdlife International 2019).
The three taxa have similar phenology, arriving at the colonies for
breeding in late February—early March. Laying occurs around the
second half of May, and the hatching period is around mid to late
July. In late October or early November, chicks fledge and aban-
don the colony, and they return to the colony after about 6 years of
age when they reach breeding age (Granadeiro et al. 1999; Mougin
et al. 2000; Paiva et al. 2015).

Our dataset comprises year-round at-sea positions of adult birds
breeding in 13 CALBOR colonies (801year-round tracks), 19
CALDIO colonies (445year-round tracks) and two CALEDW
colonies (100year-round tracks), representing the entire breed-
ing distribution of the three taxa, and obtained between the
summers of 2006 and 2016 (Figure 1).

2.2 | Tracking Data

Positions were obtained with Global Location Sensors (GLS;
Wilson et al. 1992), which provide one or two positions per day,
using daylight to calculate longitude from the time of twilight and
latitude from the length of the day (light period). Detailed deploy-
ment information for each colony can be found in Morera-Pujol
et al. (2023). Twilight events calculated from the light measure-
ments were visually inspected and corrected when interferences
near the twilights were detected. Locations were obtained from
the light data using either Intiproc (Migrate Technology Ltd.) or
Biotrack (Biotrack Ltd.) software or the GeoLight package in R
(Lisovski and Hahn 2012). To eliminate biases due to incorrect
latitude estimations during or near equinoxes (Ekstrom 2004)
we removed position data from 20days before and after the equi-
noxes. In addition, we removed unrealistic positions by applying a
quadratic speed filter following McConnell et al. (1992).

We visually inspected tracks to assign a phenological state to
each position. Based on the distance between consecutive posi-
tions and the directionality of movement, we classified periods
as ‘residency’ when for at least 4days the movement was non-
directional (following Dias et al. 2011). The residency periods
during the breeding season and around the breeding colonies
were classified as ‘breeding’. The residency periods outside the
breeding season (i.e. between the months of October and the
following March) were classified as ‘main non-breeding’ (the
longest) and ‘staging’ (the rest of them). Movement periods (di-
rectional travel) were classified as ‘migration’. For our analysis,
we used only the residency periods during non-breeding.

Since our dataset contains individuals tracked for up to eight con-
secutive years and along a 10-year period, we followed Morera-
Pujol et al. (2023) to check for the biases caused by individual
site fidelity and temporal variability in the spatial distribution
of each of the taxa. The colony of Fifla showed a high effect of
individual site fidelity, so for it, we randomly selected only one
track per individual for the colony of Filfla (Malta, CALDIO),
but for all other colonies, no effects of individual site fidelity or
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FIGURE1 | Breeding distribution and potential non-breeding areas of the three Calonectris shearwaters studied: (a) known breeding locations of
CALBOR (in yellow), CALDIO (in purple) and CALEDW (in pink). The size of the coloured circle is proportional to the number of breeding birds esti-
mated for each colony and the colonies with black full circles inside are the ones where we have tracked birds. Notice that a mixed colony of CALBOR

and CALDIO (in green) occurs in Chafarinas Islands, in the area of the Almeria—Oran oceanographic front (thick black line). The dashed, thin black

lines delimit populations for each taxon. (b) Non-breeding areas of the three Palearctic Calonectris species as used for the analyses of this work. The

colours and numbers in this figure correspond to those in Figures 2 and 3. Adapted from Spalding et al. 2007; see Section 2).

temporal variability were detected. Additionally, for all colonies,
to make sure each of our samples was a good representation of
their colonies, we used the function repAssess from the pack-
age track2kba (Beal et al. 2021), which checks the representa-
tiveness of each colony sample. This function uses an approach
similar to that of species discovery curves to assess whether a
sample contains enough variability to be a good representation
of the sampled colony. Following Morera-Pujol et al. 2023 we
selected a representativeness threshold of 70% and excluded all
colonies under that threshold or with a sample size under five
tracks from the analyses (CALBOR colonies of Corvo—Central
Azores—and Graciosa—West Azores—, and CALDIO colonies
of Porquerolles—France—, Gozo—Sicilian Channel—, and
Na Pobra and Na Foradada—Balearic Islands—more details in
Morera-Pujol et al. 2023).

2.3 | Migratory Connectivity

We estimated the MC following Cohen et al. (2017), which
improves on the classical MC method (Ambrosini et al. 2009).
The method uses transition probabilities between specific
breeding and non-breeding sites and can consider uneven

sampling and differences in abundance among sites. The re-
sulting MC measure can range between —1 and 1. MC close
to 1 indicates that populations that breed close by also spend
the non-breeding period close by (strong MC) and MC close to
0 indicates that the relationship between breeding and non-
breeding distances is no different from what is expected at
random (weak MC). Negative values of MC could theoretically
be as low as —1, indicating that populations that breed close
together spend the non-breeding period farther apart, but
even with simulated datasets designed to obtain negative MC
values, the lowest value obtained was —0.06, so it is possible
that large negative values are rare or impossible to obtain with
natural populations data (Cohen et al. 2017).

The method used for calculating MC requires the a priori delim-
itation not only of breeding sites but also of non-breeding areas.
Thus, we divided the non-breeding distribution of the three taxa
using the Marine Ecoregions Of the World (MEOW; Spalding
et al. 2007). These regions extend only to 200 nautical miles off-
shore or to the 200 m isobath (whichever occurs closest to land).
Since Calonectris shearwaters can spend the non-breeding sea-
son further offshore, we extended these limits to include all of
the non-breeding positions in each area, but maintaining the
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limits between regions (Figure 1). In addition, since MEOW
does not include offshore areas, but some shearwaters do spend
their non-breeding periods in the middle of the Atlantic Ocean,
we generated three offshore areas based on prior knowledge of
the wintering distribution of these species: North Atlantic (55°
W—19° W, 30° N—21° N), Equatorial Atlantic (52° W—0° W, 6°
S—20° N), and central South Atlantic (46° W—6° W, 48° S—30°
S; Figure 1).

We calculated MC at three different levels: colony, ‘population’,
and taxon. At a colony level, we calculated three MC values, one
for each taxon, assigning a small buffer of 1 km around each col-
ony to define breeding sites. To try and detect structure within
each taxon, we grouped colonies into what hereafter we will
call populations, which are aggregations of colonies based on
distance. We delineated these populations by taking all known
colonies based on Morera-Pujol et al. 2023 (sampled and unsam-
pled) and grouping them if their 100km buffers overlapped
(Figure 1). The 100 km buffer was chosen via trial and error as a
compromise between smaller values that would group colonies
in many small populations and larger values that would group
almost all colonies of a species in one single population. This
provides a good intermediate level of aggregation that has geo-
graphical sense as it is based on proximity and will allow us to
test whether populations that are close by are more similar to
each other. We calculated an MC value at a population level for
CALBOR and one for CALDIO (there were not enough sampled
colonies of CALEDW to perform this) at a population level. Each
population’s size was calculated as the sum of the colony size
of all colonies (sampled and unsampled) of that population (col-
ony and sample sizes are specified in Morera-Pujol et al. 2023).
Finally, we calculated one single overall MC value at a taxon
level; that is, grouping all colonies of each taxon in a single or-
igin and using thus the breeding sites of the entire taxon as the
breeding area.

MC estimates are reported as median values (95% Confidence
Interval, CI) along this study. The functions developed by Cohen
et al. (2017) are implemented in the package MigConnectivity
(Hostetler and Hallworth 2018). We used the function estMC,
designed to estimate the value of MC taking into account dif-
ferences in the number of breeding birds among origins (i.e.
breeding sites), different sampling efforts, and the position error
associated with the GLS data (with estimates of bias and vari-
ance obtained from modelling ground-truthing GLS data). For
each aggregation level (colonies, populations, and taxa) we ran
the estMC function with 1000 simulations (value recommended
for GLS data) and 1000 samples, with a maximum number of
tries of 300 (more details can be obtained in Cohen et al. 2017).

To visually represent the MC, we constructed circular plots
that connected breeding sites and non-breeding areas with
the package circlize (Gu et al. 2014). The first step to construct
these plots was to define a single non-breeding area for each
individual, but each individual's non-breeding locations were
usually distributed among more than one of the pre-defined
non-breeding areas. To identify the main non-breeding area, we
overlapped all non-breeding locations of each individual with
the pre-defined non-breeding areas and assigned as the main
non-breeding area that which contained the largest proportion
of non-breeding locations. Second, a circumference was drawn,

composed of sectors representing the breeding sites (top half)
and non-breeding areas (bottom half). The arc lengths of the
sectors were proportional to the number of breeding birds of
each breeding site (top half) or the number of animals using
each non-breeding area (bottom half). The thickness of the links
(chords) joining each breeding site to a non-breeding area was
designed to be proportional to the number of individuals going
from each origin to each destination, corrected by the number of
breeding birds at the origin and sampling effort (i.e. dividing by
the sample size and multiplying by the population size). Detailed
population and sample size numbers for all colonies and species
can be found in Appendix S1 of Morera-Pujol et al. 2023.

2.4 | Environmental Data and Ecological Niche
Modelling

To model the habitat preferences of shearwaters, we considered
environmental variables known to affect seabird at-sea distri-
butions (Wakefield et al. 2009; Louzao et al. 2011). Sources of
the environmental variables, units and processing details can be
found in Table S1.

We used Bayesian Additive Regression Trees (BARTs, Chipman
et al. 2010) through the functions provided in the package
embarcadero (Carlson 2020). Regression-tree modelling ap-
proaches like this one obtain the probability of the desired
output variable (likelihood of an individual of a species being
present in our case) based on decision trees that use binary-rule
sets to split the predictor variables (Carlson 2020). We modelled
the non-breeding distributions for each colony, population, for
each taxon as a whole, and for the three taxa together (supra-
taxon level hereafter). For all multi-colony models (i.e. popula-
tion, taxon and suprataxon), our non-breeding locations did not
accurately represent the real contribution of each colony to the
higher-level population size, due to different sampling efforts on
each colony and different colony sizes. To correct that, we sim-
ulated, from the non-breeding location data, and with the same
relative spatial distribution, a number of locations proportional
to colony size using the function simulateDistribution() from
Morera-Pujol et al. 2023. The function creates a kernel density
surface from the real at-sea locations and then randomly gener-
ates locations following that density to reproduce the real dis-
tribution with a known number of locations. From this process,
we obtained a set of simulated locations for each population and
taxa, and for the suprataxon level, that were representative of the
proportional colony sizes and corrected for sample size. Then,
following Carlson (2020) we subsampled our simulated distribu-
tions to obtain 2000 locations for each model using the function
rthin from the package spatstat (Baddeley et al. 2015). This func-
tion performs independent random thinning, producing a point
pattern with the same relative density as the original one but a
smaller number of points. For the single-colony models, we did
not have to worry about the contribution of different colonies to
the model. However, the difference in model accuracy depend-
ing on the size of the dataset was still a concern, since our sam-
ple sizes ranged between 536 and 27,081 locations per colony.
Therefore, to make the process more comparable with the one
described above for the multi-colony models, we also simulated
non-breeding distributions for each colony and then subset 2000
locations to be used as presences in the model.

50f 15

85U8017 SUOWILLIOD BA1TER1D) 8|qeo! [dde aup Aq peusenob aJe Ssjoie O ‘8sh Jo sejnl Joj Akeid)8ul|uO /8|1 UO (SUONIPUOD-pUe-SWSY W00 A8 |1 Afe.d | jpuluoy//Sdny) SUORIPUOD pue swie | 81 8es *[520z/20/TT] uo Ariqiiauliuo A8|im ‘@d Jouedns oimisu| A €T00L IPP/TTTT OT/I0p/L00 A |IM AleIqpuljuo//Sdiy Wwolj pepeoumod ‘€ ‘SZ0Z ‘Zr9ve.yT



After this process, we had a dataset of 2000 simulated non-breeding
locations to be used as presences for each colony, population,
taxon, and suprataxon model. Still following Carlson (2020), 2000
pseudo-absences were generated for each model using the func-
tion randomPoints from the package dismo (Hijmans et al. 2022).
These were generated within the spatial range of the covariates
(i.e. Atlantic Ocean and Mediterranean Sea) and only at sea (not
on land), but otherwise randomly. From the models we ran, we ob-
tained modelled non-breeding distributions that we used in three
different ways: (1) we used the three taxon-level models to study
spatial segregation among the three taxa and to compare model fit
with that of the suprataxon model; (2) we used the population-level
models of CALBOR and CALDIO to study spatial structure in the
non-breeding distribution within each taxon; and (3) we used the
colony-level models to study how their pairwise correlation related
to the pairwise distances between colonies.

One of the characteristics of using BARTS instead of other non-
Bayesian tree-based methods is that it provides a measure of
model uncertainty in the predictions; therefore, the modelled
non-breeding distributions produced at every iteration are means
of the posterior distribution. Additionally, the functions from the
embarcadero package perform stepwise variable selection by run-
ning first a model with a full set of predictors and then iteratively
removing the less important one and running the model again
with the remaining predictors. It calculates the Root-Mean-Square
Error (RMSE) of each of the resulting models and recommends the
set of predictors of the model with lower RMSE. For each model,
we used the predictors recommended by the stepwise selection.

Model fit was evaluated through the Area Under the Curve
(AUC), and predictor importance was calculated as the propor-
tion of total branches used for a given predictor. We use the AUC
not only as a measure of model fit but also as a proxy for popula-
tion structure. The reasoning behind it is that a more structured
population will have disparate non-breeding areas that might be
different in terms of environmental variables, which will cause
the model to struggle in classifying the presences based on the
value of the environmental variables, and therefore produce a
lower AUC, whereas in an unstructured population all individu-
als mix in the non-breeding distribution which will have a more
uniform environment, so we expect the AUC in these models to
be higher. If the three taxa do indeed have different environmen-
tal preferences, we expect the AUC of the supra-taxon model to
be the lowest. Lastly, the effect of the environmental variables
on the distributions was evaluated through partial dependency
plots, which calculate the mean effect of the variable of interest
(partial effect) measured at all other values of the other predic-
tors for all the values of the variable of interest.

The procedure for all models, from the generation of the sim-
ulated dataset to the calculation of variable importance and
model projections, was repeated 10 times for each model in order
to obtain uncertainty estimates around the variable importance
and AUC values. For the modelled non-breeding distributions,
we present the mean and SD of all mean distributions in the
main text, and the 10 mean distributions for each species can be
found in Figure S1.

For the colony levels, and to measure similarity between non-
breeding habitats of colonies within each taxon, we calculated

pairwise Pearson correlations between all pairs of modelled
non-breeding distributions using the function layerStats from
the package raster, and pairwise distances between colonies. We
then used linear models—Im function from the stats package—
to calculate the relationship between pairwise colony distances
and pairwise Pearson correlations between corresponding
model projections. For computational efficiency, and because
the uncertainty obtained would not have been propagated to the
linear model, we did not run the colony models for 10 iterations.
All analyses were performed in R (version 4.2.3, R Core Team).
The code is available at https://github.com/VirginiaMorera/
Migratory-connectivity, and the data at Dryad at https://doi.org/
10.5061/dryad.g79cnp5z7.

3 | Results
3.1 | Migratory Connectivity

MC (which ranges between 0 and 1) was estimated at the colony,
population, and taxon levels. Within CALBOR, MC was 0.04
(—=0.01-0.11) at the colony level and 0.20 (0.10-0.40) at the pop-
ulation level (Table 1 and Figure S2). Birds from the colony of
Veneguera (West Canary Islands), Montaiia Clara (East Canary
Islands) and Selvagem Grande (Savage Islands) used most of
the non-breeding regions (13, 12 and 12, respectively, out of 17;
Figure 2). The Namaqua coast and the Agulhas—Benguela con-
fluence non-breeding regions were used by all colonies from all
populations, while the central coast of the gulf of Guinea was
only used by birds from Chafarinas (Figure 2).

Within CALDIO, MC was 0.05 (—0.02 to 0.17) at a colony
level and 0.31 (0.24-0.50) at a population level (Table 1 and
Figure S2). The colonies of Pantaleu (Balearic Islands) and
Palomas (South-east Spain) used most of the non-breeding
areas (seven and eight, respectively), while Paximada (Aegean
Sea) and Strofades (eastern Ionian Sea) use only three of them.
Of the non-breeding regions, the Agulhas current is exclusive
to birds from Palomas and used only by one individual, and
the northern Brazil current is used only by birds from two
colonies, Frioul (France) and Lavezzi (Corsica—Sardinia;
Figure 2). Conversely, the Sahelian coast was used by birds

TABLE 1 | Migratory Connectivity (MC) values (median and 95%
CI) estimated at a taxon level, and then at a population and colony
level for CALBOR and CALDIO. For CALEDW there is only analysis
at a colony level because the two studied colonies belong to the same

population.
Aggregation
level Species Median 95% CI
Taxon 0.45 0.42—-0.49
Population CALBOR 0.20 0.10—to 0.40
Population CALDIO 0.31 0.24—t0 0.50
Colony CALBOR 0.04 —0.01-0.11
Colony CALDIO 0.05 —0.02-0.17
Colony CALEDW 0.01 —0.01-0.04
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FIGURE 2 | Circular plots showing the links between each breeding (top half) and non-breeding area (bottom half) for colonies (top) and popu-
lations (bottom) of CALBOR (left), CALDIO (centre) and CALEDW (right). The arcs of the sectors are proportional to the number of individuals in
each area (colony or population, or non-breeding area), and the widths of the links are proportional to the number of individuals travelling to each of
the non-breeding areas, after correcting for the different sampling effort in each colony and accounting for different population sizes. Colonies: For
CALBOR (A) Faial, (B) Pico, (C) Vila, (D) Chafarinas, (E) Berlenga, (F) Selvagem Grande, (G) Montana Clara, (H) Timanfaya, and (I) Veneguera; for
CALDIO (J) Palomas, (K) Pantaleu, (L) Cala Morell, (M) Riou, (N) Frioul, (O) Giraglia, (P) Lavezzi, (R) Zembra, (S) Linosa, (T) Filfla, (U) Malta, (V)
Tremiti, (W) Strofades, and (X) Paximada; and for CALEDW (Y) Curral Velho, (Z) Raso. Populations: For CALBOR (A + B) Central Azores, (C) East
Azores, (D) Chafarinas, (E) Berlengas, (F) Savage islands, (G +H) East Canary Islands, (I) West Canary Islands; and for CALDIO (J) Palomas, (K+L)
Balearic Islands, (M + N) France, (O + P) Corsica and Sardinia, (R+ S+ T+ U) Sicilian Channel, (V) Middle Adriatic, (W) Strofades, (X) Aegean Sea.
Non-breeding areas: (1) Eastern Brazil, (2) Northern Brazil current—South-eastern Brazil, (3) South Brazil current, (4) Uruguay—Buenos Aires shelf,
(5) Patagonian shelf, (6) North Atlantic, (7) Central-southern Atlantic, (8) Agulhas current, (9) Agulhas—Benguela confluence, (10) Namaqua, (11)
Namib, (12) Angolan current, (13) Central gulf of Guinea, (14) West gulf of Guinea, (15) Equatorial Atlantic, (16) Sahelian upwelling and (17) Saharan
upwelling.

breeding in all colonies from all populations, while the
Equatorial Atlantic was used by birds of all populations and
all colonies but Frioul (Figure 2).

Within CALEDW, as each of the two colonies represented one
population, there is only one measure of MC. The median MC
value was 0.01 (—0.01 to 0.04; Table 1 and Figure S2). The three
non-breeding regions were used in a similar proportion by birds
from the two colonies (Figure 2).

At a taxon level (i.e. grouping all individuals by taxon and esti-
mating the MC taking the three taxa as the three only possible
origins, and all the non-breeding regions as possible destina-
tions) MC was 0.45 (0.42-0.49; Table 1 and Figure S2). From
the 17 non-breeding regions available, CALBOR used a total
of 15, of which it shares nine with either of the other two taxa
(60.0%, Figure 3). CALDIO used a total of nine, of which seven

were shared with at least one of the other two taxa (77.8%) and
CALEDW shearwaters used a total of three non-breeding re-
gions, all of them shared (Figure 3).

3.2 | Ecological Niche Modelling

From the Ecological Niche Models (ENMs) we obtained mod-
elled non-breeding distributions at four levels: colony, popula-
tion, taxon and suprataxon. All models fitted well, with AUC
values between 0.886 (£0.001) and 0.994 (+0.000, Table 2). The
highest AUC values overall were for CALEDW populations, and
the lowest for CALBOR populations, with the lowest value of
all being that of the suprataxon model (modelling the three taxa
together, AUC =0.894 (£0.003)). For CALBOR, the AUC for the
model at a taxon level was 0.894 (+0.005), the lowest of the three
taxa and equal to that of the suprataxon model (Table 2).
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FIGURE 3 | Circular plot showing the links between each taxon
(top half) and non-breeding area (bottom half). The arcs of the sec-
tors are proportional to the number of individuals of each taxon (top)
and the number of individuals using each non-breeding area (bottom),
and the widths of the links are proportional to the number of individ-
uals from each taxon travelling to each of the non-breeding areas, af-
ter correcting for the different sampling effort in each colony and ac-
counting for different population sizes. Non-breeding areas: (1) Eastern
Brazil, (2) Northern Brazil current—South-eastern Brazil, (3) South
Brazil current, (4) Uruguay—Buenos Aires shelf, (5) Patagonian shelf,
(6) North Atlantic, (7) Central-southern Atlantic, (8) Agulhas current,
(9) Agulhas—Benguela confluence, (10) Namaqua, (11) Namib, (12)
Angolan current, (13) Central gulf of Guinea, (14) West gulf of Guinea,
(15) Equatorial Atlantic, (16) Sahelian upwelling, and (17) Saharan
upwelling.

The stepwise selection process discarded slope as a relevant en-
vironmental variable from all population, taxa, and suprataxon
models in all their iterations, except from the French population
model (Table 2). Sea Surface Temperature (SST) gradient was
excluded from three of the models as it did not get selected in at
least five iterations, and bathymetry and salinity were excluded
from one model for the same reason. All the other variables
were included in all models, with varying degrees of impor-
tance. SST was the most important variable for all population,
taxa and suprataxon models, with importance values between
0.179 (+0.002) and 0.285 (+0.002). Chlorophyll A (ChlA) and
ChlA variability where also highly important for all the models
(Table 2).

Modelled non-breeding distributions obtained from the
Ecological Niche Modelling (ENM) showed optimal habitat for
CALBOR mainly in areas of the Atlantic between the 20° and
50° latitude (both North and South), and with high suitability
values in coastal as well as in oceanic waters. For CALDIO, high
values of habitat suitability were contained mainly in areas be-
tween 20° North and South, predominantly in coastal waters
but also in some oceanic waters. Lastly, for CALEDW, highly
suitable areas are concentrated only in coastal waters, mainly

off the coast of southern Brazil and Uruguay, but also in some
narrow strips along the coasts of the South and the North-east of
the African continent (Figure 4, top). The 95% credible interval
(CI) widths show low levels of uncertainty for all taxa but espe-
cially for CALEDW. We only observe very large CI widths (i.e.
high uncertainty) inside the estuary of the Rio de la Plata, where
extreme levels of salinity and productivity make model predic-
tions very uncertain (Figure 4, bottom).

Partial effects plots showed the different environmental pref-
erences of each species, with CALDIO and CALEDW showing
preference for warmer waters than CALBOR, and CALDIO
showing a preference for more dynamic waters (higher suitabil-
ity at high values of ChlA variability). The three species show
similar preferences for waters with high concentrations of ChlA
(Figure 5).

Finally, pairwise correlations (representing similarity) among
colony-level projections ranged from 0.27 (between Chafarinas
and Pico) to 0.91 (between Berlenga and Selvagem Grande) for
CALBOR and from 0.29 (between Chafarinas and Strofades) to
0.92 (between Giraglia and Riou) for CALDIO. The linear mod-
els showed that the similarity between model projections was
negatively related to the distance between colonies for the two
taxa, with significant correlations for both, and R-squared val-
ues of 0.39 and 0.34, respectively (Figure S3).

4 | Discussion

In this study, we combined Migratory Connectivity (MC) and
Ecological Niche Modelling (ENM) to analyse ecological diver-
gence between three closely related taxa of seabirds. A strong
MC indicated the presence of structure between the three taxa,
and moderate MC values indicated the presence of some struc-
ture at a population level within each taxon, which was consis-
tent with the different non-breeding distributions and habitat
preferences found through the ENM. These results have import-
ant implications for population dynamics and structure, as well
as the underlying evolutionary processes of the species.

4.1 | Migratory Connectivity and Structure at
Different Aggregation Levels

MC and ENM analyses revealed a clear geographic segregation
among the three taxa: CALBOR and CALDIO clearly selected
different non-breeding areas, which were reflected in the rela-
tively high MC at a taxon level, and visible in the geographical
projections of the ENM. That is, optimal habitat for CALDIO
predominantly fell between 30° N and 30° S, exhibiting a clear
tropical distribution, whereas optimal habitat for CALBOR
extended beyond these limits, showing a clear sub-tropical
distribution (Figure 4). Although CALEDW partly shared non-
breeding areas with CALBOR, the two species diverged in their
habitat use. CALEDW tended to occupy warmer, more produc-
tive and dynamic waters than CALBOR. This suggested an eco-
logical, rather than spatial, divergence between the two.

The decreasing values of MC and increasing AUC values from
taxon level to populations to colonies evidence the presence of
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FIGURE 4 | Mean (top row) and standard deviation (bottom row) of the mean modelled distributions obtained from the BARTS model. Results
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structure between the three taxa, with little mixing among them,
but the structure dissipates as we move towards lower levels of
aggregation. The presence of MC at a population level, but its
absence at a colony level indicated that while there was a high
degree of spread and mixing between colonies (Finch et al. 2017),
birds from a specific population favoured a subset of non-breeding
areas among all those used by the taxon. This pointed out some
degree of population structuring within each taxon.

In addition, the modelled non-breeding distributions of the
population-level models have shown there are some populations
of CALBOR that use the non-breeding areas in the northern
African coast without sharing them with individuals from other
colonies, namely birds from Savage, eastern and western Canary
Islands (Figure 3 and Figure S4), and this structure is reflected
in the fact that CALBOR has the lowest AUC of the three taxa.
The body size of birds from Savage is larger than those breeding
in Berlengas and the Azores (Granadeiro 1993), the few studies
of the genetic structure within CALBOR populations showed
conflicting results (Genovart et al. 2013; Munilla et al. 2016),
making further research necessary to elucidate the patterns of
population structure within the taxon.

For CALDIO, our results showed that non-breeding habitat from
the eastern populations differed from that of central and western
populations as the former used almost exclusively the northern-
most non-breeding areas (Figure 4 and Figure S5). Some stud-
ies showed a body size gradient within CALDIO populations,

with a substantial decrease in size with longitude (Massa and
Valvo 1986; Gémez-Diaz et al. 2006). In addition, evidence of
genetic structure among colonies indicated divergence between
eastern and western Mediterranean populations (Gémez-Diaz
et al. 2009). Both morphological and genetic results could be a
consequence of population structuring that can be linked to the
lack of mixing we found in the non-breeding areas between in-
dividuals of the eastern and western populations.

For CALEDW, although we only had data from one colony
from each population, the use of non-breeding areas of the
two sampled colonies was almost identical (Figure 3), which
was reflected by a very high AUC in the model at a taxon level.
Although no genetic evidence is available for CALEDW, since
there are no phenotypic differences between colonies, neither
in morphology, foraging areas during breeding (Gonzalez-Solis
pers. comm.), choice of non-breeding area, nor preferred envi-
ronmental variables, it is reasonable to assume there is no pop-
ulation structuring in this locally restricted taxon endemic to
Cabo Verde.

4.2 | When the Drift Is Subtle: The Case
of Neighbouring and Mixed Colonies
of Different Taxa

Despite the clear non-breeding allopatry between CALBOR
and CALDIO, there were a few ‘contact zones’ between them:
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in two of the main non-breeding grounds, both taxa co-
occurred in two transition areas, one between the Sahelian
and Saharan upwellings and the other along the Namib coast.
In addition, CALDIO also frequented subtropical regions of
the Brazil current and the North Atlantic region during their
migratory movements, thus sharing the areas with CALBOR.
The existence of these ‘contact zones’ favours potential events
of dispersion. For instance, a bird of one population wintering
in a shared non-breeding ground might follow in the return
migration a bird from another population, or even a bird from a
different taxon (Friesen et al. 2007). Indeed, there are records
of CALBOR individuals ringed as chicks in Atlantic colonies
and found years later breeding in Mediterranean colonies (Lo
Valvo and Massa 1988; Thibault and Bretagnolle 1998; Goémez-
Diaz et al. 2009; Gabirot et al. 2016) including some cases of
successful inter-taxa pairing (Martinez-Abrain et al. 2002). In
contrast to such occasional dispersals of CALBOR individu-
als to CALDIO breeding sites, there are no reported dispersal
events in the opposite direction, that is., CALDIO birds breed-
ing in CALBOR sites. In addition, although CALEDW and
CALBOR completely overlapped in their non-breeding areas,
there are only a handful of documented cases of CALEDW

individuals seen in CALBOR colonies, all of them in the
Canary and Savage Islands (Fagundes et al. 2012; Copete
et al. 2015; Gil-Velasco et al. 2019), but none of them with con-
firmed breeding. Finally, when we modelled the non-breeding
distribution of the three taxa together, the model showed a
worse fit than when modelled separately. This suggested the
three taxa occupy different ecological niches with very little
overlap among them, which might evidence lineage diver-
gence in the three Calonectris taxa (Raxworthy et al. 2007;
Ferrer Obiol et al. 2022).

The Almeria—Oran Oceanographic Front serves as an eco-
logical divide between Atlantic and Mediterranean distri-
butions of many marine taxa (Pascual et al. 2017) and also
appears to be the divide between CALBOR (breeding in the
Atlantic) and CALDIO (breeding in the Mediterranean,
Goémez-Diaz et al. 2009). However, there are nearby colonies
of both taxa on both sides of the front, with at least one mixed
colony (Gémez-Diaz et al. 2006; Zidat et al. 2017). This partial
sympatry and breeding synchrony open the possibility of hy-
bridization and introgression, which certainly would produce
gene flow between the species (Brown et al. 2015). Indeed,
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reproductive isolation may not yet be complete: genetic stud-
ies in the mixed colony of Chafarinas Islands, based on both
mitochondrial DNA (mtDNA, Gomez-Diaz et al. 2009) and
microsatellites (Zidat et al. 2017), reported the existence of in-
trogressed individuals which could indicate relatively recent
hybridisation events.

Our study included tracks from three colonies in the Front
area: Terreros, Palomas, and Chafarinas. Modelled non-
breeding distributions for CALDIO from Palomas and
CALBOR from Chafarinas showed common areas for both
taxa (Figures S4 and S5). Unfortunately, the non-breeding
distribution for CALBOR from Terreros and CALDIO from
Chafarinas could not be modelled due to their small sample
sizes (see Morera-Pujol et al. 2023). However, most of the non-
breeding locations of CALBOR from Terreros fell within the
Sahelian and Saharan upwellings, which are predominantly
used by CALDIO populations (Figure 2). The non-breeding
locations of CALDIO from Chafarinas occupied mainly trop-
ical non-breeding areas of the eastern Atlantic coast, typical
of their taxon, but also the Brazil coast and North Atlantic pe-
lagic area, which are predominantly used by CALBOR pop-
ulations. Despite the small sample size constraints of these
two colonies, the results seemed to suggest that birds breed-
ing in sympatry do experience mixing in the non-breeding
areas (even though the two taxa have clearly segregated
non-breeding ecological niches), which could allow locally
restricted genetic mixture (as had already been reported in
Gomez-Diaz et al. 2006 and Flood and Gutiérrez 2019), pro-
ducing an intermediate CALBOR-CALDIO phenotype for
individuals breeding in this area. Although our data do not
allow conclusive remarks on this, it does suggest a way to test,
with larger sampling sizes, whether the non-breeding distri-
butions of birds in the intermediate breeding zone between
CALBOR and CALDIO also have intermediate non-breeding
preferences.

Altogether, our results suggested that the three Calonectris
taxa adapted to the environmental conditions present in their
non-breeding distributions. This adaptation might be to a par-
ticular range of SST, but most likely the preference for a certain
range of SST and ChlA values reflects a preference for prey that
favours those particular conditions. In any case, this local ad-
aptation, coupled with the strong philopatry and breeding site
fidelity, possibly resulted in a process of ecological divergence,
despite the three taxa breeding sympatrically. Together with the
divergence on other biological traits such as morphology, vocal-
isations, and odour (Zidat et al. 2017), this divergence adds evi-
dence to the species differentiation of the three taxa.

4.3 | Implications for Population Dynamics,
Conservation and Management

This structure at a population and taxon but not colony level has
obvious implications in population dynamics: our results indi-
cate the presence of mixing in the non-breeding areas within
populations, and as populations were defined based on distance
among colonies, this hinted to the possibility of a distance-
based structure (i.e. neighbouring colonies had more similar
migratory behaviour than distant colonies because there was

more gene flow among them). The negative correlation between
pairwise similarity of non-breeding distributions and pairwise
colony distance provided further support for this hypothesis. It
demonstrated that the closer two colonies are, the more similar
the non-breeding habitats of their individuals are. This “isola-
tion by distance” model had already been proposed as a driver
of population structure within CALDIO (Ramos 2019), and also,
as adriver of the differentiation between CALBOR and CALDIO
(Gomez-Diaz et al. 2009).

In terms of management and conservation, understanding
what constitutes a given population and how different popu-
lations relate to each other demographically and genetically is
key to quantifying the effect that local (nest availability, pre-
dation at colony) or global (climate change, food availability)
perturbations might have on the survival of their populations
(Esler 2000; Matthiopoulos et al. 2005). In addition, understand-
ing the degree of MC among populations can also help us to
understand the effects of perturbations in the non-breeding dis-
tribution. In situations of high spread and mixing among popu-
lations (i.e. weak MC), any perturbation in a given non-breeding
region is likely to cause a global effect on the entire species,
while the effect would be more localised in a species with strong
MC (Webster et al. 2002; Buckingham et al. 2022). Finally, the
degree of intra-population spread in the non-breeding distribu-
tion can affect the ability of the population to respond to non-
breeding range shifts and reductions in the context of climate
change (Finch et al. 2017).

4.4 | Concluding Remarks

To our knowledge, this is the first time that non-breeding dis-
tributions have been used to identify the degree of ecologi-
cal divergence in a species complex of migratory birds of this
magnitude (but see Quillfeldt et al. 2017), extending previous
attempts of applying ENM to support lineage divergence in resi-
dent species (Raxworthy et al. 2007; Rissler and Apodaca 2007).
Although the genetic differences between the three taxa seem
to be clear now (Ferrer Obiol et al. 2022), phenotype does not
always immediately reflect the differences in genotype. Our re-
sults on major habitat segregation among the three taxa during
the non-breeding period increase the list of evidences support-
ing the phenotypic divergence between CALBOR and CALDIO
that have been documented so far: morphological (Gomez-Diaz
et al. 2009), acoustic (Bretagnolle and Lequette 1990), chemical
(i.e. odour, Zidat et al. 2017), and now, ecological (this study).
In addition, our results preliminarily showed that although
CALBOR and CALEDW partly overlap in their non-breeding
distribution, their environmental preferences seem to differ,
which confirms the ecological divergence between both taxa.
Our data also seem to suggest the existence of intermediate
habitat preferences in the non-breeding distributions of birds
breeding in the contact zone between taxa, which is consis-
tent with previous evidences of hybridization and introgression
(Gomez-Diaz et al. 2009). This requires a future effort in data
collection and further analyses to ascertain more details in the
ecological traits of such populations. Finally, our analyses of MC
and modelling of non-breeding habitats detected the presence
of within-taxon structure at a population level, rather than at
a colony level, thus suggesting that separate managements and
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conservation plans might be necessary for species with this type
of internal structure.
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