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ABSTRACT: Identifying drivers of population trends in migratory species is difficult, as they can
face many stressors while moving through different areas and environments during the annual
cycle. To understand the potential of migrants to adjust to perturbations, it is critical to study the
connection of different areas used by different populations during the annual cycle (i.e. migratory
connectivity). Using a large-scale tracking data set of 662 individual seabirds from 2 sympatric
auk meta-populations (common guillemots Uria aalge and Brunnich's guillemots U. lomvia)
breeding in 12 colonies throughout the Northeast Atlantic, we estimated migratory connectivity in
seasonal space use as well as occupied environmental niches. We found strong migratory connec-
tivity, within and between species. This was apparent through a combination of seasonal space
use and occupied environmental niches. Brinnich's guillemot populations grouped into 2 and
common guillemot populations into 5 previously undescribed spatiotemporal clusters. Common
guillemot populations clustered in accordance with the variable population trends exhibited by
the species, while Brinnich's guillemot populations are declining everywhere where known
within the study area. Individuals from different breeding populations in both species were clus-
tered in their space and environmental use, utilising only a fraction of the potential species-wide
range. Further, space use varied among seasons, emphasising the variable constraints faced by
both species during the different stages of their annual cycle. Our study highlights that consider-
ing spatiotemporal dynamics, not only in space but also in occupied environmental niches,
improves our understanding of migratory connectivity and thus population vulnerability in the
context of global change.
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1. INTRODUCTION

Migratory animals face specific challenges in a
rapidly changing world, such as loss of habitat, new
physical barriers, overexploitation of seasonal food
resources and climate change impacts (Wilcove &
Wikelski 2008, Robinson et al. 2009). Changes in the
environment encountered by migrants outside their
breeding season have the potential to affect popula-
tion trends through, for example, an effect on indi-
vidual survival (Webster et al. 2002, Gaston & Powell
2003). Hence, assessing the response of migratory
species or populations to perturbations requires an
understanding of migratory connectivity (Taylor &
Norris 2010), which is the connection of different
areas used by different populations during the
annual cycle. It is typically described along a contin-
uum from low (also termed weak, or diffuse) to high
(or strong) (Webster et al. 2002). Strong migratory
connectivity (i.e. population-specific non-breeding
areas) is necessary for differential population trends
of geographically distinct breeding populations to be
driven by factors away from the breeding sites
(Kramer et al. 2018). Another aspect of migratory
connectivity is population spread, which refers to the
size of the geographic area occupied by a population
during different parts of the annual cycle (Finch et al.
2017). Populations with smaller geographic spread
have a limited variety of migratory movements and
destinations and may thus be more vulnerable to per-
turbations than those with larger spread (Cresswell
2014, Gilroy et al. 2016).

The concept of migratory connectivity has so far
focused on the geographic distribution of migrants
but can be expanded to include their environmental
niches. The niches used during the annual cycle can
vary independently of the geographic area occupied
as migrants move simultaneously in geographic
space and among environmental conditions (Soberén
2007, Soberén & Nakamura 2009, Peters et al. 2017).
Consequently, migrants moving in similar geo-
graphic space may potentially occupy different envi-
ronmental niches and vice versa (Gomez et al. 2016,
Peters et al. 2017). Populations utilising many differ-
ent environments are more likely to persist than
those remaining within similar environments regard-
less of the occupied geographic area (Davies et al.
2004, Thuiller et al. 2005, Lavergne et al. 2013). Con-
sequently, whether migratory connectivity is ex-
pressed in terms of space use or realized environ-
mental niche (or both), it may have different
consequences for the trajectories of the species.
Moreover, in addition to the spatial and environmen-

tal aspects of migratory connectivity it is also impor-
tant to consider its seasonal dynamics, i.e. not only
which sites and environments are used, but also
when they are used. This can have manifold conse-
quences on individual fitness (e.g. through transmis-
sion of pathogens) and therefore population dynam-
ics (Bauer et al. 2016, Eyres et al. 2017, La Sorte et al.
2018).

Migratory connectivity is increasingly being stud-
ied in different taxa (Rooker et al. 2008, Godley et al.
2010, Frederiksen et al. 2012, 2016, Russell et al.
2013, Fayet et al. 2017) with a main focus on terres-
trial birds (reviewed in Hahn et al. 2013, Taylor &
Stutchbury 2016, Finch et al. 2017, Kramer et al.
2018), where migratory connectivity is variable but
often weak (Finch et al. 2017). Here, we assessed
year-round spatial and environmental migratory
connectivity within and between 2 sympatric circum-
polar seabird species, the temperate common guille-
mot (hereafter COGU, Uria aalge) and the Arctic
Brunnich's guillemot (hereafter BRGU, U. lomvia).
These 2 auk species share similar morphology and
life history (Gaston & Jones 1998, Benowitz-Freder-
icks & Kitaysky 2005). Their energetic costs for flight
are among the highest recorded for any vertebrate
(Elliott et al. 2013), suggesting severe constraints
upon large-scale movement capabilities and high
sensitivity towards habitat loss (Taylor & Norris
2010). Guillemots also exhibit contrasting population
trends in the Atlantic, with colonies of BRGUs gener-
ally declining within the Northeast Atlantic and
those of COGUs exhibiting more variable trends (see
Table 1) (Frederiksen 2010, Fauchald et al. 2015,
Frederiksen et al. 2016, JNCC 2016, Anker-Nilssen
et al. 2017, Gardarsson et al. 2019). Some evidence
exists that population trends as well as adult survival
in Uria spp. are associated with environmental con-
ditions experienced during the non-breeding period
(Gaston & Powell 2003, Descamps et al. 2013,
Mesquita et al. 2015, Fluhr et al. 2017) and that
Atlantic-wide BRGU population trends are con-
nected to mid-winter space use (Frederiksen et al.
2016).

Divergent population trends for these congeneric
seabirds make them an ideal study system to investi-
gate the importance of space and environmental con-
nectivity across the migratory phase (Webster et al.
2002, Taylor & Norris 2010, Gilroy et al. 2016). To
characterise migratory connectivity and the potential
link to population trends in Uria spp., we tracked the
annual movements of 327 adult COGUs and 335 adult
BRGUs from 12 breeding populations, representing
almost the entire breeding range of the Northeast At-
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lantic population. To evaluate migratory connectivity
in terms of inter-population mixing and population
spread, within and across species, we not only consid-
ered the geographic areas occupied, but also the en-
vironmental conditions experienced and their vari-
ability during different phases of the annual cycle.

2. MATERIALS AND METHODS
2.1. Study species and area

Guillemots are large (~1 kg), deep-diving (up to
~200 m), long-lived colonial seabirds with high adult
survival, high breeding philopatry, high breeding
synchrony and low annual fecundity (Gaston & Jones
1998, Benowitz-Fredericks & Kitaysky 2005). Their
non-breeding period can be divided into several sea-
sons corresponding to different life history stages
throughout the annual cycle. Post-breeding, success-
ful males stay with their flightless chicks for at least
1 mo after colony departure (Harris & Wanless 1990,
Elliott et al. 2017). Further, guillemots undergo
moulting of their primaries and secondaries during
1-2 mo in the autumn post-breeding period which
renders them flightless during this time period (Birk-
head & Taylor 1977, Thompson et al. 1998, Bridge
2004, Elliott & Gaston 2014). Both species display
periodic synchronized attendances at their breeding
colonies starting up to several months prior to egg-
laying (Merkel et al. 2019), which in effect restricts
them to central place foraging during this period.
Hence, adult guillemots are only able to move with-
out constraints for extended periods of time after they
have renewed their flight feathers and before the
pre-laying colony attendance period starts.

Research was conducted at 16 seabird colonies
spanning 56-80°N and 16°W to 68°E in the North-
east Atlantic (see Table 1, Fig. 1A). For the purpose of
this study, we combined some colonies in close spa-
tial proximity to each other (<160 km) due to small
sample sizes and observed similar space use patterns
at some of these colonies as well as uncertainty con-
nected to the tracking method used (see below). This
resulted in 12 breeding populations. BRGUs and
COGUs breed sympatrically at 4 of these sites (see
Table 1).

2.2. Tracking data

We used archival light-level loggers to estimate
spatiotemporal locations of guillemot individuals

throughout the non-breeding period. These devices
record light intensity and time, which can be used to
estimate approximate latitude (i.e. day length) and
longitude (i.e. time of noon) positioning twice daily.
Their accuracy and precision varies over time and as
a function of latitude, weather and habitat (estimated
median accuracy: ~180 km; Merkel et al. 2016). They
are attached to a leg band with cable ties (logger,
band and cable ties <0.5% adult body mass) and
need to be retrieved in subsequent years after
deployment for data to be downloaded. During the
summers of 2007-2017, we captured adult guillemots
with noose poles at different sites and equipped
them with geolocators which we retrieved in subse-
quent years (overall retrieval rate >60 %). Individuals
were chosen opportunistically in most cases among
birds breeding on cliff ledges on the landward edge
of the colony. This resulted in 1103 annual tracks
(631 BRGUs, 572 COGUs) of 662 individual guille-
mots (335 BRGUs, 327 COGUs; see Table 1). All sub-
sequent analyses were conducted in R v.3.3.3 (R
Development Core Team 2017). All loggers (Mk15:
British Antarctic Survey; Mk3006: Biotrack; F100,
C250 and C330: Migrate Technology; or L250A:
Lotek) also recorded temperature and salt water
immersion (‘wet/dry’) data which were used in com-
bination with recorded light data to increase location
accuracy. We calculated a most probable movement
track for each individual and tracking year using
an iterative approach utilising probability sampling
(Merkel et al. 2016 and details in Supplement 1
at www.int-res.com/articles/suppl/m13580_supp/). We
binned the positional data into 4 seasons to capture
possible variability due to life history stages through-
out the annual cycle. This was done irrespective of
year tracked, as a recent study showed individual
consistency in non-breeding movements across years
(Merkel et al. 2020). The seasonal delimitation was
based on assessments of core time periods in which
little movement was observed across all individuals
from all colonies and both species, resulting in
autumn (10 August-28 September), early winter (18
November—6 January), late winter (17 January-25
February) and spring (27 March-25 May). We
assume that autumn describes the post-breeding-
moulting period, the 2 winter seasons capture tempo-
ral variability in movement behaviour during times
without movement restrictions for most breeding
populations, and spring is characterised by central
place foraging restrictions due to pre-laying atten-
dance at most colonies. Although sample size in some
populations was potentially not sufficient to capture
their entire distributional range (see Table 1), it
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nonetheless was adequate to represent the potential
variability of exhibited migration strategies.

2.3. Environmental niche

To quantify environmental niches occupied during
the non-breeding period, we used 8 ecologically re-
levant oceanographic parameters (Fort et al. 2009,
2013b, McFarlane Tranquilla et al. 2015); 3 sea
surface temperature variables, 2 sea surface height
variables, surface air temperature, distance to the
marginal sea ice zone and bathymetry (details in Sup-
plement 1). The environment occupied was then as-
sessed using the concept of environmental space
(Broennimann et al. 2012) defined as the first 2 axes of
a principal component analysis (PCA) of all environ-
mental parameters calibrated on the available envi-
ronment. To capture the variability of the available
environment, we sampled 20 000 random points across
the entire study area (Fig. S1.2 in Supplement 1)
every 2 wk for the entire study period (2007-2017).
The study area was defined as the area encompassed
by the 18 large marine ecoregions (hereafter eco-
regions; Skjoldal & Mundy 2013) intersecting with
the annual distribution of both guillemot species in
the Atlantic (Cramp 1985, Gaston & Jones 1998) (see
Fig. 1A). Ecoregions are large oceanic regions along
coasts and continental shelfs characterised by specific
ecological criteria (Skjoldal & Mundy 2013). To ac-
commodate the aforementioned distributions, 3 addi-
tional areas in the open ocean away from continental
shelfs were defined (Labrador Sea, Mid-Atlantic and
Central North Atlantic) using prior information on the
species’ distributions (Cramp 1985, Gaston & Jones
1998). All individual bird positions were projected
onto the PCA (PC1 = 44%, PC2 = 19%; Fig. S1.3).
Available and occupied environmental space were
then calculated using Gaussian kernel utilisation dis-
tributions (UD; standard bandwidth, 200 x 200 pixel
grid, '‘adehabitatHR' package; Calenge 2006) follow-
ing Broennimann et al. (2012).

2.4. Estimating migratory connectivity

Following Finch et al. (2017), we estimated migra-
tory connectivity as inter-population mixing as well
as population spread. We calculated inter-population
mixing in geographic space on 2 scales—on large
and meso scale—in order to be able to quantify
migratory connectivity given the complex non-
breeding movements of these species and the track-

ing method used. Further, we expanded the concept
of migratory connectivity as inter-population mixing
and population spread also in the environmental
niches occupied by these species.

2.4.1. Large-scale inter-population mixing

To quantify inter-population mixing and species-
wide spatiotemporal movement partitions across the
North Atlantic, we developed species-specific move-
ment networks using network theory (Taylor & Norris
2010). All estimated bird positions were assigned to
ecoregions. We then used the proportion of locations
in each ecoregion in seasonal cluster analysis (com-
plete-linkage clustering) to assign each individual to
a given ecoregion. To avoid pseudo-replication, we
used only 1 yr of tracking, randomly selected, for each
individual with repeated tracks. The optimal number
of clusters was determined using overall average sil-
houette width (Borcard et al. 2018) for each season. For
individuals affected by midnight sun conditions during
the spring season, we included the proportion of loca-
tions unavailable due to a lack of twilight events in the
cluster analysis. Similarly, for the few instances where
individuals during early winter had no locations due to
polar night influence (i.e. a lack of twilight events;
Table S1.2), birds were assumed to use the ecoregion
‘Barents Sea’' as this was only the case for individuals
with breeding colonies in the Barents Sea. Each
breeding population present in the network was given
the same weight and considered to be a node in the
network (8 species™!). Next, each individual in a given
population got a proportional weight based on the
total available tracks from that population. These
scaled movements (network edges) between ecore-
gions and seasons (network nodes) were combined to
create species-specific movement networks.

To identify possible partitioning within each spe-
cies-specific network, we used a Walktrap community
finding algorithm (finding clusters via random walks
with 5 steps taking into account the proportional
movement between ecoregions and seasons, ‘igraph’
package; Csardi & Nepusz 2006). This method also
returns a modularity index that ranges from 0-1 (the
closer to 1, the more the network exhibits clustering
with respect to the given node grouping). A network
is considered to exhibit significant cluster structuring
above a value of 0.3 (Clauset et al. 2004). Total
number and proportional use of population- and
species-specific most common migration strategies
were identified as unique individual movement paths
through each network. A high number of strategies
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and low proportion of individuals following the most
common strategy would indicate weak migratory con-
nectivity and vice versa. In addition, a species-wide
Mantel correlation was used as an independent
method to quantify migratory connectivity (Ambrosini
et al. 2009, Cohen et al. 2018) and was computed for
individual 10 d centroid locations throughout the non-
breeding period to assess the robustness of our results
(details in Supplement 1).

2.4.2. Meso-scale inter-population mixing

To quantify if populations and species mix or seg-
regate within ecoregions, we calculated individual
seasonal kernel UDs in geographic space (25 km grid
resolution in polar stereographic projection and a
bandwidth of 30 based on a median least square
cross-validation score of all individual- and season-
specific kernel UDs). The degree of mixing between
populations and species in each ecoregion and sea-
son was then estimated as the average overlap as
Bhattacharyya's affinity (Fieberg & Kochanny 2005)
between 4 random individual kernel UDs from the
same population (intra-population) as well as the
average overlap between 4 random individual kernel
UDs of either population compared (2 individuals
each; inter-population). This process was repeated
1000 times for both pairs in the comparison. If the
intra-population overlap is significantly greater than
the inter-population overlap (1-tailed t-test with
Bonferroni corrected significance level, p = 0.05/
number of correlation tests) then space use is defined
as population-specific within the ecoregion and sea-
son. We used this test for all populations of either
species with at least 4 individuals present in the same
ecoregion and season. The resulting comparisons
were summed to species- (within and between spe-
cies, sp) and cluster-specific (within and across clus-
ters, c) proportions of inter-population mixing within
ecoregions (P) for each season (f) ranging from 0
(populations segregate) to 1 (populations mix) using:
Nsim, sp.c,t

=1- —— >
et 1
e all, sp,c,t ( )

p

where N is the number of considered comparisons,
sim denotes only comparisons where intra-popula-
tion overlap of either comparison pair is significantly
greater than inter-population overlap and all denotes
all comparisons. Ecoregion-, species- and season-
specific Mantel correlations were calculated to as-
sess the robustness of these results with an inde-
pendent method (details in Supplement 1).

2.4.3. Intra- and inter-population mixing of
occupied environmental niches

In order to quantify inter-population mixing of
ecoregion-, species- and population-specific envi-
ronmental niches occupied in each season, we
used the niche similarity test by Warren et al.
(2008). This test compares 2 occupied niches and
addresses whether niche 1 is more similar to the
compared niche 2 than would be expected by
chance. The niche as kernel UD in environmental
space of one comparison pair was randomly relo-
cated within the available environmental space
while retaining the UD's shape (1000 permutations
for each comparison pair). Overlap between ob-
served niches as well as the randomly relocated
and observed niches was then calculated using
Schoener's D (Broennimann et al. 2012). If the
observed overlap is >95% of the randomly relo-
cated niches, the compared environments are con-
sidered to be more similar than expected by
chance. We tested similarity between ecoregion-,
species- and population-specific environmental
spaces in each season to assess migratory connec-
tivity in environmental space as well as niche par-
titioning between species. These environmental
similarities together with the proportional use of
different ecoregion by populations were then inte-
grated into an environmental similarity index (S).
This index ranges from 0 (all birds occupy distinct
environments) to 1 (all birds occupy a similar envi-
ronment) and is computed for each sp, ¢ and t as:

max (PRsp,C,t,l&Z )2 + Esim (PRsp,c,t,l X PRsp,c,t,2)
max (PRsp,c,t,l&Z )2 + Eall (PRsp,c,t,l X PRsp,c,t,Z]

Ssp,c,t =

where PR is the proportional use of the compared
nodes (1 and 2) and sim denotes only comparisons
with similar environments (one way is considered
sufficient, i.e. nichel = niche2 | niche 2 = niche1). As
compared environmental spaces are population-,
species- and in particular ecoregion-specific, we
included a maximum term in Eq. (2) to account for
the uneven distribution of a given population across
ecoregions (Fig. S1.4). However, this term is not
applicable, and hence removed, to compute the same
index between populations and/or clusters (c1 and
c2) of the same species or between species (spl and
sp2; Fig. S1.4) resulting in:

S 251111 (PRsp1c1,e X PRypacar)
ot =
SPC Eall (PRop1c1e X PRopacar)

@)
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2.4.4. Population spread

To quantify species and population spread in
space and the environment, we calculated the oc-
cupied geographic and environmental space as the
area covered by all relevant individual and sea-
sonal 90% kernel UD contours in each season as
well as the entire non-breeding period (all seasons
combined).

3. RESULTS
3.1. Large-scale inter-population mixing

Both species exhibited marked spatial clustering
on a large spatiotemporal scale with distinct annual
migration strategies and strong migratory connec-
tivity. Five and 2 distinct clusters (modularity of
0.59 and 0.36 indicating significant clustering)
describing the non-breeding distribution were iden-
tified for COGUs and BRGUs, respectively (Table 1,
Fig. 1B). These clusters were also visible in each
season (Fig. 2, Supplement 2 at www.int-res.com/
articles/suppl/m13580_supp/) and corresponded to
their population trends (i.e. COGU populations
whose individuals are part of the same cluster dur-
ing the non-breeding season show the same trend;
Table 1). For BRGU —declining all over our study
area—a migratory divide was seen along the west-
ern Barents Sea edge splitting Spitsbergen BRGU
populations (Fig. 2). Breeding populations to the
west of this divide spent the autumn along eastern
Greenland and moved towards Iceland and western
Greenland during winter while birds breeding in
the rest of the Barents Sea utilised the Barents
and Kara Sea during autumn and generally stayed
there year-round, except for Bjernegya individuals
(Fig. S3.13 in Supplement 3 at www.int-res.com/
articles/suppl/m13580_supp/). Increasing COGU pop-
ulations in the Barents Sea and decreasing popula-
tions in the Greenland and Icelandic Sea also
grouped into these clusters, whereas populations in
the Faroe Islands (decreasing trend), and the one
along the coast of Norway (increasing trend) and
eastern UK (increasing trend) displayed distinct
migration strategies (Table 1, Figs. 1 & 2). Both spe-
cies exhibited little inter-population mixing be-
tween their identified clusters, with COGUs even
less so than BRGUs (Table S1.4). An exception was
visible for COGUs in the Barents Sea, where a vary-
ing proportion of birds from all breeding popula-
tions (except Iceland) congregated during autumn

(Figs. 1B & 2). Species-wide Mantel correlation was
also high (>0.5) throughout the entire non-breeding
period for both species (Fig. S1.5), confirming the
identified strong migratory connectivity.

Each species utilised only a small fraction of po-
tential migration strategies (indicating strong mi-
gratory connectivity), with BRGUs (60 unique stra-
tegies = 16 % of possible paths through the network
given the sample size) displaying more strategies
than COGUs (40 = 9%); both species combined
only displayed 91 unique strategies (11 %) on this
large spatiotemporal scale. At the breeding-popu-
lation level, a variable but low amount of migration
strategies were displayed with birds from the
North-East and North Sea clusters showing little
variability (Table 1). Most tracked individuals fol-
lowed the most common population-specific strat-
egy. Most variability in spatiotemporal use was vis-
ible for individuals in the Mid-West cluster, in
particular for BRGUs (Table 1, Supplement 3).

3.2. Meso-scale inter-population mixing

Individuals from a given population and species
were more likely to encounter conspecifics from their
own population than an individual from a different
population and/or species occupying the same eco-
region (Fig. 3). During autumn, BRGUs from all pop-
ulations showed population-specific space use within
ecoregions, while COGUs mixed to some extent
(Figs. 1B & 3). Most mixing was visible within species
for individuals from the Mid-West cluster (around
Greenland and Iceland). Here, principally during
winter, individuals from different populations
mixed within the same ecoregion. Most between-
species mixing was apparent during spring (Fig. 3),
particularly for sympatrically breeding populations
(Fig. S1.6). Ecoregion-specific Mantel correlation
analysis corroborated these results (Fig. S1.5).

3.3. Environmental intra- and inter-population
mixing and species segregation

Both species were composed of populations within
clusters occupying distinct environments and hence
exhibited little inter-population mixing in occupied
environmental niches. Individuals from the same
population and species occupied similar environ-
ments with most variability present during winter
(Fig. 4). BRGU populations in the Mid-West cluster —
utilising a vast area—inhabited similar environments
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Fig. 1. (A) Study area (in polar stereographic projection) with bathymetry (Amante & Eakins 2009, Jakobsson et al. 2012) and
all large marine ecoregions included in the study (names detailed below). Circles: study colonies (red: common guillemot
[COGU]J; blue: Brinnich's guillemot [BRGU]). Colonies combined for the purpose of this study are encircled with dashed ellip-
soids. (B) Movement networks for both species by ecoregion (numbering corresponds to [A]) and season. Each breeding popu-
lation is scaled to the same size, while all nodes (squares) and edges (lines) are scaled to their proportional usage accordingly.
Nodes are greyscale-coded by number of populations present from white (only individuals from one population present) to
black (8 populations present). Coloured backgrounds display identified clusters (5 for COGU; 2 for BRGU). Colony abbrevia-
tions as in Table 1. Ecoregions—1: Kara Sea; 2: Barents Sea; 3: Norwegian Sea; 4: Greenland Sea; 5: Iceland Sea & Shelf; 6:
Faroe Plateau; 7: Central North Atlantic; 8: Celtic-Biscay Shelf; 9: North Sea; 10: West Greenland & Canada East Arctic; 11:
Labrador Sea; 12: Newfoundland & Labrador Shelf (including the Grand Banks); 13: Hudson Bay Complex; 14: Scotian Shelf;
15: Northeast US Continental Shelf; 16: Mid-Atlantic; 17: Iberian Coastal; 18: Baltic Sea

a
-

(Fig. 4). In contrast, BRGU populations
in the North-East cluster—mainly con-
strained to the Barents Sea—inhabited
distinct environments throughout the
non-breeding period. COGU clusters
generally occupied cluster-specific en-
u‘i’drff‘;\'/'i;s‘ vironments with most variability dis-
Norwegian coast played for populations in the Mid-
Eirrf": ése'znds West cluster. Differential segregation

between the 2 sympatrically breeding
species in space and sometimes envi-
ronment experienced was displayed
to a variable extent during all sea-
sons, except spring (Figs. 4 & S1.6)
Between-species mixing in the Mid-
West cluster was more prevalent than
in the North-East cluster.

Autumn

Early winter

3.4. Population spread

The observed strong migratory con-
nectivity in geographic and environ-
mental space was also visible in spe-
cies and population spread in both
species. Compared to COGUs, BRGUs
dispersed over a wider area which
was characterised by more heteroge-
neous environments in all seasons
(Fig. 5). For none of the breeding pop-
ulations did individuals ever utilise
the entire space or environment occu-
pied by the entire species. However,
BRGU populations generally spread

Late winter

Fig. 2. Seasonal distributions (in polar stereographic projection) for COGUs and BRGUs during autumn, early winter, late win-

ter and spring. Kernel utilisation distributions (UD) show seasonal space use by breeding population as composite of individ-

ual UDs scaled to their respective population sample size. High colour intensity indicates use by several populations. Dots:

colony locations; dashed and solid large circles: areas where location estimation was affected by or impossible due to polar

night or midnight sun, respectively; grey stippled and hatched areas: 15 and 90 % ten yr seasonal median sea ice concentra-
tion, respectively. Colours correspond to spatiotemporal clusters identified by network analysis (Fig. 1B)
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Fig. 3. Overall seasonal proportion of mixing between different populations occupying the same ecoregion and belonging to
the same species or different species (Eq. 1). This index ranges from 0 (segregation of different populations in the same ecore-
gions) to 1 (mixing of different populations in the same ecoregions). Colours denote comparisons within and between identi-
fied clusters (detailed in Fig. 1B). No COGU populations belonging to different clusters occupied the same ecoregion during
spring (Fig. 1B). Consequently, no proportion of mixing could be estimated during this season. Inter-population mixing could
only be calculated for the Mid-West and the North-East clusters, as the other 3 clusters only consist of one population each

out over more space and environments compared to
COGU populations (Fig. 5). Both species exhibited
more concentrated space use during autumn and
spring and spread out more in the winter seasons.
This pattern was also apparent at the population
level. Finally, neither species utilised its entire
annual occupied range in space or the environment
during any given season (Fig. 5).

4. DISCUSSION

Our analysis of meta-population-level migratory
connectivity for the genus Uria revealed that COGUs
exhibit strong migratory connectivity —in terms of
low inter-population mixing and low population
spread — with population space use during the non-
breeding period corresponding to their population
trends. Populations of BRGUs—which are gener-
ally declining across the entire studied range (Fred-
eriksen et al. 2016, Anker-Nilssen et al. 2017)—
also show rather strong migratory connectivity
and cluster into 2 distinct groups which have not
been described previously (Frederiksen et al. 2016).
Compared to COGUs, the BRGU meta-population
spreads out over a larger area, characterised by more
heterogeneous environments (McFarlane Tranquilla
et al. 2015), and exhibits more mixing between the

study populations, including within ecoregions. In all
populations where the 2 species breed sympatrically,
they segregate in space and often in environmental
use throughout the non-breeding period. Generally,
guillemot space use as well as environments occupied
in the Northeast Atlantic were found to be species-
and population-specific, with low spatiotemporal
variability, similar to the Northwest Atlantic (McFar-
lane Tranquilla et al. 2013) and the Pacific (Taka-
hashi et al. 2020). This suggests that both species are
comprised of space and environmental niche special-
ist populations. Overall, a strong seasonal pattern in
space use and environmental spread was apparent.
This pattern was likely driven by life history stages of
the annual cycle of the 2 species, such as restricted
movement capabilities during the autumn moult
(Birkhead & Taylor 1977, Thompson et al. 1998, Bridge
2004, Elliott & Gaston 2014) and pre egg-laying colony
attendance (Merkel et al. 2019).

The correlation between population trends and
identified migration strategy clusters in Uria spp.
(shown for COGUs in this study and for BRGUs in
Frederiksen et al. 2016) as well as the spatial, and to
some extent environmental, isolation between these
clusters, indicates that their population trends are
linked to their non-breeding distributions (Desprez
et al. 2018). Alternatively, population trends might
be affected by conditions during the breeding period
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Fig. 4. Environmental similarity index by season within and between species. This index ranges from 0 (all birds occupy dis-

tinct environments) to 1 (all birds occupy a similar environment) and quantifies the seasonal mixing of environmental niches

occupied within and across populations and clusters (detailed in Fig. 1B). Top panels (with small circles): intra-population esti-

mates (degree of similarity within populations); bottom panels (with bigger squares): comparative environmental similarities
within clusters (i.e. inter-population) or for all clusters combined (across all populations, in black)

(through a change in breeding success and propen-
sity). However, this is unlikely due to the large dis-
tance between breeding populations (Frederiksen et
al. 2016). Intra- and inter-specific competition for
food are predicted to play a key role in shaping pop-
ulation- and meta-population-scale migratory strate-
gies (Svanback & Bolnick 2007). Such competition
may explain why the studied populations exhibit
such strong connectivity and seldom travel towards
the Grand Banks and the Labrador shelf during
the non-breeding periods. These areas have already

been suggested as seabird wintering hotspots (Fred-
eriksen et al. 2012, Montevecchi et al. 2012, Fort et
al. 2013a, Fayet et al. 2017), in particular for Cana-
dian and West Greenland guillemot populations
(McFarlane Tranquilla et al. 2013, Frederiksen et al.
2016). Guillemots breeding in the Northeast Atlantic
may avoid these areas to limit competition for food.
Alternatively, the Grand Banks and Labrador shelf
may be outside the migratory range for these popula-
tions. Due to extremely high flight costs (Elliott et al.
2013), Uria spp. have a theoretical maximum migra-
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Fig. 5. Size of the (A) occupied geographic and (B) environmental space in each season and both species combined as well as

for COGUs and BRGUs. Bar plots denote the size of the entire occupied seasonal space (meta-population spread) while each

boxplot displays the range of area occupied by each breeding population. Box plot: 25", 50® (median) and 75" percentiles;
whiskers: minimum and maximum values

tory range of ~3400 km from their respective breed-
ing sites (Watanabe 2016). The Grand Banks and
Labrador would thus be outside this range for all
populations included in this study, except for the Ice-
landic colonies. Only 10 BRGU annual tracks (~2 % of
all BRGU tracks) and no COGU tracks exceeded the
theoretical migration range. These 10 tracks were
mainly from individuals utilising the Grand Banks
and the Labrador Shelf (range: 3500-4600 km). This
supports the hypothesis that migration distance is a
limiting factor for guillemots.

The relative location of colonies to prevailing
surface currents might influence breeding-popula-
tion-specific migration strategies, especially during
autumn when both sexes are flightless and success-
fully breeding males accompany a flightless chick
(Frederiksen et al. 2016). However, we have a poor
understanding of the ontogeny of individual migra-
tion patterns and the relative roles of genetics
(Liedvogel et al. 2011) and social learning therein
(Senner et al. 2015, Keith & Bull 2017, Jesmer et
al. 2018). The high population specificity and low

diversity of COGU and BRGU migration strategies
could be explained by a range of factors. These in-
clude (1) culturally acquired knowledge on (Grémil-
let et al. 2004, Guilford et al. 2011), or the lack of,
historically adequate staging areas (Van Moorter et
al. 2016, Thorup et al. 2017) during different sea-
sons, (2) high flight costs (Elliott et al. 2013), and
connected to it, (3) a morphologically determined
maximum migration range (Watanabe 2016) as well
as (4) density-dependent competition (Svanback &
Bolnick 2007). In order to test these factors, it is
essential to combine information about movement
patterns of immatures and their parents and to
enhance knowledge about potential genetic differ-
ences between breeding populations. Merkel et al.
(2020) recently showed that adults of both species
from multiple colonies exhibit individual consis-
tency in their non-breeding movements over large
parts of their distributional range and over multiple
years. This suggests potentially less flexibility to
rapidly changing environments in the context of
global change. However, to what extent individual
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migration patterns are fixed or adaptive to environ-
mental changes over an individual's entire life span
needs to be further investigated (Senner et al. 2015)
to better assess population level impacts of environ-
mental change (Irons et al. 2008).

Migratory strategies evolved in order to take ad-
vantage of seasonal, energetically favourable food
resources and avoid unfavourable conditions (Bridge
et al. 2016). Different prey species or populations
might be targeted by individuals with different
strategies. These in turn might be influenced by dif-
ferent environmental conditions and changes in
these conditions (Rose 2005, Carscadden et al. 2013,
Fossheim et al. 2015, Beaugrand & Kirby 2018), re-
sulting in migration strategies linked to specific pop-
ulation trends, as recently documented in Atlantic
puffins (Fratercula arctica; Fayet et al. 2017), Ver-
mivora warblers (Kramer et al. 2018) and Wood
thrushes (Hylocichla mustelina; Taylor & Stutchbury
2016). Migratory plasticity is predicted to buffer pop-
ulations against perturbations at local and regional
scales (Cresswell 2014, Betini et al. 2015, Gilroy et
al. 2016). Here, we demonstrated strong migratory
connectivity and often little variability among in-
dividual migration strategies across all study pop-
ulations and both species, suggesting only limited
capacity to buffer against local and regional pertur-
bations. We also demonstrated that individuals from
the same breeding population, even when occupying
different areas, tended to occupy environments with
similar abiotic conditions, which may explain their
general susceptibility to regional (e.g. sea level pres-
sure; Vader et al. 1990, Mesquita et al. 2015) and
large-scale climatic features (e.g. the North Atlantic
subpolar gyre; Descamps et al. 2013, Fluhr et al.
2017). Variability in environmental space is implied
within the population spread component of migra-
tory connectivity, where larger spread is assumed to
be associated with more diverse environments exp-
erienced by a population (Gilroy et al. 2016, Finch
et al. 2017). However, we showed that variability
in geographic area does not necessarily lead to vari-
ability in environmental space. Hence, an assess-
ment of environmental variability in addition to mi-
gratory connectivity is needed to evaluate population
responses to perturbations. In both species, space
use was most restricted during autumn and spring,
which corresponded to low variability in environ-
mental characteristics. This suggests low capacity to
adjust to perturbations during these periods, under
the constraints set by the breeding cycle (such as
molt of their flight feathers and pre-laying colony
attendance; Dias et al. 2011, Desprez et al. 2018).

5. CONCLUSIONS

We provide evidence of strong migratory connec-
tivity within and between 2 congeneric seabird spe-
cies at an ocean basin scale, and highlight the im-
portance of considering not only space use, but also
its seasonality and occupied environmental niches.
Birds from different populations and species are spe-
cialized in both their seasonal space and environ-
mental use, utilising only a fraction of the potential
species-wide range. These spatiotemporal dynamics
are concordant to population trends. This empha-
sizes the importance of migratory connectivity and
the environmental conditions experienced during
the non-breeding period as drivers of population
dynamics in migratory species, particularly in the
context of global change.
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