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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 for adjusting to perturbations, it is critical to study how
different areas used during the annual cycle by different populations are connected via individual
migration strategies (i.e. migratory connectivity). Using a large-scale tracking dataset of 662
individual seabirds from two sympatric auk meta-populations (common guillemots, Uria aalge, and
Briinnich’s guillemots, Uria lomvia) breeding in twelve colonies throughout the Northeast Atlantic,
we found strong migratory connectivity, within and between species. This was apparent through a
combination of seasonal space use and occupied environmental niches, grouping Briinnich’s
guillemot populations into two and common guillemot populations into five previously undescribed
spatiotemporal clusters. Remarkably, common guillemot populations clustered in accordance with
the variable population trends exhibited by the species, while Briinnich’s guillemot populations are
declining everywhere where known within the study area. Individuals from different breeding
populations in both species were specialized in their space and environmental use, utilizing only a
fraction of the potential species-wide range. Further, migratory connectivity varied among seasons,
emphasising the variable constraints faced by both species during the different stages of their annual
cycle. Our study highlights that considering 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.

Keywords: Environmental niche, inter-population mixing, large-scale spatiotemporal dynamics, light-

level geolocation, murres, population spread, seasonality, Uria aalge, Uria lomvia
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Introduction

Migration is a response to spatial and temporal fluctuations in resource availability during different
phases of the annual cycle (Alerstam et al. 2003, Dingle and Drake 2007). It can be expressed by a
multitude of strategies defined collectively as return journeys to one or several overwintering
destinations after the breeding season (Newton 2008). 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 (Robinson et al. 2009, Wilcove and Wikelski 2008).
Changes in the environment encountered by migrants outside their breeding season have the
potential to affect population trends through, for example, an effect on individual survival (Gaston
and Powell 2003, Webster et al. 2002). Hence, assessing the response of migratory species or
populations to perturbations requires an understanding of migratory connectivity (Taylor and Norris
2010), which is the connection of different areas used by different populations during the annual

cycle via migration strategies of individual migrants (Webster et al. 2002).

The concept of migratory connectivity can be divided into two spatial components: population
spread and inter-population mixing (Finch et al. 2017). Population spread is a population-level trait
that refers to the size of the geographic area occupied during different parts of the annual cycle,
while inter-population mixing is a multi-population-level trait describing the extent to which
individuals from a given breeding population mix with other populations (i.e. use the same areas)
during the non-breeding period (Finch et al. 2017, Gilroy et al. 2016). Generally, higher population
spread is associated with enhanced inter-population mixing (also termed “weak” connectivity) while
lower population spread reduces inter-population mixing (i.e. “strong” connectivity). Strong
migratory connectivity 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).
Populations with smaller geographic spread have a limited variety of migratory movements and
destinations and may thus be more vulnerable to perturbations 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 (Peters et al. 2017, Soberén 2007, Soberdn
and Nakamura 2009). Consequently, migrants moving in similar geographic space may potentially
occupy different environmental niches and vice versa (Gomez et al. 2016, Peters et al. 2017).

Populations utilizing many different environments are more likely to persist than those remaining
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within similar environments regardless of the occupied geographic area (Davies et al. 2004, Lavergne
et al. 2013, Thuiller et al. 2005). Consequently, whether or not the connectivity is expressed in terms
of space use, realized environmental niche or both may have different consequences for the
trajectories of the species. Moreover, in addition to the spatial and environmental aspects of
migratory connectivity it is also important 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 consequences on
individual fitness (e.g. through transmission of pathogens) and therefore population dynamics (Bauer

et al. 2016, Eyres et al. 2017, La Sorte et al. 2018).

Migratory connectivity is increasingly being studied in different taxa (Fayet et al. 2017, Frederiksen et
al. 2016, Frederiksen et al. 2012, Godley et al. 2010, Rooker et al. 2008, Russell et al. 2013) due to the
growing availability of large tracking datasets (Hussey et al. 2015, Kays et al. 2015) with a main focus
on terrestrial birds (reviewed in Finch et al. 2017, Hahn et al. 2013, Kramer et al. 2018, Taylor and
Stutchbury 2016), where weak migratory connectivity is most commonly reported (Finch et al. 2017).
However, migratory connectivity has been addressed only within species and only in terms of space
use rather than with respect to temporal variability and occupied environmental niches. Here, we
assessed year round spatial and environmental migratory connectivity within and between two
sympatric circumpolar seabird species, the temperate common guillemot (hereafter COGU, Uria
aalge) and the arctic Brinnich’s guillemot (hereafter BRGU, Uria lomvia). These two auk species
share similar morphology and life history (Benowitz-Fredericks and Kitaysky 2005, Gaston and Jones
1998). 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 and Norris 2010). Guillemots also exhibit contrasting population trends
in the Atlantic, with colonies of BRGUs generally declining within the Northeast Atlantic and those of
COGUs exhibiting more variable trends (table 1, Anker-Nilssen et al. 2017, Fauchald et al. 2015,
Frederiksen 2010, Frederiksen et al. 2016, Gardarsson et al. 2019, JINCC 2016). Some evidence exists
that population trends as well as adult survival in Uria spp. are associated with environmental
conditions experienced during the non-breeding period (Descamps et al. 2013, Fluhr et al. 2017,
Gaston and Powell 2003, Mesquita et al. 2015) and that Atlantic-wide BRGU population trends are

connected to mid-winter space use (Frederiksen et al. 2016).

Divergent population trends for these congeneric seabirds make them an ideal study system to
investigate the importance of space and environmental connectivity across the migratory phase
(Gilroy et al. 2016, Taylor and Norris 2010, Webster et al. 2002). 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 twelve breeding populations,
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representing the entire breeding range of the Northeast Atlantic population. To evaluate migratory
connectivity, in terms of inter-population mixing and population spread, within and across species
we not only considered the geographic areas occupied, but also the environmental conditions

experienced and their variability during different phases of the annual cycle.

Material & Methods

Study species & area

Guillemots are large (~1kg), deep diving (up to ~200m), long lived, colonial seabirds with high adult
survival, high breeding philopatry, high breeding synchrony and low annual fecundity (Benowitz-
Fredericks and Kitaysky 2005, Gaston and Jones 1998). Their non-breeding period can be divided into
several seasons corresponding to different life history stages throughout the annual cycle. Post-
breeding, successful males stay with their flightless chicks for at least a month after colony departure
(Elliott et al. 2017, Harris and Wanless 1990). Further, guillemots undergo moulting of their primaries
and secondaries during one to two months in the autumn post-breeding which renders them
flightless during this time period (Birkhead and Taylor 1977, Bridge 2004, Elliott and Gaston 2014,
Thompson et al. 1998). Both species display periodic synchronized attendances at their breeding
colonies starting up to several months prior to breeding (Gaston and Nettleship 1981) which in effect
restricts them to central place foraging during this period. Hence, adult guillemots are only able to
move without constraints for extended periods of time after they have renewed their flight feathers

and before the pre-breeding colony attendance period starts.

Research was conducted at 16 seabird colonies spanning 56°N to 80°N and 16°W to 68°E in the
Northeast Atlantic (table 1, figure 1A). For the purpose of this study we combined some colonies in
close spatial proximity to each other (< 160 km) which exhibited similar space use patterns. This
resulted in twelve breeding populations. BRGU and COGU breed sympatrically at four of these sites

(table 1).
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 (estimated 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
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years after deployment for data to be downloaded. During the summers of 2007 to 2017 we
captured adult guillemots with noose poles at different sites and equipped them with geolocators
which we retrieved in subsequent 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 (531 BRGU, 572 COGU) of 662 individual guillemots (335
BRGU, 327 COGU, table 1). All subsequent analyses have been conducted in R 3.3.3 (R Development
Core Team 2017). All loggers (Mk15: British Antarctic Survey, Cambridge, UK; Mk3006: Biotrack,
Wareham, UK; F100, C250 & C330: Migrate Technology, Cambridge, UK; or L250A: Lotek, St. John’s,
Newfoundland, Canada) also recorded temperature and salt water immersion (“wet/dry”) data which
were used in combination 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
utilizing probability sampling (Merkel et al. 2016 and details in Sl 1). We binned the positional data
into four seasons - irrespective of year tracked (assuming no inter-annual variation in the average
non-breeding distributions, PAPER Ill) - to capture possible variability due to life history stages
throughout the annual cycle. The delimitation of these seasons was based on assessment 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 two winter seasons capture temporal variability in
movement behaviour during times without movement restrictions for most breeding populations;
and spring is characterized by central place foraging restrictions due to pre-breeding attendance at

most colonies.

Location estimation in both species and all breeding populations were to varying degrees affected by
a lack of twilight events due to the polar night or midnight sun (table S2). Such cases concerned
individuals using areas above 66°N, generally in the Barents Sea. Although sample size in some
populations was potentially not sufficient to capture their entire distributional range (table 1), they

nonetheless represent adequately the potential variability of exhibited migration strategies.

Environmental niche

To quantify environmental niches occupied during the non-breeding period, we used eight
ecologically relevant oceanographic parameters (Fort et al. 2009, Fort et al. 2013b, McFarlane
Tranquilla et al. 2015); three sea surface temperature variables, two sea surface height variables,
surface air temperature, distance to the marginal sea ice zone and bathymetry (details in SI 1). The

environment occupied was then assessed using the concept of environmental space (Broennimann et
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al. 2012) defined as the first two axes of a principal component analysis (PCA) of all environmental
parameters calibrated on the available environment. To capture the variability of the available
environment, we sampled 20000 points with equal spatial coverage across the entire study area
(figure S2) every two weeks for the entire study period (2007-2017). The study area was defined as
18 large marine ecoregions (hereafter ecoregions, Skjoldal et al. 2013) encompassed by the annual
distribution of both guillemot species in the Atlantic (Cramp 1985, Gaston and Jones 1998) (figure
1A). Ecoregions are large regions of ocean space along coasts and continental shelfs characterised by
specific ecological criteria (Skjoldal et al. 2013). To accommodate the aforementioned distributions,
three additional areas in the middle of the North Atlantic away from continental shelfs were defined
(Labrador Sea, Mid-Atlantic, and Central North Atlantic). All individual positions were projected onto
the PCA (PC1 = 44% & PC2 = 19%, figure S3). Available and occupied environmental space were then
calculated using Gaussian kernel utilization distributions (UD, standard bandwidth, 200 x 200 pixel

grid, adehabitatHR package, Calenge 2006) following Broennimann et al. (2012).
Large-scale spatiotemporal inter-population mixing

To quantify large-scale inter-population mixing and species wide spatiotemporal movement
partitions we developed species-specific movement networks using network theory (Taylor and
Norris 2010). All calculated bird positions were assigned to ecoregions. We then used the proportion
of locations in each ecoregion in each season in seasonal cluster analysis (complete-linkage
clustering) to assign each individual to a given ecoregion. To avoid pseudo-replication we used only
one year of tracking, randomly selected, for each individual with repeated tracks. Optimal number of
clusters was determined using overall average silhouette width (Borcard et al. 2018) for each season.
For individuals affected by midnight sun conditions during the spring season we included the
proportion of locations 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 (table S2), birds were assumed to use the ecoregion “Barents Sea”. Each breeding
population present in the network was given the same weight and considered to be a node in the
network (eight per 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 ecoregions and seasons (network nodes) were combined to create species-specific

movement networks.

To identify possible partitioning within each species-specific network we used a Walktrap community
finding algorithm (finding clusters via random walks with five steps taking into account the

proportional movement between ecoregions and seasons, igraph package, Csardi & Nepusz 2006).
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This method also returns a modularity index that ranges from 0 to 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
and low proportion of individuals following the most common strategy would indicate weak
migratory connectivity (the opposite would be true for strong migratory connectivity). 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 ten day
centroid locations throughout the non-breeding period to assess the robustness of our results

(details in SI 1).
Meso-scale inter-population mixing

Individual seasonal kernel UDs in geographic space were estimated with 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. In order to test whether geographic
space use is population-specific or homogenous between different populations and species in each
ecoregion and season, we calculated the average overlap as Bhattacharyya’s affinity (Fieberg and
Kochanny 2005): 1) between four random individual kernel UDs from the same population occupying
the same ecoregion, and 2) between four random individual kernel UDs of the two populations
compared (two individuals each). This process was repeated 1000 times for both pairs in the
comparison. We used this test for all populations of either species with at least four individuals
present in the same ecoregion and season. The resulting comparisons were summed to species-
(within and between species, sp) and cluster-specific (within and across clusters, c) proportions of
inter-population mixing within ecoregions (P) for each season (t) ranging from 0 (populations
segregate) to 1 (populations mix) using:

Paper =1 et a1
where, N is the number of considered comparisons, sig denotes only comparisons where within
population overlap of either comparisons pairs is significantly greater than between population
overlap (one tailed t-test with Bonferroni corrected significance level, p=0.05/number of correlation
tests) and all denotes all comparisons. Ecoregion-, species- and season-specific Mantel correlations
were calculated to assess the robustness of these results with an independent method (details in Sl

1).
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Intra- and inter-population mixing of occupied environmental niches

In order to quantify inter-population mixing of ecoregion-, species- and population-specific
environmental niches occupied in each season we used the niche similarity test (Warren et al. 2008).
This test compares two 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 relocated within the available environmental space while
retaining the UD’s shape (1000 permutations for each comparison pair). Overlap between observed
niches as well as the randomly relocated and observed niches was than calculated using Schoener’s D
(Broennimann et al. 2012). If the observed overlap is greater than 95% of the randomly relocated
niches, the compared environments are considered 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 connectivity in environmental space as well as niche partitioning between
species. These environmental similarities together with the proportional use of different ecoregion
by populations are then integrated into an environmental similarity index (S). This index is ranging
from 0 (all birds occupy distinct environments) to 1 (all birds occupy a similar environment) and is
computed for each species (sp), population (c¢) and season (t) as:

max (PRsp,c,t,l&z)2 + Xsig (PRsp,ct1 X PRspct,2)
max (PRsp,c,t,l&z)2 + Zan (PRspct1 X PRspct2)

Ssp,c,t = (Ea.2)

where, PR is the proportional use of the compared nodes (1 & 2), sig denotes only comparisons with
similar environments (one way is considered sufficient, i.e. niche 1 = niche 2 | niche 2 = niche 1)
and all denotes all comparisons. As compared environmental spaces are population-, species- and in
particular ecoregion-specific, we included a maximum term in equation 2 to account for the uneven
distribution of a given population across ecoregions (figure S4). However, this term is not applicable
and hence removed to compute the same index between populations and/or clusters (c1 & c2) of the
same species or between species (sp1 & sp2, figure S4) resulting in:

_ Ysig (PRsp1,c1,t X PRsp2,c2,t)
sp,c,t —
p Yall (PRsp1,c1,t X PRspz,czt)

Population spread

To quantify species and population spread in space and the environment we calculated the occupied
geographic and environmental space as the area covered by all relevant individual and seasonal 90%

kernel UD contours in each season as well as the entire non-breeding period (all seasons combined).



281  Results

282  Large-scale spatiotemporal inter-population mixing

283 Both species exhibited marked spatial clustering on a large spatiotemporal scale with distinct annual
284  migration strategies and strong migratory connectivity. Five and two distinct clusters (modularity of
285  0.59 and 0.36 indicating significant clustering) describing the non-breeding distribution were

286 identified for COGU and BRGU, respectively (table 1, figure 1B/C). These clusters were also visible in
287  each season (figure 2, Sl 2) and corresponded to their population trends (i.e. COGU populations

288  whose individuals are part of the same cluster during the non-breeding season show the same trend,
289 table 1). For BRGU - declining all over our study area- a migratory divide was seen along the western
290 Barents Sea edge splitting Spitsbergen BRGU populations (figure 2). Breeding populations to the west
291 of this divide spent the autumn along eastern Greenland and move towards Iceland and western

292 Greenland during winter while birds breeding in the rest of the Barents Sea utilized the Barents and
293 Kara Sea during autumn and generally stayed there year round, with the exception of Bjgrngya

294 individuals (figure S3.13). Increasing COGUs populations in the Barents Sea and decreasing

295 populations in the Greenland and Icelandic Sea also grouped into these clusters, whereas

296  populations in the Faroe Islands (decreasing trend), and the one along the coast of Norway

297 (increasing trend) and eastern UK (increasing trend) displayed distinct migration strategies (table 1,
298  figure 1 & 2). Both species exhibited little inter-population mixing between their identified clusters
299 and COGU even less so than BRGU (table S4). An exception was visible for COGU in the Barents Sea
300 where avarying proportion of birds from all breeding populations (except Iceland) congregated

301  during autumn (figure 1B & 2A). Species-wide Mantel correlation was also high (> 0.5) throughout
302 the entire non-breeding period for both species (figure S5) confirming the identified strong migratory

303 connectivity.

304  Each species utilized only a small fraction of potential migration strategies (indicating strong

305 migratory connectivity) with BRGUs (60 unique strategies = 16% of possible paths through the

306 network given the sample size) displaying more strategies than COGUs (40 = 9%) while both species
307 combined only displayed 91 unique strategies (11%) on this large spatiotemporal scale. At the

308 breeding population-level, a variable, but low amount of migration strategies were displayed with
309 birds from the North-East and North Sea clusters showing little variability (table 1). Most tracked
310 individuals followed the most common population-specific strategy. Most variability in

311 spatiotemporal use was visible for individuals in the Mid-West cluster, in particular for BRGUs (table

312 1,513).
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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, which occupied
the same ecoregion (figure 3). During autumn, BRGUs from all populations showed population-
specific space use, while COGUs mixed to some extent (figure 1B, 3). Most homogenous space use
(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 occupied. Most between species-mixing was apparent during spring (figure 3),
particularly for sympatrically breeding populations (figure S6). Ecoregion-specific Mantel correlation

analysis corroborated these results (figure S5).
Environmental intra- and inter-population mixing and species segregation

Both species were composed of populations and clusters occupying distinct environments and hence,
exhibited little inter-population mixing in occupied environmental niches. Individuals from the same
population and species occupied similar environments with most variability present during winter
(figure 4). BRGU populations in the Mid-West cluster - utilizing a vast area - inhabited similar
environments (figure 4). In contrast, BRGU populations in the North-East cluster inhabited distinct
environments throughout the non-breeding period. COGU clusters generally occupied cluster-specific
environments with most variability displayed for populations in the Mid-West cluster. Differential
segregation between the two sympatrically breeding species in space and sometimes environment
experienced was to a variable extent displayed during all seasons, except spring (figure 4 & S6). But,
the two congeneric species in the Mid-West cluster exhibited more environmental niche mixing than

in the North-East cluster.
Population spread

The observed strong migratory connectivity in geographic and environmental space was also visible
in species and population spread in both spaces. Compared to COGUs, BRGUs dispersed over a wider
area which is characterized by more heterogeneous environments in all seasons (figure 5). For none
of the breeding populations did individuals ever utilize the entire space or environment occupied by
a species. However, BRGU populations generally spread out over more space and environments
compared to COGU populations (figure 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 utilized its entire annual occupied range in space or

the environment during any given season (figure 5).
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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 generally declining in the Northeast Atlantic (Anker-Nilssen
et al. 2017, Frederiksen et al. 2016) - also show rather strong migratory connectivity and cluster into
two distinct groups which have not been described previously (Frederiksen et al. 2016). Compared to
COGUs, the BRGU meta-population spreads out into a wider space, characterized by more
heterogeneous environments (McFarlane Tranquilla et al. 2015) and exhibits more mixing between
the study populations also within ecoregions. Further, in all populations where the two species breed
sympatrically, they segregate in space and often in environmental use during the non-breeding
period. Generally, guillemot space use as well as environments occupied were species- and
population-specific with low spatiotemporal variability. This suggests that both species are comprised
of space and environmental niche specialist 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 two species.

The correlation between population trends and identified migration strategy clusters in Uria spp.
(shown for COGU in this study and for BRGU in Frederiksen et al. 2016) as well as the spatial and to
some extent environmental isolation between these clusters suggests 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 (through a change in breeding success
and propensity), although this is unlikely due to the large distance between breeding populations
(Frederiksen et al. 2016). Intra- and inter-specific competition for food are predicted to play a key
role in shaping population and meta-population-scale migratory strategies (Svanback and Bolnick
2007). Such competition may explain why the studied populations exhibited such strong connectivity
and in addition seldom travelled towards the Grand Banks and the Labrador shelf during the non-
breeding periods. These areas have already been identified as major seabird wintering hotspots
(Fayet et al. 2017, Fort et al. 20134, Frederiksen et al. 2012, Montevecchi et al. 2012) in particular for
Canadian and West Greenland guillemot populations (Frederiksen et al. 2016, McFarlane Tranquilla
et al. 2013). Guillemots breeding in the Northeast Atlantic may avoid these areas to limit the
competition for food. Alternatively, the Grand Banks and Labrador shelf may be outside the
migratory range for these populations. Due to extremely high flight costs (Elliott et al. 2013), Uria
spp. have a theoretical maximum migratory range of ~3400 km from their respective breeding sites

(Watanabe 2016). The Grand Banks and Labrador would thus be outside this range for all populations
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included in this study, with the exception of the Icelandic population. Only ten BRGU annual tracks
(~2% of all BRGU tracks) and no COGU track exceeded the theoretical migration range. These ten
tracks were mainly from individuals utilizing 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 population-
specific migration strategies, especially during autumn when both sexes are flightless and
successfully breeding males accompany a flightless chick (Frederiksen et al. 2016). However, we have
a poor understanding of the ontogeny of individual migration patterns and the relative roles of
genetics (Liedvogel et al. 2011) and social learning therein (Jesmer et al. 2018, Keith and Bull 2017,
Senner et al. 2015). Culturally acquired knowledge (Grémillet et al. 2004, Guilford et al. 2011) or the
lack thereof of different historically adequate staging areas (Thorup et al. 2017, Van Moorter et al.
2016) during different seasons coupled with high flight costs (Elliott et al. 2013) and a
morphologically determined maximum migration range (Watanabe 2016) as well as density-
dependent competition (Alerstam and Hedenstrom 1998, Svanbéack and Bolnick 2007) could explain
the high population-specificity and low diversity of COGU and BRGU migration strategies. In order to
test this, it is essential to combine information about movement patterns of immatures and their
parents, and to enhance knowledge about potential genetic differences between breeding
populations. In addition, to what extent individual migration patterns are fixed or adaptive to
environmental changes over an individual’s life time needs to be further investigated (Senner et al.
2015) in order to test inter-annual repeatability in individual migratory behaviour (McFarlane
Tranquilla et al. 2014), and in turn to better assess population level impacts of environmental change

(Irons et al. 2008).

Migratory strategies evolved in order to take advantage of seasonal, energetically favourable food
resources and in order to avoid unfavourable conditions (Bridge et al. 2015). Different prey species or
populations might be targeted by individuals with different strategies. These in turn might be
influenced by different environmental conditions and changes in these conditions (Beaugrand and
Kirby 2018, Carscadden et al. 2013, Fossheim et al. 2015, Rose 2005) resulting in migration strategies
linked to specific population trends, as recently documented in Atlantic puffins (Fratercula arctica,
Fayet et al. 2017), Vermivora warblers (Kramer et al. 2018) and Wood thrushes (Hylocichla mustelina,
Taylor and Stutchbury 2016). Migratory plasticity is predicted to buffer populations against
perturbations at local and regional scales (Betini et al. 2015, Cresswell 2014, Gilroy et al. 2016). Here,
we demonstrated strong migratory connectivity and often little variability among individual
migration strategies across all study populations and both species suggesting only limited capacity to

buffer against local and regional perturbations. We also demonstrated that individuals from the
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same breeding population and occupying different spaces tended to occupy environments with
similar abiotic conditions, which may explain their general susceptibility to regional (e.g. sea level
pressure, Mesquita et al. 2015, Vader et al. 1990) 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 migratory connectivity, when larger spread is
assumed to be associated with more diverse environments experienced by a population (Finch et al.
2017, Gilroy et al. 2016). However, we showed that variability in geographic area does not
necessarily lead to variability in environmental space. Hence, an assessment of environmental
variability in addition to migratory connectivity is needed to evaluate population responses to
perturbations. In both species space use was most restricted during autumn and spring, with
concomitantly low variability in environmental characteristics. This suggests critically 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-breeding colony attendance, Desprez et al. 2018, Dias et al.

2011).
Conclusion

We provide evidence of strong migratory connectivity within and between two congeneric seabird
species at an ocean basin scale and highlight the importance of considering not only space use, but
also its seasonality and occupied environmental niches. Birds from different populations and species
are specialized in both their seasonal space and environmental use, utilizing only a fraction of the
potential species-wide range. Crucially, these spatiotemporal dynamics are concordant to population
trends. This emphasizes 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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Tables and figures

Table 1. Available tracking data, published population trends, identified migration clusters, number of annual movement strategies (as unique paths through the networks in figure 1) and
relative use of most common migration strategy for each breeding population and species. Some colonies (in parentheses if applicable) have been merged into populations for the purpose
of this study. Tracking years denote first and last year of tracking and include gap years in many cases.

. o s

breeding Common guillemot (COGU) Briinnich's guillemot (BRGU) f# of unique 7% using most
breeding population . . strategy common strategy
(colonies) acronym  location population cluster

ecoregion population tracking annual unique population tracking annual unique

trend years tracks birds trend years tracks birds coGU  BRGU coGy BRGU
Isle of May IM 526'518%\:\\‘/’ North Sea increasing’ 2011-16 70 39 - - - - North Sea 5 - 90 % -
Faroe Islands 61.95°N, g N
(Lonin) FA 6.80°W Faroe Plateau | decreasing 2015-16 5 5 Faroe Islands 4 40 %
. 65.22°N, . . . ag Norwegian o

Sklinna SK 10.97°E Norwegian Sea | increasing 2011-16 63 39 - - - - coast 10 - 56 % -
North-East Iceland 66.44°N, Iceland Shelf & 4o 4o . o o
(Grimsey, Langanes) IC 15.80°W Sea decreasing 2014-16 27 22 decreasing 2014-16 27 24 Mid-West 6 12 78 % 46 %
Jan Mayen M 781.5022"V,\\II, Greenland Sea | decreasing>® 2011-16 70 39 decreasing>®  2011-16 94 54 Mid-West 15 18 24 % 29%
Western Spitsbergen (Diabasodden, 78.75°N, . . o
John Scottfjellet, Ossian Sarsfiellet) WSP 13.20°F Barents Sea decreasing 2007-16 104 74 Mid-West 18 51%
Hjelmsgya HJ 72140772!:’ Barents Sea increasing®®  2011-16 41 27 - - - - North-East 3 - 90 % -
Southern Barents Sea 69.98°N, . L eg . s o o
(Cape Gorodetskiy, Horngya) SBS 32.04°F Barents Sea increasing 2011-16 120 75 decreasing 2009-16 97 64 North-East 4 15 93 % 78 %
Bjgrngya BI 7125906",:, Barents Sea increasing®® 2007-16 176 81 decreasing>®  2007-16 134 59 North-East 1 13 100 % 34 %
Eastern Spitsbergen (Alkefjellet) ESP 719852196“,:, Barents Sea - - - - unknown 2015-17 14 13 North-East - 2 - 79%
Northern Novaya Zemlya 77.07°N, o
(Oranskie islands) NNZ 67.64°E Barents Sea unknown 2016-17 6 6 North-East 2 74 %
Southern Novaya Zemlya 70.59°N, o
(Kara Gate) SNZ 55.02°F Barents Sea unknown 2015-17 55 41 North-East 2 67 %

1 (JNCC 2016), % (Frederiksen 2010), 3 other colonies along the Norwegian coast are decreasing as well as increasing (Fauchald et al. 2015; Anker-Nilssen et al. 2017), * (Frederiksen 2010;
Gardarsson et al. in press), ° (Fauchald et al. 2015; Frederiksen et al. 2016; Anker-Nilssen et al. 2017), ® based on declining trend of Hjelmsgya BRGUs (Fauchald et al. 2015; Frederiksen et al.
2016; Anker-Nilssen et al. 2017), 7 15 year trend, & 10 year trend, ° 20 year trend, 1° 7 year trend
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Figure 1. Panel A displays the study area (in polar stereographic projection) with bathymetry (Amante & Eakins 2009; Jakobsson
et al. 2012) and all large marine ecoregions included in the study. Circles denote study colonies with different colours indicating
the presence of the two species (red = COGU, blue = BRGU, names detailed in table 1). Colonies combined for the purpose of
this study are encircled with dashed ellipsoids. Panel B displays movement networks for both guillemot species by ecoregion
(numbering corresponds to Panel A) and season. Each breeding population is scaled to the same size, while all nodes (squares)
and edges (lines) are scaled to their proportional usage accordingly. Nodes are color-coded by number of populations present
from white (only individuals from one population present) to black (8). Coloured areas in the background display identified
clusters (5 for COGU, 2 for BRGU).

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.

Figure 2. Seasonal distributions (in polar stereographic projection) for COGU and BRGU during autumn, early winter, late winter
and spring. Kernel utilization distributions (UD) show seasonal space use by breeding population as composite of individual UDs
scaled to their respective population sample size. High colour intensity indicate use by several populations. Dots display colony
locations. Dotted and solid circles indicate areas where location estimation was affected by or impossible due to polar night or
midnight sun, respectively. Grey stippled and solid areas display 15% and 90% ten year seasonal median sea ice concentration,
respectively. Insets in bottom left of each panel display seasonal environmental space occupied by each individual and breeding
population (darker colours) as centre (dots) with variance (crosses). Stippled lines represent 100% and 50% kernel UD contours
of available environmental space in the North Atlantic over 11 years. Colours correspond to spatiotemporal clusters identified by
network analysis (figure 1).
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Figure 3. Overall seasonal proportion of inter-population mixing of individuals from different populations occupying the same
ecoregion and belonging to the same species or different species (Equation 1). This index ranges from 0 (individuals from
different populations and occupying the same ecoregion segregate) to 1 (individuals from different populations and occupying
the same ecoregion mix). Colours denote comparisons within and between identified clusters. No COGU populations belonging
to different clusters occupied the same ecoregion during spring (figure 1). Consequently, no proportion of mixing could be
estimated. Inter-population mixing could only be calculated for the Mid-West and the North-East clusters as the other three
clusters only consist of one population each.
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Supplementary information 1

Supplementary Methods

Location estimation from light-level loggers

Estimated timings of sunrise and sunset (transition times) were computed from light data using
TransEdit2 (British Antarctic Survey/BAS, Cambridge, UK), and the twilightCalc function
(GeoLight package; Lisovski & Hahn 2012) in R 3.3.3 (R Development Core Team 2017) for BAS,
Migrate Technology and Biotrack loggers. Transition times were visually inspected for loggers
retrieved during 2014-2017 by the same person. Lotek loggers did not retain raw light intensity data,
but rather calculated and recorded latitudes and longitudes based on an on-board algorithm which
has been shown to be biased (Frederiksen et al. 2016). Therefore we used these threshold method
(Lisovski & Hahn 2012) derived positions to back calculate transition times using the
lotek to dataframe function (probGLS package; Merkel et al. 2016). Daily experienced sea
surface temperature (SST) was estimated from raw logged temperature data using the
sst_deduction function (probGLS package) with a possible range of -2 to 20°C for Lotek loggers

and -2 to 40°C for all other brands.

A most probable track for each individual and tracking year was calculated using an iterative method
utilizing probability sampling detailed in Merkel et al. (2016) and implemented in the

prob_ algorithm function (probGLS package). Input data were logger recorded transition times,
salt water immersion data as well as calculated daily recorded SST data. Daily optimal interpolated
high resolution satellite derived SST, SST uncertainty estimates and sea ice concentration data for the
algorithm with a 0.25° resolution were provided by NOAA (Boulder, Colorado, US; Reynolds et al.
2007). To improve precision we included land avoidance, an inability to enter the Baltic Sea (except
for Common guillemots from the Isle of May) and an evasion of heavy pack ice (>90% sea ice
concentration). Each movement path incorporated parameter values based on the ecology of the
species and the oceanographic conditions in the North Atlantic (table S1). Usually, it is not possible to
estimate latitude during times of equinox as day length (the proxy for latitude) is very similar
everywhere on earth. However, this methodology is able to estimate locations also during times of
equinox by among other things utilizing the recorded temperature data and comparing them to
satellite derived sea surface temperature (SST) fields. Due to small north-south gradients in SST in
certain areas of the North Atlantic (e.g. the Gulf Stream along the Norwegian coast) we limited the

boundary box parameter in prob_algorithm for certain individuals and colonies after initial

1
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assessment of their movement track (table S1). Each computed track was afterwards visually
inspected and erroneous locations particularly around polar night and midnight sun were removed

(<1 % of all locations).

Environmental parameters

All chosen environmental parameters used to calculate the environmental space and their rational
are listed in table S3. Fronts in sea surface temperature (SST) and sea surface height anomaly fields
were calculated using a canny edge detector (package imager, low & high threshold at 90% & 98%,
respectively). Bathymetry was log-transformed and all distance measurements were capped at 500
km as well as square root-transformed. Predictability in SST was calculated as the sum of constancy
and contingency following Colwell (1974) over a ten year time period (2007-2016) with 10 equal bins
using the hydrostats package (figure S1). All variables have been standardized (variance = 1,

mean = 0).

Mantel correlation analysis

Following Cohen et al. (2018) we calculated species-specific Mantel correlations to validate our
migratory connectivity results with an independent method. All individual annual tracks were split
into 10 day bins starting 1 July. A resolution of 10 days was chosen to retain a sufficient number of
locations for each bin for further analysis. Migratory connectivity for each species was quantified
using Mantel correlation tests with 1000 permutations (Ambrosini et al. 2009). More specifically, the
distance between individual breeding locations was compared to the distance between their current
locations throughout the non-breeding season for each 10 day bin (as central location in each 10 day
bin). For this analysis only data from the last three years of tracking was used (2014/15 - 2016/17).
To avoid pseudo-replication only one year of tracking for each repeat track individual was used.
Further, ecoregion- and season-specific Mantel correlation tests were computed - for ecoregions
with individuals from more than one population present during the focal time period - to assess the

area and season specific connectivity for each species. Results are illustrated in figure S3.
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105 Supplementary Tables and Figures
106
107  Table S1. probGLS algorithm input parameters used to compute locations. standard deviation = sd
algorithm parameter description value used
patiele . nubes number of partlclles computed for each 2000
point cloud
iteration.number number of track iterations 100
remove outliers in transition times
. based on local polynomial regression .
1 . til =
PSSR E S fitting processes (Lisovski & Hahn e
2012)
shape, scale and delay values
sunrise.sd & sunset.sd describing the assumed uncertainty 2.49/ 0.94/ 01
) ) structure for each twilight event ’ ’
following a log normal distribution
-7° to -1° (except for C250 logger
.sol
range.solar range of solar angles used from SK: -4° to -2°)
90°W to 120°E & 40°N to 81°N;
. . except for 91% COGU tracks from IM
boundary.box “tk:T r:gieezfst’ d”ﬁ't‘:faecskir;":r:ztiti‘;t?S with 40°N to 62°N; all COGU from BI
y Y and 94% COGU SK tracks with 60°N to
77°N; 6% SK tracks with 50°N to 77°N
day.around.spring.equinox number of days before and after an spring: 21 day:fkt)::ore & 14 days
& equinox event in which a random autumn: 14 davs before & 21 davs
days.around. fall.equinox latitude will be assigned : szter y
fastest most likely speed, speed sd and
speed.dry maximum speed allowed when the 17/ 4/ 30 m/s?
logger is not submerged in sea water
fastest most likely speed, speed sd and
speed.wet maximum speed allowed when the 1/1.3/5m/s3
logger is submerged in sea water
sst.sd logger-derived sea surface 0.5°C4
temperature (SST) sd
max.sst.diff maximum tolerance in SST variation 3°C
compute longitudinal movement
east.west.comp compensation for each set of twilight used
events (Biotrack 2013)
108
109 1These parameters are chosen as they resemble the twilight error structure of open habitat species in Lisovski et al. (2012).
110 2inferred from GPS tracks (unpublished data) and (Elliott & Gaston 2005)
111 3 North Atlantic current speed up to fast current speeds (i.e. East Greenland current) (Lumpkin & Johnson 2013) as the
112 tagged animal is assumed to not actively move when the logger is immerged in seawater
113 4 logger temperature accuracy
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Table S2. Proportion of locations missing in each season mainly due to lack of twilight events caused

by midnight sun (seasons: autumn and spring) or polar night (early and late winter) for each breeding

population as well as mean and standard deviation (sd) across populations. Breeding populations:

SNZ = Southern Novaya Zemlya, NNZ = Northern Novaya Zemlya, ESP = Eastern Spitsbergen, WSP =

Western Spitsbergen, Bl = Bjgrngya, SBS = Southern Barents Sea, HJ = Hjelmsgya, SK = Sklinna, JM =

Jan Mayen, IC = Northeast Iceland, FA = Faroe Islands, IM = Isle of May

species season breeding populations mean  sd
IM FA SK IC M WSP HJ Bl SBS ESP SNZ NNz
autumn - - - 15% 13% 39% - 29% 15% 58% 11% 47% | 29% 17 %
early winter | - - - 6% 1% 1% - 5% 36% 100% 20% 97% | 33% 39%
BRGU
late winter - - - 0% 2% 1% - 3% 4% 29% 1% 8% 6 % 9%
spring - - - 30% 45% 73% - 63% 45% 91% 51% 81% | 60% 19%
autumn 1%| 2% [10%| 0% 8% - 12% 14% 4% - - - 6 % 5%
oG earlywinter| 1% | 1% | 9% | 0% 5% - 51% 34% 39% - - - 18% 19%
U
latewinter | 1% | 0% | 1% | 1% 3% - 2% 5% 2% - - - 2% 2%
spring 4% (12% | 14% |31% 46% - 44% 48% 27 % - - - 28% 16%
Table S3. Parameter chosen to describe the environmental space.
temporal spatial data
parameter rational
resolution resolution source
ETOPO1 &
bathymetry static 0.25° predictable productivity on continental shelfs
IBCAO!
surface air temperature daily 0.75° influences energy requirements? ECMWEF3
NOAA Ol
sea surface temperature (SST) daily 0.25° water mass indicator & physiological constraint? .
SST V2
identifier of spatially variable SST features across seasons NOAA Ol
SST predictability (figure S2) static 0.25°
and years (e.g. persistent frontal systems®) SST V24
minimum distance to 15%, 50%
daily 0.25° descriptor of marginal sea ice zone NSIDC®
& 90% sea ice concentrations
descriptor of the locations of large-scale features such as
sea surface height (SSH) daily 0.25° AVISO’
gyres and fronts
distance to SSH anomaly distance to meso-scale eddies as spatially dynamic sources
daily 0.25° AVISO’
gradients of upwelling
NOAA Ol
distance to SST gradient daily 0.25° distance to meso- and large-scale temperature fronts® .
SST V2

1 (Amante & Eakins 2009; Jakobsson et al. 2012), 2(Fort et al. 2009), 3 (Berrisford et al. 2011), 4 (Reynolds et al. 2007), °
(Scales et al. 2014), 6 (Cavalieri et al. 1999), 7 Aviso, with support from Cnes (http://www.aviso.altimetry.fr/)
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Table S4. Large-scale movement network metrics. P-values derived by two tailed t-tests. Displayed

values denote mean * standard deviation (minimum & maximum in brackets), if not labelled

otherwise. df = degree of freedom

network metric COGU BRGU p-value df
# of nodes 24 25 - -
# of populations present at a node 2.7 (1-7) 3.5(1-6) 0.13 46
node size 17+14% (2-56%) 16+20% (0.4-75%) 0.89 42
node size by population 49+40% (1-100%) 37+38% (1-100%) 0.05 134
total degrees (connections per node) 6.9 (2-21) 10.8 (2-26) 0.03 60
edge size 7+8% (0.2-38%) 5+8% (0.1-55%) 0.14 157
edge size by population 36+38% (1-100%) 22+32% (1-100%) 0.001 202
# of unique ecoregions used by population 3.5(2-6) 4.8 (2-8) 0.24 12
# of unique ecoregions used by individuals 1.5+0.7 (1-4) 2.3+0.9 (1-4) <0.001 156

Figure S1. Distribution of SST predictability in the North Atlantic with a scale from 0 (no

predictability) to 1 (very predictable).
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Figure S2. Map (in polar stereographic projection) displaying the study region including the 20000

stratified points (in red) used to estimate the available environmental space.
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443 %

Figure S3. PCA correlation circle for the environmental space representing the North-Atlantic over
the entire study period. dist.sla = distance to mesoscale eddies, dist.ice = distance to marginal sea ice
zone, surface.air.temp = surface air temperature, sst = sea surface temperature, ssh = sea surface

height, dist.sst = distance to temperature fronts, sst_p10 = SST predictability

Node size in given
ecoregion for a given

/ population & species

within 5625 + 150 _
e N population 1 5625 + 2025 0-75

Environmental space

between two nodes o N
@ more similar than N\ within 2500 + 375 = 056
e ‘/ expected by chance population 2 2500 + 2631 -

Figure S4. A schematic detailing the environmental similarity index (S) calculations in equation 1

©)

(within example populations, solid lines) and equation 2 (between two example populations, dashed
lines) using two example populations (in black and grey). The symbols denote ecoregion-, species-
and breeding population-specific environmental space use. Its size corresponds to the proportional
use as visualised in figure 1. Lines connect environmental spaces which are similar based on the

environmental niche similarity test (one way is considered sufficient,i.e. 1 =2 |2 = 1).
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Figure S5. Species-specific mantel correlation through time (10 day bins) for all data from 2014-2017.
BRGU in blue and COGU in red. Labels in each season (white boxes) denote season-specific mantel
correlation values for each particular ecoregion with birds from more than one breeding population
present. Significance levels based on 1 000 permutations: ** = <0.001, * = <0.05; Ecoregion
abbreviations: BS = Barents Sea, KS = Kara Sea, GS = Greenland Sea, IS = Iceland Shelf & Sea, WG =
West Greenland, NO = North Sea, MA = Central North Atlantic, NS = Norwegian Sea, LN = Labrador
shelf & Newfoundland
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Supplementary information 2

Species- and breeding population-specific seasonal distributions (in polar stereographic projection) in
geographic (A, C, E, G) and environmental space (B, D, F, H) during autumn (A, B), early winter (C, D),
late winter (E, F) and spring (G, H). Common guillemot (COGU) breeding population distributions are
displayed in figure S2.1-8 and Briinnich’s guillemot (BRGU) breeding population distributions in figure

$2.9-16. Colours correspond to spatiotemporal clusters identified by network analysis (figure 1).

In geographic space, kernel utilization distributions (UD) show seasonal space use as composite of
individual UDs scaled to their respective population sample size. Symbols display colony locations.
Dotted and solid circles indicate areas where location estimation was affected by or impossible due
to polar night or midnight sun, respectively. Grey stippled and solid areas display 15% and 90% ten

year seasonal median sea ice concentration, respectively.

In environmental space, each seasonal track is displayed as centre with variance. Darker crosses
denote the median of all locations and the total variance displayed. Stippled lines represent 100%

and 50% kernel UD contours of available environmental space in the North Atlantic over 11 years.
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16 Figure $2.1. Common guillemots, Isle of May
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18 Figure S2.2. Common guillemots, Faroe Islands
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20 Figure S2.3. Common guillemots, Sklinna
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Figure $2.4. Common guillemots, North-East Iceland (Grimsey, Langanes)
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Figure S2.5. Common guillemots, Jan Mayen
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26 Figure S2.6. Common guillemots, Hjelmsgya
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28 Figure $2.7. Common guillemots, Southern Barents Sea (Horngya and Cape Gorodetskiy)
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30 Figure S2.8. Common guillemots, Bjgrngya
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32 Figure S2.9. Briinnich’s guillemots, North-East Iceland (Grimsey, Langanes)
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Figure S2.10. Briinnich’s guillemots, Jan Mayen
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36 Figure S2.11. Briinnich’s guillemots, Western Spitsbergen (Diabas, Ossian Sarsfjellet and John
37  Scottfjellet)
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Figure S2.12. Briinnich’s guillemots, Eastern Spitsbergen (Alkefjellet)
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Figure S2.13. Briinnich’s guillemots, Bjgrngya
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Figure S2.14. Briinnich’s guillemots, Southern Barents Sea (Horngya and Cape Gorodetskiy)
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Figure S2.15. Briinnich’s guillemots, Southern Novaya Zemlya (Kara Gate)
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47  Figure S2.16. Briinnich’s guillemots, Northern Novaya Zemlya (Oranskie islands)
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Supplementary information 3

Species- and population-specific movement networks by large marine ecoregion (y axis) and season
(x axis). Each population is scaled to the same size and all nodes (squares) and edges (lines) are
scaled to their usage accordingly. The entire species-specific movement network is plotted in grey
scale in each plot and each breeding population-specific network is displayed on top. Common
guillemot movement networks are displayed in figure S3.1-8 and Briinnich’s guillemot movement

networks in figure $3.9-16.

Dark grey bars at the bottom of each figure denote the number of ecoregions used during each
season by the entire network while dark red bars show population-specific use (scale on the left).
Bars at the bottom of the figure between seasons denote the proportion of movement between
(grey = entire network, black = population-specific) and within (light grey =entire network, yellow =

population-specific) ecoregions with scale on the right.

Breeding population names: SNZ = Southern Novaya Zemlya, NNZ = Northern Novaya Zemlya, ESP =
Eastern Spitsbergen, WSP = Western Spitsbergen, Bl = Bjgrngya, SBS = Southern Barents Sea, HJ =
Hjelmsgya, SK = Sklinna, JM = Jan Mayen, IC = North-East Iceland, FA = Faroe Islands, IM = Isle of May
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20 Figure $3.2. Common guillemots, Faroe Islands
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22 Figure $3.3. Common guillemots, Sklinna
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24 Figure $S3.4. Common guillemots, North-East Iceland (Grimsey, Langanes)



Kara Sea —| Bl Bl

SBS SBS
Barents Sea —

Norwegian Sea —

Greenland Sea —

Iceland Shelf & Sea —

Faroe Plateau —

Central North Atlantic —

Celtic-Biscay-Shelf —

North Sea —
West Greenland —
Labrador Sea —

Labrador shelf & Newfoundland —

8_
r r r B
[ | r I I |
T T T B

0 —5 -
25 colony autumn early winter  late winter spring colony
26 Figure $3.5. Common guillemots, Jan Mayen
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28 Figure $S3.6. Common guillemots, Hjelmsgya
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30 Figure S3.7. Common guillemots, Southern Barents Sea (Horngya and Cape Gorodetskiy)
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32 Figure $3.8. Common guillemots, Bjgrngya
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34 Figure S3.9. Briinnich’s guillemots, North-East Iceland (Grimsey, Langanes)
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36 Figure $3.10. Briinnich’s guillemots, Jan Mayen
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38 Figure S3.11. Briinnich’s guillemots, Western Spitsbergen (Diabas, Ossian Sarsfjellet and John Scottfjellet)
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39 colony autumn early winter  late winter spring colony
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40 Figure $3.12. Briinnich’s guillemots, Eastern Spitsbergen (Alkefjellet)
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42 Figure $3.13. Briinnich’s guillemots, Bjgrngya
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44 Figure $3.14. Briinnich’s guillemots, Southern Barents Sea (Horngya and Cape Gorodetskiy)



Kara Sea —|

Barents Sea —

Norwegian Sea —

Greenland Sea —

Iceland Shelf & Sea —

Faroe Plateau —

Central North Atlantic —

Celtic-Biscay-Shelf —

North Sea —

West Greenland —

Labrador Sea —

Labrador shelf & Newfoundland —
8 —

45

46 Figure $3.15. Brinnich’s guil
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48 Figure $3.16. Briinnich’s guil
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