Spatial environment drives land-based social associations in a central-place foraging seabird
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Abstract

1.

Social and spatial environments shape the way individuals associate and thus impact their social
network structure. However, nowhere are social and spatial mechanisms more likely to be

simultaneously entangled and potentially misinterpreted than in central-place foragers.

We interrogated the spatial-social interface for a central-place forager in their colony. To do so
we tested how the distance between individuals in a colony affected (i) their probability of

association, (ii) their community structure, and (iii) and dyadic weight.

We used the Atlantic puffin (Fratercula arctica), a central-place forager that has limited
movements on land, to determine the contribution of the social and spatial environments to the
social network structure. We colour-banded 124 individuals, geo-localised their burrows and

tracked their associations at the colony using focal observations during the breeding season.

We found that the spatial environment strongly influenced the social network structure of the
Atlantic puffin. Individuals formed communities and associated significantly more than expected
by chance with their close nesting neighbours, suggesting that the presence/absence of
neighbours determined the association patterns. Additionally, we found evidence that distant
associations with conspecifics were not all random, suggesting that individuals may seek each

other out, if it provides mutual benefits, or have similar spatial and temporal requirements.

Our study demonstrates the importance of considering social and spatial environments in
unison in studying social network structures and provides new evidence for the influence of

these mechanisms on central-place foragers.

Keywords: Atlantic puffin, behavioural ecology, central-place forager, familiarity, social

environment, social network, spatial environment.
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Introduction

Social connections and the networks from which they emerge are often implicated as important
to many populations and ecological processes (Snyder-Mackler et al., 2020). However, social networks,
which intend to quantify sociality, by definition occur in some fixed geographic space; spaces that can
themselves be linked to behavioural processes that affect animal fitness (Vander Wal et al., 2015). Thus,
it is often unclear whether spatial or social mechanisms give rise to social network structure (Albery et
al., 2021; Webber et al., 2023). We evaluated the contribution of spatial and social environments to the

social network characteristics of a central-place forager, the Atlantic puffin (Fratercula arctica).

Environmental conditions (e.g., climate, resource distribution) and geography (e.g., distribution
range, distance between territories) form the spatial environment that can affect social structures
(Pinter-Wollman et al., 2014; He et al., 2019; Webber et al., 2023). The variability and the dynamic
nature of the spatial arrangement of biotic and abiotic components such as habitat patches (Pinter-
Wollman et al., 2014) induce uneven resource distribution (He et al., 2019) and directly affect individual
uses of space (Newsome et al., 2013), potentially leading to cyclical and seasonal social patterns
(Rabosky et al., 2012; Brent et al., 2013; Wolf et al., 2018). Caribou (Rangifer tarandus), for example, is a
free-ranging species that has high interannual site fidelity in summer, when food resources are
homogeneously distributed, and low in winter, when they rely on conspecific cues to access forage. The
seasonal difference in activities leads to changes in social network structure, with a higher number of
associations per individual during the winter (Peignier et al., 2019). Additionally, physical barriers
generated by the spatial configuration of elements such as rivers and mountains (natural habitat) and
roads and cities (anthropogenic structures) are likely to affect movement decisions that generate social

opportunities (Strandburg-Peshkin et al., 2017; He et al., 2019).
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Species that are strongly constrained in their use of the landscape, like central-place foragers,
are potentially even more affected in their social structures by environmental conditions and geography
than free-ranging species. For instance, central-place foragers are often constrained to spend much time
at a specific location (e.g., nest, burrow, den). Seabirds, for example, are central-place foragers that nest
at very high density (e.g., 1.37 burrows/m? in Atlantic puffin Fratercula arctica; Belenguer, 2023) and
often travel great distances away from the colony to find food (e.g., 1086 km, for a four- to six-day trip
for Leach's storm-petrels Hydrobates leucorhous; Pollet et al., 2014). Seabirds often use dual foraging
strategies. The first covers long distances for self-maintenance. The second strategy adopts short trips
for brood feeding (Welcker et al., 2009; Tyson et al., 2017). Between foraging trips, parents attend the
colony. When at their nest, individuals can associate with near conspecifics nesting in proximity or move
about the landscape to contact non-neighbours. However, it is unclear how the use of space by central-

place foragers influences their social networks.

Elements upon which social networks are constructed, such as the frequency of association with
specific individuals, are also influenced by the social environment. Specifically, group composition, size,
density (Webber et al., 2023) and familiarity with specific individuals (Gokcekus et al., 2021) can
influence social dynamics. Our understanding of the social environment can help predict behavioural
mechanisms such as local enhancement (i.e., individuals attracting others to a foraging location;
Buckley, 1997; Veit & Harrison, 2017), information exchange (Richner & Heeb, 1995), and risk dilution
(Pulliam, 1973; Lehtonen & Jaatinen, 2016). Social environments also affect ecological processes, like
migration (Young & Van Aarde, 2010), survival (Milner et al., 1999; Descamps et al., 2008) and
reproduction (McKellar et al., 2014; Niemela et al., 2021). Group composition is generally influenced by
population structure (e.g., age, sex, hierarchy), and can lead to preferred associations (Almeling et al.,
2016; Borgeaud et al., 2017). Social behavioural patterns can be observed among individuals of the

same or different sex, especially during the breeding season (Fernandez et al., 2017), or between
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individuals of the same age (Franks et al., 2020), directly affecting learning or foraging activities. Large
group sizes and greater population density offer more opportunities for social interactions than small
scarce groups. Social connections can be greater in high density because individuals are not limited by
their spatial environment in encountering conspecifics. Free-ranging male elk (Cervus canadensis) for
example, associate more at higher density, suggesting the number of potential encounters increases in
response to higher density (O’Brien et al., 2018; Webber & Vander Wal, 2020). However, the
relationship between density and sociality may not be linear (e.g. female elk sociality peaks at
intermediate density), suggesting that social benefit can reach a threshold (Cross et al., 2013). This
emerging competition for resources can induce movement (Young & Van Aarde, 2010) and mechanically
reduce connectivity in the network (Dubois, 2024). For example, the social plasticity in yellow-bellied
marmots (Marmota flaviventris) decreases as group size increases, suggesting that the availability of

conspecifics may be greater than the individual capacity to interact (Maldonado-Chaparro et al., 2015).

Familiarity with conspecifics, because it concerns repetitive interactions with the same
individuals, directly affects patterns of association. Higher social connectivity with familiar individuals
can be explained by the benefits gained in building a social network with long-lasting bonds (Griffiths &
Magurran, 1999; Atton et al., 2014), particularly when moving to a new environment (Gomes et al.,
2022; Baciadonna et al., 2024). However, familiarity can be complex to disentangle from matching
temporal and spatial needs. For example, Australasian gannets (Morus serrator) mainly associate with
individuals showing similar temporal and spatial patterns, but it is unclear if familiarity or matching
needs are responsible for these groupings (Jones et al., 2020). In the case of central-place forager
seabirds, individuals rely on socially collected information to optimize foraging. Often, individuals
leading fishing parties are more experienced (Wakefield et al., 2019) and perform recruitment behaviour
(e.g., call; Evans, 1982) giving them a central position in the network. While high-density nesting should

constrain central-place foragers to mainly associate with near neighbours, it is unknown if species living
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in high-density colonies associate more often with specific individuals either because of familiarity or

matching temporal and spatial needs.

We interrogate the spatial-social interface for a central-place foraging seabird, the Atlantic
puffin, to disentangle the contribution of geography and social environment to social network structure.
Because Atlantic puffins breed in close contact in a fixed geographic place and have limited terrestrial
movements, we hypothesized that their land-based social network structure will be strongly limited by
nesting distance. Therefore, we tested the influence of the distance between burrows on (i) the
probability of association, (ii) cluster formation, and (iii) dyadic weight. However, Atlantic puffins have
high breeding philopatry, a long lifespan, and nest in high density, leading to familiarity between
individuals. Because familiar individuals associate more often, we hypothesized that individual
preference should equally affect social network structure. Therefore, we tested if certain associations

were more common than expected by chance after controlling for their spatial distribution.

Materials and methods

Study species and site

The Atlantic puffin is a monogamous colonial seabird with a maximum observed lifespan of over
33 years in the wild (Bird Banding Laboratory, 2023). Genomic analyses have revealed four distinct
genetic clusters: The western Atlantic region, Norway and Iceland, the United Kingdom, and Spitsberg
(Kersten et al., 2021). Those clusters can be explained by high natal philopatry and great distances
between the main breeding areas. Puffins generally return to the same burrow every year to lay a single
egg (Harris & Wanless, 2011). They form large breeding colonies with a broad range of burrow densities
(e.g., 0.5 burrows/m? in St Kilda island Scotland, Harris, 1980; 0.6 burrows/m? in the Rgst archipelago
Norway, Anker-Nilssen & Rgstad, 1993; 0.85 burrows/m? on Bakeapple Island and 1.37 burrows/m? on

Gull Island Canada, Belenguer, 2023). Occupancy generally ranges from 75 % to 95 % but can drop to 65
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% during poor breeding conditions (Harris & Wanless, 2011). Because of their high breeding philopatry,
together with a long lifespan and high colony density, puffins would be expected to have good

knowledge of their local environment and neighbouring conspecifics.

The data were collected on Great Island, located in the Witless Bay Ecological Reserve of
Newfoundland and Labrador, Canada (47.1855N, 52.8121W). It is the only regularly surveyed population
that is increasing: an estimated 350,000 Atlantic puffins bred in 2015 (Wilhelm et al., 2015) and 410,000
in 2023 (Wilhelm, unpublished data). Recent surveys found an average of 1.57 burrows/m? with 64.7 %
laying success (Belenguer, 2023). We selected a plot of approximately 168 square metres (14 m X 12 m)
with an estimated maximum of 170 active burrows (Wilhelm et al., 2015; Belenguer, 2023) that 1)
minimised bird disturbance (e.g., for access and observation) and 2) minimised operational risks (e.g.,
avoiding cliffs and dangerous paths), but 3) maximised colony representation. We built a wooden semi-
permanent blind as early as weather conditions would allow us, generally before puffins returned from
their wintering grounds. The blind was set on a flat area at the foot of the slope with a direct view of the
study population (Figure S1). At all times, birds exhibited normal behaviour and did not show signs of

disturbance caused by the presence of the observation station or the researchers.

Field methods

To collect information about puffin social associations, we colour-banded 124 individuals over
two years (50 in 2021, 74 in 2022). Atlantic puffins are prone to nest abandonment (Yorio & Boersma,
1994; Rodway et al., 1996; Blackmer et al., 2004) so adults were captured only after the chick had
hatched. We minimised disturbances and maximised the capture rate by working with trained banders
at night when the birds were usually in their burrow. In some cases (~¥10-20 %) both adults were found
in the burrow at the same time. When this occurred, we only captured a single individual and targeted

the other member of the pair no earlier than 48 hours later. Individuals were captured in their burrows
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by hand grubbing before being carried to the banding station set a few metres away. Banders equipped
each bird with a unique combination of coloured leg bands to enable individual identification in the
field. The bands were composed of three Darvic plain colour bands custom-made from Avian ID (9.53
mm internal diameter X 7.93 mm height, Black, White, Green, Grey, Red, Yellow, Dark blue and Light
blue), and a Canadian Wildlife Service stainless steel band with a unique identifier. The whole procedure

took no more than seven minutes before we released the individuals in their original burrows.

We defined an association as any individual entering within a two-metre radius of another, even
if they did not physically interact or display. To document those associations, we performed 85 hours of
focal observations on the 124 potential colour-banded individuals, distributed among 34 sessions from
July 20*" to August 09%, 2022. We conducted the observations independently of the weather conditions
three to five days in a row, followed by a few days of rest. Over the data collection period, three trained
observers (including A.M.) were involved in the annotation of interactions from the blind (Figure S1).
Each session was conducted by two observers equipped with binoculars (Swarovski EL 10x42 WB),
performing focal observations including the areas peripheral to the limits of the plot. The morning
sessions lasted four hours and started at civil twilight when the colour bands began to be visible. The
evening sessions started four hours before sunset and extended until the visibility was too low to
identify colour bands correctly. The observers waited until birds had left the plot, generally at the start
of astronomical twilight, before leaving the blind. To ensure all birds had the same probability of
observation we scanned the area from top to bottom and right to left when the slope was crowded, or
targeted specific groups of individuals when only a few were visible. At the time of observation, the
observers recorded any known individual part of an event using their colour bands. We identified each
event using an incrementing unique ID and noted the time at which they occurred. We created a new
event for each banded individual every two minutes or every time a new individual entered the two-

metre radius of a focal banded individual. The observers paid attention to quickly resume screening
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after identifying the bands to guarantee no birds were missed. The observers were trained on the first
days of data collection using flags and natural features to ensure the accuracy of the detection radius

and band identification.

At the beginning of the season, we marked each occupied nest with a permanent plastic peg
holding a plain steel tag with unique numbers. At the end of the season, when birds had left the island
and disturbance was minimal, we measured the burrow position for 76 individuals (63 burrows) using a
Trimble Geo-7X GPS with an accuracy of 10 cm. Atlantic puffins tend to return to the same burrow over
the years but in the absence of nest locations for individuals only captured in 2021, we did not assume

they had returned to the same nest and excluded them from the spatially referenced analyses.

Data extraction

Burrow distance

To evaluate the effect of the spatial environment on social networks, we calculated the distance
between burrows using GPS coordinates while accounting for the slope of the landscape. The GPS
coordinates of each burrow were extracted, processed, and exported using GPS Pathfinder Office v. 5.6,
which post-processed positions from the Trimble Geo7X GPS. To account for the slope (40 degrees
measured by compass) we applied a correction to get a better estimate of the real distance between
burrows. Slope correction was calculated in two steps. Using the GPS positions of each burrow, we first
created a distribution map under the WGS_1984 Canada_Atlas_LCC (ESRI 102215) projection in the
QGIS software v.3.34.3 (QGIS Geographic Information System, 2024). We then viewed the map in Imagel
software v.1.54 (Abramoff et al., 2004), from which we calculated the number of pixels for one metre
before extracting X and Y coordinates for each burrow. We calculated the distance between all pairwise

burrows using basic trigonometric functions.
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Community detection

For all data management and analyses performed, we used RStudio statistical Software v.4.2.3
(R core Team, 2023). Each association was digitally incremented following an undirected edge-list
format by keeping the date and time but discarding the direction of the association as these were not
applicable. To detect communities from the observed associations, we used two methods: (i) the
original version of the algorithm developed by Clauset et al. (2004), and (ii) the most recent community
analysis algorithm from Blondel et al. (2008). Both methods generated qualitatively similar results (see
data and script available in Supplementary material); we only present the Blondel et al. (2008) version.
To test the robustness of the community partition, we used the modularity metric based on a Laplacian
algorithm (Lambiotte et al., 2014). The modularity metric compares the density of edges inside and
outside the communities and returns a cluster assignment between -1 and 1. The robustness of our
partition had a value of modularity of 0.443, indicating robust communities. To visualise the
communities extracted from the modularity metric, we used Gephi software v.0.10.1 (Bastian et al.,

2009).

Analysis

Spatial environment and probability of association

First, we evaluated the influence of burrow distribution on whether or not individuals were
observed associating, by calculating the pairwise distance between all burrows (potential dyads) and
dividing the number of observed dyads by the number of potential dyads in 14 bins of one metre. For
this analysis, we kept all associations even when they occurred only once, but we excluded mate pairs
because it would overrepresent the number of associations at null distance (same burrow). To best
describe the relationship between burrow distance and probability of association, we compared the fit
of an exponential decay model and an asymptotic model by using a maximum likelihood test.

10
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To assess whether distances between burrows affected the frequency of association, we tested
the average association distance in the observed network against a null model. When the data are
collected using a ‘gambit of the group’ paradigm, a pre-network permutation is recommended (Farine &
Carter, 2022). However, our data came from focal observations of associations within a two-metre
radius on 76 individuals, for which we had a burrow location (n = 63), therefore we performed a
randomization test following the method by Farine (2017) (Figure S2). To generate our null distribution,
we assigned at the individual level a random distance, from the population of all pairwise burrow
distances, for each observed dyadic association. These distances were weighted by the frequency of the
dyadic association, before calculating the average random distance. To avoid over-representing null
distances that would occur from pairs, the list of distances excluded mated individuals. The
randomisation was performed on 10,000 replicates. The observed average weighted distance value was
compared with the random distribution, calculating the proportion of values that were smaller than the

observed value.

Spatial environment and communities

Second, to evaluate the influence of burrow distribution on whether or not individuals associate
we investigated the role of burrow distance on community creation. To visualise the spatial distribution
of the community structure, we produced a distribution map of the burrows, coloured by cluster indices,
using the WGS_1984 Canada_Atlas_LCC (ESRI 102215) projection in the QGIS software v.3.34.3 (QGIS
Geographic Information System, 2024). To test the influence of the distance between burrows on
community structure, we used a randomisation test. The null model was built by randomly distributing
all potential individuals within community clusters before calculating the mean distance between

burrows of connected individuals over 10,000 replicates. We compared the original observed average

11
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distance repartition per cluster with the one obtained by randomisation for both partitions using the

proportion of values smaller than the observed value.

Spatial environment and dyadic weight

Lastly, we evaluated the influence of burrow distribution on associations by testing if dyadic
weights were a function of distance between burrows. We compared the average observed values to
null distributions generated through randomisations at the edge level (the sum of the number of
associations occurring for each dyad represented in the network; see Supplementary Methods for
detail). For each individual, we first identified which individuals they associated with and the number of
times they associated (dyad weight). The randomization test shuffled the distance between their
burrows in consideration of their respective weight. Because permutation tests cannot be performed on
less than two data points, individuals with 0 and 1 dyadic associations were removed from the analysis.
Pairs were also removed as their distance was null. The average theoretical distances were then

calculated for each dyadic interaction and were compared with the average observed values.

Social environment and dyadic weight

Because spatial environment alone may not explain the social network, we investigated the role
of social environment at the edge level. Specifically, we looked at whether an individual was associated
more often with some conspecifics than others within a specific distance. For this, we used two
contingency table tests to compare the theoretical versus observed frequency of associations for each
individual and dyad forming members for two distance intervals: 0-2 m and 2-16 m. The observed values
for each individual were the dyadic weight of all associations, plus values of zero for all individuals they
did not associate with. The theoretical values were calculated as the probability of an association based
on the number of times individuals were observed on the plot (see mock example in Supplementary
Methods). This method accounts for the effect of a high number of non-associating individuals with a

12
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low predictive value of association. To estimate how well the observed values were predicted by the
theoretical values, we used a Goodman-Kruskal test (Pearson, 2020), which returns an effect size

between zero and one with values of one being perfect predictions.

Ethical Note

This study was performed on a protected Atlantic puffin colony within the Witless Bay Ecological
Reserve. Animal ethics were covered by an Animal Use Permit (22-01-PB) issued by Memorial University
of Newfoundland’s Animal Care Committee. All research activities including trapping, banding and the
construction of a non-permanent structure were allowed under a Province of Newfoundland and
Labrador scientific research permit (wepr2021-23atpucolouration), a Banding permit (10926) and a

Migratory Bird Research permit (SC4061) issued by Environment and Climate Change Canada.

Results

Out of the 124 individuals marked (37 % of the estimated individuals) between 2021 and
2022, we detected 112 over 85 hours of focal observations. At the end of the breeding season,
we located the burrows of 87 individuals (n = 69 burrows) with a median value of burrow
distance calculated at 6.50 metres (Q1 = 4.07, Q3 = 8.68 metres). Not all burrow locations were
known because not all individuals banded in 2021 could be trapped in 2022 to confirm their nest
site. The clustering partition was calculated using 76 individuals (n = 63 burrows) for which we
had sufficient observations. From July 19" to August 10", we recorded 677 dyads and 1,843

associations.
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Figure 1. Relationship between the proportion of associated individuals and the distance between their
burrows. The proportion was obtained by dividing real occurring associations by all pairwise theoretical
associations from 87 individuals and binned according to their burrow distance, using 14 bins of equal
distance. Weak ties (<=1) were preserved and associations between breeding partners were deleted to
avoid the overrepresentation of null distances in the analysis. The white diagram represents the
frequency of all potential associations. The trendline represents the exponential decay equation of the
line of best fit.

From the 1,843 associations observed, we analysed the proportion of individuals associating in
relation to their burrow’s distance corrected for slope (Figure 1). Both models (exponential decay and

asymptotic function) performed equally (delta AIC < 2), but the exponential decay function is presumed
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296

297

298

299

300

more biologically relevant to represent the declining probability of association over distance (eventually
reaching near zero), we present it as the best model. Our results show that the proportion of individuals
associating and nesting in close range (less than two metres) is equal to 30 % of the potential dyads. It
gradually decreases to 20 % between 2-3 metres, and 10 % between 4-5 metres, until it stabilises
around 5 % for 5 metres and above. The node permutation test strongly supported the higher
proportion of associations at a short distance than expected by chance (P < 0.001 for 10,000 iterations;

Figure S3a).
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Spatial environment and communities
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Figure 2. (a) The social network graph, and (b) geographic distribution of 76 individuals nesting in 63 burrows on a 168 square metres sampling
plot in Witless Bay Ecological Reserve, Newfoundland and Labrador, Canada. On (a), node size is scaled on the value of degree, colours represent
the six clusters calculated using modularity classes, and edge width is proportional to the weight of the association. On (b), individuals are

mapped based on the geodetic coordinate of their burrows. Colours represent five of the six clusters calculated using modularity classes and

identical alphanumeric code represents pairs living in the same burrow.
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The community analysis identified six clusters, one of which included only two individuals

(Figure 2a). The clusters mapped well onto the spatial distribution of the burrows (Figure 2b). Seven

mated pairs out of 13 were not in the same cluster (e.g., see A22 and A23 in Figure 2b). In all but one

case, the female was not associated with the nearest cluster. The randomisation test revealed that the

average distance between individuals within the same cluster (mean = 5.29 m) was shorter than

expected by chance (mean = 6.44 m, one-tail test, P = 0.049; Figure S3b).

Spatial environment and dyadic weight

N - N N
o (6] o (&)}

Number of associations per dyad

(&)

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Distance between burrows (m)

Figure 3. Dyadic strengths are a function of burrow distance for 74 Atlantic puffins. Each dot represents a
dyad, with the trendline representing the linear regression.
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318 To test whether dyadic weight was greater between physically close individuals, we compared
319  them to a null model (Figure S3c), using a paired t-test. The model was run on the 74 individuals of

320  known burrows observed at least once in a dyad. Individuals nesting at shorter distances were

321  associated significantly more often than expected by chance (mean difference = 0.718 m, t(67) = -6.87, P

322 < 0.0001) with a small effect size (-0.28).

323  Social environment and dyadic weight

(a) (b)
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325 Figure 4. The probability of association between two individuals is almost entirely proportional to their
326  frequency of colony attendance when their nests are within two meters of one another, but much less so
327  when their burrow distance is greater than two meters. The figures represent the kernel density estimate
328 of tau values for two distance ranges: (a) 0 to 2 metres and (b) 2 to 16 metres. Data were collected on 87
329  Atlantic puffins, and all individuals were preserved for this representation. A high tau value (close to one)
330 reflects a strong match between the expected and observed proportion of associations (i.e., a random
331  process). Lower tau values imply non-random associations.
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To test how the social environment affects the social network, we compared the weight of
observed and theoretical associations for each individual’s dyad within two metres (Median=1, Q1 =1,
Q3 =1), and greater than two metres (Median = 0.764, Q1 = 0.659, Q3 = 0.853). The test identified a
high proportion of observed values explained by theoretical values between 0 and 2 metres (Figure 4a;
91.80 % of the values are above 0.8) suggesting random associations between individuals (i.e., their
frequency of associations was predicted by how often individuals were observed). From 2—16 metres, a
greater number of lower tau values (Figure 4b; only 43.68 % of the values are above 0.8) suggested the
presence of frequent non-random association (i.e., their frequency of associations was higher or lower

than predicted by the individual’s presence at the colony).

Discussion

Social and spatial mechanisms that contribute to social network structure remain entangled and
potentially lead to misattributing which process affects structure. Nowhere is this more likely than in
central-place foragers that live in high-density colonies. We examined the effect of the spatial-social
interface on the land-based social network structure of the Atlantic puffin to disentangle the
contribution of geography and social environment to the social network structure. Our findings
demonstrate that the spatial environment consistently affects the expression of the Atlantic puffin’s
social phenotype, with individuals associating more with geographically close nesting neighbours. In
contrast, we found only partial support for the influence of the social environment on social network

structure: seemingly non-random associations were found between distant individuals.

We found evidence that the probability of puffins associating with conspecifics nesting between
zero and two metres is much higher than with distantly nesting individuals. Additionally, we
demonstrated that communities were spatially connected to the landscape, with close conspecifics

more likely to form clusters, and found that dyadic weights were higher between individuals with short
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distances between their burrows. The findings highlight the influence of nest distribution on Atlantic
puffin social associations and the constraints imposed by colonial breeding. Various other spatial
structures have been demonstrated to influence social behaviours, but not to the same extent. Sleepy
lizards (Tiliqua rugosa), for example, increase social connectivity when their territories are artificially
limited by anthropological barriers, i.e., fences, because the habitat structure compels individuals to
follow similar paths, increasing the probability of interaction (Leu et al., 2016). Individual three-spined
stickleback (Gasterosteus aculeatus) exposed to an environment with physical limitations (e.g., barriers),
rather than an open landscape, are more likely to explore in small groups using their immediate social
network to spot food patches (Webster et al., 2013). Our results further suggest that central-place
foragers living in high density have little choice with who they associate, at least while attending the
colony. Indeed, our analyses revealed that the frequency of associations between individuals nesting
within 2 meters was almost entirely predicted by their frequency of colony attendance, and it is likely to
be the case for most seabirds as they spend most of their on-land time at their nest (Hatch & Hatch,
1988). Because social interactions are so strongly determined by burrow geography, puffins often attend
alternate locations where they may be socializing. For example, boulders could serve as staging areas
where social interactions are not affected by geography, thus providing puffins with more agency from

whom they share and acquire information.

We found evidence for non-random association patterns between individuals nesting far away
from each other. The probability of interactions was not a great predictor of the observed proportion of
associations at distances greater than 2 metres (Figure 4b) suggesting that certain associations were
favoured while others were avoided. Familiar individuals can seek each other out, even under high
spatial constraints, because being with familiar individuals can provide benefits directly affecting adult
survival (Croft et al., 2006), breeding success (Hansen et al., 2009; Kohn, 2017), or foraging success
(Atton et al., 2014). For example, the Barnacle geese (Branta leucopsis) prefer to associate with familiar
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individuals when foraging but not for mate selection, probably because it returns indirect fitness
benefits, suggesting that early life experiences can have consequences on foraging and mating social
network structures later in life (Kurvers et al., 2013). Preferred associations in Atlantic puffins could
come from individuals previously nesting close to each other. Atlantic puffin generally reuses the same
burrow from one year to another (Harris & Wanless, 2011) but burrow relocation can happen following
a catastrophic event or low breeding success. When relocating, the parents often move near their
original burrow (Harris & Wanless, 2011). Thus, previously close individuals could still be in reach to
associate with each other, keeping bonds despite the spatial constraints. To determine if these
associations are resilient over time, and last after burrow relocation, we would need to test if non-
random associations are the same over several years. We could also expect that young birds would have
mostly random interactions at distances greater than two metres, while older birds, because of

strengthening bonds over the years, would demonstrate non-random associations.

There is, however, an alternate hypothesis for non-random patterns of associations we detected
tied to the topography of the environment. Individuals could regularly associate with each other due to
matching spatial and temporal needs such as requirements to reduce energy expenses during flight
initiation, and/or anti-predation behaviours. To decrease the energy required to take off, seabirds with
high wing-loading often use environmental conditions such as wind or gravity (Clay et al., 2020). To
initiate flight, Atlantic puffins need to be about 5-6 m above the water or flat land (Harris & Wanless,
2011). Our study plot consisted of a 40° angle slope characterized by a ridge found more than 5 m above
the foot of the slope, where a flat section precluded low-nesting birds from taking flight straight out of
their burrows. Before taking off, low-nesting birds climbed up the slope until they reached sufficient
height or the top of the slope. Indeed, Atlantic puffins are regularly seen regrouping on higher ground,
often the top of the nearest shoulder edge (Harris & Wanless, 2011). If the climbing behaviour is
repeatable at the individual level, flight initiation requirements would regularly bring them in association
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with the specific individuals that breed at these locations (e.g., top of the slope directly above their own
burrow). Different landscape features would lead to different patterns of associations making it unclear

if social network characteristics are a function of spatial or social mechanisms.

Atlantic puffin social interactions near their burrows appear to be highly constrained by the
spatial environment. Constraints are evidenced by the correlation with colony attendance and possibly
even influenced by local environmental factors, like slope to reposition for flight. However, attending
burrows represents only one of the several potential scenarios (e.g., aggregation sites, at sea resting
areas, feeding grounds) where puffins interact and likely exchange information with conspecifics. For
example, when not at their burrow entrance, puffins are likely to regroup in communal areas such as
rafts, boulders or shoulder edges. Regrouping is more likely to remove the geographic constraints,
increasing the agency puffins have to choose associates. Non-burrow communal areas are thought to
dilute predation risk with the many-eyes effect (Lehtonen & Jaatinen, 2016). For example, Black-backed
gulls (Larus marinus) and Bald eagles (Haliaeetus leucocephalus) directly prey on aggregations of puffins
(Langlois Lopez et al., 2023). Non-burrow locations are superior predator escape habitats compared to
burrows, where initiating flight can be challenged by the topography (Harris & Wanless, 2011). Puffins
also experience kleptoparasitism but it is unlikely, however, to be a reason for land aggregation as only
the flocks of returning adults are targeted (Merkel et al., 1998). It may be that individuals who have

preferences for these same non-burrow locations would associate more often than expected by chance.

We demonstrated that spatial environments are key factors in social networks (Webber et al.,
2023), and that central-place forager's sociality can be particularly affected by spatial limitations. Such
social behaviour may affect how information flows within a breeding colony, which can affect foraging
behaviour, predation, mate choice, habitat selection, or migration (Evans et al., 2015). For central-place

foragers, our results suggest that burrow choice exhorts substantial spatial limits on social associations
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and that individuals likely require alternate spatial locations to express preferences in social associations

that are not entangled with their local geography.

23



428

429
430

431
432

433
434
435

436
437
438

439
440
441

442
443
444

445
446
447

448
449

450
451

452
453
454

455
456
457

458
459
460

461
462
463

464
465
466

467
468

References

Abramoff, M. D., Magalhaes, P. J., & Ram, S. J. (2004). Image Processing with Imagel. Biophotonics
International, 11(7), 36—-42.

Albery, G. F., Kirkpatrick, L., Firth, J. A., & Bansal, S. (2021). Unifying spatial and social network analysis in
disease ecology. Journal of Animal Ecology, 90(1), 45-61. https://doi.org/10.1111/1365-2656.13356

Almeling, L., Hammerschmidt, K., Sennhenn-Reulen, H., Freund, A. M., & Fischer, J. (2016). Motivational
Shifts in Aging Monkeys and the Origins of Social Selectivity. Current Biology, 26(13), 1744-1749.
https://doi.org/10.1016/j.cub.2016.04.066

Anker-Nilssen, T., & Rgstad, O. W. (1993). Census and Monitoring of Puffins Fratercula arctica on Rgst, N
Norway, 1979-1988. Ornis Scandinavica (Scandinavian Journal of Ornithology), 24(1), 1-9.
https://doi.org/10.2307/3676402

Atton, N., Galef, B. J., Hoppitt, W., Webster, M. M., & Laland, K. N. (2014). Familiarity affects social
network structure and discovery of prey patch locations in foraging stickleback shoals. Proceedings of
the Royal Society B: Biological Sciences, 281(1789), 20140579. https://doi.org/10.1098/rspb.2014.0579

Baciadonna, L., Pasquaretta, C., Maraner, V., Isaja, V., & Favaro, L. (2024). Network social dynamics of an
ex-situ colony of African penguins following the introduction of unknown conspecifics. Applied Animal
Behaviour Science, 273, 106232. https://doi.org/10.1016/j.applanim.2024.106232

Bastian, M., Heymann, S., & Jacomy, M. (2009). Gephi: An Open Source Software for Exploring and
Manipulating Networks. Proceedings of the International AAAI Conference on Web and Social Media,
3(1), Article 1. https://doi.org/10.1609/icwsm.v3i1.13937

Belenguer, R. Z. (2023). Estimating breeding status in Atlantic puffin colonies across Newfoundland: A
methodological comparison [Master thesis]. Memorial University of Newfoundland.

Bird Banding Laboratory. (2023).
https://www.pwrc.usgs.gov/BBL/Bander_Portal/login/Longevity_main.php

Blackmer, A. L., Ackerman, J. T., & Nevitt, G. A. (2004). Effects of investigator disturbance on hatching
success and nest-site fidelity in a long-lived seabird, Leach’s storm-petrel. Biological Conservation,
116(1), 141-148. https://doi.org/10.1016/5S0006-3207(03)00185-X

Blondel, V. D., Guillaume, J.-L., Lambiotte, R., & Lefebvre, E. (2008). Fast unfolding of communities in
large networks. Journal of Statistical Mechanics: Theory and Experiment, 2008(10), P10008.
https://doi.org/10.1088/1742-5468/2008/10/P10008

Borgeaud, C., Sosa, S., Sueur, C., & Bshary, R. (2017). The influence of demographic variation on social
network stability in wild vervet monkeys. Animal Behaviour, 134, 155-165.
https://doi.org/10.1016/j.anbehav.2017.09.028

Brent, L. J. N., MaclLarnon, A., Platt, M. L., & Semple, S. (2013). Seasonal changes in the structure of
rhesus macaque social networks. Behavioral Ecology and Sociobiology, 67(3), 349-359.
https://doi.org/10.1007/s00265-012-1455-8

Buckley, N. J. (1997). Spatial-Concentration Effects and the Importance of Local Enhancement in the
Evolution of Colonial Breeding in Seabirds. The American Naturalist, 149(6), 1091-1112.
https://doi.org/10.1086/286040

Clauset, A., Newman, M. E. J., & Moore, C. (2004). Finding community structure in very large networks.
Physical Review E, 70(6), 066111. https://doi.org/10.1103/PhysRevE.70.066111

24


https://doi.org/10.1111/1365-2656.13356
https://doi.org/10.1016/j.cub.2016.04.066
https://doi.org/10.2307/3676402
https://doi.org/10.1098/rspb.2014.0579
https://doi.org/10.1016/j.applanim.2024.106232
https://doi.org/10.1609/icwsm.v3i1.13937
https://www.pwrc.usgs.gov/BBL/Bander_Portal/login/Longevity_main.php
https://doi.org/10.1016/S0006-3207(03)00185-X
https://doi.org/10.1088/1742-5468/2008/10/P10008
https://doi.org/10.1016/j.anbehav.2017.09.028
https://doi.org/10.1007/s00265-012-1455-8
https://doi.org/10.1086/286040
https://doi.org/10.1103/PhysRevE.70.066111

469
470
471

472
473
474

475
476
477

478
479
480
481

482
483

484
485

486
487

488
489

490
491
492

493
494
495

496
497
498

499
500
501

502
503
504

505
506
507

Clay, T. A., Joo, R., Weimerskirch, H., Phillips, R. A., den Ouden, O., Basille, M., Clusella-Trullas, S., Assink,
J. D., & Patrick, S. C. (2020). Sex-specific effects of wind on the flight decisions of a sexually dimorphic
soaring bird. Journal of Animal Ecology, 89(8), 1811-1823. https://doi.org/10.1111/1365-2656.13267

Croft, D. P., James, R., Thomas, P. O. R., Hathaway, C., Mawdsley, D., Laland, K. N., & Krause, J. (2006).
Social structure and co-operative interactions in a wild population of guppies (Poecilia reticulata).
Behavioral Ecology and Sociobiology, 59(5), Article 5. https://doi.org/10.1007/s00265-005-0091-y

Cross, P. C,, Creech, T. G., Ebinger, M. R., Manlove, K., Irvine, K., Henningsen, J., Rogerson, J., Scurlock, B.
M., & Creel, S. (2013). Female elk contacts are neither frequency nor density dependent. Ecology, 94(9),
2076-2086. https://doi.org/10.1890/12-2086.1

Descamps, S., Boutin, S., Berteaux, D., McAdam, A. G., & Gaillard, J.-M. (2008). Cohort effects in red
squirrels: The influence of density, food abundance and temperature on future survival and
reproductive success. Journal of Animal Ecology, 77(2), 305-314. https://doi.org/10.1111/j.1365-
2656.2007.01340.x

Dubois, F. (2024). Game theory elucidates how competitive dynamics mediate animal social networks.
BMC Ecology and Evolution, 24(1), 116. https://doi.org/10.1186/s12862-024-02302-6

Evans, J., Votier, S., & Dall, S. (2015). Information use in colonial living. Biological Reviews of the
Cambridge Philosophical Society, 91. https://doi.org/10.1111/brv.12188

Evans, R. M. (1982). Foraging-Flock Recruitment at a Black-Billed Gull Colony: Implications for the
Information Center Hypothesis. The Auk, 99(1), 24-30. https://doi.org/10.2307/4086018

Farine, D. R. (2017). A guide to null models for animal social network analysis. Methods in Ecology and
Evolution, 8(10), Article 10. https://doi.org/10.1111/2041-210X.12772

Farine, D. R., & Carter, G. G. (2022). Permutation tests for hypothesis testing with animal social network
data: Problems and potential solutions. Methods in Ecology and Evolution, 13(1), 144—-156.
https://doi.org/10.1111/2041-210X.13741

Fernandez, M. S. A., Vignal, C., & Soula, H. A. (2017). Impact of group size and social composition on
group vocal activity and acoustic network in a social songbird. Animal Behaviour, 127, 163-178.
https://doi.org/10.1016/j.anbehav.2017.03.013

Franks, V. R., Ewen, J. G., McCready, M., Rowcliffe, J. M., Smith, D., & Thorogood, R. (2020). Analysing
age structure, residency and relatedness uncovers social network structure in aggregations of young
birds. Animal Behaviour, 166, 73—84. https://doi.org/10.1016/j.anbehav.2020.06.005

Gokcekus, S., Firth, J. A., Regan, C., & Sheldon, B. C. (2021). Recognising the key role of individual
recognition in social networks. Trends in Ecology & Evolution, 36(11), 1024-1035.
https://doi.org/10.1016/j.tree.2021.06.009

Gomes, A. C. R,, Beltrdo, P., Boogert, N. J., & Cardoso, G. C. (2022). Familiarity, dominance, sex and
season shape common waxbill social networks. Behavioral Ecology, 33(3), 526-540.
https://doi.org/10.1093/beheco/arac021

Griffiths, S. W., & Magurran, A. E. (1999). Schooling decisions in guppies (Poecilia reticulata) are based
on familiarity rather than kin recognition by phenotype matching. Behavioral Ecology and Sociobiology,
45(6), 437-443. https://doi.org/10.1007/s002650050582

25


https://doi.org/10.1111/1365-2656.13267
https://doi.org/10.1007/s00265-005-0091-y
https://doi.org/10.1890/12-2086.1
https://doi.org/10.1111/j.1365-2656.2007.01340.x
https://doi.org/10.1111/j.1365-2656.2007.01340.x
https://doi.org/10.1186/s12862-024-02302-6
https://doi.org/10.1111/brv.12188
https://doi.org/10.2307/4086018
https://doi.org/10.1111/2041-210X.12772
https://doi.org/10.1111/2041-210X.13741
https://doi.org/10.1016/j.anbehav.2017.03.013
https://doi.org/10.1016/j.anbehav.2020.06.005
https://doi.org/10.1016/j.tree.2021.06.009
https://doi.org/10.1093/beheco/arac021
https://doi.org/10.1007/s002650050582

508
509
510

511
512

513

514
515

516
517
518

519
520
521

522
523
524
525

526
527

528
529
530
531

532
533
534
535

536
537
538
539
540

541
542
543

544
545
546

547
548
549

Hansen, H., McDonald, D. B., Groves, P., Maier, J. A. K., & Ben-David, M. (2009). Social Networks and the
Formation and Maintenance of River Otter Groups. Ethology, 115(4), 384—396.
https://doi.org/10.1111/j.1439-0310.2009.01624.x

Harris, M. P. (1980). Breeding Performance of Puffins (Fratercula Arctica) in Relation to Nest Density,
Laying Date and Year. Ibis, 122(2), 193-209. https://doi.org/10.1111/j.1474-919X.1980.tb02659.x

Harris, M. P., & Wanless, S. (2011). The Puffin. Bloomsbury Publishing.

Hatch, S. A., & Hatch, M. A. (1988). Colony Attendance and Population Monitoring of Black-Legged
Kittiwakes on the Semidi Islands, Alaska. The Condor, 90(3), 613—620. https://doi.org/10.2307/1368350

He, P., Maldonado-Chaparro, A. A., & Farine, D. R. (2019). The role of habitat configuration in shaping
social structure: A gap in studies of animal social complexity. Behavioral Ecology and Sociobiology, 73(1),
9. https://doi.org/10.1007/s00265-018-2602-7

Jones, T. B., Green, J. A., Patrick, S. C., Evans, J. C., Wells, M. R., Rodriguez-Malagén, M. A., & Arnould, J.
P.Y. (2020). Consistent sociality but flexible social associations across temporal and spatial foraging
contexts in a colonial breeder. Ecology Letters, 23(7), 1085—1096. https://doi.org/10.1111/ele.13507

Kersten, O., Star, B., Leigh, D. M., Anker-Nilssen, T., Strém, H., Danielsen, J., Descamps, S., Erikstad, K. E.,
Fitzsimmons, M. G., Fort, J., Hansen, E. S., Harris, M. P., Irestedt, M., Kleven, O., Mallory, M. L., Jakobsen,
K. S., & Boessenkool, S. (2021). Complex population structure of the Atlantic puffin revealed by whole
genome analyses. Communications Biology, 4(1), 1-12. https://doi.org/10.1038/s42003-021-02415-4

Kohn, G. M. (2017). Friends give benefits: Autumn social familiarity preferences predict reproductive
output. Animal Behaviour, 132, 201-208. https://doi.org/10.1016/j.anbehav.2017.08.013

Kurvers, R. H. J. M., Adamczyk, V. M. A. P,, Kraus, R. H. S., Hoffman, J. I., van Wieren, S. E., van der Jeugd,
H. P., Amos, W., Prins, H. H. T., & Jonker, R. M. (2013). Contrasting context dependence of familiarity
and kinship in animal social networks. Animal Behaviour, 86(5), 993-1001.
https://doi.org/10.1016/j.anbehav.2013.09.001

Lambiotte, R., Delvenne, J.-C., & Barahona, M. (2014). Random Walks, Markov Processes and the
Multiscale Modular Organization of Complex Networks. IEEE Transactions on Network Science and
Engineering, 1(2), 76—90. IEEE Transactions on Network Science and Engineering.
https://doi.org/10.1109/TNSE.2015.2391998

Langlois Lopez, S., Daunt, F., Wilson, J., O’Hanlon, N. J., Searle, K. R., Bennett, S., Newell, M. A,, Harris,
M. P., & Masden, E. (2023). Quantifying the impacts of predation by Great Black-backed Gulls (Larus
marinus) on an Atlantic Puffin (Fratercula arctica) population: Implications for conservation
management and impact assessments. Marine Environmental Research, 188, 105994.
https://doi.org/10.1016/j.marenvres.2023.105994

Lehtonen, J., & Jaatinen, K. (2016). Safety in numbers: The dilution effect and other drivers of group life
in the face of danger. Behavioral Ecology and Sociobiology, 70(4), 449—458.
https://doi.org/10.1007/s00265-016-2075-5

Leu, S.T., Farine, D. R., Wey, T. W., Sih, A,, & Bull, C. M. (2016). Environment modulates population
social structure: Experimental evidence from replicated social networks of wild lizards. Animal
Behaviour, 111, 23-31. https://doi.org/10.1016/j.anbehav.2015.10.001

Maldonado-Chaparro, A. A., Hubbard, L., & Blumstein, D. T. (2015). Group size affects social
relationships in yellow-bellied marmots (Marmota flaviventris). Behavioral Ecology, 26(3), 909—915.
https://doi.org/10.1093/beheco/arv034

26


https://doi.org/10.1111/j.1439-0310.2009.01624.x
https://doi.org/10.1111/j.1474-919X.1980.tb02659.x
https://doi.org/10.2307/1368350
https://doi.org/10.1007/s00265-018-2602-7
https://doi.org/10.1111/ele.13507
https://doi.org/10.1038/s42003-021-02415-4
https://doi.org/10.1016/j.anbehav.2017.08.013
https://doi.org/10.1016/j.anbehav.2013.09.001
https://doi.org/10.1109/TNSE.2015.2391998
https://doi.org/10.1016/j.marenvres.2023.105994
https://doi.org/10.1007/s00265-016-2075-5
https://doi.org/10.1016/j.anbehav.2015.10.001
https://doi.org/10.1093/beheco/arv034

550 McKellar, A. E., Marra, P. P., Boag, P. T., & Ratcliffe, L. M. (2014). Form, function and consequences of
551 density dependence in a long-distance migratory bird. Oikos, 123(3), 356—-364.
552 https://doi.org/10.1111/j.1600-0706.2013.00756.x

553 Merkel, F. R., Nielsen, N. K., & Olsen, B. (1998). Clumped Arrivals at an Atlantic Puffin Colony. Colonial
554 Waterbirds, 21(2), 261-267. https://doi.org/10.2307/1521918

555 Milner, J. M., Elston, D. A., & Albon, S. D. (1999). Estimating the contributions of population density and
556  climatic fluctuations to interannual variation in survival of Soay sheep. Journal of Animal Ecology, 68(6),
557  1235-1247. https://doi.org/10.1046/j.1365-2656.1999.00366.x

558 Newsome, T. M., Ballard, G.-A., Dickman, C. R., Fleming, P. J. S., & van de Ven, R. (2013). Home range,
559  activity and sociality of a top predator, the dingo: A test of the Resource Dispersion Hypothesis.
560  Ecography, 36(8), 914—925. https://doi.org/10.1111/j.1600-0587.2013.00056.x

561 Niemela, P. T., Tiso, S., & Dingemanse, N. J. (2021). Density-dependent individual variation in male
562  attractiveness in a wild field cricket. Behavioral Ecology, 32(4), 707-716.
563  https://doi.org/10.1093/beheco/arab009

564 O’Brien, P. P., Webber, Q. M. R., & Wal, E. V. (2018). Consistent individual differences and population
565 plasticity in network-derived sociality: An experimental manipulation of density in a gregarious ungulate.
566  PLOS ONE, 13(3), e0193425. https://doi.org/10.1371/journal.pone.0193425

567 Peignier, M., Webber, Q. M. R., Koen, E. L., Laforge, M. P., Robitaille, A. L., & Vander Wal, E. (2019).
568 Space use and social association in a gregarious ungulate: Testing the conspecific attraction and
569 resource dispersion hypotheses. Ecology and Evolution, 9(9), 5133-5145.

570 https://doi.org/10.1002/ece3.5071

571 Person, E. S., Lacey, E. A., & Smith, J. E. (2024). Space use and social networks: Correlated but not
572 congruent in California ground squirrels. Animal Behaviour, 217, 39-51.
573 https://doi.org/10.1016/j.anbehav.2024.08.009

574 Pinter-Wollman, N., Hobson, E. A., Smith, J. E., Edelman, A. J., Shizuka, D., De Silva, S., Waters, J. S.,
575 Prager, S. D., Sasaki, T., Wittemyer, G., Fewell, J., & McDonald, D. B. (2014). The dynamics of animal
576 social networks: Analytical, conceptual, and theoretical advances. Behavioral Ecology, 25(2), 242—255.
577 https://doi.org/10.1093/beheco/art047

578 Pollet, I. L., Ronconi, R. A., Jonsen, lan. D., Leonard, M. L., Taylor, P. D., & Shutler, D. (2014). Foraging
579  movements of Leach’s storm-petrels (Oceanodroma leucorhoa) during incubation. Journal of Avian
580 Biology, 45(4), 305—314. https://doi.org/10.1111/jav.00361

581 Pulliam, H. R. (1973). On the advantages of flocking. Journal of Theoretical Biology, 38(2), 419—-422.
582  https://doi.org/10.1016/0022-5193(73)90184-7

583 QGIS Geographic Information System (Version 3.22.4). (2024). [Computer software]. http://qgis.org

584 R core Team. (2023). R: A Language and Environment for Statistical Computing [Computer software]. R
585 Foundation for Statistical Computing. https://www.r-project.org/

586 Rabosky, A. R. D., Corl, A., Liwanag, H. E. M., Surget-Groba, Y., & Sinervo, B. (2012). Direct Fitness
587 Correlates and Thermal Consequences of Facultative Aggregation in a Desert Lizard. PLOS ONE, 7(7),
588 e40866. https://doi.org/10.1371/journal.pone.0040866

589 Richner, H., & Heeb, P. (1995). Is the information center hypothesis a flop? Advances in the Study of
590 Behavior, 24, 1-45.

27


https://doi.org/10.1111/j.1600-0706.2013.00756.x
https://doi.org/10.2307/1521918
https://doi.org/10.1046/j.1365-2656.1999.00366.x
https://doi.org/10.1111/j.1600-0587.2013.00056.x
https://doi.org/10.1093/beheco/arab009
https://doi.org/10.1371/journal.pone.0193425
https://doi.org/10.1002/ece3.5071
https://doi.org/10.1016/j.anbehav.2024.08.009
https://doi.org/10.1093/beheco/art047
https://doi.org/10.1111/jav.00361
https://doi.org/10.1016/0022-5193(73)90184-7
http://qgis.org/
https://www.r-project.org/
https://doi.org/10.1371/journal.pone.0040866

591
592
593

594
595
596
597

598
599
600

601
602
603

604
605
606

607
608
609

610
611
612

613
614
615

616
617
618

619
620
621

622
623
624

625
626
627

628
629
630

631
632

Rodway, M. S., Montevecchi, W. A., & Chardine, J. W. (1996). Effects of investigator disturbance on
breeding success of Atlantic puffins (Fratercula arctica). Biological Conservation, 76(3), 311-319.
https://doi.org/10.1016/0006-3207(94)00118-9

Snyder-Mackler, N., Burger, J. R., Gaydosh, L., Belsky, D. W., Noppert, G. A., Campos, F. A., Bartolomucci,
A, Yang, Y. C, Aiello, A. E., O’'Rand, A., Harris, K. M., Shively, C. A,, Alberts, S. C., & Tung, J. (2020). Social
determinants of health and survival in humans and other animals. Science, 368(6493), eaax9553.
https://doi.org/10.1126/science.aax9553

Strandburg-Peshkin, A., Farine, D. R., Crofoot, M. C., & Couzin, I. D. (2017). Habitat and social factors
shape individual decisions and emergent group structure during baboon collective movement. elLife, 6,
€19505. https://doi.org/10.7554/elife.19505

Tyson, C., Kirk, H., Fayet, A., Van Loon, E. E., Shoji, A., Dean, B., Perrins, C., Freeman, R., & Guilford, T.
(2017). Coordinated provisioning in a dual-foraging pelagic seabird. Animal Behaviour, 132, 73-79.
https://doi.org/10.1016/j.anbehav.2017.07.022

Vander Wal, E., Festa-Bianchet, M., Réale, D., Coltman, D. W., & Pelletier, F. (2015). Sex-based
differences in the adaptive value of social behavior contrasted against morphology and environment.
Ecology, 96(3), 631-641. https://doi.org/10.1890/14-1320.1

Veit, R. R., & Harrison, N. M. (2017). Positive Interactions among Foraging Seabirds, Marine Mammals
and Fishes and Implications for Their Conservation. Frontiers in Ecology and Evolution, 5.
https://doi.org/10.3389/fevo.2017.00121

Wakefield, E. D., Furness, R. W., Lane, J. V., Jeglinski, J. W. E., & Pinder, S. J. (2019). Immature gannets
follow adults in commuting flocks providing a potential mechanism for social learning. Journal of Avian
Biology, 50(10). https://doi.org/10.1111/jav.02164

Webber, Q. M. R., Albery, G. F., Farine, D. R., Pinter-Wollman, N., Sharma, N., Spiegel, O., Vander Wal, E.,
& Manlove, K. (2023). Behavioural ecology at the spatial—social interface. Biological Reviews, 98(3), 868—
886. https://doi.org/10.1111/brv.12934

Webber, Q. M. R., & Vander Wal, E. (2020). Heterogeneity in social network connections is density-
dependent: Implications for disease dynamics in a gregarious ungulate. Behavioral Ecology and
Sociobiology, 74(6), 77. https://doi.org/10.1007/s00265-020-02860-x

Webster, M. M., Atton, N., Hoppitt, W. J. E., & Laland, K. N. (2013). Environmental Complexity Influences
Association Network Structure and Network-Based Diffusion of Foraging Information in Fish Shoals. The
American Naturalist, 181(2), 235-244. https://doi.org/10.1086/668825

Welcker, J., Steen, H., Harding, A. M. a., & Gabrielsen, G. W. (2009). Sex-specific provisioning behaviour
in a monomorphic seabird with a bimodal foraging strategy. Ibis, 151(3), 502-513.
https://doi.org/10.1111/j.1474-919X.2009.00931.x

Wilhelm, S. I., Mailhiot, J., Arany, J., Chardine, J. W., Robertson, G. J., & Ryan, P. C. (2015). Update and
trends of three important seabird populations in the western north atlantic using a geographic
information system approach. Marine Ornithology, 43, 211-222.

Wolf, T. E., Ngonga Ngomo, A.-C., Bennett, N. C., Burroughs, R., & Ganswindt, A. (2018). Seasonal
changes in social networks of giraffes. Journal of Zoology, 305(2), 82-87.
https://doi.org/10.1111/jz0.12531

Yorio, P., & Boersma, P. D. (1994). Causes of Nest Desertion during Incubation in the Magellanic Penguin
(Spheniscus magellanicus). The Condor, 96(4), 1076—1083. https://doi.org/10.2307/1369116

28


https://doi.org/10.1016/0006-3207(94)00118-9
https://doi.org/10.1126/science.aax9553
https://doi.org/10.7554/eLife.19505
https://doi.org/10.1016/j.anbehav.2017.07.022
https://doi.org/10.1890/14-1320.1
https://doi.org/10.3389/fevo.2017.00121
https://doi.org/10.1111/jav.02164
https://doi.org/10.1111/brv.12934
https://doi.org/10.1007/s00265-020-02860-x
https://doi.org/10.1086/668825
https://doi.org/10.1111/j.1474-919X.2009.00931.x
https://doi.org/10.1111/jzo.12531
https://doi.org/10.2307/1369116

633
634
635

Young, K. D., & Van Aarde, R. J. (2010). Density as an explanatory variable of movements and calf
survival in savanna elephants across southern Africa. Journal of Animal Ecology, 79(3), 662—673.
https://doi.org/10.1111/j.1365-2656.2010.01667.x

29


https://doi.org/10.1111/j.1365-2656.2010.01667.x

