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Seasonal migrants transport energy, nutrients, contaminants, parasites and
diseases, while also connecting distant food webs between communities
and ecosystems, which contributes to structuring meta-communities and
meta-ecosystems. However, we currently lack a framework to characterize
the structure of the spatial connections maintained by all migratory species
reproducing or wintering in a given community. Here, we use a network
approach to represent and characterize migratory pathways at the community
level and provide an empirical description of this pattern from a High-
Arctic terrestrial community. We define community migration networks as
multipartite networks representing different biogeographic regions connected
with a focal community through the seasonal movements of its migratory
species. We focus on the Bylot Island High-Arctic terrestrial community, a
summer breeding ground for several migratory species. We define the non-
breeding range of each species using tracking devices, or range maps refined
by flyways and habitat types. We show that the migratory species breeding on
Bylot Island are found across hundreds of ecoregions on several continents
during the non-breeding period and present a low spatial overlap. The
migratory species are divided into groups associated with different sets of
ecoregions. The non-random structure observed in our empirical community
migration network suggests evolutionary and geographic constraints as well
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as ecological factors act to shape migrations at the community level. Overall,
our study provides a simple and generalizable framework as a starting point
to better integrate migrations at the community level. Our framework is a
far-reaching tool that could be adapted to address the seasonal transport of
energy, contaminants, parasites and diseases in ecosystems, as well as trophic
interactions in communities with migratory species.

KEYWORDS

seasonal migration, meta-community, meta-ecosystem, migratory pathways,
community migration network, ecological network, bipartite network, Arctic

1. Introduction

Each year, billions of migratory organisms travel the world
back and forth seasonally to complete their life cycle, which leads
natural communities and ecosystems to shift their properties
periodically (Holdo et al., 2011; Bauer and Hoye, 2014; Furey
et al., 2018). By moving from and to different natural systems,
migratory species create ecological connections between remote
communities and ecosystems, thus creating meta-communities
and meta-ecosystems (Bauer and Hoye, 2014; Gounand et al.,
2018). Therefore, the effects of local environmental disturbances
(hereafter perturbation) such as habitat loss, climate change,
invasive species, disease outbreaks and subsidies of contaminants
and nutrients can propagate between natural systems at the
meta-level.

Local perturbations can modulate the effects of migratory
species on communities and ecosystems that are located
thousands of kilometers apart, leading to spatial cascades (Bauer
and Hoye, 2014). Spatial cascades are defined as the propagation
of indirect effects between remote natural systems (Garcia-
Callejas et al., 2019). For instance, perturbations on the
non-breeding ground of a migratory species can affect population
size at a distant breeding ground through carry-over effects
(Webster et al., 2002; Norris, 2005; Taylor and Norris, 2010;
Wiederholt et al., 2018; Taylor, 2019). The resulting change in
breeding population size can influence both the strength of
trophic interactions in communities (Jefferies et al., 2004) and
the flux of matter in ecosystems (Hessen et al., 2017; Springer
et al.,, 2018) leading to local cascading effects. The effects of
migratory species on communities and ecosystems are diverse,
including positive, negative, direct and indirect trophic
interactions, the dispersal of organisms and diseases and the
exchange of energy, nutrients and contaminants (Holdo et al.,
2011; Bauer and Hoye, 2014; Viana et al., 2016). In a given
community, multiple migratory species maintain several spatial
connections with other communities and ecosystems (hereafter
migratory pathways) through which spatial cascades can occur.
Although spatial cascades via migrations have been empirically
described (Jefferies et al., 2004; Hessen et al., 2017; Springer et al.,
2018), they have only been addressed theoretically based on
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dispersal and foraging movements (McCann et al., 2005; Garcia-
Callejas et al., 2019).

Meta-community frameworks have been defined for dispersal
and foraging movements, but have never been adapted to
migratory movements. The traditional meta-community
framework defines dispersal and foraging movements as
continuous links between communities, where at any time, some
individuals relocate, and others forage in other communities.
However, seasonal migratory movements are often highly
synchronous. All individuals leave one community and seasonally
relocate to another within a short period of time, so it is more of
a discontinuous on-and-off connection between communities
than a continuous one. Moreover, migratory species must access
distant communities at different seasons to complete their annual
cycle. Unlike resident species, if the movement of migratory
species between communities is prevented, the species become
extinct. Migratory species can only persist in a meta-community
system, unlike resident species in the traditional meta-community
framework. Therefore, the way in which dispersal and foraging
movements are incorporated into traditional meta-community
frameworks does not fit the characteristics of
migratory movements.

The typical annual cycle of seasonal migratory species can
be divided into periods of breeding, post-breeding migration,
stationary non-breeding and pre-breeding migration (Rubenstein
and Hobson, 2004; Mueller and Fagan, 2008). We define the
breeding period as the length of time individuals are relatively
stationary to breed and raise their young. We define the stationary
non-breeding period (hereafter non-breeding period) as the
portion of the time when individuals are located outside of their
breeding ground and perform only local movements, which is
often defined as wintering in the northern hemisphere. We define
the migration periods as the relocation of individuals from
breeding grounds to stationary non-breeding grounds and
inversely. Because of their seasonal movements, migratory
individuals are present for only part of their annual cycle in the
visited communities and ecosystems. Therefore, a perturbation
occurring on a non-breeding ground may only spread to a
breeding ground in subsequent seasons, and vice versa, generating
a seasonal delay in the spatial spread of perturbations.
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Due to the characteristics of seasonal migrations, we need to
adapt existing frameworks in community ecology to study
migrations at the community level. Networks represent how
information propagates through interconnected components
(Newman, 2018) and are now widely used in ecology (Dale and
Fortin, 2010). They are composed of nodes or vertices (circles)
connected by edges (lines). In their simplest form, networks
present a single type of node (unipartite), such as a food web,
where the nodes illustrate the species of a community and the
edges represent trophic interactions between those species
(Dunne et al., 2002). Networks are represented by an adjacency
matrix A where each element consists of pairs of nodes ij (e.g.,
species i and species j) where 1 represents the presence and 0 the
absence of an edge (e.g., trophic interaction) between node i and
node j (Newman, 2018). Edges from node i to node j can
be directed (unidirectional) or undirected (bidirectional) and
unweighted (binary) or weighted (non-binary; e.g., diet matrix).
Networks have been used to study ecological interactions within
communities (Dunne et al., 2002; Fortuna et al., 2010), migratory
pathways at the species level (Iwamura et al., 2013; Knight et al,
2018; Taylor, 2019) and dispersal or foraging movements between
set of communities (Garcia-Callejas et al., 2019). However, we still
lack a network approach that can highlight the meta-ecosystem
and meta-community connections maintained by the migratory
species from a focal community, while taking into account the
seasonality of migrations.

Through this paper, we aim to (i) propose a framework to
represent and characterize the migratory pathways maintained at
the community level and (ii) provide an empirical description of
the structure of migratory pathways at the community level from
a case study. Terrestrial Arctic communities are relevant systems
to scale migrations at the community level since they present a
relatively low species richness with a high proportion of migratory
species (Newton and Dale, 1996; Somveille et al., 2013).
We propose the concept of community migration networks based
on a simple network approach commonly used in community
ecology, but which will be adapted here to the context of
community-level migrations. We propose a novel network
definition and thus novel interpretations of traditional network
metrics, but do not make any mathematical advances.
We highlight the potential of the proposed framework by
describing the community migration network of the Bylot Island
tundra food web for which detailed ecological monitoring
information is available over the last 30years (Gauthier et al.,
2011, 2013; Figure 1). For the purpose of the study, all species
from the community are considered here (5 mammals and 30
birds). Bylot Island has a relatively simple community for which
we have long-term monitoring showing the local influence of
migratory species on trophic interactions and the ecosystem
dynamic, as well as their global migratory pathways (Therrien
et al., 2012; Robillard et al., 2018; Léandri-Breton et al., 2019;
Lamarre et al., 2021; Legagneux et al., unpublished data; Seyer
et al,, 2021). Bylot Island hosts the largest greater snow goose
(Chen caerulescens atlantica) colony, which represents the

Frontiers in Ecology and Evolution

03

10.3389/fevo.2022.1077260

dominant herbivore of the system (Legagneux et al., 2012). We use
this species whose migratory pathways and trophic effects have
been well documented at our study site to show how our
framework can be used to complement existing food web models
by illustrating the spread of perturbations at the meta-community
level. Due to agricultural changes on the non-breeding and staging
grounds, the snow goose population has increased dramatically at
the study site (Gauthier et al., 2005). This increase led to important
local changes in the community and ecosystem: a reduction in
graminoid biomass through grazing (Gauthier et al., 1995), the
exportation of nitrogen through young flying out of the island
(Gauthier et al., 2011), and an increase in nest predation on other
species through apparent competition (Lamarre et al, 2017;
Clermont et al., 2021; Duchesne et al., 2021).

2. Community migration networks

We propose the concept of community migration networks to
scale migratory pathways at the community level. We consider
community migration networks as multipartite networks (i.e.,
different types of nodes) representing the geographic regions
connected with a focal community through the seasonal
movements of its migratory species. Although multipartite
networks have been widely used in community ecology (host-
parasite, plant-pollinator, seed-disperser; Fortuna et al., 2010),
they have never been adapted to study the spatial connections
made by animal movement at the community level. Community
migration networks, in their simplest form are presented as
bipartite with the species assemblage of a focal community and the
migration destinations represented by geographic regions (either
non-breeding, breeding or stopover grounds). For example, an
Arctic community where multiple migratory species come to
breed (i.e., focal community) can be connected with different
regions used as non-breeding grounds by the migratory species.
Community migration networks can also be presented as tripartite
with the species of the focal community and two types of
migration destinations (e.g., non-breeding and staging regions).
The focal community can be a breeding, a stopover or a
non-breeding ground used by migratory species. However, the
framework considers a single type of edge (migratory movements),
currently preventing modeling trophic interactions within a given
focal community.

The populations of migratory species are considered seasonal
nodes in community migration networks (Figure 2). The species
nodes are taxonomically defined as populations of the species in
the focal community and spatiotemporally delimited by the arrival
of the individuals in the focal community until their departure.
Therefore, the temporal definition of the species nodes considers
the populations of migratory species as seasonal (discontinuous)
and populations of resident species as non-seasonal (continuous)
since they stay in the community throughout the year. Populations
of resident species are presented as unconnected nodes in the
network. Partially migratory species with both resident and
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FIGURE 1

Bylot Island tundra food web adapted from Gauthier et al. (2011). Labels represent the functional groups, and the groups composed of migratory
species are colored (red=raptors, pink=gulls, purple=cranes, dark blue=jaegers, light blue=ducks and loons, orange=shorebirds,
yellow=passerines, green=geese and swans). The species composition of vertebrate functional groups is represented by icons (e.g., four species
of passerines). Arrows represent biomass flow between functional groups and the size of the arrows is relative to the proportion of the diet; gray

10.3389/fevo.2022.1077260

arrows represent minor portions of the diet.

migratory individuals (Chapman et al., 2011) are represented by
a seasonal and a non-seasonal species node, representing the
proportion of migratory and resident individuals in the
population, respectively. The nodes representing the geographic
regions are spatially defined by the boundaries of the regions and
are considered temporally continuous since perturbation can
happen in the regions even when migratory species are absent
(e.g., habitat loss or contaminant subsidies). The temporal
definition of nodes and edges does not need to be considered
explicitly to highlight the pattern of migrations at the community
level, which is the scope of this paper. However, in a dynamic
community migration network, the temporal definition of nodes
would be essential.

The edges of community migration networks represent the
seasonal movements of migratory species between geographical
locations used at each period of their annual cycle. Edges can
be either undirected or directed depending on whether the species
use the same migratory pathways back and forth between nodes
of different types (period of the annual cycle) or not. The edges
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can be weighted to represent the biomass, abundance or
proportion of individuals of each species between the focal
community and the connected regions. Considering that edges are
seasonal, it implies that a perturbation on a distant region would
not propagate directly to the focal community but would reach the
community in the next season, thus necessarily implying a delayed
propagation of perturbations.

Community migration networks are unique relative to other
types of networks because (i) some nodes (migratory species) and
all edges are seasonal, (ii) during migration periods, all edges have
the same direction, (iii) some of the nodes (migratory species)
depend on nodes of another type (distant regions), but not the
opposite, and (iv) the framework focuses on a local community at
a global scale. The unique nature of community migration
networks highlights a theoretical challenge in modeling dynamical
community migration networks, but those characteristics are
essential to represent the biology of migratory species.

Community migration networks can be described with
multipartite network metrics at the node and network levels to
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FIGURE 2

Schematic representation and definition of the seasonal nature of community migration networks through a fictive community representing a
summer breeding ground used by multiple migratory species (white rectangle) and their migratory pathways (dotted lines) to non-breeding
regions (colored circles). (1) Summer: populations of diverse migratory, partially migratory and resident species (black icons) co-exist at the same
location, which defines the focal community (white rectangle) (2) Fall: the migratory and a part of the partially migratory populations leave the
focal community through the migratory pathways (dotted lines) to reach non-breeding regions (colored circles) (3) Winter: the migratory and a
part of partially migratory populations are distributed across diverse non-breeding regions, and the resident and a part of partially migratory
populations stayed at the focal community location (4) Spring: the migratory and a part of the partially migratory populations from the focal
community leave the non-breeding regions to reach the focal community location through the migratory pathways.

highlight the structure of the migratory pathways at the species
and community levels (Figure 3). At the node level, the species
degree (number of regions connected with a species) reflects the
population spread, defined as the mean distance in the location of
individuals from the same population between different seasons
(Finch et al., 2017). Highly spread populations will be found in
more geographical regions. In a bipartite community migration
network, the region degree represents the number of migratory
species from the focal community hosted by a region in another
annual cycle period (i.e., non-breeding region). The region degree
could potentially be used to identify ecological hot spots
thousands of kilometers away from a focal community.

At the network level, we suggest using connectance, asymmetry,
nestedness and modularity to characterize community migration
networks. Connectance represents the degree of spatial overlap
between the species of a focal community during another period
of the annual cycle. A high connectance would mean a large spatial
overlap between the species of a focal community during another
period of the annual cycle, suggesting perturbation of connected
regions could potentially affect multiple species simultaneously.
Asymmetry represents the proportion of species nodes versus
region nodes in the network. It illustrates the relative concentration
or spatial diffusion of species once they leave the focal community.
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A positive asymmetry value would represent more species than
regions and a negative value would point toward the opposite. An
extremely high asymmetry would represent the concentration of
the species in a small number of regions and suggest that the focal
community is exposed to highly localized perturbations occurring
in distant but connected regions. Nestedness assesses if small-range
species are found inside the boundaries of broad-range species
during another period of the annual cycle. If the network is nested,
some regions host multiple species of different range sizes. A
nested structure of migratory pathways would mean that if a
perturbation happens on a species with a small non-breeding
range, it also has a high chance of propagating to the community
through species with larger non-breeding ranges. The modules
represent groups of species that have more spatial overlap with
each other on their range outside the focal community than with
other species of the community. Modularity highlights the degree
of overlap between the modules, with little overlap between
modules showing high modularity. A modular community
migration network would mean that perturbations occurring on
distant but connected regions would propagate to the focal
community through subgroups of species. In this paper, we have
decided to limit ourselves to a description of the network and to
propose interpretations for some traditional network metrics. Still,
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Schematic definitions and examples of low and high values of bipartite community migration network metrics. The white rectangle represents the
focal community, and the colored circles represent the connected geographic regions through migrations. The dotted lines represent the
movements of species between the focal community and the regions used during another period of their annual cycle. The movements of
species between the focal community and the connected regions are presented as undirected to represent the use of the same pathways back
and forth. Resident species are represented by the absence of edges.

we will discuss the use of traditional network metrics in The study area of 425km?* (Giroux et al., 2012) is located in the
community migration networks. southern part of the island inside a mosaic of upland mesic tundra
habitat interspersed with lowland wetlands (Gauthier et al., 2013).
Based on a long-term community monitoring program,

3. Materials and methods we identified 35 vertebrate species in the food web (5 mammals
and 30 birds; see Supplementary material section 1.1 for details

3.1. Network definition and Supplementary Table S1 for the species list and scientific
names). Among the 35 vertebrate species, 28 are long-distance

We studied the Bylot Island tundra community located at the migrants, two are partial migrants (Arctic fox and common
northern tip of Baffin Island in Nunavut, Canada (73° N, 80° W). raven), and five are residents (Gauthier et al., 2011). We define
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migrants as individuals performing seasonal and highly
synchronous movements between a breeding and a non-breeding
ground (Rubenstein and Hobson, 2004; Mueller and Fagan, 2008),
residents as individuals performing movements within a
community throughout the annual cycle, and partial migrants as
the combination of resident and migratory and/or individuals
performing long-distance foraging trips outside the community
(Chapman et al,, 2011; Gauthier et al., 2011).

The non-breeding range of each migratory species was defined
by the data
(Supplementary Material section 1.2). We used non-breeding

most  representative  range available
range maps (BirdLife International and Handbook of the Birds of
the World, 2019; Fink et al, 2020) along with global avian
migration flyways (geographical grouping of annual ranges of
avian migratory species; Wetlands International, 2022) when
tracking data was unavailable for long-distance migratory species
(22 of 28 species). The association of flyway(s) to each species was
based on known migratory pathways by eastern Canadian Arctic
individuals. We retained only the portion of the non-breeding
range within the boundaries of the flyway(s) assigned to each
species, thereby removing portions of the non-breeding ranges
where individuals from the focal community are absent. The
seasonal migratory movement of long-tailed jaegers (Seyer et al.,
2021), common-ringed plovers (Léandri-Breton et al., 2019),
American golden-plovers (Lamarre et al., 2021), snowy owls
(Therrien et al., 2012; Robillard et al., 2018), and snow geese
(Legagneux et al., unpublished data) and the partial migratory
movement of Arctic fox (Lai et al., 2017) have been documented
with tracking devices deployed from the study site. Migratory
movements of king eiders were monitored from another breeding
site in the eastern Canadian Arctic (Gilchrist et al., 2004). The
partially migratory species in the community (Arctic fox and
common raven) perform short-distance movements within the
Arctic. They are thus considered circumpolar residents at the
species level, and it was not possible to use species non-breeding
range maps for these species as we did for long-distance migrants.
The non-breeding ranges of partially migratory species were
defined with a buffer zone centered on the study site with a radius
size corresponding to the maximum distance travelled during
migratory or long-distance foraging movements observed in
the literature.

We determined the biogeographic ecoregions associated with
the defined non-breeding range of each species from the focal
community (Supplementary Material section 1.3). Ecoregions
represent relatively homogeneous species assemblages at the
regional scale (Smith et al., 2018), and they consider ecological
and geographical characteristics (e.g., Eastern Canadian forests),
unlike biomes that focus only on ecological attributes (e.g., Boreal
forests). We used worldwide classifications of terrestrial ecoregions
from Olson et al. (2001) and marine ecoregions from Spalding
et al. (2007). We derived a classification of coastal ecoregions
based on Spalding et al. (2007). We extracted for each species a list
of ecoregions overlapping the non-breeding range. We assigned
main non-breeding habitat type(s) (terrestrial, coastal and/or
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marine) to each species based on the available literature to filter
ecoregions from the extracted list that would be marginally used
by the species (Supplementary material section 1.4). On average,
the non-breeding range of each species was associated with 33 +46
ecoregions, including no connections for resident species. To
validate our non-breeding ranges refinement and filtering
methods, we performed a preliminary validation analysis based
on the specific tracking programs available as reference (n=6
species; American golden-plover, common-ringed plover, snowy
owl, long-tailed jaeger, snow goose and king eider;
Supplementary material section 1.5). Our method of refining and
filtering non-breeding ranges removed a considerable number of
irrelevant ecoregions associations. However, the use of refined
species range maps still tend to overestimate the number of
connected ecoregions in comparison with specific tracking data.
We used the ecoregions associated with each species to create an
incidence matrix of IxJ size, where I represents the total
number of species in the focal community and J represents the
total number of ecoregions connected with the community. Data
manipulation and geoprocessing were done in R language and
environment version 3.6.3 (R Core Team, 2020) with package sf

(Pebesma, 2018) and dplyr (Wickham et al., 2021).

3.2. Network analysis

The community migration network was defined and analyzed
as an unweighted and undirected bipartite network with species
and biogeographic ecoregions. At the node level, we used the
degree of each node (i.e., number of edges; Figure 3).

At the network level, we used connectance, asymmetry,
nestedness (Dormann et al., 2009) and modularity (Farage et al.,
2021). Connectance (C) is based on the proportion of realized
edges in a network and is measured by C=L+(/xJ) in a
bipartite network, where L represents the total number of edges.
Network asymmetry (W) addresses the difference in the number
of nodes of each type with respect to the total number of nodes,
and it is measured by W = (I —J)=+(I +J) with values ranging
from —1 to 1. A network is considered nested when low degree
nodes share a subset of the connections of high degree nodes.
Nestedness (1) is comprised between 0 (perfectly nested structure)
and 100 (random structure), and it is commonly used to describe
bipartite ecological networks (e.g., plant-pollinators, host-
parasites, island biogeography; see Rodriguez-Gironés and
Santamarfa, 2006 for more details on the algorithm and the
equation). We used the package bipartite (Dormann et al., 2008)
to extract this network property. Finally, modularity (M) is a
widely used network metric to assess the presence of sub-groups
of nodes with more within-group edges than expected by random
(see Farage et al., 2021 for more details on the algorithm and the
equation). The modularity analysis was performed with the
package infomapecology based on network flow (Farage et al,
2021),
between the focal community and non-breeding regions

representing the flow of migratory individuals
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(Supplementary material section 2.1). The modularity and
nestedness values are influenced by other structural properties of
the network (Fortuna et al, 2010). Therefore, we needed to
compare the observed values with networks with the same degree
distribution and connectance, but with randomly assigned edges.
We used the quasi-swap algorithm (detailed in Miklos and Podani,
2004) from the package vegan (Oksanen et al., 2022) to simulate
1,000 null models. More specifically, the algorithm maintains the
row and column sums of the original matrix (i.e., same degree
distribution and connectance) and repeatedly shuffles the edges in
2x2 subsets of the original matrix (Miklos and Podani, 2004).

4. Results

The species of Bylot Island are distributed latitudinally during
the non-breeding period from the High-Arctic to the southern tip
of South America and longitudinally from the Pacific Northeast
to West Africa (Figure 4). Geese and swans, passerines, cranes and
gulls are the only functional groups from Bylot strictly found in
North America during the non-breeding period, whereas jaegers
are strictly found outside of North America. Shorebirds, jaegers
and raptors are the only functional groups associated with
ecoregions outside North America. The community of Bylot
Island is connected with 393 ecoregions through the distribution
of its migratory species during the non-breeding period (Figure 5).
The peregrine falcon is the species with the highest degree in the
network, associated with 257 ecoregions. On average, the
non-breeding range of each species overlapped the boundaries of
3346 ecoregions, including no connections for resident species.
The ecoregions are connected with one to 14 migratory species
with a mean of 3.0 £2.4. For both species and ecoregions, a small
number of nodes are highly connected, and many are weakly
connected, resulting in both left-skewed distributions of the
number of edges per node (Supplementary material Figure S5).

During the non-breeding period, the Bylot Island species are
distributed in many ecoregions with a relatively low spatial
overlap, which is further illustrated by the low connectance of the
network (C=0.09). The low asymmetry (W=-0.84) of the
network is due to a large number of ecoregions (393) connected
with the focal community compared to the number of vertebrate
species present (35). The network presents a significantly lower
nestedness than random networks (T'=8.36 p<0.001).

The low spatial overlap among migratory species of Bylot
Island during the non-breeding period is partly due to the
presence of groups of species associated with common ecoregions
(modules) during the non-breeding period (M =6.32, p<0.001;
Figure 6 and Supplementary material Table S4 for the list of
ecoregions and their assigned module). The modularity analysis
revealed nine modules consisting of one to 13 species and six to
126 ecoregions. Among those modules, four are composed of a
single species located: in the marine Pacific Northeast (pacific
loon), marine and coastal North Atlantic (king eider), coastal and
terrestrial Northwest Africa (common-ringed plover) and
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throughout the Americas (peregrine falcon). Long-tailed jaeger
and red phalarope are associated with marine ecoregions along
West Africa and parasitic jaeger, ruddy turnstone, red knot and
black-bellied plover are associated with coastal ecoregions from
both Atlantic coasts. A group of five shorebird species is associated
with terrestrial and coastal ecoregions of the southern part of
South America. The partially migratory species (common raven
and Arctic fox) are identified as a distinct module. The module
with the highest species and functional richness includes 13
migratory species associated with diverse environments (coastal,
terrestrial and marine) across North America.

The modularity analysis performed with the Bylot Island
community migration network allows us to complement existing
food web models by linking migratory pathways with trophic
interactions in the community (Figure 7). We illustrate that the
shorebirds functional group composed of 10 species in the Bylot
Island food web is divided into four modules containing at least
one species of shorebirds using distinct ecoregions during the
non-breeding period. Therefore, the effect of high goose
abundance driven by agricultural perturbations in temperate
North America has the potential to propagate indirectly at the
meta-community level to different sets of ecoregions through
trophic interactions in the Arctic.

5. Discussion

We proposed a framework with simple network metrics to
characterize the structure of migratory pathways maintained by
species of a focal community and provided the first empirical
description for a vertebrate community. We highlighted that
through the annual movement of migratory species, terrestrial
Arctic communities could potentially be indirectly exposed to
perturbations occurring in hundreds of ecoregions distributed
across continents. The modular structure of migratory pathways
observed at the community level suggests that distant
perturbations could propagate to Arctic communities through
subgroups of migratory species. Community migration networks
can be used as a starting point to better study how distant
perturbations can propagate at the community level through
migratory species.

In our case study, the combination and centralization of
migratory pathways knowledge in a community-based
migration network allowed us to fill empirical gaps that could
not previously be addressed on the spatial overlap of migratory
species during the non-breeding period. The functional
diversity observed in some of the species groups associated with
distinct sets of ecoregions suggests that perturbations in certain
regions of the globe are more likely to propagate to the focal
community through multiple trophic levels. For example, a
perturbation that would occur in a terrestrial ecoregion in
temperate Northeastern America could simultaneously affect
herbivorous, insectivorous and vertivorous species breeding on
Bylot Island in the High Canadian Arctic. In contrast, a
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Species non-breeding
range centroid(s)
Continuous
&Divided }
 Resident 16. pacific loon 26. common-ringed plover
1. ermine 17. long-tailed duck 27. black-bellied plover
2. brown lemming 8. snowy owl 18. king eider 28. American golden-plover
3. collared lemming 9. peregrine falcon 19. pectoral sandpiper 29.
4. arctic hare 10. rough-legged hawk 20, Baird's sandpiper 30.
5. rock ptarmigan 11. glaucous gull 21. buff-breasted sandpiper 31.
12. parasitic jaeger 22. white-rumped sandpiper 32.
Partial migrant 13. long-tailed jaeger 23, red knot 33. tundra swan
6. arctic fox 14. sandhill crane 24. red phalarope 34. snow goose
7. common raven 15. red-throated loon 25, ruddy turnstone 35. cackling goose
FIGURE 4

Non-breeding range centroids of vertebrate species from Bylot Island. The migratory species are colored by functional groups (red=raptors,
pink=gulls, purple=cranes, dark blue=jaegers, light blue=ducks and loons, orange=shorebirds, yellow=passerines, green=geese and swans). The
non-breeding centroid of residents and partial migrants are not represented since they are centered on Bylot Island. The centroids of migratory
species with a continuous non-breeding range are represented by a circle, and squares are used to represent the centroids of divided non-
breeding ranges (i.e., jaegers travel to both Atlantic coasts). The location of some centroids was slightly adjusted to better represent the species
non-breeding habitat type, for instance, moving the centroid of a coastal species falling inland to the closest coastline

perturbation in a terrestrial ecoregion in northwest Africa
could affect only one insectivore. On the other hand, spatial
cascades that would spread through the community via
migratory herbivores (geese and swans) could only originate
from a single module composed of temperate ecoregions. As
they are widely spread during the non-breeding period, the
guild of avian predators would be expected to respond to
perturbations occurring at a large (continental) scale. In some
cases, species with similar trophic positions in the Bylot Island
food web, like shorebirds, can face highly heterogeneous
environmental conditions during the non-breeding period. Our
results showed that high spatial overlap can occur for both
functionally similar and functionally different species, but at the
community level species have very little spatial overlap during
the non-breeding period. These empirical advances will help to
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assess the vulnerability of the Bylot Island food web to
global changes.

Spatial cascades via migratory species have been described
in well-known cases of animal migration, highlighting the
diversity of mechanisms by which migratory species can
propagate perturbations. Perturbations at geese non-breeding
and staging grounds can alter nutrient subsidies (Hessen et al.,
2017), trophic subsidies and associated indirect species
interactions (Lamarre et al., 2017; Duchesne et al., 2021), and
even cause drastic shifts in communities and ecosystems used
for breeding (Jefferies et al., 2004). Springer et al. (2018) showed
that hatchery-induced increases in salmon populations led to a
decrease in available food for short-tailed shearwaters (Ardenna
tenuirostris) at their non-breeding grounds, leading to a
reduction in population size at their breeding grounds. As a

frontiersin.org


https://doi.org/10.3389/fevo.2022.1077260
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Moisan et al. 10.3389/fevo.2022.1077260
“o“-breedmg ecoreg,
Ons
ST
W W I,
Wi M I i
AN \'\ Wi
\\\\ \\ \ I
16. pacific loon 26. common-ringed plover
1. ermine 17. long-tailed duck 27. black-bellied plover
2. brown lemming 8. snowy owl 18. king eider 28. American golden-plover
3. collared lemming 9. peregrine falcon 19. pectoral sandpiper 29.
4. arctic hare 10. rough-legged hawk 20, Baird's sandpiper 30.
5. rock ptarmigan 11. glaucous gull 21. buff-breasted sandpiper 31.
12. parasitic jaeger 22, white-rumped sandpiper 32.
Partial migrant 13. long-tailed jaeger 23 red knot 33. tundra swan
6. arctic fox 14. sandhill crane 24. red phalarope 34. snow goose
7. common raven 15. red-throated loon 25, ruddy turnstone 35. cackling goose
FIGURE 5

Community migration network of Bylot Island with the 35 species labeled in an anticlockwise way and the 393 biogeographic ecoregions colored
by type (green=terrestrial, purple=coastal and blue=marine). Migratory species were colored based on their functional groups (red=raptors,
pink=gulls, purple=cranes, dark blue=jaegers, light blue=ducks and loons, orange=shorebirds, yellow=passerines, green=geese and swans). The
chord diagram representation was done with the R package circlize (Gu et al., 2014).

result, nutrient subsidies would be reduced and this could lead
to cascading changes in the insular communities used for
breeding. In the well-known Seregenti system, Holdo et al.
(2009) showed that a change in the population size of migratory
wildebeest (Connochaetes taurinus) can influence fire frequency
and forest cover at the meta-ecosystem level. Perturbations do
not act in isolation in communities and may interact with each
other and cause additive, synergistic, or antagonistic effects at
the community level (Beauchesne et al,, 2021). The diverse
effects of migratory species on communities and ecosystems
(Bauer and Hoye, 2014) highlight the difficulty of assessing the
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net effect of perturbations, which currently limits the
applications of our approach.

The modular (non-random) network structure observed in
our case study suggests that evolutionary and geographic
constraints as well as ecological factors potentially shape the
structure of migratory pathways at the community level. The
proportion of migratory species is strongly correlated with the
magnitude of seasonality, at least for terrestrial bird communities
(Hurlbert and Haskell, 2003; Somveille et al., 2013). Also,
migratory birds tend to relocate from breeding to non-breeding
grounds by minimizing migration distance to reach suitable
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Partition of the Bylot Island community migration network with the highest modularity based on the infomapecology algorithm (M=6.32, p<0.001),
with nine modules of species and ecoregions sharing more edges between them than with other species and ecoregions of the network. Modules
are represented by red boxes and can include multiple ecoregions and species. Interactions non-associated with a module are represented in light
brown and are not included in boxes. Species and ecoregions are ordered by modules and species labels are colored by functional groups
(red=raptors, pink=gulls, purple=cranes, dark blue=jaegers, light blue=ducks and loons, orange=shorebirds, yellow=passerines, green=geese and

Ecoregions

grounds in terms of climate and resources, akin to a refuge from
the harsher conditions of the breeding ground (Somveille et al.,
2015, 2019, 2021; Bonnet-Lebrun et al., 2021). Unsurprisingly,
most migratory species from Bylot Island reach non-breeding
grounds in temperate environments (intermediate migration
distance from the focal community), suggesting an influence of
community geographical location on the structure of migratory
pathways. Somveille et al. (2019) also observed that trans-
hemispheric migrants did not seem to respond to the same
ecological drivers as migrants travelling within the same
hemisphere. Interestingly, in the community migration network
of Bylot Island, we observed a clear distinction between the
functional groups performing trans-hemispheric migrations
(shorebirds, jaegers and some raptors) and those who do not
(geese and swans, passerines, cranes, gulls and ducks and loons
and some raptors). The presence of modules composed of
functionally similar species associated with common habitats (e.g.,
shorebirds in South American ecoregions) suggests that adaptive
constraints on flight efficiency, environmental tolerance and diet
may influence network structure by increasing the modularity.
We could address the influence of phylogeny on migrations at the
community level by linking phylogenetic distance, geographic
distance and location of migratory destinations and species degree
in the network. Within modules of functionally similar species,
ecological factors such as interspecific interactions (mutualism or
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competition) could potentially increase or decrease the spatial
overlap between species (Gotelli et al., 2010). Linking community
and species traits, geography, phylogeny and species interactions
with community migration network metrics will allow a better
understanding of the factors and constraints shaping migratory
patterns at the community level.

Ideally, community migration networks would be defined for
focal communities with well-known geographic ranges and
movements over their entire annual cycle for each migratory
population. In our study, we estimated the non-breeding range of
migratory species with the most accurate data available for our
focal community. Despite the use of some rough non-breeding
range maps, we still observed a highly structured network.
We avoided interpretations at the node level (e.g., degree of
ecoregions and species) because we used coarse spatial data for
several species. Our approach includes two sources of
measurement uncertainty, the sampling of the community
assemblage and the delineation of species ranges. We did not
quantify either of these sources and therefore do not know the
uncertainty of the observed metrics. A community surveyed with
little effort would underestimate the number of migratory
species, which could potentially influence network metrics in
both directions (higher or lower). However, in our case, the
surveyed community was heavily sampled. Despite the small
sample size of our validation analysis, it suggests that using
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Snow geese and shorebirds breeding on Bylot Island share a predator (Arctic fox), which may result in the spatial propagation of agricultural
changes occurring in temperate ecoregions used by geese during the non-breeding period (green) to ecoregions used by shorebirds during the
non-breeding period (orange). The functional group of shorebirds is divided into four circles representing the modules in the community
migration network and the extent of their associated ecoregions is shown on the maps. Negative indirect effects of geese on shorebirds could
also pass-through overgrazing on the breeding grounds, which reduces nest site quality or availability.

refined species range maps tends to overestimate the number of
connected ecoregions, which could also influence network
metrics in both directions. Developing an approach to measure
these two sources of uncertainty, as well as their effects on
community migration network metrics is a gap that needs to
be filled in order to compare the structure of migratory pathways
between communities. Moreover, the proposed framework
focuses on a single community, which prevents encompassing the
complete spatial patterns at the species level. For instance, in our
case study, we focused on a single breeding ground, which
prevents the integration of population spread from non-breeding
to breeding grounds. We did not include stopovers and staging
grounds because data were too scarce, despite their recognized
importance in migratory species demography (Newton, 2006;
Iwamura et al., 2013). The ongoing refinement of range maps for
migratory species with consideration of the spatiotemporal
2022;

Smithsonian Migratory Bird Center, Georgetown University,

patterns of population distribution (Smith et al,

National Audubon Society and the Cornell Lab of Ornithology,

2022) will reduce uncertainty and broaden opportunities to
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develop more accurate and precise community migration
networks.

Community migration networks represent a simple
conceptual framework that should be further developed by
network ecologists to study migrations at the community level.
The seasonal nature of migratory movements represents
theoretical and methodological challenges to scale migrations at
the community level. For instance, seasonal edges (temporally
discontinuous) in a network of interacting local populations imply
a time-delayed response of perturbations between nodes, which is
often not considered in ecological models. As a result, we currently
have limited knowledge of the effect of the ephemeral and
predictable (seasonal) pulses of migratory organisms on
community stability and resilience (Holdo et al., 2011; Jeltsch
et al,, 2013; Bauer et al,, 2016; Furey et al., 2018). In our study
system, it has been shown that the seasonal presence of migrants
can substantially change the dynamic of the food web (Hutchison
et al,, 2020). It is important to note that the traditional network
metrics we used have not been developed with networks
comprising seasonal nodes and edges. We may have to develop
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specific metrics of community migration networks more relevant
to the biology of migratory species. This could include centrality
metrics that better represent the potential of species to spatially
propagate perturbations and cause local cascading effects based
on the population spread (species degree), the sensibility to
perturbations, the degree of migratory connectivity between
populations and the position in the food web.

We restricted our study to a descriptive case of a community
migration network with a single breeding site. However, the
approach could be replicated in other communities and the
framework could be adapted and further developed to better
address various ecological questions. Replicating our approach with
several communities and comparing their metrics may reveal global
biogeographic patterns of migratory pathways at the community
level. Migratory pathways of avian species tend to converge towards
the poles and migratory species tend to minimize migration
distance (Somuveille et al., 2015, 2019, 2021; Bonnet-Lebrun et al.,
2021), so the structure of community migration networks could
possibly vary with latitude. Quantifying the flow of migratory
organisms in community migration networks would allow for a
better representation of connections at the meta-level, providing a
more direct way to link migrations to ecosystem and community
processes. This could be done by weighting edges with biomass to
address energy, nutrient, and contaminant exchanges or by
weighting edges with abundance to address parasite and disease
exchanges and trophic effects. Since migratory species are important
vectors of parasites and diseases (Tian et al., 2015; Viana et al., 2016;
Varpe and Bauer, 2022), there may be interest in using community
migration networks to address how these spread between distant
regions of the globe through a common focal site used by multiple
migratory species. Combining ecological (food webs, plant-
pollinators and host-parasites) and migration networks within a
single framework would allow a better representation of the net
effects of perturbations in meta-communities maintained by
migrations. This could involve integrating species traits and trophic
position into community migration networks to identify distant
regions and species more likely to generate spatial cascades. Scaling
migrations at the community level is a first step towards assessing
community vulnerability to changes occurring in distant locations
connected through animal movement. To practically use our
approach in a perturbation propagation context (e.g., conservation
purposes), we will need to examine the relationship between
community migration network metrics and community sensitivity,
resilience, and vulnerability to distant changes. The development of
community migration networks should thus improve our ability to
anticipate the effects of global changes on ecosystems.
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