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1 | INTRODUCTION

Abstract

Several biodiversity-centered metrics exist to quantify the importance of landscape
and habitat features for conservation efforts. However, for species whose habi-
tat use is not quantified by these metrics, such as those in urban areas, we need a
method to best identify features for targeted conservation efforts. We investigated
the use of social network analysis (SNA) to identify and quantify these critical habi-
tat features. We used SNA to identify network existence in chimney swift (Chaetura
pelagica) roost usage, quantify the importance of each roost site, and evaluate the im-
pact of the loss of key sites. We identified a network consisting of ten chimney swift
roosts in southern Nova Scotia, Canada, and found that 76% of swifts used more than
one roost throughout the breeding season. We also isolated three key (most con-
nected) roost sites. We evaluated the effect of loss of these key sites on the network
by using a Wilcoxon-Pratt signed-rank test and by analyzing the structure of the
subsequent network. We found that connections between roosts and the structure
of the network were significantly affected by the loss of these key sites. Our results
show that SNA is a valuable tool that can identify key sites for targeted conservation
efforts for species that may not be included in conservation efforts focused purely

on biodiversity.
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habitats that remain are also limited. To use these resources effec-

tively, it is imperative to know which locations or features are most

Habitat loss is a primary driver of species population declines
(Brown & Paxton, 2009; Schmiegelow & Moénkkonen, 2002; Stuart
et al., 2004), and many conservation efforts are focused on the iden-
tification, restoration, and protection of important habitats or land-
scape features to combat the impacts of these losses. Despite these
efforts, landscapes continue to change, and important wildlife habi-
tats continue to be lost. Not only has space become a limiting factor
for some species’ survival, but resources for efforts to conserve the

important for maintaining species’ populations. This approach can be
seen in attempts to conserve areas based on the number of endemic
species (Davis et al., 2008; Lei et al., 2003; Myers et al., 2000), total
species diversity (Song et al., 2016), rankings of biodiversity (Sarkar
etal., 2006), and habitats associated with species with high likelihood
of persisting (Williams & Araujo, 2000; Yirka et al., 2018). Social net-
work analysis is an emerging method to identify key sites for a single
species based on its importance in maintaining connectivity among
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a network of landscape features. A network analysis approach can
provide guidance for the conservation of sites for species that may
not be included in biodiversity-focused metrics.

Network analysis is a developing analytical technique used to de-
fine and quantify “meaningful” features in the context of landscape
or habitat features that form interactive networks. The ability of
each feature to maintain connectivity of the larger network, or to
connect remote areas, are examples of quantifying meaningfulness.
Given this, we sought to test the hypothesis that social network
analysis can be used to identify key features within a network of
landscape features for targeted conservation of a single species at
risk: the chimney swift (Chaetura pelagica; classified as threatened in
Canada [COSEWIC, 2018]).

Social network analysis (SNA) allows the investigation of so-
cial structures based on the mathematical concept of graph theory
(Pavlopoulos et al., 2011). These graphs are composed of individ-
uals or features of interest (nodes) and connection or movement
between them (links or edges). Using SNA, it is possible to identify
which nodes are important for maintaining movement within the
network (centrality), and the degree to which each node is con-
nected to all others (node degree). A primary assumption of SNA is
that the number of connections to a node indicates its importance to
the network. SNA can also identify which nodes are most important
for maintaining movement between these communities (between-
ness), and which subsets of nodes are more linked to each other than
to other nodes in the network (communities). The ability to identify
communities within a network could have management implica-
tions. A well-connected community may not benefit by the addition
of a new roost structure as much as a small or weakly connected
community.

Social network analysis is often used to study human interactions,
including in advertising (Brown et al., 2007; Kempe et al., 2003), de-
termining friendships (Eagle et al., 2009), corporate and business
structure (Reagans & Zuckerman, 2001; Tsai, 2002), and political as-
sociations (Yang et al., 2012). Use of SNA in ecological research has
been steadily increasing and has been applied to how animals inter-
act with others within their group (Kasper & Voelkl, 2009; McCowan
et al., 2008; Sueur et al., 2011). These studies tend to categorize in-
dividuals as the nodes or focal points of the graphs, and associations
between individuals as the links.

Few ecological studies have examined how features of the envi-
ronment act as nodes. The use of roosts as nodes by bats has been
evaluated using SNA in terms of spatial distribution of roost trees
(Johnson et al., 2012; Rhodes et al., 2006), influence of resources
on network structure (Chaverri, 2010), and how nodes impact the
spread of disease (Fortuna et al., 2009). Other studies have con-
sidered habitat patches to be nodes in a network and used SNA to
evaluate connectivity between these patches (Baranyi et al., 2011;
Calder et al., 2015; Rubio & Saura, 2012). A benefit to this approach
versus only traditional mapping is the ability to evaluate the impact
of node loss on the network (Calder et al., 2015; Mourier et al., 2017).

We used a social network analysis of the movement of radio-

tagged chimney swifts between roost sites to (a) investigate whether
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roosts formed a large-scale network that was used by multiple swifts
during the breeding season, (b) to identify the most significant roost
chimneys within the network, and to (c) predict the outcome of the
loss of one of the most significant roosts. We hypothesized that the
roost chimney with the greatest number of connections would be
the most significant, and that its loss would dismantle the roost net-
work. This information could be used to guide conservation efforts
by providing a quantified ranking of the ecological importance of
each feature within the network. We chose chimney swifts (hereaf-
ter: swifts) as a model species because they are highly aerial and, as
a result, they physically interact primarily with their roosts (nodes)
and nest sites, and no other landscape features. In this way, roost
chimneys act as islands and provide a unique and simplified network
to test the applicability of SNA in this environment.

Roost sites are fundamental for swift ecology, offering pro-
tection from predation, providing more stable microclimates, and
protection from the elements (Steeves et al., 2014). Roost sites are
especially important in poor weather, providing a protected space
for groups of swifts to rest, conserve heat (COSEWIC, 2018), and
reduce water loss (Farquhar et al., 2018) during suboptimal forag-
ing conditions associated with poor weather. Not only do swifts use
these structures throughout the energetically expensive migrations,
but also throughout the breeding season (COSEWIC, 2018; Steeves
et al., 2014) when they are used by nonbreeders, failed breeders,
and the nonincubating member of a successfully breeding pair
(COSEWIC, 2018). These roosts are rare across the landscape be-
cause they are typically large masonry chimneys, structures which
are becoming obsolete. This makes them important features for con-
servation efforts. By using SNA to determine their connectivity and
quantify their significance to the overall network, a targeted con-
servation approach could be considered for roost site preservation.

2 | MATERIAL AND METHODS
2.1 | Study species

Chimney swifts provided a model system for evaluating the applica-
bility of SNA in this context. Swifts are small aerial insectivores that
breed in eastern North America and overwinter in the Amazon basin.
They have been experiencing drastic population declines of -4.9%
per year since 1970 (COSEWIC, 2018), which is hypothesized to be
due to a complex combination of factors that include a loss of nest-
ing and roosting habitats (Fitzgerald et al., 2014). The likelihood that
the loss of these important sites is leading to widespread population
declines highlights the importance of finding a way to identify which
sites should be the focus of conservation efforts given limited con-
servation resources. It is estimated that only 60% of breeding age
adults reproduce per year, leaving a large proportion of the popula-
tion that will continue to roost communally throughout the summer.
It has been assumed that these roosting swifts show a high degree
of roost site fidelity, but this has not been explicitly tested and may

not be the case. If swifts do change roost sites within the breeding
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season, then these sites could form an interactive network across
the landscape and the use of SNA for identifying key sites of con-
servation value.

We expected roost sites to form an interactive network over
a large landscape due to swifts’ ease of movement while foraging
and the limited number of roosts available. The ability to forage
over a large area and roost in a different location would allow
swifts to acquire greater food resources while still obtaining the
benefits of communal roosting. This may be of particular value
during certain weather patterns or periods during the summer
when energetic expenses may exceed the available prey resources

in an area.

2.2 | Site selection

We captured and tagged 53 swifts at the Caledonia roost in Kempt
County, Nova Scotia, Canada (44.4181°N, -65.0546°W) through-
out June of 2018 and 2019. This roost is of moderate size (1.2 m?,
5 m tall), hosting up to 700 swifts during migration, and ca. 250
throughout the breeding season. This masonry chimney is at-
tached to a vacant building that served as a blacksmith workshop
in the 1930s to 1960s. The chimney has a partial metal cap with
a 0.5 m diameter circular opening in the center. We selected this
site for tagging of swifts due to its accessible height that allowed
for rapid removal of the trapping device described below. We at-
tempted to reduce this tagging bias by only including birds that
left and then returned to Caledonia as representing a link for this

roost.

2.3 | Trapping

Throughout June 2018 (n = 20) and 2019 (h = 33), swifts were
captured using a modified hoop net (Colvin & Hegdal, 1986;
Wheeler, 2012) under Animal Use Protocol #18103 (University of
New Brunswick). This design consisted of a 55 cm diameter circular
frame from which a 1 m long cylinder made from mist net material
(38 mm mesh), tapered to a diameter of 15 cm was suspended. The
mist net was weighted at the bottom to prevent tangling. The net
was suspended in the chimney with the circular frame held in place
by a 10 cm rim protruding from the chimney opening.

We lowered the net into the chimney 30 min prior to dusk,
before swifts began to enter the roost. The net was removed im-
mediately upon entry of no more than five birds into the chimney,
captured birds were extracted from the net, and placed in cotton
draw-string bird bags to be processed one at a time. Capture and
transmitter attachment took place for two consecutive nights each
week (n = 10/week) until all available tags were deployed. By stag-
gering tag deployment, we aimed to reduce disturbance at the roost
and minimize the risk of swifts abandoning the site. The staggered
deployment also provided a wider date range of data due to limited

tag battery life (see below).

2.4 | Transmitter attachment

We processed birds on the ground, 20 m away from the roosting
structure. Handling time was kept below five minutes per individual
once removed from the bird bag, and less than thirty minutes after
capture. Swifts were fitted with Lotek Wireless nanotags, model
NTQB-3-2, weighing 0.62 g. These tags measured 19.6 cm (approxi-
mately 1 cm of tag, and 18.6 cm antenna), were programmed with a
burst interval of 13 s, and had an estimated battery lifespan of ca.
224 days. In 2018, these tags were programmed with unique fre-
quencies for detection with handheld Lotek receivers (SRX800) and
coded for the Motus Wildlife Network (Motus; Taylor et al., 2017)
in 2019. Swifts were released from the hand 50 m from the roost
chimney after processing to reduce disturbance to other swifts that
had entered the chimney during processing. They responded to re-
lease by flying several circles in the area before entering the roost
chimney.

Lotek Wireless nanotags were attached using a modified fig-
ure-8 harness as described by Rappole and Tipton (1991), Doerr and
Doerr (2002), and Haramis and Kearns (2000). Due to the high en-
ergetic demand swifts face, it was important that the nanotags not
remain attached to the swifts indefinitely. To prevent this, harnesses
were constructed using 0.5 mm absorbable surgical suture (Vicryl
PGA suture, Ethicon, USP 1); we chose this diameter to prevent chaf-
ing of the individuals (Doerr & Doerr, 2002; Woolnough et al., 2004).
When exposed to the environment, the absorbable suture is ex-
pected to dissolve after ca. three months (Doerr & Doerr, 2002) and
relieve the swifts of the extra energetic burden of the transmitter.
In addition to using absorbable surgical suture, another modification
to the Rappole and Tipton (1991) harness design was that we pre-
constructed the harness with adjustable leg loops, which reduced
handling time and provided a secure and customized fit to each bird
(Doerr & Doerr, 2002; Streby et al., 2015), decreasing the likelihood
of the harness slipping off due to the short and posteriorly posi-
tioned thighs of the swifts.

2.5 | Movement data

From June to August 2018, we recorded swifts at roost sites using
a handheld Lotek SRX800 radio telemetry receiver with a four ele-
ment Yagi antenna. We travelled between known roosts once swifts
had entered roosts after dusk, scanning at each location for all
tagged individuals. We alternated scanning the western and eastern
shores of Nova Scotia. For the western shore, we proceeded south-
westerly from Wolfville to Weymouth, before progressing inland to
Caledonia. Along this route, we scanned at each known swift roost
site (Figure 1). The eastern shore route consisted of traveling north-
easterly from Yarmouth to Bridgewater, where there were no known
swift roosts. We scanned along a 1 km grid after dusk in towns along
this route.

This method proved laborious and yielded no detections along

the eastern shore, so we used the fixed antennas of the Motus
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FIGURE 1 Location of active Motus
automated telemetry towers, their
detection ranges (Taylor et al., 2017), and
chimney swift (Chaetura pelagica) roosting
sites throughout southern Nova Scotia,
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TABLE 1 Simplified movement of chimney swifts (Chaetura pelagica) among 10 roost sites (five confirmed and five unconfirmed) within

southern Nova Scotia

Tag Roost 1 Roost 2

247 Caledonia Bridgetown
250 Caledonia Mlddleton

255 Caledonia Caledonia

256 Caledonia Bridgetown

257 Caledonia Caledonia

258 Caledonia Wolfville

260 Caledonia Caledonia

264 Caledonia Bridgetown

265 Caledonia Middleton

624 Caledonia Marshalltown
626 Caledonia Caledonia

628 Caledonia Upper Clements
629 Caledonia Caledonia

631 Caledonia Upper Clements
637 Caledonia Upper Clements
640 Caledonia Liverpool

641 Caledonia Marshalltown
643 Caledonia Upper Clements
644 Caledonia Upper Clements
645 Caledonia Jordan Bay

650 Caledonia Weymouth

Roost 3

Bridgetown

Middleton

Bridgetown

Caledonia
Bridgetown

Upper Clements

Caledonia

Upper Clements
Weymouth
Caledonia
Marshalltown
Weymouth

Caledonia

Roost 4

Bridgetown

Caledonia

Caledonia

Blandford

Wolfville
Upper Clements

Roost 5 Roost 6 Roost 7
Bridgetown
Upper Clements Caledonia Weymouth

Marshalltown

Note: The tagging site, Caledonia, was only included in social network analyses when a swift either remained in or left and returned to Caledonia.

Wildlife Network (hereafter: Motus) in 2019. Motus is a system of
automated telemetry receivers that record the location of tagged
individuals within range (ca. 4 km) in five-minute intervals (Taylor

et al., 2017). The masonry of the chimney reduces this detectability,

so we assumed that a roost site was in the vicinity of late evening
and early morning detections. Each Motus tower uses the same
single scanning frequency (166.380 MHz), increasing detectability

compared to an approach of cycling through frequencies (Taylor
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et al., 2017). We registered our nanotags with Motus, and upon
detecting a signal, the nanotag information was compared to the
registration, and raw data were made available via an online server
(motus.org).

There were eight known and active chimney swift roost sites
within the southern Nova Scotia study site, and 27 active Motus
towers (motus.org). Of these roosts, one (Wolfville) was within range
of a Motus tower, with the remaining roosts <12 km from active
Motus towers (Figure 1). One roost site (Weymouth) was <10 km
from two Motus towers and <20 km from another, so data from
these three Motus towers were pooled. We assumed that each
Motus tower represented data on the nearest roost for the other
seven. We identified a chimney as roosting and not nesting based on
the frequency of use. We assumed a nesting chimney would record
swift presence continuously over the nesting period while a roosting
chimney would only record presence over night and on a less con-
tinuous basis as tagged swifts moved between roost sites. It is also
known that multiple breeding pairs will not occupy the same chim-
ney (COSEWIC, 2018); as such detections of more than one tagged
individual at a site would indicate a communal roost as opposed to

a nesting site.

2.6 | Analyses

We filtered detection data to include only the province of Nova
Scotia, Canada. Run length is the number of consecutive detections
of a single tag by a Motus tower, and short run lengths (<3) are con-
sidered false positives (Crewe et al., 2018). We excluded these de-
tections, as well as all detections outside an 18 hr00-10 hrOO0 time
window, to limit the possibility of detecting birds that were not roost-
ing in the area but merely foraging. Detections after 1 September
2019 were excluded from all analyses, as these were more likely to
represent migration movements.

We used the igraph package in R (Csardi & Nepusz, 2006; R Core
Team, 2017) with a = 0.05 to determine the significance of important
roosts, by quantifying degree and closeness centrality, on the struc-
ture of the roost network. Tagging all swifts for this study at one site
(Caledonia) could overrepresent the importance of this roost to the
network. To minimize this risk, only birds that left and then returned
to Caledonia were considered a link for the roost (Table 1).

We identified communities within the network by grouping
roosts that shared more connections with each other than they did
with the rest of the network (Radicchi et al., 2004). We then used
degree and closeness centrality to quantify the importance of each
individual roost to the network. Degree centrality is the most basic
representation of the importance of a node to a network. It is a local
measure, meaning it only considers the node in question, and is the
number of links a node has, represented as a proportion of the great-
est number of links within the network (Equation 1). Closeness cen-
trality is the simplest centrality measure that considers movement
between nodes (Bavelas, 1950). It represents the minimum number

of steps between the node in question and all other nodes (Equation

2). This distance is related to the generated graph, and not a physi-
cal distance, and is also represented as a proportion of the greatest
closeness value.

Degree centrality:

Degree (v) = (1)

= |<:

where v = node in question, n = number of links, j = node with the
greatest number of links.

Closeness centrality:

1

Closeness (v) = ———
Zirﬁvdvi

(2)

where d = the minimum number of steps between two nodes, v=node
in question, and i = next node.

If a tagged swift had multiple detections at one roost, these were
pooled into a single detection to reduce the likelihood of pseudorep-
lication. After determining the degree and closeness centrality of
each roost, we removed those with the greatest values and used
a Wilcoxon-Pratt signed-rank test to determine the significance of
their loss over the network. We generated network graphs to visu-
alize the influence of roost removal on the structure of the overall

network.

3 | RESULTS

A total of 1,122 detections of 21 tagged swifts were recorded after
data were filtered to exclude false positives (run lengths < 3, Crewe
et al., 2018) and limited to evening and morning (18:00-10:00).
We detected tagged birds at a total of 12 Motus towers through-
out southern Nova Scotia within the evening and morning time re-
striction (Figure 1). Two of these towers were <10 km, and one was
<20 km of a single roost (Weymouth) and so were pooled to repre-
sent data from that roost. Three Motus towers along the eastern
shore detected tagged swifts with no known roosts nearby. These
sites were included in the network as potential roosts. Finally, there
were two Motus towers >25 km from any known roosts along the
western shore. These detections were primarily between 1 hrO0-
05 hr00 (Marshalltown) and 20 hr00-08 hrO0 (Upper Clements),
indicating the tagged swifts (eight total) were in the area overnight.
As such, these sites were also retained as unknown roost sites, re-
sulting in 10 total roosts included in the network analysis (Figure 1).
Of the 21 birds that were detected, five (24%) used a single roost,
five (24%) used two, nine (43%) used three, and two (10%) used four
roosts. In total, 76% of tagged swifts did not show roost site fidelity,
using more than one roost throughout the breeding season. Of those
that did show roost site fidelity, it is important to note their breeding
status could not be confirmed.

All centrality measures identified Caledonia as the most im-

portant roost site (Table 2), despite removing all initial detections
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TABLE 2 Centrality measures of the chimney swift (Chaetura pelagica) roost network in southern Nova Scotia without the presence of

roosts with the greatest centrality measures

All sites No Bridgetown No Caledonia No Marshalltown No Upper Clements

Roost Degree Closeness Degree Closeness Degree Closeness Degree Closeness Degree Closeness
Blandford 0.180 0.056 0.222 0.045 0.200 0.042 0.182 0.063 0.128 0.040
Bridgetown 0.730 0.059 NA NA 1.000 0.045 0.727 0.067 1.000 0.048
Caledonia 1.000 0.077 0.889 0.053 NA NA 1.000 0.091 0.875 0.053
Jordan Bay 0.090 0.040 0.111 0.038 0.200 0.038 0.091 0.043 0.125 0.037
Liverpool 0.090 0.042 0.111 0.038 0.200 0.042 0.091 0.045 0.000 0.014
Marshalltown 0.450 0.063 0.556 0.050 1.000 0.071 NA NA 0.250 0.043
Middleton 0.360 0.040 0.000 0.014 0.500 0.034 0.364 0.045 0.500 0.037
Upper Clements ~ 0.820 0.063 1.000 0.050 1.000 0.059 0.545 0.067 NA NA
Weymouth 0.360 0.059 0.444 0.048 0.400 0.053 0.273 0.063 0.500 0.048
Wolfville 0.270 0.059 0.222 0.043 0.400 0.059 0.182 0.063 0.375 0.047

z -0.296 2.668 -2.668 1.792 0.831 -1.602 -0.534 2.669

p 0.767 0.008 0.008 0.073 0.406 0.109 0.594 0.008

Note: All loops have been removed, and the total sample is 1,122 detections of 21 tagged birds throughout June-September 2018 and 2019. Bold
text denotes statistical significance (roosts with the greatest degree and/or closeness centrality).

at the site from analyses (Table 1). Degree centrality found Upper
Clements and Bridgetown to be the second and third most import-
ant roosts, while closeness centrality identified Upper Clements and
Marshalltown. Based on these results, we individually removed the
Caledonia, Bridgetown, Marshalltown, and Upper Clements roosts
from the network and recalculated the centrality measures to deter-
mine if the network was significantly altered.

Different centrality measures showed varying influence of roost
removal from the network (Table 2). Upper Clements and Bridgetown
were both found to significantly alter the network to the same ex-
tent based on closeness centrality (z = 2.668, p = .008). Caledonia
was only significant when considering degree centrality (z = -2.668,
p = .008). Neither centrality measure showed Marshalltown as hav-
ing significant influence if removed, so network graphs were not
constructed without Marshalltown.

When plotting the network and community structures with all
sites (Figure 2a), without Caledonia (Figure 2b), Upper Clements
(Figure 2c), or Bridgetown (Figure 2d), we can observe both the
communities and the network structure without these roosts. There
is minimal difference between the full network and that without
the Bridgetown roost. However, without the Caledonia or Upper
Clements roosts the network became simple. Community structure
within each network is also altered, resulting in an isolated roost site
without Upper Clements and Bridgetown. Bridgetown was the only

roost whose loss does not diminish the total number of communities.

4 | DISCUSSION
Our results show that SNA can be used to determine the existence
and extent of networks of important ecological features. Our study

is the first to track the movement of individual swifts between and

among roosts throughout the breeding period. By using SNA as we
did, not only could we show that there is roost switching by swifts,
but that the extent of movement forms a complex network over a
large landscape. We found that 76% of swifts used more than one
roost site throughout the breeding season, which has never been
documented. This indicates the importance of managing roosts as
a network, as many swifts move between roosts over a large spatial
scale. Though this could have been shown using mapping alone, SNA
provides a quantifiable measure of the relative importance of each
roost to maintaining connectivity within the network. This new in-
sight into the ecology of chimney swifts could have management im-
plications in terms of a species recovery plan for this species at risk.
These results show that SNA can provide insight of how features are
connected, the complexity of systems, and how to focus conserva-
tion and management efforts.

Social network analysis could be a valuable tool for identifying
and conserving important roost sites for chimney swifts. This is
crucial from a conservation perspective, due to the limiting nature
of roosting chimneys currently available across the landscape and
the high risk of their loss due to human disuse. With limited nat-
ural roosting sites available in the form of large hollow trees, and
a preference for chimneys (Graves, 2004; Steeves et al., 2014), the
conservation of chimneys is key to the persistence of this species
as they fulfill a vital ecological requirement for swifts by providing
an area to rest (Steeves et al., 2014), conserve energy (Du Plessis &
Williams, 1994; Lubbe et al., 2018), and receive protection from the
environment (Combrink et al., 2017; Walsberg, 1986). With few of
these chimneys remaining, the loss of more could result in increased
energy expenditure as swifts are forced to move further to find suit-
able roosting sites. SNA is rarely used in relation to species at risk
(Webber & Vander Wal, 2019), and our work highlights the applica-
bility of SNA in this context.
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FIGURE 2 Chimney swift (Chaetura pelagica) community structure and roost networks determined through social network analysis
(a). Observations consisted of 1,122 observations of 21 ratio tagged chimney swifts over June - 1 September 2018 and 2019. Node color
is indicative of community structure. Roosts with the greatest degree (b: Caledonia) and closeness (c: Bridgetown, d: Upper Clements)
centralities were individually removed to examine effect on community and network structure

When considering the spatial position of each roost and
their division into communities (Figure 1), the importance of the
Caledonia site is clear. Caledonia is the only known roosting site
in the interior of the southern portion of Nova Scotia and likely
provides an important stopover site for swifts moving between
the eastern and western shores. The return of individuals to the
Caledonia roost after moving to the western shore could also be
indicative of habitat quality, as the site is surrounded by protected
areas (including Kejimkujik National Park), forests, wetlands, and
lakes. This habitat may provide higher quality or a greater abun-
dance of prey items than coastal sites, which have been found to
have a lower abundance of aerial insects (Russell & Wilson, 2001).
This could indicate the importance of natural areas for the species

while foraging.

At a broader scale, these results show the applicability of SNA
for understanding social interactions with key ecological features.
These results also show promise for use in the identification of key
roosting sites for socially roosting bats and birds and can be applied
to a wider range of species. This approach may be especially applica-
ble to studies of migratory stopover sites and how they form inter-
active networks over a large landscape. The ability to quantify the
importance of individual features and examine the influence of re-
moval on the theoretical network structure opens the possibility of
targeted conservation planning from the scale of a single key roost
site to the larger scale of a habitat patch in a fragmented landscape.

Many complex network structures likely exist in nature and
using SNA to evaluate their interactions, extent, and effect of loss

could be valuable in future conservation efforts. With advances in
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technology that allow for greater collection of movement data, SNA
in the context of this study can provide a unique and useful method
of evaluating and understanding species interaction with important
landscape features. SNA will be important as further advances pro-
vide finer-scale data.

The most significant limitation in this study is that all swifts were
tagged at a single roost, the Caledonia site. If swifts did show roost
fidelity, this would bias the results by increasing the relative impor-
tance of the Caledonia roost. To minimize this risk, only birds that
left and then returned to Caledonia were considered a link for the
roost (Table 1). Despite being the sole tagging site, the Caledonia
roost is still a key roost within the network. It is the only known
roost in the interior of the province and acts as a stopover for swifts
moving between coasts.

Another limitation of this study is that each season used a differ-
ent method of detection (handheld vs. automated), with each method
having its own bias. With handheld telemetry, it is difficult to locate
individuals as mobile as swifts, resulting in fewer overall detections,
though interpretations of detections are more intuitive and straight-
forward. With the use of automated telemetry towers, we gained a
greater number of location points but were limited by the tower loca-
tions. As such, some known roost sites were not sampled well due to
the lack of a nearby Motus tower, while many detections were in areas
with no known roosting sites. This last point may indicate the pres-
ence of an unknown roost site in these locations and should be inves-
tigated. Alternately these detections may represent swifts foraging in
the area and not actually using the roost. We attempted to account for
this possibility by limiting detections to the evening and early morning
when swifts are typically found near their roost. To further this line of
research, automated telemetry towers should be placed at each roost
within the study site to increase detection, though this adds bias to
known sites. Additionally, swifts should be tagged at multiple roosts to
reduce the bias associated with single-site capture and tagging.

Future research should address the limitations present in this
study. Tagging should occur at multiple sites and all sites of inter-
est should have a dedicated automated telemetry tower. This would
eliminate the biases and limitations of this current study and pro-
vide more in-depth results that allow conservation decision making.
Future studies should also include the ability of SNA to identify roost
networks in other areas and should also aim to monitor more individ-
uals over several years to determine the true extent and variability of
this network. The influence of covariates should also be addressed,
such as influence of weather variables on movement between sites.
This study highlights the use of SNA for identifying networks and
movement between nodes, but the mechanisms driving these move-

ments are currently unknown.

ACKNOWLEDGMENTS

We thank the Mersey Tobeatic Research Institute for providing field
accommodations, Birds Canada for data access, and to Nova Scotia
Power for support and site access. We thank B. Hillman for two
seasons of valuable field assistance. Early drafts of this manuscript

were improved by comments from L. Cwynar, A. W. Diamond, G.

Fcology and Evolution o 3827
= WILEY- 2%

J. Forbes, and L. MacFarlane-Tranquilla. We thank two anonymous
reviewers for their comments that improved the final draft.

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTION

Courtney E. le Roux: Conceptualization (equal); Data curation (lead);
Formal analysis (lead); Investigation (lead); Methodology (equal);
Visualization (lead); Writing-original draft (lead). Joseph J. Nocera:
Conceptualization (equal); Data curation (supporting); Formal anal-
ysis (supporting); Funding acquisition (lead); Investigation (lead);
Methodology (equal); Project administration (lead); Resources (lead);
Supervision (lead); Writing-original draft (supporting); Writing-
review & editing (lead).

PERMITS

Approval of handling protocols was given by the University of New
Brunswick's Animal care Committee (Animal Use Protocol no. 18103).
Conditions for banding and radio-tagging swifts were applied to JJN's
master banding permit #10801 (Canadian Wildlife Service).

DATA AVAILABILITY STATEMENT
The dataset used in this article is archived at Dryad (https://doi.
org/10.5061/dryad.m63xsj415).

ORCID

Joseph J. Nocera https://orcid.org/0000-0002-5913-8851

REFERENCES

Baranyi, G., Saura, S., Podani, J., & Jordan, F. (2011). Contribution of hab-
itat patches to network connectivity: Redundancy and uniqueness of
topological indices. Ecological Indicators, 11, 1301-1310. https://doi.
org/10.1016/j.ecolind.2011.02.003

Bavelas, A. (1950). Communication patters in task-oriented groups.
Journal of the Acoustical Society of America, 22(6), 725-730.

Brown, J., Broderick, A. J., & Lee, N. (2007). Word of mouth commu-
nication within online communities: Conceptualizing the online so-
cial network. Journal of Interactive Marketing, 21, 2-20. https://doi.
org/10.1002/dir.20082

Brown, M. J. F., & Paxton, R. J. (2009). The conservation of bees: A global
perspective. Apidologie, 40, 410-416. https://doi.org/10.1051/
apido/2009019

Calder, J.-L., Cumming, G. S., Maciejewski, K., & Oschadleus, H. D. (2015).
Urban land use does not limit weaver bird movements between wet-
lands in Cape Town, South Africa. Biological Conservation, 187, 230-
239. https://doi.org/10.1016/j.biocon.2015.04.021

Chaverri, G. (2010). Comparative social network analysis in a leaf-
roosting bat. Behavioral Ecology and Sociobiology, 64, 1619-1630.
https://doi.org/10.1007/s00265-010-0975-3

Colvin, B. A., & Hegdal, P. L. (1986). Techniques for capturing common
barn-owls. Journal of Field Ornithology, 57, 200-207.

Combrink, L., Combrink, H. J., Botha, A. J., & Downs, C. T. (2017). Nest
temperature fluctuations in a cavity nester, the southern ground-
hornbill. Journal of Thermal Biology, 66, 21-26.

COSEWIC (2018). COSEWIC assessment and status report on the chim-
ney swift Chaetura pelagica in Canada. Committee on the Status of
Endangered Wildlife in Canada. Viii + 49 pp.


https://doi.org/10.5061/dryad.m63xsj415
https://doi.org/10.5061/dryad.m63xsj415
https://orcid.org/0000-0002-5913-8851
https://orcid.org/0000-0002-5913-8851
https://doi.org/10.1016/j.ecolind.2011.02.003
https://doi.org/10.1016/j.ecolind.2011.02.003
https://doi.org/10.1002/dir.20082
https://doi.org/10.1002/dir.20082
https://doi.org/10.1051/apido/2009019
https://doi.org/10.1051/apido/2009019
https://doi.org/10.1016/j.biocon.2015.04.021
https://doi.org/10.1007/s00265-010-0975-3

LE ROUX anpD NOCERA

3828 WI LEY_ECObe and Evolution

Open Access,

Crewe, T. L., Crysler, Z. J., & Taylor, P. D. (2018). Motus R book: A walk
through for the use of R for Motus automated radio-telemetry data. Bird
Studies Canada.

Csardi, G., & Nepusz, T. (2006). The igraph software package for complex
network research. InterJournal, Complex System, 1695, 1-9.

Davis, E. B., Koo, M. S., Conroy, C., Patton, J. L., & Moritz, C. (2008).
The California Hotspots Project: Identifying regions of rapid diver-
sification of mammals. Molecular Ecology, 17, 120-138. https://doi.
org/10.1111/j.1365-294X.2007.03469.x

Doerr, V. A. J,, & Doerr, E. (2002). A dissolving leg harness for radio trans-
mitter attachment in tree creepers. Corella, 26, 19-21.

Du Plessis, M. A., & Williams, J. B. (1994). Communal cavity roosting in
green woodhoopoes: Consequences for energy expenditure and the
seasonal pattern of mortality. The Auk, 111, 292-299. https://doi.
org/10.2307/40885%94

Eagle, N., Pentland, A., & Lazer, D. (2009). Inferring friendship net-
work structure using mobile phone data. Proceedings of the
National Academy of Sciences of the United States of America, 106,
15274-15278.

Farquhar, M. L., Morin, A., & Nocera, J. J. (2018). High ambient tempera-
tures induce aggregations of chimney swifts Chaetura pelagica inside
a roost. Journal of Avian Biology, 49, e01754.

Fitzgerald, T. M., Van Stam, E., Nocera, J. J., & Badzinski, D. S. (2014).
Loss of nesting sites is not a primary factor limiting northern chim-
ney swift populations. Population Ecology, 56, 507-512. https://doi.
org/10.1007/s10144-014-0433-6

Fortuna, M. A., Popa-Lisseanu, A. G., Ibafez, C., & Bascompte, J. (2009).
The roosting spatial network of a bird-predator bat. Journal of
Ecology, 90, 934-944. https://doi.org/10.1890/08-0174.1

Graves, G. R. (2004). Avian commensals in Colonial America: When did
Chaetura pelagica become the chimney swift? Archives of Natural
History, 31, 300-307. https://doi.org/10.3366/anh.2004.31.2.300

Haramis, G., & Kearns, G. (2000). A radio transmitter attachment tech-
nique for soras. Journal of Field Ornithology, 71(1), 135-139. https://
doi.org/10.1648/0273-8570-71.1.135

Johnson, J. S., Kropczynski, J. N., Lacki, M. J., & Langlois, G. D. (2012).
Social networks of Rafinesque’s big-eared bats (Corynorhinus rafin-
esquii) in bottomland hardwood forests. Journal of Mammalogy, 93,
1545-1558.

Kasper, C., & Voelkl, B. (2009). A social network analysis of primate
groups. Primates, 50, 343-356. https://doi.org/10.1007/s1032
9-009-0153-2

Kempe, D., Kleinberg, J., & Tardos, E. (2003). Maximizing the
spread of influence through a social network. In KDD '03:
Proceedings of the ninth ACM SIGKDD international conference on
Knowledge discovery and data mining (pp. 137-146). https://doi.
org/10.1145/956750.956769

Lei, F-M., Qu, Y.-H., Tang, Q.-Q., & An, S.-C. (2003). Priorities for the
conservation of avian biodiversity in China based on the distribution
patterns of endemic bird genera. Biodiversity and Conservation, 12,
2487-2501.

Lubbe, N., Czenze, Z. J., Noakes, M. J., & McKechnie, A. E. (2018). The
energetic significance of communal roosting and insulated roost
nests in a small arid-zone passerine. Ostrich, 89, 347-354. https://
doi.org/10.2989/00306525.2018.1538061

McCowan, B., Anderson, K., Heagarty, A., & Cameron, A. (2008). Utility
of social network analysis for primate behavioral management and
well-being. Applied Animal Behaviour Science, 109, 396-405. https://
doi.org/10.1016/j.applanim.2007.02.009

Mourier, J., Brown, C., & Planes, S. (2017). Learning and robustness to
catch and release fishing in a shark social network. Biology Letters,
13(3), 20160824.

Myers, N., Mittermeler, R. A., Mittermeler, C. G., Fonseca, G. A. B,, &
Kent, J. (2000). Biodiversity hotspots for conservation priorities.
Nature, 403, 853-858. https://doi.org/10.1038/35002501

Pavlopoulos, G. A., Secrier, M., Moschopoulos, C. N., Soldatos, T. G,,
Kossida, S., Aerts, J., Schneider, R., & Bagos, P. G. (2011). Using graph
theory to analyze biological networks. BioData Mining, 4, 10. https://
doi.org/10.1186/1756-0381-4-10

R Core Team (2017). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Radicchi, F., Castellano, C., Cecconi, F., Loreto, V., & Parisi, D. (2004).
Defining and identifying communities in networks. Proceedings of the
National Academy of Sciences of the United States of America, 101(9),
2658-2663. https://doi.org/10.1073/pnas.0400054101

Rappole, J., & Tipton, A. (1991). New harness design for attachment of
radio transmitters to small passerines. Journal of Field Ornithology,
62(3), 335-337.

Reagans, R., & Zuckerman, E. W. (2001). Networks, diversity, and pro-
ductivity: The social capital of corporate RandD teams. Organization
Science, 12, 502-517.

Rhodes, M., Wardell-Johnson, G. W., Rhodes, M. P., & Raymond, B.
(2006). Applying network analysis to the conservation of hab-
itat trees in urban environments: A case study from Brisbane,
Australia.  Conservation Biology, 20, 861-870. https://doi.
org/10.1111/j.1523-1739.2006.00415.x

Rubio, L., & Saura, S. (2012). Assessing the importance of individual hab-
itat patches as irreplaceable connecting elements: An analysis of
simulated and real landscape data. Ecological Complexity, 11, 28-37.
https://doi.org/10.1016/j.ecocom.2012.01.003

Russell, R. W., & Wilson, J. W. (2001). Spatial dispersion of aerial plank-
ton over east-central Florida: Aeolian transport and coastline con-
centrations. International Journal of Remote Sensing, 22, 2071-2082.
https://doi.org/10.1080/01431160118367

Sarkar, S., Pressey, R. L., Faith, D. P., Margules, C. R., Fuller, T., Stoms,
D. M., Mofferr, A., Wilson, K. A., Williams, K. J., Williams, P. H., &
Andelman, S. (2006). Biodiversity conservation planning tools:
Present status and challenges for the future. Annual Review of
Environment and Resources, 31, 123-159. https://doi.org/10.1146/
annurev.energy.31.042606.085844

Schmiegelow, F. K. A., & Ménkkénen, M. (2002). Habitat loss and frag-
mentation in dynamic landscapes: Avian perspectives from the bo-
real forest. Ecological Applications, 12, 375-389.

Song, Q., Wang, B., Wang, J., & Niu, X. (2016). Endangered and endemic
species increase forest conservation values of species diversity
based on the Shannon-Wiener index. iForest, 9, 469-474. https://doi.
org/10.3832/ifor1373-008

Steeves, T. K., Kearney-McGee, S. B., Rubega, M. A, Cink, C. L., &
Collins, C. T. (2014). Chimney swift (Chaetura pelagica), version 2.0.
In A. F. Poole (Ed.), The birds of North America online. Ithaca, NY,
USA: Cornell Lab of Ornithology. https://doi.org/10.2173/bna.646

Streby, H. M., McAllister, T. L., Peterson, S. M., Kramer, G.R., Lehman, J. A.,
& Andersen, D. E. (2015). Minimizing marker mass and handling time
when attaching radio-transmitters and geolocators to small songbirds.
Condor, 117, 249-255. https://doi.org/10.1650/CONDOR-14-182.1

Stuart, S. N., Chanson, J. S., Cox, N. A, Young, B. E., Rodrigues, A. S. L.,
Fischman, D. L., & Waller, R. W. (2004). Status and trends of amphib-
ian declines and extinctions worldwide. Science, 306, 1783-1786.
https://doi.org/10.1126/science.1103538

Sueur, C., Jacobs, A., Amblard, F., Petit, O., & King, A. J. (2011). How
can social network analysis improve the study of primate behavior?
American Journal of Primatology, 73, 703-719.

Taylor, P. D., Crewe, T. L., Mackenzie, S. A., Lepage, D., Aubry, Y., Crysler,
Z., Finney, G., Francis, C. M., Guglielmo, C. G., Hamilton, D. J,
Holberton, R. L., Loring, P. H., Mitchell, G. W., Norris, D. R., Paquet, J.,
Ronconi, R. A., Smetzer, J. R, Smith, P. A., Welch, L. J., & Woodworth,
B. K. (2017). The Motus Wildlife Tracking System: A collaborative re-
search network to enhance the understanding of wildlife movement.
Avian Conservation and Ecology, 12, 8. https://doi.org/10.5751/ACE-
00953-120108


https://doi.org/10.1111/j.1365-294X.2007.03469.x
https://doi.org/10.1111/j.1365-294X.2007.03469.x
https://doi.org/10.2307/4088594
https://doi.org/10.2307/4088594
https://doi.org/10.1007/s10144-014-0433-6
https://doi.org/10.1007/s10144-014-0433-6
https://doi.org/10.1890/08-0174.1
https://doi.org/10.3366/anh.2004.31.2.300
https://doi.org/10.1648/0273-8570-71.1.135
https://doi.org/10.1648/0273-8570-71.1.135
https://doi.org/10.1007/s10329-009-0153-2
https://doi.org/10.1007/s10329-009-0153-2
https://doi.org/10.1145/956750.956769
https://doi.org/10.1145/956750.956769
https://doi.org/10.2989/00306525.2018.1538061
https://doi.org/10.2989/00306525.2018.1538061
https://doi.org/10.1016/j.applanim.2007.02.009
https://doi.org/10.1016/j.applanim.2007.02.009
https://doi.org/10.1038/35002501
https://doi.org/10.1186/1756-0381-4-10
https://doi.org/10.1186/1756-0381-4-10
https://doi.org/10.1073/pnas.0400054101
https://doi.org/10.1111/j.1523-1739.2006.00415.x
https://doi.org/10.1111/j.1523-1739.2006.00415.x
https://doi.org/10.1016/j.ecocom.2012.01.003
https://doi.org/10.1080/01431160118367
https://doi.org/10.1146/annurev.energy.31.042606.085844
https://doi.org/10.1146/annurev.energy.31.042606.085844
https://doi.org/10.3832/ifor1373-008
https://doi.org/10.3832/ifor1373-008
https://doi.org/10.2173/bna.646
https://doi.org/10.1650/CONDOR-14-182.1
https://doi.org/10.1126/science.1103538
https://doi.org/10.5751/ACE-00953-120108
https://doi.org/10.5751/ACE-00953-120108

LE ROUX anp NOCERA

Tsai, W. (2002). Social structure of “coopetition” within a multiunit orga-
nization: Coordination, competition, and intraorganizational knowl-
edge sharing. Organization Science, 13, 179-190.

Walsberg, G. E. (1986). Thermal consequences of roost-site selection:
The relative importance of three modes of heat conservation. Auk,
103, 1-7. https://doi.org/10.1093/auk/103.1.1

Webber, Q., & Vander Wal, E. (2019). Trends and perspectives on the
use of animal social network analysis in behavioural ecology: A
bibliometric approach. Animal Behaviour, 149, 77-87. https://doi.
org/10.1016/j.anbehav.2019.01.010

Wheeler,H.E.(2012). Anew methodfortrapping chimney swiftsand other
birds that nest in vertical hollows. The Wilson Journal of Ornithology,
124, 802-807. https://doi.org/10.1676/1559-4491-124.4.802

Williams, P. H., & Araujo, M. B. (2000). Using probability of persistence
to identify important areas for biodiversity conservation. Proceedings
of the Royal Society of London. Series B: Biological Sciences, 267, 1959-
1966. https://doi.org/10.1098/rspb.2000.1236

Woolnough, A. P., Kirkpatrick, W. E., Lowe, T. J., & Rose, K. (2004).
Comparison of three techniques for the attachment of radio trans-
mitters to European starlings. Journal of Field Ornithology, 75, 330-
336. https://doi.org/10.1648/0273-8570-75.4.330

Fcology and Evolution o 3829
= WILEY- %%

Yang, S., Limbocker, S., Stewart, P. A., Sebold, K. D., & Dowdle, A. J.
(2012). Party cohesion in presidential races: Applying social network
theory to the 2011 preprimary. In PLEAD '12: Proceedings of the first
edition workshop on Politics, elections and data (pp. 11-14). https://doi.
org/10.1145/2389661.2389667

Yirka, L. M., Collazo, J. A., Williams, S. G., & Cobb, D. T. (2018).
Persistence-based area prioritization for conservation: Applying oc-
cupancy and habitat threats and risks analyses. Journal of Fish and
Wildlife Management, 9, 554-564. https://doi.org/10.3996/11201
7-JFWM-089

How to cite this article: le Roux CE, Nocera JJ. Roost sites of
chimney swift (Chaetura pelagica) form large-scale spatial
networks. Ecol Evol. 2021;11:3820-3829. https://doi.
org/10.1002/ece3.7235



https://doi.org/10.1093/auk/103.1.1
https://doi.org/10.1016/j.anbehav.2019.01.010
https://doi.org/10.1016/j.anbehav.2019.01.010
https://doi.org/10.1676/1559-4491-124.4.802
https://doi.org/10.1098/rspb.2000.1236
https://doi.org/10.1648/0273-8570-75.4.330
https://doi.org/10.1145/2389661.2389667
https://doi.org/10.1145/2389661.2389667
https://doi.org/10.3996/112017-JFWM-089
https://doi.org/10.3996/112017-JFWM-089
https://doi.org/10.1002/ece3.7235
https://doi.org/10.1002/ece3.7235

