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Abstract 

With limited conservation resources, it is becoming much more important to 

target conservation efforts on the locations and features that provide the greatest 

impact on a species or group of species. One underused method to do so is applying 

the mathematical framework of social network analysis (SNA) to generate networks of 

interaction between a species and its habitats. To test the applicability of this method, I 

used SNA to generate an interactive network of chimney swift (Chaetura pelagica) 

roost sites. Using SNA and a Wilcoxon-Pratt signed-rank test, I quantified the 

importance of each roost site to the structure and stability of the network. I also tested 

for the influence of weather variables on the structure of the roost network using 

logistic regression. My results identified a large-scale roost network throughout 

southern Nova Scotia, with three roosts that had significant influence over the 

connectivity of the network. I also identified atmospheric pressure as having influence 

over degree and closeness centrality, two measures of the connectivity of the roost 

network, and wind speed over closeness centrality. These results show that SNA is a 

valuable tool that can identify key sites for targeted conservation efforts. I also show 

that changing weather patterns could result in modifications of the roost network as 

movement between roost sites is influenced by pressure and wind speed.  
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Chapter I: General Introduction 

Current widespread declines in biodiversity are believed to result mainly from 

anthropogenic factors, such as climate change, loss of habitat due to human 

encroachment, and overexploitation of both wildlife and the environment (Ceballos et 

al. 2017). Species extinction is occurring across a wide range of guilds at a rate 100 

times greater than the assumed άōŀŎƪƎǊƻǳƴŘέ ŜȄǘƛƴŎǘƛƻƴ ǊŀǘŜ ό/Ŝōŀƭƭƻǎ et al. 2017). A 

major loss of biodiversity is occurring among birds, with 44% of all avian species 

experiencing population declines since the 1970s (North American Bird Conservation 

Initiative 2019). Of all avian guilds, aerial insectivores are experiencing the greatest 

population declines, having decreased by 59% on average over the same time span 

(NABCI 2019). This decline is theorized to be due to a change in insect availability 

(Nebel et al. 2010, Nocera et al. 2012, Pomfret et al. 2014, Stanton et al. 2017), 

landscape changes (Paquette et al. 2013, Cristaldi et al. 2017), and habitat loss 

(Robillard et al. 2013, Zanchetta et al. 2014). 

Though many aerial insectivores are experiencing population declines, chimney 

swifts (Chaetura pelagicaΤ ƘŜǊŜŀŦǘŜǊ άǎǿƛŦǘǎέ) are experiencing the greatest decline 

among this guild (Nebel et al. 2010, Michel et al. 2016). Swifts are a threatened species 

of migratory bird that breeds in eastern North America and overwinters in the Amazon 

basin in South America (COSEWIC 2018). Since the 1970s swifts have experienced a 

95% population decline across their North American breeding range (COSEWIC 2018), 

and a range-wide population decline of 4.9% per year (COSEWIC 2018). Some aspects 
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of swift ecology have received scientific attention, such as loss of nesting habitat 

(Fitzgerald et al. 2014, Michel et al. 2016) and changes in prey availability (Nocera et al. 

2012, Pomfret et al. 2014). Most studies of swifts and their ecology have focused on 

breeding and migratory behaviour, while their use of communal roosts has received 

comparatively little scientific study. These roosts can impact swift survival, and 

scientific attention is required as these roosts become scarcer.  

Historically, communal roosts for swifts were hollow trees of exceptionally large 

diameter (McLaughlin 1926, Steeves et al. 2014, Zanchetta et al. 2014). Such natural 

roosting sites have become very rare in the North American landscape, as trees that 

ƳŜŜǘ ǘƘŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ƻŦ ǎǿƛŦǘǎ ŀǊŜ ƛƴŎǊŜŀǎƛƴƎƭȅ ǳƴŎƻƳƳƻƴ ƛƴ ǘƻŘŀȅΩǎ commercialized 

forests (Thompson et al. 2013). First noticed in the 17th century, swifts adopted 

traditional masonry-style chimneys for roosting and nesting (Graves 2004). For a 

period, both natural roosting habitat and masonry chimneys were readily available to 

swifts, and their choice of using chimneys instead of trees during this period suggests 

that chimneys offer greater or at least similar benefit to their natural counterpart 

(Steeves et al. 2014).  

Today, as heating and ventilation methods change rapidly, traditional masonry 

chimneys are falling into disuse (Doyle 2003) and new chimneys are constructed of 

non-masonry materials that swifts cannot use. Of those masonry chimneys that still 

exist, metal liners began to be installed in the 1960s (Pritchard 1996), leaving them 

unsuitable for swift use as the liner does not provide a porous surface for gripping. 
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New masonry chimneys are rarely constructed, being replaced instead by steel 

structures (Pritchard 1996). Further, communal roosts are typically only in very large 

chimneys (e.g., those found on hospitals, schools, and industrial buildings) which have 

never been abundant and are now even less so. With few natural roosting sites 

available to accommodate this reduction in man-made roosting sites, swifts are facing 

a serious threat of habitat loss. 

Conservation efforts are needed to protect the roost sites that remain due to 

their declining availability. Major issues that arise when attempting to conserve these 

structures are the high costs associated with maintaining or repairing roost chimneys 

and the regulatory issue that these structures are often found on private land. The 

ability to identify which roost sites are most important would be valuable in focusing 

conservation efforts. It is particularly important to understand how swift roosts are 

linked in space and time. It has been assumed that swifts show a high degree of roost 

site fidelity because they show nest site fidelity (Dexter 1962, 1978), but this has never 

been tested. If swifts do not show roost site fidelity but move between roosts, this 

could have important implications for the management and preservation of roost 

structures. Considering current climate change predictions, it is also important to 

identify the influence of weather variables on these links and predict how swifts might 

respond. If temperature, precipitation, and storm occurrence are all expected to 

increase (Vasseur and Catto 2008, Ravenscroft et al. 2010, Titus et al. 2013), any 
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association between roost use and these variables could impact management 

decisions. 

Swift roosts may be linked into a large network, with individuals moving between 

sites throughout the migration and breeding seasons. Counts of swifts at roosts are 

conducted across the ǎǿƛŦǘǎΩ ǊŀƴƎŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ōǊŜŜŘƛƴƎ ǎŜŀson and numbers of 

birds using a roost can fluctuate continuously throughout this period. It is not known if 

fluctuations in roost counts are due to individuals continuing their migration, moving 

between roosts locally, or to a yet unknown factor. I sought to determine whether 

chimney swift roosts are linked in a way that allows identification of key roost sites and 

whether there are external factors that could influence these links given climate 

change predictions. I used movement data to construct a network of these key 

landscape features, and weather data to predict how this network would respond to 

changes in weather patterns. This would allow us to not only identify key sites for 

targeted conservation but also to predict which sites would be most important in the 

future.  

To determine how swift roosts were linked, I used graph-theory based social 

network analysis (Pavlopoulos et al. 2011), which is typically used to identify social 

networks within groups. One of the primary uses of social network analysis (SNA) is to 

investigate networks involving human interactions, such as political affiliations (Yang et 

al. 2012), advertising (Kempe et al. 2003, Brown et al. 2007), friendships (Eagle et al. 

2009), and other exchanges (Reagans and Zuckerman 2001, Tsai 2002, Lusher et al. 
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2010, Isba et al. 2017). Ecological studies using SNA have largely focused on 

understanding social interactions among members of a social group, especially in 

primates (McCowan et al. 2008, Kasper and Voelkl 2009, Sueur et al. 2011). The use of 

SNA in an ecological context that considers physical habitat structures as the focal 

aspect (node) of the network are rare but SNA has been used to study bat roosts 

(Rhodes et al. 2006, Fortuna et al. 2009, Johnson et al. 2012) and habitat patch 

networks (Baranyi et al. 2011, Rubio and Saura 2012). No studies to date have 

attempted to use SNA to evaluate a network of key habitat features for any bird 

species or to evaluate the influence of weather variables on such a network.  

To address the limitations of the current literature both regarding swift roost 

networks and the influence of weather variables on network connectivity, my primary 

goals were: to (1) investigate whether roosts formed a large-scale interactive network 

that was used by multiple swifts during the breeding season and; (2) investigate how 

weather variables influenced movement within this roost network. To achieve these, I 

evaluated the research hypotheses that roosts form a large-scale interactive network, 

and movement between roosts will increase under weather variables that precede 

inclement weather. I hypothesized that relatively lower atmospheric pressure and 

temperature, as well as higher humidity, will be positively associated with increased 

movement of chimney swifts between roosts throughout the breeding season, while 

increased wind speed will be negatively associated.  
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Low atmospheric pressure and high humidity are indicative of inclement weather 

in the form of increased storm activity, rain, and higher winds (Chang et al. 2002), 

which represents poor foraging conditions for swifts. I therefore predicted that swifts 

would show a positive association between movement and low pressure, and 

movement and high humidity, as they increase foraging in preparation for these poorer 

conditions. By increasing long-distance movements between roosts during periods of 

low pressure and high humidity, swifts would increase energy intake through increased 

foraging and be less likely to encounter an energetic deficit due to poor foraging 

conditions.  

I also predicted a positive association between movement among roost sites and 

cooler temperatures. Swifts would need to consume more prey under lower 

temperatures to maintain body temperatures within their thermoneutral zone (TNZ) 

(Lack and Lack 1951, Lack and Owen 1955, Elkins 2010). The TNZ for swifts was 

suggested to be 25 ς 39 °C (Ramsey 1970), and for species with similar life history 

strategies it averages 27 ς 37 °C (Table 1-1). The further below this TNZ ambient 

temperatures are, the more energy swifts require for thermoregulation and therefore 

are expected to consume more prey items (Prinzinger and Siedle 1988). I therefore 

predicted swifts to forage further, thus showing greater movement between roosts, to 

increase energetic intake during these periods. Finally, I predicted that higher wind 

speeds will be negatively associated with movement between roosting sites. The 

energetic costs of flight are increased under high wind speeds and the availability of 
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aerial insects is lower (Elkins 2010), so swifts are likely to minimize long-distance flights 

under these energetically expensive conditions.  

To assess my research hypothesis, I: (i) used SNA to construct a network of swift 

roosts and identify key roosts for targeted conservation efforts and; (ii) tested if swift 

movements within this network responded to weather variables as I predicted. In the 

first data chapter (Chapter II), I determined whether the patterns of swift movement 

among roosts could be described as a network whose properties could quantify the 

importance of an individual roost to the overall network structure. I then evaluated the 

influence of environmental weather variables recorded by Environment Canada 

(temperature, humidity, pressure, dew point, and wind speed and direction) on the 

degree of movement between roost to see if I could predict future changes in network 

structure given predicted changes in weather patterns due to climate change (Chapter 

III). Finally, I summarize and synthesize the combined results of the two data chapters 

and supply explicit management recommendations (Chapter IV). 

My results will be important in addressing a large gap in the current knowledge 

of chimney swift biology by providing a method to investigate swift roost networks. By 

viewing roosts as a complex interactive network, and including any weather variables 

that influence these networks, we can better manage and conserve these rare 

landscape features.   
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Tables 

Table 1-1: Thermal neutral zones (TNZ) for species related to the chimney swift 

(Chaetura pelagica), all of the order Apodiformes, averaging as 27 ς 37 °C. 

Species TNZ (°C) Reference 

Glossy swiftlet,  

Collocalia esculenta 
32-34 McNab and Bonaccorso 1995 

Uniform swift,  

Collocalia vanikorensis 
30-34 McNab and Bonaccorso 1995 

Common swift,  

Apus apus 
26-38 Koskimies 1948, Kendeigh 1977 

Alpine swift,  

Apus melba 
28-38 Bize 2007 

Silver-rumped spinetail, 

Rhaphidura leucopygialis 
24-38 Shipley et al. 2015 

White-throated swift, 

Aeronatues saxatalis 
27-38 Bartholomew et al. 1957 

Chimney swift,  

Chaetura pelagica 
25-39 Ramsey 1970 

White-throated needletail, 

Hirundapus caudacutus 
29-38 Pettigrew and Wilson 1985 
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Chapter II: Use of social network analysis for targeted conservation of 

chimney swift (Chaetura pelagica) roost sites  

Abstract 

Several biodiversity-centered metrics exist to quantify the importance of 

landscape and habitat features for conservation efforts. However, for species whose 

habitat 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. I investigated the 

use of social network analysis (SNA) to identify and quantify these critical habitat 

features. I used SNA to identify network existence in chimney swift (Chaetura pelagica) 

roost usage, quantify the importance of each roost site, and evaluate the impact of the 

loss of key sites. I identified a network consisting of ten chimney swift roosts in 

southern Nova Scotia, Canada, and further isolated three key (most connected) roost 

sites. I 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. I found that connections between roosts and the structure of the network 

were significantly affected by the loss of these key sites. My results show that SNA is a 

valuable tool that can identify key sites for targeted conservation efforts for species 

who may not be included in conservation efforts focused purely on biodiversity. 
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Introduction 

Habitat loss is a primary driver of species population declines (Schmiegelow and 

Mönkkönen 2002, Stuart et al. 2004, Brown and Paxton 2009), and many conservation 

efforts are focused on the identification, restoration, and protection of important 

habitats or landscape features to combat the impacts of these losses. Despite these 

efforts, landscapes continue to change, and important wildlife habitats continue to be 

lost. Not only has space become a limiting fŀŎǘƻǊ ŦƻǊ ǎƻƳŜ ǎǇŜŎƛŜǎΩ ǎǳǊǾƛǾŀƭΣ ōǳǘ 

resources for efforts to conserve the habitats that remain are also limited. To use these 

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

important for ƳŀƛƴǘŀƛƴƛƴƎ ǎǇŜŎƛŜǎΩ ǇƻǇǳƭŀǘƛons. This approach can be seen in attempts 

to conserve areas based on the number of endemic species (Myers et al. 2000, Lei et 

al. 2003, Davis et al. 2008), total species diversity (Song et al. 2016), rankings of 

biodiversity (Sarkar et al. 2006), and habitats associated with species with high 

likelihood of persisting (Williams and Araujo 2000, Yirka et al. 2018). Social network 

analysis is an emerging method to identify key sites for a single species based on its 

importance in maintaining connectivity among 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 define and quantify 

άƳŜŀƴƛƴƎŦǳƭέ features in the context of landscape or habitat features that form 

interactive networks. The ability of each feature to maintain connectivity of the larger 
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network, or to connect remote areas, are examples of quantifying meaningfulness. 

Given this, I 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 social structures based 

on the mathematical concept of graph theory (Pavlopoulos et al. 2011). These graphs 

are composed of individuals or features of interest (nodes) and connection or 

movement between them (links). 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 connected 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 (betweenness), 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 implications. 

A well-connected community may not benefit by the addition of a new roost structure 

as much as a small or weakly connected community.  

SNA is often used to study human interactions, including in advertising (Kempe et 

al. 2003, Brown et al. 2007), determining friendships (Eagle et al. 2009), corporate and 

business structure (Reagans and Zuckerman 2001, Tsai 2002), and political associations 
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(Yang et al. 2012). Use of SNA in ecological research has been steadily increasing and 

has been applied to how animals interact with others within their group (McCowan et 

al. 2008, Kasper and Voelkl 2009, Sueur et al. 2011). These studies tend to categorize 

individuals 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 environment act as 

nodes. The use of roosts as nodes by bats has been evaluated using SNA in terms of 

spatial distribution of roost trees (Rhodes et al. 2006, Johnson et al. 2012), influence of 

resources on network structure (Chaverri 2010), and how nodes impact the spread of 

disease (Fortuna et al. 2009). Other studies have considered habitat patches to be 

nodes in a network and used SNA to evaluate connectivity between these patches 

(Baranyi et al. 2011, Rubio and Saura 2012, Calder et al. 2015). 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).  

I used a social network analysis of the movement of radio-tagged chimney swifts 

between roost sites to (a) investigate whether roosts formed a large-scale network that 

was used by multiple swifts during the breeding season; (b) 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. I hypothesized that the roost chimney with 

the greatest number of connections would be the most significant, and that its loss 

would reduce connections and community structure of remaining chimneys within the 
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network. This information could be used to guide conservation efforts by providing a 

quantified ranking of the ecological importance of each feature within the network. I 

chose chimney swifts (hereafter: 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 protection 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 foraging conditions 

associated with poor weather. Not only do swifts use these structures throughout the 

energetically expensive migrations, but also throughout the breeding season (Steeves 

et al. 2017, COSEWIC 2018) when they are used by non-breeders, failed breeders, and 

the non-incubating member of a successfully breeding pair (COSEWIC 2018). These 

roosts are rare across the landscape because they are typically large masonry 

chimneys, structures which are becoming obsolete. This makes them important 

features for conservation efforts. By using SNA to determine their connectivity and 

quantify their significance to the overall network, a targeted conservation approach 

could be considered for roost site preservation. 
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Methods 

Study Species 

Chimney swifts provided a model system for evaluating the applicability of SNA 

in this context. Swifts are small aerial insectivores that breed in eastern North America 

and overwinter in the Amazon basin. They are 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 nesting 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. It has been assumed 

that 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 

season, then these sites could form an interactive network across the landscape and 

allow the use of SNA for identifying key sites of conservation value. 

Site Selection  

I captured and tagged 53 swifts at the Caledonia roost in Kempt County, Nova 

Scotia, Canada (44.4181°N, -65.0546°W) throughout June of 2018 and 2019. This roost 

is of moderate size (1.2 m2, 5 m tall), hosting up to 700 swifts during migration, and ca. 

250 throughout the breeding season (Bird Studies Canada, unpublished data). This 

masonry chimney is attached to a vacant building that served as a blacksmith 
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workshop in the 1930s to 1960s. The chimney has a partial metal cap with a 0.5 m 

diameter circular opening in the center. I selected this site for tagging of swifts due to 

its accessible height that allowed for rapid removal of the trapping device described 

below.  

Trapping  

Throughout June 2018 (n = 20) and 2019 (n = 33), swifts were captured using a 

modified hoop net (Colvin and 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 (Figure 2-1). The net was suspended in the chimney 

with the circular frame held in place by a 10 cm rim protruding from the chimney 

opening.  

I lowered the net into the chimney 30 minutes prior to dusk, before swifts 

began to enter the roost. The net was removed immediately 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 staggering tag deployment, I aimed to reduce 

disturbance at the roost and minimize the risk of swifts abandoning the site. The 
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staggered deployment also provided a wider date range of data due to limited tag 

battery life (see below). 

Transmitter Attachment  

I 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 

(approximately 1 cm of tag, and 18.6 cm antenna), were programmed with a burst 

interval of 13 seconds, and had an estimated battery lifespan of ca. 224 days. In 2018, 

these tags were programmed with unique frequencies 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 release by flying several circles in the area before 

entering the roost chimney. 

Lotek Wireless nanotags were attached using a modified figure-8 harness as 

described by Rappole and Tipton (1991), Doerr and Doerr (2002), and Haramis and 

Kearns (2000) (Figure 2-2). Due to the high energetic 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); I chose this diameter to prevent chafing of the individuals 
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(Doerr and Doerr 2002, Woolnough et al. 2004). When exposed to the environment, 

the absorbable suture is expected to dissolve after ca. three months (Doerr and 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 I pre-constructed the harness with adjustable 

leg loops, which reduced handling time and provided a secure and customized fit to 

each bird (Doerr and Doerr 2002, Streby et al. 2015), decreasing the likelihood of the 

harness slipping off due to the short and posteriorly positioned thighs of the swifts. 

Movement Data  

From June ς August 2018, I recorded swifts at roost sites using a handheld 

Lotek SRX800 radio telemetry receiver with a four element Yagi antenna. I travelled 

between known roosts once swifts had entered roosts after dusk, scanning at each 

location for all tagged individuals. I alternated scanning the western and eastern shores 

of Nova Scotia. For the western shore, I proceeded southwesterly from Wolfville to 

Weymouth, before progressing inland to Caledonia. Along this route, I scanned at each 

known swift roost site (Figure 2-3). The eastern shore route consisted of travelling 

northeasterly from Yarmouth to Bridgewater, where there were no known swift roosts. 

I 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 I used the fixed antennas of the Motus Wildlife Network (hereafter: Motus) in 

2019. Motus is a system of automated telemetry receivers that record the location of 
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tagged individuals within range (ca. 4 km) in five-minute intervals (Taylor et al. 2017). 

Each Motus tower uses the same single scanning frequency (166.380 MHz), increasing 

detectability compared to an approach of cycling through frequencies (Taylor et al. 

2017). I registered my 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 southern 

Nova Scotia study site (A. Manthorne unpubl. data), and 27 active Motus towers 

(motus.org). Of these, one (Wolfville) was within range of a Motus tower, with the 

remaining roosts < 12 km from active Motus towers (Figure 2-3). 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. I assumed that each Motus tower 

represented data on the nearest roost for the other seven.  

Analyses 

I 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-ƭŜƴƎǘƘǎ όҖ оύ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ŦŀƭǎŜ ǇƻǎƛǘƛǾŜǎ ό/ǊŜǿŜ et al. 2018). I excluded 

these detections, as well as all detections outside an 18:00 ς 10:00h time window, to 

limit the possibility of detecting birds that were not roosting 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. 
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I used the igraph package in R (Csardi and Nepusz, 2006; R Core Team, 2017) with 

 h= 0.05 to determine the significance of important roosts on the structure 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 2-1). 

I 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). I 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 greatest number of links within the network (Equation 2-1). 

Closeness centrality 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 2-2). This distance is related to the 

generated graph, and not a physical distance, and is also represented as a proportion 

of the greatest closeness value.  

Equation 2-1: Degree centrality 

ὈὩὫὶὩὩὺ  
ὲ

ὲ
  

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

links 
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Equation 2-2: Closeness centrality 

ὅὰέίὩὲὩίίὺ  
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×ÈÅÒÅ Ὠ ÔÈÅ ÍÉÎÉÍÕÍ ÎÕÍÂÅÒ ÏÆ ÓÔÅÐÓ ÂÅÔ×ÅÅÎ Ô×Ï ÎÏÄÅÓ  

ὺ  ÎÏÄÅ ÉÎ ÑÕÅÓÔÉÏÎȟÁÎÄ Ὥ  ÎÅØÔ ÎÏÄÅ 

If a tagged swift had multiple detections at one roost, these were pooled into a 

single detection to reduce the likelihood of pseudoreplication. After determining the 

degree and closeness centrality of each roost, I removed those with the greatest values 

and used a Wilcoxon-Pratt signed-rank test to determine the significance of their loss 

over the network. I generated network graphs to visualize the influence of roost 

removal on the structure of the overall network.  

Results 

A total of 1122 detections of 21 tagged swifts were recorded after data were 

filtered to exclude falǎŜ ǇƻǎƛǘƛǾŜǎ όǊǳƴ ƭŜƴƎǘƘǎ Җ оΣ /ǊŜǿŜ et al. 2018), and limited to 

evening and morning (18h00 ς 10h00). I detected tagged birds at a total of 12 Motus 

towers throughout southern Nova Scotia within the evening and morning time 

restriction (Figure 2-4). Two of these towers were < 10 km and one was < 20 km of a 

single roost (Weymouth) and so were pooled to represent 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. 
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These detections were primarily between 1h00 ς 05h00 (Marshalltown) and 20h00 ς 

08h00 (Upper Clements), indicating the tagged swifts (eight total) were in the area 

overnight. As such, these sites were also retained as unknown roost sites, resulting in 

10 total roosts included in the network analysis (Figure 2-5). 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. 

All centrality measures identified Caledonia as the most important roost site 

(Table 2-2), despite removing all initial detections at the site from analyses (Table 2-1). 

Degree centrality found Upper Clements and Bridgetown to be the second and third 

most important roosts, while closeness centrality identified Upper Clements and 

Marshalltown. Based on these results, I individually removed the Caledonia, 

Bridgetown, Marshalltown, and Upper Clements roosts from the network and 

recalculated the centrality measures to determine if the network was significantly 

altered.  

Different centrality measures showed varying influence of roost removal from 

the network (Table 2-3). Upper Clements and Bridgetown were both found to 

significantly alter the network to the same extent based on closeness centrality (z = 

2.668, p = 0.008). Caledonia was only significant when considering degree centrality (z 

= -2.668, p = 0.008). Neither centrality measure showed Marshalltown as having 
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significant influence if removed, so network graphs were not constructed without 

Marshalltown. 

When plotting the network and community structures with all sites (Figure 2-6: 

A), without Caledonia (Figure 2-6: B), Upper Clements (Figure 2-6: C), or Bridgetown 

(Figure 2-6: D), 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.  

Discussion  

My results show that SNA can be used to determine the existence and extent of 

networks of important ecological features. My study is the first to track the movement 

of individual swifts between and among roosts throughout the breeding period. By 

using SNA as I did, not only could I show that there is roost switching by swifts, but that 

the extent of movement forms a complex network over a large landscape. I 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 
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the relative importance of each roost to maintaining connectivity within the network. 

This new insight into the ecology of chimney swifts could have management 

implications 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 conservation 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 natural 

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 fulfil a vital ecological requirement for swifts by 

providing an area to rest (Steeves et al. 2014), conserve energy (Du Plessis and 

Williams 1994, Lubbe et al. 2018), and receive protection from the environment 

(Walsberg 1986, Combrink et al. 2017). SNA is rarely used in relation to species at risk 

(Webber and Vander Wal 2019), and my work highlights the applicability of SNA in this 

context. 

When considering the spatial position of each roost and their division into 

communities (Figure 2-5), 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 stop-over site for swifts moving between the eastern and 
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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 abundance of prey items than coastal 

sites, which have been found to have a lower abundance of aerial insects (Russell and 

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. The ability to quantify the 

importance of individual features and examine the influence of removal 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 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 provide finer-scale data. 
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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 importance 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 2-1). Each season used a different method of detection (hand-held vs 

automated), with each method having its own bias. With hand-held telemetry, it is 

difficult to locate individuals as mobile as swifts, resulting in fewer overall detections, 

though interpretations of detections are more intuitive and straightforward. With the 

use of automated telemetry towers, I gained a greater number of location points but 

was limited by the tower locations. As such, there are some known roost sites that had 

poor or no coverage, while many detections were in areas with no known roosting 

sites. This last point may indicate the presence of an unknown roost site in these 

locations and should be investigated. Alternately these detections may represent swifts 

foraging in the area and not actually using the roost. I 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 site of interest to increase detection, though this adds 

bias to known sites.  

Future research should include the ability of SNA to identify roost networks in 

other areas and should also aim to monitor more individuals over several years to 

determine the true extent and variability of this network. This study highlights the use 
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of SNA for identifying networks and movement between nodes, but the mechanisms 

driving these movements are currently unknown.  
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Table 2-2: Centrality measures of the chimney swift (Chaetura pelagica) roost network 

in southern Nova Scotia. All loops have been removed, and the total sample is 1122 

detections of 21 tagged birds throughout June - September 2018 and 2019. 

Roost Degree Closeness 
 

Blandford 0.18 0.056 
 

Bridgetown 0.73 0.059 
 

Caledonia 1 0.077 
 

Jordan Bay 0.09 0.04 
 

Liverpool 0.09 0.042 
 

Marshalltown 0.45 0.063  

Middleton 0.36 0.04  

Upper 

Clements 
0.82 0.063 

 

Weymouth 0.36 0.059  

Wolfville 0.27 0.059  
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Figure 2-1: Modified hoop net (left; Wheeler 2012) used to capture chimney swifts 

(Chaetura pelagica) for the deployment of radio tags at the Caledonia roost (right) 

coded for the Motus (Taylor et al. 2017) network. 

 

Figure 2-2: Modified figure-8 leg loop harness originally described by Rappole and 

Tipton (1991), Haramis and Kearns (2000), and Doerr and Doerr (2002) constructed out 

of 0.5 mm absorbable suture. 
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Figure 2-3: Location of active Motus automated telemetry towers (=; Taylor et al. 

2017) and known chimney swift (Chaetura pelagica) roosting sites (ƴ, Manthorne 

unpubl. data) throughout southern Nova Scotia, Canada, as of September 2019.  
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Figure 2-4: Motus towers (Taylor et al. 2017) that detected chimney swifts (Chaetura 

pelagica) between 18h00 ς 10h00 from June to 1 September 2018 and 2019. 

 
Figure 2-5: Ten roost sites (five confirmed and five unconfirmed) that constituted the 

nodes for social network analysis of chimney swift (Chaetura pelagica) roosts within 

southern Nova Scotia.  
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Figure 2-6: Chimney swift (Chaetura pelagica) community structure and roost 

networks determined through social network analysis (A). Observations consisted of 

1122 observations of 21 ratio tagged chimney swifts over June ς 1 September 2018 

and 2019. 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.   

A B

 

C D 
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Chapter III: Influence of weather variables on degree of movement of 

chimney swifts within an interactive roost network 

Abstract 

Climate change may induce changes for wildlife such as increased energetic 

costs associated with self-maintenance, foraging, and movement, with specialist 

species being at the greatest risk. I examined the influence of weather variables on the 

connectivity of a roost network of a specialist species with high energetic demands, the 

chimney swift (Chaetura pelagica). I constructed a large-scale network consisting of 

chimney swift roost sites throughout southern Nova Scotia, Canada, and used radio 

telemetry to track movements between these sites during the 2018 and 2019 breeding 

seasons. Using logistic regression, I found atmospheric pressure to have a significant 

impact on two measures of network connectivity, degree and closeness centrality. I 

also found wind speed to have a significant effect on closeness centrality. My results 

suggest that chimney swift roost network structures will be altered under current 

climate change predictions. If both storm frequency and severity increase, swifts will 

be forced to increase foraging effort and distances to prepare for greater periods of 

poor foraging conditions. This would impact the roost network in southern Nova 

Scotia, increasing movement between roosts in low pressure in preparation of 

incoming poor weather conditions. 
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Introduction 

Climate change could have grave consequences on the energetic balance of 

wildlife species. Climate change is predicted to increase the global mean temperature 

(Mann et al. 1998, Easterling et al. 2000, Root et al. 2003), cause greater fluctuations in 

temperature (Neuwald and Valenzuela 2011, McMichael 2012) and rainfall (Singh 

1997), and increase the occurrence of severe weather phenomena (Easterling et al. 

2000, Leckebusch et al. 2008, Field et al. 2012). Many of these predicted changes are 

associated with an increase in energetic costs to wildlife, such as costs associated with 

thermoregulation (Hu et al. 2017), food availability and the associated foraging costs 

(Murphy 1987, Sergio 2003), and the availability of suitable habitats (Parmesan 2006, 

Jackson et al. 2015). Should these energetic costs increase, many species may not be 

able to adjust to these greater demands.  

A key element of understanding how climate affects wildlife energetics is to 

determine the influence of weather variables on habitat selection and the movement 

of animals between habitats. For example, temperature can influence arrival dates of 

many migrant bird species on their breeding grounds (Zalakevicius et al. 2006, 

Chambers 2010, DeLeon et al. 2011), potentially causing a mismatch between arrival 

and habitat availability. Rainfall has also been linked to habitat selection and duration 

of stay (Puigcerver et al. 1999), and changes in atmospheric pressure linked to 

increased levels of activity and foraging movements (Hein et al. 2011, Breuner et al. 

2013). If there are limited habitats to choose among, individuals may be forced to 
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reduce their energetic reserves to accommodate the use of these limited habitats, 

therefore reducing their overall fitness (Tomlinson et al. 2014).  

Specialist species are particularly subject to reduced fitness from increased 

energetic demands associated with changes in climate (Blois et al. 2013). One specialist 

species that may be highly susceptible to climate change is the chimney swift (Chaetura 

pelagica). Chimney swifts (hereafter: swifts) are small aerial insectivores and are 

experiencing drastic population declines within North America (COSEWIC 2018, Steeves 

et al. 2014, North American Bird Conservation Initiative 2019). Swifts ability to rest, 

and thereby conserve energy, is limited by the availability of suitable resting locations 

due to their morphology, which does not allow them to stand or perch. As such, swifts 

are likely to be under great energetic pressure. They spend the entire day in flight 

foraging and only cease flight to rest while nesting or roosting communally at night or 

during poor weather (Steeves et al. 2014). Both nesting and roosting typically occur in 

masonry chimneys, which offer both a porous vertical surface to grip onto and 

protection from the external environment (COSEWIC 2018, Steeves et al. 2014). Roost 

sites are especially important for swifts as they provide shelter and a resting place for 

hundreds to thousands of swifts in a single structure during their energetically 

expensive migration between North and South America. Unfortunately, these 

structures are limited across the landscape and are becoming rarer as this type of 

structure is becoming obsolete (COSEWIC 2018).  
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I previously determined that swift roosts formed a network across large spatial 

scales used my multiple birds throughout the breeding season (Chapter II). I then 

sought to determine how these roost networks might be altered given climate change 

predictions by determining if any weather variables had influence over movement 

between roosts within the network and if this would alter the structure of the network. 

To accomplish this, I evaluated the prediction that relatively lower atmospheric 

pressure and temperature, as well as higher humidity, would be positively associated 

with increased movement of chimney swifts between roosts throughout the breeding 

season, while increased wind speed will be negatively associated. I predict these 

relationships due to the inŦƭǳŜƴŎŜ ƻŦ ǿŜŀǘƘŜǊ ǇŀǘǘŜǊƴǎ ƻƴ ǘƘŜ ǎǿƛŦǘǎΩ ŀŜǊƛŀƭ ƛƴǎŜŎǘ ǇǊŜȅΦ 

The availability of aerial insects is decreased under relatively low pressure (Paige 1995), 

high winds (Freeman 1945, Lack and Lack 1951), and high humidity and precipitation 

(Lack and Lack 1951, Lack and Owen 1955). To assess the extent of alteration of the 

roost network, I used degree and closeness centrality derived from social network 

analysis in Chapter II.  

Based on the resulting models, it is possible to predict how the connectivity of 

the network of swift roosts will react to projected changes in environmental factors. 

This could have profound implications on the management and conservation of 

important swift roosting habitat, construction of artificial roosting towers, as well as 

provide insight into how climate change could impact other interactive networks 

composed of key habitat features.  
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Methods 

Study Site  

The network of swift roost identified and studied in the previous chapter through 

network analysis provides an ideal opportunity to assess how environmental changes 

induced by climate change could impact large-scale interactive networks. The southern 

portion of Nova Scotia provides a largely isolated landscape (surrounded by the 

Atlantic Ocean in three cardinal directions) in which to evaluate the impact of weather 

variables on landscape-scale networks. Similarly, the predominant physical interaction 

between swifts and the landscape occurs with their roosting sites. These two factors 

combined make the use of swift roosting networks in Nova Scotia an ideal condition to 

evaluate the influence of weather patterns on network connectivity.  

Capture and Tagging 

Throughout June of 2018 and 2019, I trapped and tagged 20 and 33 swifts, 

respectively, at the Caledonia roost in Nova Scotia (44.4181°N, -65.0546°W; Animal 

Use Protocol #18013 (University of New Brunswick)). Trapping occurred over two 

consecutive nights per week until all tags were deployed; this temporally staggered 

approach to tagging reduced disturbance at the roost and limited the possibility of 

roost abandonment. The capture of swifts was accomplished with a modified hoop net 

(Colvin and Hegdal 1986, Wheeler 2012) suspended into the roost chimney before 

swifts began to enter for the evening; trapping usually was conducted for 1-1.5 hours 
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centered on twilight. I removed birds from the net immediately upon entry of one to 

five birds and processed them individually, keeping handling time below five minutes 

and total time from capture less than 30 minutes. I first applied a uniquely numbered 

aluminium leg-band (registered with the Canadian Wildlife Service) to captured 

individuals, and then fitted each bird with a nanotag (Lotek Wireless model NTBQ-3-2, 

0.62 g) encoded for Lotek SRX800 receivers in 2018 and the Motus Wildlife Network 

(Taylor et al. 2017) in 2019. I attached the nanotag using an adjustable figure-8 harness 

constructed of 0.5 mm absorbable suture (Vicryl PGA suture, Ethicon, USP 1) to ensure 

the harness would detach after prolonged exposure to the environment (Rappole and 

Tipton 1991, Haramis and Kearns 2000, Doerr and Doerr 2002). Full trapping and 

tagging methods are described elsewhere (Chapter II). 

Roost Network 

Throughout 2018, I used handheld telemetry (Lotek SRX800 receiver and Yagi 

four element antenna) to search for tagged swifts at known roost sites. After dusk, 

when swifts had all entered the roost chimneys, I scanned at each roost for all tagged 

individuals. I alternated doing so along the western shore and scanning in 1 km grids in 

towns along the eastern shore where there were no know roosts. Due to the laborious 

nature of this method, I used the Motus Wildlife Network (hereafter: Motus; Taylor et 

al. 2017) to record movement data in 2019. This system uses a series of automated 

telemetry towers that provide a greater geographic range of detection than is possible 

with handheld telemetry. This network recorded location data from tagged swifts from 
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June ς 1 September 2019 within Nova Scotia. The detection range for Motus towers is 

4 km, and of the eight known swift roost sites only one was within this range. For all 

other roosts, I assumed that Motus tower detections represented data from the 

nearest roost, which were all within 12 km.  

For the Motus data, I removed all detections that were consecutively recorded 

fewer than three times to reduce the risk of false positives associated with this 

detection method (Crewe et al. 2018). I further limited location detections to evening 

(> 18h00) and morning (< 10h00) to omit swift movements associated with daily 

foraging and focus on evening and morning movements that indicate roost location. By 

listing all location detections from Motus ŀǎ ά¢ŀǊƎŜǘέ ǎƛǘŜǎΣ I populateŘ ά{ƻǳǊŎŜέ ǎƛǘŜǎ 

by using the previous detection of each tagged swift by timestamp. Each of these 

ά¢ŀǊƎŜǘέ ŀƴŘ ά{ƻǳǊŎŜέ ǎƛǘŜǎ were considered a node in the network, and movement of 

swifts between these nodes was considered links. Motus towers that were > 25 km 

from a known roost with detections overnight were maintained as nodes in the 

network, representing unconfirmed roost sites.  I then generated a roost network, and 

calculated degree (Equation 3-1) and closeness (Equation 3-2) centrality (igraph 

package, Csardi and Nepusz 2006) for each roost site to determine if these measures of 

network connectivity were influenced by weather patterns.  

Equation 3-1: Degree centrality 

ὈὩὫὶὩὩὺ  
ὲ

ὲ
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where v=node in question, n=number of edges, j =node with the greatest number of 

edges 

Equation 3-2: Closeness centrality 

ὅὰέίὩὲὩίίὺ  
ρ

В Ὠ
       

×ÈÅÒÅ Ὠ ÔÈÅ ÍÉÎÉÍÕÍ ÎÕÍÂÅÒ ÏÆ ÓÔÅÐÓ ÂÅÔ×ÅÅÎ Ô×Ï ÎÏÄÅÓ   

ὺ  ÎÏÄÅ ÉÎ ÑÕÅÓÔÉÏÎȟὭ  ÎÅØÔ ÎÏÄÅ 

Weather Data 

I collected all weather data from Environment Canada weather stations using the 

weathercan package in R (LaZerte and Albers 2018). Seven weather stations were used 

in total. Four roosts had weather stations within 10 km, two within 20 km, and four 

with no weather stations < 20 km (Figure 3-1). 

Current climate change predictions for the area of the roost network include an 

increase in temperature, precipitation, and storm occurrence (Vasseur and Catto 2008, 

Ravenscroft et al. 2010, Titus et al. 2013). To capture the influence of storms 

occurrence, I included atmospheric pressure, wind direction, and wind speed. I also 

included relative humidity and dew point to represent the influence of precipitation. 

The final weather variable included in the analyses was temperature. For missing 

values, I substituted the median for each parameter. I rounded all location detections 

of swifts to the nearest hour and added the six weather parameter data for each 

corresponding swift detection.  
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Analyses 

Though there are four measures of network centrality, I chose to focus on one 

local measure (degree centrality) and one measure relative to the entire network 

(closeness centrality). I chose degree centrality as it is the simplest measure that 

considers the number of links a node has. Similarly, I chose closeness centrality 

(Bavelas 1950) because it is the simplest representation that considers path length. I 

used fitdistrplus (Delignette-Muller and Dutang 2015) to determine the error 

distribution of both degree and closeness centrality, selecting the best-fit distribution 

based on the lowest Akaike Information Criterion (AIC; Akaike 1974) value. Both degree 

centrality (Table 3- 2) and closeness centrality (Table 3- 3) exhibited a normal error 

distribution. As such, I used logistic regression to determine the best-fit model for both 

measures.  

I then used ŀ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ǘŜǎǘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŘŜƎǊŜŜ ƻŦ ŎƻƭƭƛƴŜŀǊƛty 

among predictive weather variables; I used a threshold correlation (r) value > 0.7 to 

indicate problematic pairwise correlation (Graham 2003; Dormann et al. 2013). Dew 

point and temperature were correlated (r = 0.7356, Table 3- 4). As such dew point was 

removed from analyses as temperature was viewed as a more biologically significant 

indicator. 

All analyses were conducted in R 3.6.1 (R Core Team 2017), with alpha set at 

0.05. I conducted a reverse stepwise model selection to identify the best fit model for 

each centrality measure by removing a single term with the poorest model parameters 
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individually until I was left with a single term. From these models, I considered the 

model with the lowest AIC value to be the best and most parsimonious model. I also 

ŎƻƴǎƛŘŜǊŜŘ ŀ ɲ!L/ ғ н ǘƻ ōŜ ƛƴŘƛŎŀǘƛǾŜ ƻŦ ǎǳǇǇƻǊǘ ŦƻǊ ŀŘŘƛǘƛƻƴŀƭ ƳƻŘŜƭǎΦ ¢ƘŜ Ŧǳƭƭ ƳƻŘŜƭ 

for each centrality measure was: 

Mfull: Centrality Measure ~ Pressure + Temperature + Humidity + Wind Direction + 

Wind Speed 

Results 

From June ς 1 September 2019 I had detections of 21 of the 53 tagged swifts 

(39.6% detection rate), and a total of 1122 detections after filtering for the time of day. 

All handheld telemetry data were at known roost sites. For Motus tower data, swifts 

were recorded at 12 different towers that were < 10 km from a roost site. Data from 

two Motus towers within 20 km of a known roost were pooled to represent detection 

data for that roost. Motus towers that detected swifts > 25 km from a known roost 

between 23h00 and 7h00 were retained as unconfirmed roosts. 

The best fit model for degree centrality included all variables except for 

temperature (Table 3- 5), but there is substantial support for the removal of wind 

direction όɲ!L/ 0.721). As such, the most parsimonious top model for degree centrality 

includes pressure, wind speed, and humidity. Closeness centrality was best explained 

by the model including only atmospheric pressure and wind speed (  
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Table 3- 6). Wind direction could also be included in the top model όɲ!L/ 1.022), 

however adding variables reduces parsimony. These results partially support my 

predictions, showing that lower pressure and wind speed were associated with greater 

movement between roost sites. However, neither model showed support for lower 

temperatures or high humidity as having influence over network movement. 

Pressure and wind speed showed a negative relationship with both measures of 

centrality ( 

, Figure 3-3), while humidity a positive relationship with degree centrality only 

(Figure 3-4). In both top models, atmospheric pressure exerted a significantly greater 

influence (degree: t = -22.97, p = < 2 x 10-16, closeness: t = -23.71, p = < 2 x 10-16) than 

wind speed, the next highest ranking variable (degree: t = -5.19, p = 2.5 x 10-7, 

closeness: t = -2.12, p = 0.035).  

Discussion 

I found that network connectivity, at both local (degree centrality) and global 

(closeness centrality) scales, was influenced by weather (pressure, and pressure + wind 

speed respectively). Atmospheric pressure exerted much greater influence over 

connectivity and movement between roost sites than any other variable, with lower 

pressure causing greater movement. When considering closeness centrality, increased 

wind speeds reduced the degree of movement, which was expected as swifts are small 
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birds spending their entire day in flight and conceivably subject to becoming 

overwhelmed by high wind speeds.  

My results suggest that swifts increase their movement between roosts in 

preparation for inclement weather. A drop in atmospheric pressure is associated with 

incoming rain (Chang et al. 2002), and swifts typically do not forage in rainy conditions 

(Steeves et al. 2014). Swifts may sense this drop in pressure, as has been suggested in 

other bird and bat species (Paige 1995, von Bartheld and Giannessi 2011, Breuner et al. 

2013), and respond by moving greater distances and thus using different roosts, which 

likely results from increased foraging behaviour. This would allow them to obtain more 

energy to sustain them through periods when they cannot forage. Other bird species 

(e.g. white-crowned (Zonotrichia leucophrys) and white-throated (Z. albicollis) 

sparrows, and garden warblers (Sylvia borin)) have shown similar behavioural response 

to lower pressure, by increasing foraging and activity levels under lower pressure 

conditions (Hein et al. 2011, Breuner et al. 2013, Metcalfe et al. 2013). 

Swifts may also respond indirectly to changes in atmospheric pressure through 

changes in insect behaviour. Aerial insects are less abundant in lower pressure (Paige 

1995, Nardi et al. 2013, Martini and Stelinski 2017), forcing swifts to travel further 

under these conditions to capture sufficient prey items. Reduced prey availability 

coupled with the indication of poor foraging conditions could cause a decrease in 

atmospheric pressure to spur greater movement in swifts. 
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I expected lower temperatures to be associated with more movement between 

roosts as swifts increase foraging efforts and thus distance travelled at lower 

temperatures for increased thermoregulatory pressure. This pattern has been seen in 

other species (e.g., great tits (Parus major) and Eurasian woodcocks (Scolopax 

rusticola)), which increase foraging and movement in lower temperatures (Wansink 

and Tinbergen 1994). However, this prediction was not supported by my results. It is 

possible that the movement detections were not fine scale enough to determine 

association with temperature, or that temperatures were not low enough to cause 

greater foraging distances in swifts during the study period. 

Based on the relationship between atmospheric pressure and wind speed on 

swift movement and network connectivity, it is expected that these roost networks will 

experience changes as weather patterns change. Nova Scotia is expected to experience 

an increased level of precipitation, storm occurrence, and storm severity (Vasseur and 

Catto 2008, Ravenscroft et al. 2010). These changes are likely to be associated with a 

decrease in food availability (Elkins 2010), which could cause greater movement of 

swifts as they increase foraging before poor weather. Swifts will likely be restricted to a 

roost site for greater durations as inclement weather, causing poor foraging conditions, 

increases in frequency.  

Future research should aim to address these effects on movement and to track 

the study species at finer spatial and temporal scales than I could accomplish with the 

Motus automated telemetry system at the time of this study. In particular, the 
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existence of these roost networks in other areas should be determined, as well as 

obtaining site specific weather data in lieu of weather station data. The determination 

of the actual thermoneutral zone for chimney swifts would also be informative in 

regard to their adaptations for a highly aerial lifestyle and could have influence over my 

results. My results highlight the need to understand how weather patterns influence 

natural networks of important wildlife habitat, so we can better predict their stability 

in future.  
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Tables and Figures 

Table 3-1: Closeness centrality measures of chimney swift (Chaetura pelagica) roost 

sites in southern Nova Scotia from June ς 1 September 2018 and 2019, consisting of 

1122 detections of 21 tagged individuals. 

Roost Degree Closeness 

Blandford 0.18 0.056 

Bridgetown 0.73 0.059 

Caledonia 1.00 0.077 

Jordan Bay 0.09 0.040 

Liverpool 0.09 0.042 

Marshalltown 0.45 0.063 

Middleton 0.36 0.040 

Upper Clements 0.82 0.063 

Weymouth 0.36 0.059 

Wolfville 0.27 0.059 

 

Table 3- 2: Goodness of fit of degree centrality to each distribution family. 

Distribution Log-Likelihood AIC BIC Correlation 

Cauchy -383.812 771.624 781.436 -0.147 

Exponential -544.463 1090.926 1095.832  

Gamma -409.871 817.741 827.553 0.888 

Logistic -321.213 646.427 656.238 -0.137 

LogNormal -546.536 1097.072 1106.884 -1.442x10-11 

Normal -282.499 568.997 578.809 3.11x10-12 

 

Table 3- 3: Goodness of fit of closeness centrality to each distribution family. 

Distribution Log-

Likelihood 

AIC BIC Correlation 

Beta 3056.940 -6109.880 -6100.068 0.990 

Exponential 1794.567 -3587.134 -3582.229  

Gamma 3053.554 -6103.108 -6093.296 0.991 

LogNormal 3024.334 -6044.668 -6034.857 6.143x10-12 

Normal 3097.404 -6190.807 -6180.996 -4.571x10-15 
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Table 3- 4: Collinearity of ǇǊŜŘƛŎǘƛǾŜ ǿŜŀǘƘŜǊ ǾŀǊƛŀōƭŜǎ ǳǎƛƴƎ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ǘŜǎǘ. 

Values > 0.7 indicate problematic pairwise correlation, and the least biologically 

significant variable is removed from models.  

 
Pressure Humidity 

Temp-  

erature 

Dew  

Point 

Wind  

Direction 

Wind  

Speed 

Pressure 1.0000 -0.1066 0.0458 -0.0142 -0.0478 0.0180 

Humidity -0.1066 1.0000 -0.6231 0.0665 -0.0261 -0.2566 

Temperature 0.0458 -0.6231 1.0000 0.7356 0.0614 0.3145 

Dew Point -0.0142 0.0665 0.7356 1.0000 0.0494 0.1821 

Wind Direction -0.0478 -0.0261 0.0614 0.0494 1.0000 0.0576 

Wind Speed 0.0180 -0.2566 0.3145 0.1821 0.0576 1.0000 
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Table 3- 5: Degree centrality model selection by lowest AIC value. Stepwise model 

selection where lowest ranking response variable (by t-value) was removed until a 

single variable remained. ɲ!L/ <2 indicates substantial evidence in support of a model, 

while ɲ!L/ > 10 indicates little to no support. When ɲ!L/ <2, the most parsimonious 

model is the best fit. Full model is lm(Degree ~ Pressure + Temp + Humidity + 

Wind_Direction + Wind_Speed). Lowest AIC favours lm(Degree ~ Pressure). 

 

Full Temperature Wind Direction Humidity 
Wind  

Speed 

 t p t p t p t p t p 

Pressure  -22.6 <2x10-16 -22.8 <2x10-16 -22.9 <2x10-16 -23.2 <2x10-16 -23.0 <2x10-16 

Wind  

Speed 
-4.78 2.2x10-6 -4.62 4.4x10-6 -4.53 6.5x10-6 -5.19 2.5x10-7   

Humidity  2.29 0.02 1.96 0.05 1.93 0.05     

Wind  

Direction 
1.59 0.11 1.65 0.10       

Temp-  

erature 
1.21 0.23         

AIC 120.104 119.573 120.294 122.014 146.702 

ɲ!L/ 0.531 0 0.721 2.441 27.129 
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Table 3- 6: Closeness centrality model selection by lowest AIC value. Stepwise model 

selection where lowest ranking response variable (by t-value) was removed until a 

single variable remained. ɲ!L/ <2 indicates substantial evidence in support of a model, 

while ɲ!L/ > 10 indicates little to no support. When ɲ!L/ <2, the most parsimonious 

model is the best fit. Full model is lm(Closeness ~ Pressure + Temp + Humidity + 

Wind_Direction + Wind_Speed). Lowest AIC favours lm(Closeness ~ Pressure + Wind 

Speed).  

 
Full Humidity Temperature 

Wind  

Direction 

Wind  

Speed 

 t p t p t p t p t p 

Pressure -23.5 <2x10-17 -23.6 <2x10-16 -23.6 <2x10-16 -23.7 <2x10-16 -23.7 <2x10-16 

Wind  

Speed 
-1.85 0.06 -1.79 0.07 -2.17 0.03 -2.12 0.04   

Wind  

Direction 
1.04 0.30 1.03 0.30 0.99 0.32     

Temp-  

erature 
-1.20 0.20 -0.87 0.38       

Humidity -0.84 0.40   
      

AIC -6634.288 -6635.577 -6636.814 -6637.836 -6635.355 

ɲ!L/ 3.548 2.259 1.022 0 2.481 
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Figure 3- 1: Location of chimney swift (Chaetura pelagica) roosts that form a network 

in southern Nova Scotia, and the Environment Canada weather stations where weather 

data were collected. Middleton and Bridgetown used weather data from the same 

station, as did Caledonia, Marshalltown, and Upper Clements. 

 

 

 

 

 






















