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Bats in montane villages and beyond: Exploring how habitat structure and traits
shape urban responses

by
Quinn O’Halloran

Urbanisation is among the most rapid and damaging processes of land use change, posing significant
threats to biodiversity worldwide. Many bat species are particularly vulnerable due to the habitat loss,
degradation and fragmentation associated with urban development. While the impacts of urbanisation
on bats are well documented throughout large cities globally, little is known about how bats respond
to features of the urban environment in small villages, especially in mountainous landscapes where
the broader landscape context may mediate some of the urban effects. Bat responses to urbanisation
often reflect species-specific functional traits that influence their ability to exploit or avoid urban
habitats. The rapidly evolving nature of urban areas has driven species to adapt to, tolerate, or avoid

urban environments.

This thesis investigates the influence of urban and landscape features on the activity and diversity of
bat species across small settlements in the mountainous region of South Tyrol, Italy. Overall bat
activity did not differ across settlements with increasing urban intensity, but species richness was
highest in villages. The presence of small woody vegetation scattered throughout settlements
increased both total bat activity and feeding activity. Two urban tolerant species responded differently
to urban and landscape features, such as forest edge cover, open habitat and artificial lighting,
underscoring the importance of species-specific conservation measures in urban and landscape

planning.

This thesis also evaluated the role of functional traits in shaping species assemblages and predicting
responses to urban environments. While foraging or echolocation guilds are commonly used, other

morphological and behavioural traits may also influence urban tolerance or sensitivity. Species were
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classified into functional groups, with the specific echolocation guild emerging as the primary marker
of assemblage structure. However, traits linked to greater urban tolerance did not always correspond
with higher activity in urban areas, suggesting that urban response categories (dwellers, utilisers,
avoiders) are not so straightforward to assign, and may be better represented on a continuous scale

rather than discrete groupings.

These findings highlight the importance of maintaining heterogenous structural elements in urbanised
landscapes, such as small woody vegetation within settlements, to support overall bat activity. Such
features promote edge and foraging habitats, facilitate movement through urban areas, and connect
settlements with the surrounding landscapes, particularly in mountainous regions where natural
structural elements are critical in supporting bat diversity. Urban planning should consider species-
specific responses, considering most species respond independently to certain features and at different
spatial scales. Incorporating trait-based approaches into conservation strategies can improve
management effectiveness in urban areas, particularly by enabling targeted strategies for specific
species or assemblages based on their persistence potential, especially for urban sensitive species that
may be difficult to detect but that share similar ecological requirements. By maintaining diverse
habitat structure in settlements and integrating species-specific and trait-based perspectives into urban
planning, we can further support bat diversity through settlement design, even in increasingly

urbanised mountainous landscapes.
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Chapter One: General introduction

1.1. Urbanisation from the global to European context

Urbanisation is one of the most intensive and ecologically damaging drivers of land use and
ecosystem conversion, exerting significant threats on biodiversity worldwide (Grimm et al., 2008;
McDonald et al., 2013). Since the industrial revolution a significant shift from a rural to urban lifestyle
has occurred, with the demand for agricultural labour declining and employment opportunities
increasing in urban areas (Parris, 2016; Zipperer & Pickett, 2001). This shift has seen the world’s
population urbanise rapidly, at a rate of 2.54% per annum between 1950-2018, and it is projected that
68% of the population will live in urban areas by 2050 (United Nations Publications, 2019). Around
the world, urban settlements have established in species-rich regions or biodiversity hotspots
(Cincotta et al., 2000; Luck, 2007; Seto et al., 2012), owing to the rich natural resources and
waterways that enable transport and trade routes (Zipperer & Pickett, 2001). As a consequence,
urbanisation is today viewed as one of the most geographically ubiquitous human activities that acts
as a driving force for species endangerment and extinction, increased homogenisation of biotic
communities, and the general trend of declining species richness in urban areas around the world
(Elmgvist et al., 2008; Grimm et al., 2008; Hobbs et al., 2006; McDonald et al., 2013; McDonald &
Marcotullio, 2011; Mckinney, 2008; McKinney, 2002; Shochat et al., 2006).

In Europe, urbanisation is largely characterised by urban sprawl, where the geographic extent of cities
and towns are expanding into the surrounding agricultural areas, but often at low human densities
(Nuissl & Siedentop, 2021; Wolff et al., 2018). Urban sprawl allows people to access larger living
spaces, such as single-family households with private gardens. Urban sprawl has accelerated in
response to improved transportation links and personal mobility, making it possible for people to live
farther away from major urban centres (European Environment Agency, 2006). Despite these human
social benefits, the growth of low-density urban areas creates negative environmental impacts,

including ecosystem fragmentation and a change in land use (Salvati & Carlucci, 2016).

Italy provides a good example of urban sprawl processes. Patterns of urban sprawl have occurred in
Italy, particularly the north, as people moved away from major urban systems to smaller
municipalities during the 1970-80s (Bonavero et al., 2019). One of the main factors driving urban
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sprawl is the desire of individuals to realise new lifestyles in suburban environments, outside of the
inner city (European Environment Agency, 2006). Although small towns and villages have
historically shaped large parts of the landscapes, these spaces have traditionally been more compact.
Today the expansion of these municipalities has resulted in a matrix of dispersed settlements among
the remaining natural and historically rural landscape fragments (Bonavero et al., 2019; European
Environment Agency, 2006; Ferrario, 2009). Similar to other European countries and regions with
high population density and economic activity, Northern Italy has very visible impacts of urban
sprawl (European Environment Agency, 2006). The sprawling nature of cities has produced many
adverse impacts for both the natural and rural environments, evident through the increased energy,
soil and land consumption (European Environment Agency, 2006). Importantly, urbanisation is not
geographically confined to lowlands or major urban centres, processes of development also occur in
mountainous regions, such as the European Alps, where it has become one of the primary drivers of
land use and environmental change (Chemini & Rizzoli, 2003). The direct loss of natural habitats due
to urban expansion inflicts severe consequences for biodiversity, emphasising the importance of
understanding the drivers and patterns of urban species compositions in order to contribute to

sustainable urban planning and conservation (Gtlineralp et al., 2013; Newbold et al., 2015; Seto et al.,

2012).

The expansion of urban land cover and an increase in associated urban dwellers comes with an array
of anthropogenic impacts that threaten biodiversity. These pressures occur due to rapid destruction or
fragmentation of natural habitats as a direct result of land clearing for urban development (Giineralp
et al., 2013; Newbold et al., 2015; Seto et al., 2012). Fragmentation of the natural landscape isolates
remaining populations that inhibits species movements and the exchange of genetic material,
increasing the probability of local extinction (Zipperer & Pickett, 2001). Additionally, the slow
degradation of habitats due to increased exposure to parasites, pests, edge effects and invasive species

have adverse effects (Grimm et al., 2008; McDonnell & Hahs, 2015).

1.2. Biodiversity in the city

Urban areas have the capacity to support diverse natural communities (Aronson et al., 2014;
Godefroid & Koedam, 2007) and, in some cases, threatened species whose natural ranges have been
restricted to such human modified landscapes (Ives et al., 2016; Soanes & Lentini, 2019). Species
richness in communities is impacted by the introduction of exotic species by humans, such as
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ornamental vegetation when planting yards or gardens. Non-native species tend to be more persistent
and pre-adapted to novel conditions, consequently outcompeting native species and contributing to
less disturbance-resilient habitats (Kowarik, 2011; Pickett et al., 2001; Zipperer & Pickett, 2001). As
urbanisation intensifies and habitats become highly transformed, biodiversity faces indirect threats,
such as altered nutrient and hydrological cycles, increased pollution levels, heat island effects or light
and noise disturbances, all of which produce behavioural, physiological or reproductive impacts
(McDonnell & Hahs, 2015; Newport et al., 2014; Pickett et al., 2001; Zipperer & Pickett, 2001). In
many cases, these anthropogenic disturbances have led to the emergence of novel ecosystems that
exhibit few similarities in terms of species compositions or ecological functions, to historic or existing

ecosystems (Hobbs et al., 2006; Kowarik, 2011).

Species vary widely in their ability to adapt and persist in environments filled with different
anthropogenic disturbances (Grimm et al., 2008; Gtineralp et al., 2013; McDonnell & Hahs, 2015;
Mckinney, 2006). While some species may decline in urban environments due to random or
unpredictable factors, it is evident that most of this loss is associated with species that lack appropriate
pre-adaptations to tolerate life in the city (Bonier et al., 2007; Kark et al., 2007; Sih et al., 2011; Sol
et al., 2014). Some species are able to thrive in the urban environment through the exploitation of
new niches and resources and, sometimes, through forming relationships with humans (Gaertner et
al., 2017; Potgieter et al., 2024; Rumble et al., 2019; Santana Marques et al., 2020). Many other
species are specifically adapted to historically existing or non-urban environmental conditions and
are less efficient in, or unable to tolerate, the urban landscape. It is these selective pressures on
organisms under altered conditions that drive the large extinction debt carried by modern cities (Hahs

et al., 2009; McDonnell & Hahs, 2015).

Tolerance of urbanisation is mediated by species-specific biological and life-history traits that enable
resource exploitation and risk avoidance in such urban habitats (Croci et al., 2008; Evans et al., 2011;
Hahs et al., 2023; Kark et al., 2007; Meffert & Dziock, 2013; Santini et al., 2019). Typically, species
with larger body size, brain mass and litter sizes, higher mobility, or diet and roosting flexibility have
been linked to greater urban tolerance (Hahs et al., 2023; Jung & Threlfall, 2018; Santini et al., 2019).
Body size is likely to drive changes in other traits. Specifically, body size can determine brain mass
and, therefore, cognitive abilities, which have often been linked to habitat generalism and behavioural

plasticity (Santini et al., 2019). Behaviour mediates interactions between an individual and its
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environment, therefore dictating an organism’s success or failure under given conditions (Sih et al.,
2011). Body size and mobility are also frequently correlated, mobility is likely favoured when it helps
organisms acquire food and/or when avoiding competition and predation (Hahs et al., 2023). Higher
reproductive outputs may counterbalance the increased extrinsic mortality threats within cities
(Santini et al., 2019), while flexibility in diet or roosting strategies mean species might take advantage
of the anthropogenically produced resources and opportunities (Jung & Threlfall, 2018). The
intensification of the urban environment highlights a filtering effect on species traits that predetermine
their ability to persist and thrive in such conditions, particularly as urban centres tend be dominated

by a few species that possess similar traits (Croci et al., 2008).

Urban settlements contain a mosaic of artificial and natural spaces, with the combination being
specific to every city or town (Werner, 2011). High levels of habitat heterogeneity can allow a wider
range of species to thrive as the patchwork of diverse natural remnants and novel urban niches provide
something for the strongly differing ecological and habitat requirements of many species (Kowarik,
2011; McKinney, 2002). A common feature used to determine the level of urbanisation is the
proportion of impervious surfaces in an area, such as concrete or asphalt, following a gradient from
urban to rural (Elmgqvist et al., 2008; McDonnell & Hahs, 2008; Rega-Brodsky et al., 2022). Typically
an urban centre is characterised by impervious surfaces as the dominating landcover (Mckinney,
2006), due to industrial areas and the increased need for infrastructure (Printz & Jung, 2023).
Intermediate levels of urban development, however, remain rather heterogenous landscapes that can
support the highest levels of species richness (Blair, 1996; Hansen et al., 2005; McDonnell & Habhs,
2008; Mckinney, 2008), such as the transition zone between city centres and their outskirts. These
areas typically contain less anthropogenic disturbances, more water sources, primary productivity,
ornamental vegetation and the amount of edge between habitats (Blair, 1996; Hansen et al., 2005;
McDonnell & Hahs, 2008). The greater variety of land uses can provide biodiversity with
opportunistic foraging or roosting resources, particularly where development is directly neighbouring

agricultural or semi-natural environments (Mckinney, 2008; Printz & Jung, 2023).

The expansion of urban areas has seen the impoverishment of natural spaces, as urbanisation replaces
these areas with impervious surfaces and built structures (Santana Marques et al., 2020). Green spaces
in cities, however, are generally beneficial for biodiversity and help to moderate some of the negative

impacts of urbanisation (Aronson et al., 2014; Lepczyk et al., 2017). Largely due to the human desire



of being in close proximity to nature, the preservation of some green and natural spaces allows some
ecological integrity to be maintained in a city (Fuller & Irvine, 2010). The use and management of
urban green spaces can have significant effects on biodiversity value (Aronson et al., 2017; Fuller &
Irvine, 2010; Threlfall & Kendal, 2018). Water, wetlands and vegetation in the form of remnant native
forest cover, parks, street tree networks, gardens or informal green spaces play a critical role in
maintaining biodiversity in the urban environment, for example by providing essential resources for
foraging or habitat. The benefits of green spaces has been particularly well documented for birds,
insects, and herpetofauna, among other taxonomic groups (Beninde et al., 2015; Hahs et al., 2023;

Lepczyk et al., 2017; Rupprecht et al., 2015).

Urban green spaces are particularly important in terms of sustaining key ecosystem services, such as
pollination, water retention and infiltration, and sustainable food production (Green et al., 2016), but
they can also allow certain species to persist or even thrive in the urban environment by providing
refugia for potentially sensitive species (Lepczyk et al., 2017; Ofori et al., 2018; Threlfall & Kendal,
2018). Landscape connectivity enhances biodiversity in fragmented urban landscapes (Shanahan et
al., 2011) and green spaces, such as large conservation reserves, linear tree strips, or green roofs, can
contribute significantly to the connection of habitat patches across cities (Green et al., 2016; Lepczyk
et al., 2017; Threlfall & Kendal, 2018). When networks of green spaces are plentiful and in close
proximity to each other, they have the potential to facilitate species movements, increase gene flow,
and lessen the risk of sink habitats in urban areas (Lepczyk et al., 2017; Munshi-South, 2012). The
size, quality, pattern and connectedness of green spaces has been shown to be important to various
taxa (Beninde et al.,, 2015; Evans et al., 2009; Goddard et al., 2010). Therefore, to preserve
biodiversity in urban settings, we need to understand how species have adapted or responded to such
altered environmental conditions and how we can sustainably develop cities that allow organisms to

persist in future urban environments (Alberti, 2015; Donihue & Lambert, 2015; Kowarik, 2011).

1.3. Focal species: Bats

Bats (Chiroptera) are a diverse and widespread order of mammals. With over 1,400 species, they
inhabit every continent, except Antarctica, and occupy a wide variety of ecological niches,
particularly the air (Wilson & Mittermeier, 2019). Bats are the only mammals capable of active flight
(Jung & Kalko, 2011), allowing for agile movement that is useful for navigating through cluttered
environments and catching prey (Dietz & Kiefer, 2016; Neuweiler, 2000). The majority of bat species
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are insectivorous (Voigt & Kingston, 2016), are regarded as efficient predators, and can consume
large quantities of prey species every night, including beetles, flies, mosquitos and moths (Barataud,
2015; Wilson & Mittermeier, 2019). Recent studies have identified bats as top-down regulators of
insect populations in tropical and temperate forest habitats (Béhm et al., 2011; Kalka et al., 2008).
Though trophic diversity remains high for a single mammalian order, with frugivores, nectarivores,
piscivores, sanguinivores and carnivores represented (Voigt & Kingston, 2016). As such, bats
perform a range of essential ecosystem services, such as seed dispersal, pollination, and pest control
(Dietz & Kiefer, 2016; Wilson & Mittermeier, 2019), these services make them critical components
of their respective habitats, not only for the ecological roles they fill in natural ecosystems, but also
the economic value they provide for humans, and specifically the agricultural industry (Kunz et al.,
2011). Traditionally, bats have been divided into two sub-ordinal groups, Megachiroptera and
Microchiroptera, mainly based on morphological and paleontological differences (Teeling, 2009).
However, a key distinction exists between their modes of sensory perception. Microbats, specifically,
possess the ability to echolocate, a particular form of perceiving their environment through the
production of sound and reception of echoes, allowing them to specialise in a nocturnal lifestyle

(Barataud, 2015; Wilson & Mittermeier, 2019).

The life history strategy of bats is similar to that of larger species. Bats are rather long-lived mammals
considering their small size, most species can live to between 10-30 years, and they reproduce at a
low rate, with females often only producing one pup per year (Altringham, 2011). Bats also have
relatively high metabolic rates, largely due to flight being an energetically expensive locomotory
mode, and their high food requirements that call for abundant and predictable prey (Zubaid et al.,
2006). Population dynamics appear to be driven by adult survival, thus any external factors that
increase mortality can lead to severe population declines (Altringham, 2011; Papadatou et al., 2011).
As a consequence, bats are particularly susceptible to human-induced perturbations of habitats.
Globally, bats face a range of severe threats, [IUCN assessments have identified the major threats to
bats as land use change (logging, non-timber crops, livestock farming and ranching, wood and pulp
plantations, and fire), urbanisation, hunting and persecution, quarrying and general human intrusions
on bat habitats (Frick et al., 2020; Voigt & Kingston, 2016). Many of these threats faced by bats
reflect broader conservation challenges, particularly from the pervasive lack of data on population
status and trends (Frick et al., 2020). Such data deficiency effects accurate assessment of conservation

status that further challenges conservation action in reducing the impacts of these threats.



Sensitivity to anthropogenic environmental alteration makes bats promising bioindicators to track the
effects of urbanisation on wildlife physiology, behaviour and ecology (Russo & Ancillotto, 2015). In
addition to the considerable roles they play in ecosystems, it is becoming increasingly important to
monitor populations to gain a better understanding of the impacts on bats of global land use and
climate change (Jones et al., 2009). Over recent decades, acoustic monitoring has become a widely
used tool in wildlife conservation, providing a well-established method for monitoring echolocating
bats (Mac Aodha et al., 2018; Sebastidn-Gonzalez et al., 2015; Teixeira et al., 2019). The ultrasonic,
echolocation calls produced by bats can be detected by specialised high frequency microphones
attached to either handheld or automated recording devices. The advantage of automated recording
devices is the ability to leave them in the field for long periods of time, improving species
detectability, data quantity and quality, and reducing the need for human presence in the field and the
creation of potential human related survey bias (Mcloughlin et al., 2019; Penar et al., 2020; Sebastian-
Gonzalez et al., 2015). Due to the nocturnal, elusive, and often high sensitivity to disturbance, nature
of bats, automated detectors offer a non-invasive survey approach that complements more invasive
techniques, such as captures or roost inspection (Flaquer et al., 2007; Russo & Voigt, 2016). Acoustic
monitoring offers an efficient method for estimating relative population abundance, species richness,
species identification, or investigating other aspects of bat ecology and behaviour (Penar et al., 2020;
Teixeira et al., 2019). Appropriate study designs and implementation in this regard, could help to
identify potential drivers of population declines and contribute directly to conservation decision

making (Barlow et al., 2015).

1.4. Bats in urban environments

The ability to fly allows bats to move easily between different habitat patches (Jung & Kalko, 2011)
and some species can take advantage of anthropogenically modified and fragmented landscapes,
meaning they are not uncommon in urban areas (Jung & Threlfall, 2018). More specifically, the
presence of insectivorous microbats is well documented. Urban environments can offer abundant
potential roosts for bats that resemble natural crevices, for example certain species utilise buildings
and other artificial structures, such as bridges and tunnels (Duchamp et al., 2004; Kunz, 1982;
Maxinova et al., 2016; Russo & Ancillotto, 2015). Roost sites in these structures are of high value for
maternity colonies where breeding adults return to the same site annually, to give birth and raise their
young (Howard & Richardson, 2009), particularly where natural roosts are becoming scarce. Bats

have also been observed successfully exploiting certain elements of urban environments for foraging,
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notably around artificially illuminated areas that attract swarms of nocturnal insects and allow for
improved prey capture success rates (Barré et al., 2022). Although this is generally dependent on the
light source proximity to water or vegetation cover (Avila-Flores & Fenton, 2005; Jung & Kalko,
2010; Russo et al., 2017). Despite this, of the few studies conducted in urban landscapes to date, many
have shown that bat activity and species richness tend to decline with increasing urban influence
(Avila-Flores & Fenton, 2005; Hale et al., 2012; Hourigan et al., 2006; Jung & Kalko, 2010; Jung &
Threlfall, 2016; Lesinski et al., 2000).

In mountainous regions, such as the European Alps, bat activity has been documented in both natural
and modified areas, such as agricultural landscapes (Paniccia et al., 2025; Widerin & Reiter, 2017).
High levels of bat activity and diversity have been recorded at high altitudes of the Alps, despite
extreme climatic conditions (Widerin & Reiter, 2017). However, at a global-scale, mountain-dwelling
bats tend to be proportionately more data deficient and threatened than bats in lowland areas
(Chakravarty et al., 2024). Despite increasing development pressures in mountain systems, studies
specifically focused on bat responses to urban environments in these regions remain scarce, which
limits our ability to assess how ongoing urban expansion and land use change are shaping bat

communities in complex landscapes, such as the Alps.

One third of the world’s biodiversity can be found in mountains, but these areas face increasing
anthropogenic pressures (Chakravarty et al., 2024). Elevation enables the emergence of unique
habitats, such as alpine meadows, and shapes mountain biodiversity (Antonelli et al., 2018). However,
due to the scarce resources and topographical constraints that limit suitable spaces for development,
the effects of rapid urbanisation have adverse consequences on towns and villages in such (Dame et
al., 2019). Bats capacity of flight enables some species to colonise high elevations and habitats, that
influences the diversity patterns of local ecosystems (Monadjem et al., 2023). However, only a few
species are able to persist in such environments (Chakravarty et al., 2024). The European Alps
specifically, range from high elevations with steep slopes to gentle valleys, all providing a mosaic of
potential bat habitats (Chemini & Rizzoli, 2003). Mountain valleys often form the most suitable areas
for human settlement (Salata, 2014), though development tends to occur through the valley floors
rather than spreading evenly with elevation, thus presenting potential conservation challenges for bats

that are restricted in terms of movement. Furthermore, valleys may experience distinct environmental
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conditions, such as the pronounced altitudinal gradients, rain shadow effects, and extreme seasonal
or daily temperature fluctuations (Crespi et al., 2021), that further influence habitat availability and
species movements. For bats, these factors can fragment suitable roosting, foraging, and commuting
areas, despite the overall landscape diversity present throughout the Alps (Salata, 2014).
Consequently, suitable bat habitat may be limited by the combined effects of climate, topography,

and human development.

Patterns of urban use by bat populations may be influenced by remaining vegetation, such as riparian
habitats or parklands (Dixon, 2012; Fabianek et al., 2011; Hale et al., 2012; Legakis et al., 2000).
Resilience to urbanisation could be improved by establishing and protecting tree networks or
significant vegetation cover (Hale et al., 2012). Nevertheless, our understanding of which features of
the urban environment are important for bats remains limited (Jung & Threlfall, 2016). Tolerance for
utilising urban areas has been shown as highly species-specific (Avila-Flores & Fenton, 2005;
Duchamp & Swihart, 2008), while some species show a strong degree of adaptation to urban habitat
or are even favoured by it, others are lost in response and it primarily comes down to the specific
traits they possess (Duchamp & Swihart, 2008; Jung & Threlfall, 2018; Russo & Ancillotto, 2015).
In particular, high wing loadings and aspect ratio are adaptations in bat wing morphology that increase
flight speed and mobility (Jung & Threlfall, 2018) and presumably dictate foraging strategy in open
environments (Denzinger & Schnitzler, 2013; Norberg et al., 1997). These traits are essential for
survival and risk avoidance in urban areas. Additionally, species that primarily roost in human
structures appear to adjust better to urban environments, given there is sufficient tree cover (Dixon,
2012). The considerable diversity of bat species suggests that bats exhibit varied responses to urban
environments, indicating that a ’one size fits all approach’ to conservation is unlikely to be

appropriate.

1.5. Thesis objectives and structure

The overarching aim of this study is to understand how bat species respond to urban development
within a mountainous landscape undergoing processes of urbanisation. In particular, it explores
whether small settlements hold unique value for bats, especially in contrast to our current knowledge
of bats in cities. Gaining deeper insight into how urbanisation affects bats in less commonly studied

regions is crucial, as it can inform future land-use planning and guide urban expansion in ways that
9



consider the needs of bats and biodiversity. Such knowledge is also valuable for conservation
management efforts, through understanding bat habitat preferences and their tolerance to human
disturbance. Ultimately, this research contributes to the growing body of knowledge of how urban

conservation strategies can best be directed to support of bat species worldwide.

This thesis is structured into four chapters: Chapter One gives a general introduction of urbanisation
and the relevant effects on biodiversity and bats. Chapter Two investigates whether bat species
richness, activity, and composition differ between three different urban settlement types across the
region of South Tyrol, while exploring which land use types of the urban area and surrounding
landscapes have the greatest influence over aspects of bat activity. Chapter Three employs a
preliminary approach to categorising bats into functional urban response groups based on
combinations of behavioural and morphological traits. It investigates whether functionally similar
species are favoured by urbanisation and how species within these groups respond to features of the
urban environment. Chapter Four discusses the overall thesis conclusions, limitations, and

recommendations for the future.
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Chapter two: Bats in an urbanised Alpine landscape: The importance of heterogenous
habitat structure and landscape composition

2.1.  Introduction

Biodiversity faces extraordinary pressures from human actions on a global scale (Newbold et al.,
2015), including, but not limited to, climatic change (Bellard et al., 2012), fragmentation or loss of
natural habitats for agriculture (Foley et al., 2005), and the intensification of land use practices (Sala
et al., 2000). Urbanisation is one of the most damaging drivers of land use conversion contributing to
biodiversity loss (Grimm et al., 2008; Glineralp et al., 2013; Hahs et al., 2023; McDonald et al., 2013;
Mckinney, 2006), particularly due to the unprecedented rate of global urban development experienced
in the past 30 years from the rapid growth of cities worldwide (Liu et al., 2020). Urbanisation is not
limited to large cities. Human infrastructure development transforms all environments, even rural and
mountainous regions, which has the potential to influence local biodiversity (Chemini & Rizzoli,

2003; Printz & Jung, 2023).

In the Alpine landscape of northern Italy, specifically referring to the Italian portion of the European
Alps, patterns of urban development and associated land use change present unique challenges. The
expansion of settlements within a restricted set of habitable areas is one of the dominant factors of
land use change, as the valley floors and gentle slopes make up the most favourable conditions for
increasing human infrastructure, such as settlements (Salata, 2014). Additionally, socio-economic
changes in recent decades have led to the abandonment of traditional agriculture practices and an
increase in multi-seasonal tourism, resulting in further urban expansion effects as people migrated
into urban areas for greater opportunities and experiences (MacDonald et al., 2000; Romano & Zullo,
2016; Tasser et al., 2007). Urbanisation has accelerated over the last few centuries, with a move away
from the traditional practices that played a vital role in shaping the diverse Italian and European
mountain landscapes and forming heterogenous and species rich habitats (Chemini & Rizzoli, 2003;
Tasser et al., 2007). Moreover, the exposure of valley floors to urban sprawl, not only fragments the
landscape further but disrupts environmental connectivity and creates barriers for biodiversity

amongst natural corridors (Salata, 2014).

Urbanisation pressures are no different for bats, being highly sensitive and susceptible to

anthropogenic disturbances of the natural environment and threats caused by land use change (Frick
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et al., 2020). Previous studies along urbanisation gradients have revealed that bat activity and species
richness are greatest in more natural areas and tend to decline with increasing urban influence
(Duchamp et al., 2004; Hahs et al., 2023; Hale et al., 2012; Hourigan et al., 2006; Jung & Kalko,
2010, 2011; Jung & Threlfall, 2016; Lesinski et al., 2000; Threlfall et al., 2012b). The decline is
largely driven by the extent of continuous impervious surfaces (such as asphalt, concrete, and paved
surfaces) and urban density, two common measures of urbanisation intensity (Caryl et al., 2016;
Dixon, 2012; Liu et al., 2020; Threlfall et al., 2011). The way that bats respond to urbanisation is not
consistent, some species will avoid cities while others can take advantage of the heterogeneous
environments and their resources (Avila-Flores & Fenton, 2005; Duchamp & Swihart, 2008). Species
traits have been linked to success in urban environments and tolerance of urbanisation (Jung &
Threlfall, 2018), most notably with traits related to high mobility and flexibility in foraging and
roosting strategies, indicating opportunistic species that are highly adapted to the pressures of
urbanisation (Jung & Threlfall, 2018; Russo & Ancillotto, 2015). In mountain landscapes these
pressures may be exacerbated, the concentration of urban development along valley floors limits key
bat habitat, such as rivers, used as commuting and foraging corridors (Furmankiewicz & Kucharska,
2009) or natural roosting sites in riparian zones (Ngamprasertwong et al., 2014). Urban development
in these areas produces indirect pressures by spilling into the natural habitats, such as increased
artificial light at night (ALAN) that negatively affects bat activity (Seewagen & Adams, 2021). Many
species inhabiting mountainous environments are ecologically specialised (Widerin & Reiter, 2017),
suggesting that they may be poorly adapted to the novel urban stressors where suitable roosting and

foraging resources are already spatially constrained.

While the impacts of urbanisation on biodiversity have been a subject of study for a considerable
time, and more recently, with a focus on the impacts on bats, there is a significant bias in urban
ecology studies towards research in large, metropolitan cities (Kendal et al., 2020). Consequently, our
understanding of how urbanisation can influence bats in smaller settlement areas is still in its early
stages, compared to major cities, such as Berlin, Melbourne or Sydney (Callas et al., 2024; Starik et
al., 2024; Straka et al., 2019; Threlfall et al., 2011, 2012b). Large cities produce a magnitude of
anthropogenic disturbances, but our knowledge on how bats respond, or the appropriate conservation
efforts required to mitigate the effects, may not necessarily apply equally to smaller settlements with
different urban characteristics. Furthermore, settlements located in mountain regions may present
valuable opportunities to study the effects of urbanisation on bats, owing to the diverse range of

landscapes they encompass, from highly modified to nearly untouched landscapes.
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Small settlements, such as villages, are generally established in a rural setting and are often
characterised by low population densities clustered around a central point, such as an old church
(Rosin et al., 2016). As such, villages typically maintain heterogenous landscapes, where small,
impervious urban centres are interwoven within larger semi-natural or agricultural areas, conditions
that may be able to support biodiverse communities (Printz & Jung, 2023; Thomas & Jung, 2019).
The mosaic character of villages can offer a multitude of potential resources and habitat for wildlife,
including bats. Many studies have previously focused on bat responses to differently structured areas
of the urban environment, including historic or modern city centres, industrial zones, parklands, or
suburban to rural and forested outskirts (Dixon, 2012; Duchamp et al., 2004; Fabianek et al., 2011;
Gaisler et al., 1998; Hale et al., 2012; Jones et al., 2002; Legakis et al., 2000; Park et al., 2012).
Current research suggests that suburban areas might actually support greater bat activity and diversity

than both highly urbanised or forested regions (Hourigan et al., 2010; Threlfall et al., 2011, 2012a).

Areas with intermediate levels of anthropogenic development, such as low-density housing
interspersed with gardens and water sources, contain a greater variety of land uses with extensive
habitat edges and resources that can support a wider range of species (Blair, 1996; Hansen et al.,
2005; McDonnell & Hahs, 2008; Mckinney, 2008). For bats, these features likely increase insect
abundance that promotes valuable foraging habitat (Hourigan et al., 2010). Moderate levels of
development and disturbance allow potentially adaptable species that usually rely on natural
resources and habitat to take advantage of additional human subsidies that are provided either
accidentally or intentionally (Francis & Chadwick, 2012; McKinney, 2002). For example, insects that
are attracted to artificial light sources and ornamental vegetation or roosting opportunities in buildings
(Russo & Ancillotto, 2015). Suburban areas may share structural and ecological conditions with small
settlements, such as low-density villages that have undergone differing levels of urbanisation
processes in recent decades. Just as those that have shaped the Italian Alpine landscape for centuries,
they retain single family households and have a strong agricultural influence (Pawson & Egli, 2001;
Romano & Zullo, 2016). Considering their similarities to suburban environments, where bat diversity
is often highest, it is reasonable to expect that villages should support similarly diverse bat

communities.
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Based on our knowledge of bats in cities, there may be specific features of villages that could provide
further favourable conditions for bats, such as the presence of trees and dense vegetation patches
(Dixon, 2012; Legakis et al., 2000; Threlfall et al., 2016), water bodies and wetlands (Gili et al., 2020;
Lison & Calvo, 2014; Straka et al., 2016), or urban green spaces that act as important refuges for bats
(Callas et al., 2024; Fabianek et al., 2011), particularly those containing native vegetation (Threlfall
et al., 2016). However in Europe, smaller urban areas tend to have proportionately more green spaces
than larger cities, linked to both settlement area and human population density (Fuller & Gaston,
2009). This relationship is largely due to single-family households being the dominant building type,
often containing gardens with mature trees, shrubs and herbaceous plants, water and additional
fertilisers (Hourigan et al., 2010; Printz & Jung, 2023). These features are considered relatively
biodiversity-friendly forms of development that can promote improved resources and
interconnectivity of natural spaces and movement of terrestrial fauna, such as bats, within the urban
environment (Baker & Harris, 2007; Goddard et al., 2010; Lopucki et al., 2020). Villages are likely
to contain less dense artificial surfaces and infrastructure, such as paved road networks. Accordingly,
villages should consist of an ecologically complex mosaic of vegetation patches and impervious

surfaces, providing a diverse set of resources for a variety of bat species.

While the importance of vegetation is widely recognised for supporting bat populations, the type and
historical context of the urban area also plays a critical role. Buildings may serve as an important
alternative to natural roosts (Lison et al., 2013), particularly where anthropogenic activities encroach
on natural habitat and limit pre-existing roost sites (Kunz, 1982; Kunz & Lumsden, 2003; Russo &
Ancillotto, 2015). Bats have been observed using buildings for thousands of years, for roosting,
reproduction, temporary shelters, swarming or hibernation (Voigt et al., 2016). Buildings may
resemble natural roost sites, such as rocks, caves or trees, and many species may have learnt to exploit
the increasingly abundant artificial roosting environment (Russo & Ancillotto, 2015). Old buildings,
offer many opportunities for bats and are a prominent feature of small, rural villages. Old buildings
tend to have small holes, fissures, and crevices that allow easy access for bats (Voigt et al., 2016).
Old buildings are particularly important for maternity colonies where lineages of bats return to the
same roost site to reproduce for many generations (Harbusch & Racey, 2006; Howard & Richardson,
2009). Attics of buildings and churches offer suitable temperatures for maternity colonies that require
large spaces for reproduction (Harbusch & Racey, 2006; Ransome, 1998), while the warm conditions
of sun exposed buildings are also energetically advantageous for bats during gestation and lactation

compared to dark caves (Geiser & Drury, 2003; Halsall et al., 2012; Harbusch & Racey, 2006), which
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is critical for offspring survival. Additionally, during hibernation, bats in buildings are exposed to
ambient microclimates between warm interior heated rooms and colder exterior temperatures
(Whitaker & Gummer, 1992). Some species of European bats have also been observed swarming
around tall buildings, such as historic towers, castles, and churches, as juveniles fledge and disperse
from their natal roosts and this behaviour is potentially a social function or important for juvenile
roost exploration (Voigt et al., 2016). While bats can also utilise modern buildings, there is a clear
difference between bat activity in historic residential areas and newly constructed neighbourhoods
(Harbusch & Racey, 2006; Howard, 2009; Janus & Lesinski, 2018; Printz & Jung, 2023). Some bats
have shown preference to buildings constructed between 1950-2000, which are typically structurally
diverse and characterised by unrenovated, less well insulated houses, and established gardens, typical
of villages. New buildings lack crevices, are well insulated to meet climate-friendly standards, and
generally have only young vegetation (Printz & Jung, 2023). These findings are similar for farmland
birds that benefit from villages with old, traditional houses (Rosin et al., 2016), yet modernised
villages that undergo structural and architectural renovations have been linked to declining bird
populations (Rosin et al., 2021). Villages in the Alpine and rural landscapes tend to consist of a mix
of new buildings that differ functionally and structurally to old buildings (Antrop, 2004), and old
buildings specifically seem to offer important foraging and roosting grounds for bats, and

biodiversity, amongst intensifying surrounding areas (Hiron et al., 2013).

Bats are highly sensitive species, especially to urbanisation and while some species show a strong
degree of adaptation to urban habitats, others have declined in response to the associated habitat loss
and anthropogenic disturbances (Frick et al., 2020; Russo & Ancillotto, 2015). Cities produce a
magnitude of disturbances that can directly or indirectly effect bats. Light pollution has been
highlighted as a threat to bat conservation (Rowse et al., 2016; Stone et al., 2015), some species are
highly sensitive to artificial lights and may even avoid illuminated areas that spill onto commuting
routes (Polak et al., 2011; Rydell, 1992; Stone et al., 2009). Light can limit suitable foraging grounds
or force bats to travel further to reach favourable habitat, resulting in increased energetic costs due to
increased flight time (Stone et al., 2015). Alternative routes may be suboptimal with less vegetation
cover (Straka et al., 2019) and result in increased predation risk or exposure to the elements (Stone et
al., 2015). In some cases, species may not cross the urban matrix at all, which potentially forces them
to abandon their roosts, or avoid even natural habitat if it is too close to illuminated areas (Threlfall
et al., 2013). While urban areas can provide resources for roosting, this flexibility may not extend to

foraging behaviour. Some species however, have adapted to artificial light conditions and are able to

15



exploit the higher numbers of insects, such as moths, that are attracted to streetlights (Avila-Flores &
Fenton, 2005; Jung & Kalko, 2010; Lesinski et al., 2000; Rydell, 1992; van Langevelde et al., 2011).
These bat species may benefit from restricted sources of artificial light to a degree. Noise pollution
has additional effects for bats, anthropogenic noise can alter foraging behaviour and reduce prey
capture success (Schaub et al., 2008). Bats use echolocation to detect noises produced by prey, such
as rustling or wing beats, but these sounds can be impaired by traffic or other background noises
emitted in the urban landscape (Russo et al., 2007). Anthropogenically produced disturbances are no
doubt greater in cities compared to smaller settlements due to the ongoing intensive land use changes
and higher population densities (Lopucki et al., 2020). Although some species can tolerate a degree

of human disturbance, villages may offer safer habitat for bats.

Villages may provide valuable habitat for bats given their association with lower levels of
urbanisation and integration within natural and semi-natural habitats (Thomas & Jung, 2019).
Villages are more ecologically embedded with the broader landscape, enhancing their compatibility
with natural ecosystems. In this regard, the surrounding landscape may have a stronger influence over
how bats respond to features within the urban environment (Jung & Threlfall, 2016). In small
settlements, bats typically will not have to travel so far to reach desirable habitat, although landscape
context and heterogeneity influences habitat selection by bats (Gehrt & Chelsvig, 2003; Gili et al.,
2020; Printz & Jung, 2023). The relative importance of habitat features may depend on the degree of
surrounding development (Gehrt & Chelsvig, 2003). Urban areas within grassland regions may
enhance structural heterogeneity and thus benefit species richness and relative abundance patterns
(Jung & Threlfall, 2016). Villages are commonly found in the rural landscape, surrounded by pastures,
orchards, and ponds among other agricultural land uses. These spaces make up important foraging
habitat for some species when in close proximity to roosts (Hunninck et al., 2022), although
maintaining structurally diverse elements in these areas, such as hedgerows, is likely to improve

conditions for declining bat species (Frey-Ehrenbold et al., 2013; Paniccia et al., 2025).

Traditional agricultural practices in the Alpine landscape have been linked to high levels of species
richness due to the maintenance of semi-natural habitat (Tasser et al., 2007). Yet intensification of
land use and agriculture further threatens bat habitat by simplifying landscape structure and limiting
food sources (Frick et al., 2020; Paniccia et al., 2025). The highly valuable ecosystem services that

bats provide through pest control are often overlooked, bats consume large quantities of insects every
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night that can be beneficial for farmers and the maintenance of healthy habitats (Dietz & Kiefer, 2016;
Kunz et al., 2011). Landscape heterogeneity is important for supporting diverse bat communities,
especially considering bat species vary in their responses to structural or spatial conditions (Gili et
al., 2020; Printz & Jung, 2023). Villages may act as a kind of refugia or stepping stone amongst such
undesirable habitat, though intensification of the surrounding landscape likely alters how bats are able

to use villages.

Landscape connectivity is just as crucial for maintaining bat populations (Frey-Ehrenbold et al., 2013;
Hale et al., 2012; Pinaud et al., 2018), especially in increasingly urbanised environments. In
fragmented landscapes, natural landscape elements, such as forest remnants, can increase species
richness and activity (Heim et al., 2015; Treitler et al., 2016), by acting as corridors that enable
movement between habitats and access to vital resources (Frey-Ehrenbold et al., 2013). Villages in
proximity to forests, may experience even greater benefits. Some species require cluttered forest
habitats to forage (Denzinger & Schnitzler, 2013), and generally, these species are identified by their
sensitivity to the urban environment (Jung & Threlfall, 2018). However, among these species, some
can take advantage of buildings for roosting, which is especially important with the increasing
scarcity of natural roosts (Kunz, 1982; Russo & Ancillotto, 2015). As villages share more features
with natural areas and have minimal anthropogenic pressures, these species may not perceive the
environment as much of a risk compared to a larger city. Patterns of natural reforestation have been
observed in the Alpine landscape over recent decades, mostly due to the abandonment of traditional
farming practices (Chemini & Rizzoli, 2003; Malek et al., 2014; Tasser et al., 2007). The expansive
network of forests could be beneficial for bats for movement, especially in such a mountainous
landscape that is topographically constrained yet highly influenced by humans within the valleys
(Salata, 2014; Tasser et al., 2007). Following from this, river networks and water bodies are of high
importance for bats as foraging habitat (Lison & Calvo, 2014; Straka et al., 2016; Thomas & Jung,
2019), but they are just as important for commuting (Limpens & Kapteyn, 1991). Rivers seem to be
important landmarks that bats can utilise for navigation through the landscape (Furmankiewicz &
Kucharska, 2009; Serra-Cobo et al., 2000). Villages in proximity to water could therefore be of high
value for bats by providing high quality habitat close to roosting sites.
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The role of small urban villages as habitat for bats in the Alpine landscape is relatively unknown.

This study aims to answer the questions:

1) How do bat species richness, activity and community composition differ between villages
and more intensively urbanised areas within the Alpine landscape?
i1) What are the local and landscape characteristics that influence bat species richness,

activity levels and habitat utilisation in settlements and Alpine regions?

The objective of this study was to test the hypotheses that bat species richness and activity would be
significantly higher in villages compared to other, more intensively urbanised areas. Given the
relatively natural character of the study region, it is plausible that villages retain natural elements both
within and surrounding the settlement that may support diverse bat communities. We hypothesised
that bat activity would be greatest in settlements characterised by bat friendly elements, such as
vegetation, historic buildings and nearby forested areas. In contrast, we expected bat activity to
decline in areas dominated by features typical of more urbanised environment, such as impervious

surfaces and artificial light, based on established patterns of bat responses observed in other regions.

2.2. Methodology and Materials

2.2.1. Study Area

Sampling took place in the central European Alps, within the Autonomous Province of South Tyrol
(north-eastern Italy). South Tyrol spans an area of approximately 7,400 km? and ranges between 194
and 3,905 m above sea level (a.s.l). The territory is characterised by strong altitudinal gradients with
narrow valleys surrounded by steep slopes. The complex topography and geographical location of the
region results in strong climatic variations (Crespi et al., 2021). South Tyrol is comprised of many
different land use types. Natural and semi-natural lands, such as rocks, freshwater habitats, and
glaciers (overall 39.6%), can be found at higher elevations. Forests (42.7%) predominate the valley
slopes, while agricultural land (13.4%), meadows, orchards, pastures, vineyards, and annual crops,
are present from the valley bottoms and mountainsides to subalpine and alpine belts, depending on
the agricultural type. Intensive agricultural areas are predominantly on the valley bottoms.
Settlements (4.3%) are mostly limited to the valley bottoms and lower elevations (Anderle et al.,

2022) (Figure 1). Figure 2A illustrates a characteristic landscape of South Tyrol and associated land
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use types, while figure 2B illustrates the settlement coverage in the valley floor, using the city of

Bolzano as an example.

" el

Legend

! BMS settlement sites Land cover

3 A cty W Artificial surface | | se
}"5 O Industrial Agricultural area
5| O village B Forest
Rock and Scree
[ Inland water
Glacier

= O o

- o T w ] 3

Figure 1. Map of study area; Autonomous Province of South Tyrol, Italy. Showing land use and locations of 32 sampling sites, separated
by urban type, triangle: 11 city sites, square: 11 industrial sites, circle: 11 village sites. Land cover is represented as: red: artificial
surfaces, yellow: agricultural area, green: forests, grey: rock and scree, blue: inland water, light green: glaciers.

Figure 2. (A) Photograph taken from Bolzano east towards the Isarco valley (Valle Isarco/Eisacktal), depicting a typical South Tyrolean
landscape, including mountains, steep valleys, forest covered slopes, small villages, singular households, pasture, and vineyards. (B)
Photograph taken above Bolzano facing south towards the Adige valley (Val d’Adige/Etschtal), depicting the typical steep valley
structure and settlement coverage in the valley floor.
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2.2.2. Site Selection

We used data from five years of the long-term project “Biodiversity Monitoring South Tyrol” (BMS)
(https://biodiversity.eurac.edu/). I assisted with data collection for the most recent year (2024).
Launched in 2019, and conducted by the Institute for Alpine Environment of Eurac Research, the
BMS aims to survey biodiversity on a regular basis to understand patterns and trends of sensitive
species groups that react to environmental and land-use changes throughout South Tyrol. Surveys
took place within 320 terrestrial study areas distributed across the region. The study areas are
comprised of a representative selection of different habitats types of the region, including meadows,
pastures, orchards, vineyards, settlements, alpine, and forest sites, including the near-natural,

agricultural and urban habitats (Hilpold et al., 2023).

A total of 32 sites occurring in urban settlements, were selected and surveyed between 2019 and 2023.
Sites were subdivided into different categories representing an urbanisation gradient of areas that
encompass a variety of urban character; 11 small villages, 11 large towns or cities, and 10 industrial
areas. There is no universally agreed definition for a city or a minimum population size required for
a settlement to be considered ‘urban’, but administrative boundaries or a minimum population size
threshold are commonly applied to determine a city’s size (Kendal et al., 2020). Other characteristics
can be used to differentiate settlement types, for example the proportion of artificial surfaces for a
given area can indicate the extent of urban development. In this study, cities were specified as having
3,000 or more inhabitants. The total area of cities was delineated in ArcGIS Pro, and included the
compact artificial surface area, where residential, commercial or mixed-used buildings are
concentrated. This impervious area could be defined as the urban core. Total urban core area ranged
from 0.937-8.643 km? and cities tended to have a relatively dense, artificially built-up centre, with
total artificial surfaces ranging from 38.92-63.75%. The true administrative boundaries of each
settlement extend much further than these values, but they encompass the industrial zones and
agricultural land within municipal boundaries, which is accounted for in further analysis. Villages
had up to 3,000 inhabitants at the time of site selection. The total area of each village ranged from
0.046-0.159 km?, with total artificial surfaces ranging from 13.48-59.94%. Industrial areas were not
decided based on population size but had a close proximity to the cities and no official administrative
boundaries. Industrial areas were delineated based on the extent of larger artificial surface structures.
The total area of industrial sites ranged from 0.129-2.664 km? and total artificial surfaces ranged from
71.99-89.57%. Villages were characterised by a strong connection to the surrounding agricultural or

near-natural habitats. In cities and industrial areas, this connection to the surrounding landscape was
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missing so they were characterised by differing degrees of artificial surface structures. Within the
settlement area, sampling sites were specifically selected from an orthophoto of the region. Each year,
5-6 sites were surveyed with at least two from each subcategory, the sites were evenly distributed
over the five sampling seasons to ensure a comparable subsample of each category (Hilpold et al.,

2023) (Figure 1).

2.2.3. Bat Sampling and Echolocation Analysis

Bat activity was recorded during the peak bat activity months of May to October 2019-2023, totalling
92 recording nights. Elekon “BATLOGGER A+ bat detectors were used to autonomously record bat
echolocation calls throughout the night, from sunset to sunrise and recordings were saved as .wav
format files onto micro-SD cards. Detectors were placed at each site for three consecutive nights. A
three-night recording period allows for the observation of a significant proportion of local bat species
diversity, while minimising the time required in the field. In addition, this recording duration was
chosen to buffer the effects of adverse weather conditions that might occur on a single night, during
which bat activity tends to decrease due to lower insect abundance (Skalak et al., 2012). Additionally,
surveys were only undertaken on nights with no precipitation, temperatures of at least 8/10 °C, and
no strong winds. To ensure optimal recording of bat calls, microphones were positioned at a height
of 1.5 m above the ground, facing away from direct obstacles and aimed in the direction of expected
flight corridors (see Figure S1 for example placement in a village). In settlements, flight corridors
can be represented by streets and alleys, or other linear structures that bats are thought to orientate

towards. Site specific survey dates were dependent on elevation and microclimatic conditions

(Hilpold et al., 2023).

Bat calls were analysed using the software BatExplorer (Elekon BatExplorer, 2018). Species were
identified manually following the methods described in Barataud (2015), Middleton et al. (2014), and
Russ (2021). Most bat species present in South Tyrol can be identified to the species level based on
measurement of echolocation call parameters, including minimum, maximum and peak call
frequency, call shape, length, duration and inter-pulse interval (Russ, 2021). However, identification
challenges can arise where call characteristics between different species overlap due to similar
foraging strategies or diet preferences, making determination at species level impossible with acoustic
monitoring alone (Frick, 2013). In this case, calls/sequences were identified to the genus or group
level. This approach was used for recordings belonging to the genera Myotis and Plecotus. Myotis
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myotis and Myotis blythii are assigned to a combined group because they can only be distinguished
from smaller Myotis spp. but not from each other. Bat call recordings can be further identified as
feeding buzzes or social calls, which allow for determination between species when they are in high
numbers. When these calls were present, this approach was used to distinguish Pipistrellus kuhlii and
Pipistrellus nathusii, otherwise they were assigned to one group. The Nycaltus spp., Eptesicus spp.
and Vespertilio spp. (NEV), the nyctaloids, were assigned to one group when feeding or social calls
were absent because of significant acoustic similarities. Calls that were recognised as bat calls but

not assignable to a specific group were added to a category ‘indeterminable’.

2.2.4. Environmental Data

Bats respond to environmental factors at different spatial scales (Ford et al., 2006; Martinez-Fonseca
et al., 2024). We calculated settlement-scale variables within 100 m, 500 m and 100-500 m circular
buffers around each sampling point to represent both local and neighbourhood-scale urban habitat
conditions (Table 1). Given the mountainous terrain, these buffer sizes were selected to capture
relevant variation in urban characteristics, while minimising potential topographic bias that might
occur if larger buffers extended beyond the valley floors and onto the adjacent slopes. Additionally,
the considerable variation in settlement sizes meant that larger buffers may extend beyond the
boundaries of the smaller settlements, potentially incorporating non-urban land cover, thereby
affecting how urban environments were represented across sites. The 100-500 m buffer was included
to determine whether the chosen variables within the core 100 m were driving patterns of bat activity
at the larger neighbourhood-scale. We also calculated landscape-scale variables considered important
for roosting, foraging and commuting activities of bats in and around urban areas (Table 1). These
variables were used to create various models, to analyse the effects on bat species richness, total bat
activity, feeding activity and the activity of P. pipistrellus and P. kuhlii/nathusii. All variables were
extracted using ArcGIS pro version 3.1.0 (ESRI, 2023).

Settlement-scale variables

The zonal statistics tool was used to calculate the mean proportion and standard deviation of
impervious surface density within each buffer, data was extracted from the Imperviousness Density
2018 raster dataset from the Copernicus Pan-European High-Resolution layers (EEA, 2020), at 10 m

resolution. Imperviousness included the density of all surfaces of sealed soil, impenetrable by water

22



in the range from 0-100%. The zonal statistics tool was used to calculate the mean proportion and
standard deviation of small woody vegetation within each buffer and was estimated using the Small
Woody Features 2018 vector dataset from the Copernicus Pan-European Layers (EEA, 2023), at 5 m
resolution. Small woody vegetation included linear structures, such as hedgerows, and other
herbaceous features, such as shrubs and small clusters of trees. These features can often exist in paved
urban or suburban areas, such as streets, which may serve as remnant green elements, indicating small
woody vegetation areas do not necessarily correlate with impervious surfaces. The zonal statistics
tool was also used to calculate the mean proportion and standard deviation of artificial nighttime light
intensity within each buffer, data was extracted from the Visible Infrared Imaging Radiometer Suite
(VIIRS) annual VNL V2.2 layer (Elvidge et al., 2021) and this dataset provides high-resolution
measurements of nighttime artificial light emissions from monthly cloud-free average radiance grids
spanning 2012 to 2020, at 500 m resolution. It was not possible to calculate artificial light at the local
(100 m) scale due to the resolution of the VIIRS Nighttime Lights layer, and therefore the values
calculated within each 500 m and 100-500 m buffers were identical. To generate an indicator variable
for old settlements, the total proportion of the land use ‘residential zone — historic town centre’ within
each buffer was extracted from the Urban Plan vector layer (LAFIS, 2020) using the tabulate
intersection tool. This class included all buildings existing prior to 1970-80s and was used to indicate
historic buildings. The total proportion of surface water bodies within each buffer was extracted from
a land use/land class (LULC) map developed by Anderle et al. (2022), which included 43 distinct
land use classes. Surface water included all mapped lakes, riverbeds, pools, and wetlands. The local
scale (100 m) buffer was excluded from the analysis due to insufficient data coverage, with only four

sites containing surface water data.

Landscape-scale variables

To evaluate the influence of urban settlements on bat species richness and activity relative to other
landscape variables, we specifically investigated six proximity metrics: nearest neighbouring
settlement, open habitat, water body, forest, roost site, and the Adige River (Table 1). Proximity to
nearest neighbouring settlement was calculated by merging settlement polygons from South Tyrol, as
of 2001 (Autonomous Province of Bozen/Bolzano, 2007), and expanding their area by including all
buildings within a 500 m radius, based on 2024 building data (Geofabrik, 2024). Due to data
limitations, this approach represented the best available method to approximate the most current
distribution of settlements across the region. Settlements were included in the analysis to account for

their dual role in the landscape, high settlement density may indicate urbanisation-driven habitat loss,
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while individual settlements could serve as important bat habitat within potentially fragmented parts
of the landscape. Open habitats included all croplands, meadows, and pastures serving as a proxy for
agricultural land use, while also accounting for their ecological importance as foraging grounds for
many bat species present in South Tyrol. Water bodies included all lakes, riverbeds, pools, and
wetlands. Forests included all coniferous, deciduous and mixed forest stands greater than 0.5 ha.
These variables were all extracted from the LULC map (Anderle et al., 2022). The nearest known
maternity colony roost site was calculated from specific coordinates of roost locations throughout
South Tyrol. Information on maternity colony roost sites has been collected since 2000, including
species, year of last count, number of individuals and municipalities in which they are found, by the

Naturmuseum Studtirol.

The Adige River variable was calculated by extracting the polyline of the Adige River from the
Qualitdt der FlieBgewdsser vector layer from the Geokatalog — Geocatalogo database of the
Autonomous Province of South Tyrol (Autonomous Province of Bozen/Bolzano, 2022). The Adige
River is the second largest river in Italy and flows through the Venosta Valley (Val
Venosta/Vincshgau) and the main cities of Merano and Bolzano (Zonn et al., 2021). The river and its
valley play a crucial role in shaping the landscape, likely influencing bat species distribution and
activity by providing riparian habitat, water availability and acting as a corridor for movement across
the landscape. The Euclidean distance from the centre of the sampling site to each feature was

calculated using the Near tool in ArcGIS Pro.

To further assess the influence of landscape composition and configuration surrounding settlements
and the relative effects on bat species richness and activity, we created 3000 m buffers around each
sampling point. Forest data was extracted from the previously mentioned land use/land class map
(LULC; Anderle et al., 2022), including all coniferous, deciduous, and mixed forest patches. The
summary statistics tool was used to calculate the number of patches, the mean patch size (ha), and
the total length of forest edge (m) within each buffer (Figure 3). This buffer size was chosen based
on the mean core sustenance zone (CSZ) of each species present in South Tyrol, where data were
available. The CSZ refers to the area surrounding a communal bat roost within which habitat
availability and quality will have significant influence on the resilience and conservation status of the

colony using the roost (Bat Conservation Trust, 2016).
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Figure 3. Sample of study sites showing forest configuration surrounding settlements, including coniferous forests (green), deciduous
forests (yellow), and mixed forests (brown). (A) The total patch area variable around the village site of Stilfs/Stelvio (site n 315). (B)
The total patch edge variable around the village site of Albions (site n 312). (C) The number of patches variable around the industrial
site of Neumarkt (site n 304).

Latitude and longitude were included to represent the geographic location of each sampling site in
the landscape and were calculated based on the specific coordinates of each sampling site. Mean
temperature (°C) for the five study years (2019-2023) was extracted from annual fields of mean
temperatures for South Tyrol, at 250 m resolution. Data were provided by the Climate Change
Monitoring South Tyrol Project conducted by Eurac Research (Crespi et al., 2021; Niedrist et al.,
2022). To best represent the urban temperature conditions, while minimising the influence from
surrounding landscapes, temperature values were extracted from 200 m buffers around each sampling
site, accounting for the varying sizes of settlements. The temperature variable was used as an indicator
for the general climatic conditions of each settlement, inferring whether a settlement tended to occur
in a cool or warm landscape. It is important to note that the temperature data were computed from
more than 200 daily station records derived from the regional meteorological network, making each

site’s value an estimate based on its proximity to these stations.
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Table 1. Description of settlement and landscape-scale variables used to assess the impact of urban intensification on bat diversity.
We derived the settlement-scale variables with local and neighbourhood scale buffers (100 m, 500 m, and 100-500 m) around each
sampling site (n = 32).

Variable Description Unit Value range Source
Settlement-scale
Impervious Mean proportion and standard deviation of sealed 100 m: 23.2-99.6
surfaces soil and artificial structure density. Mean 500 m: 2.2 -87.9
100-500 m: 1.1 — 88 (EEA, 2020)
100 m: 2.2 -40.9
SD 500 m: 12.2 - 46.3
100-500 m: 8.3 —45.7
Small woody | Mean proportion and standard deviation of 100 m: 0—0.1
vegetation herbaceous features (e.g. hedgerows, shrubs, and Mean 5 88 m(;(;)oogso;)(;).l 0
100-500 m: 0.0005 — 0.1
small clusters of trees). 100 m:0_04 (EEA, 2023)
SD 500 m: 0.02-0.3
100-500 m: 0.02 - 0.3
Artificial Mean and standard deviation of artificial nighttime Mean 500 m: 0 — 122
light light intensity. (Elvidge et al., 2021)
SD 500 m: 0 —22.7
Historic Proportion of historic buildings built prior to 1970. 100 m: 0 — 55.6
0 .
buildings %o 500 m: 0 — 14.9 (LAFIS, 2020)
100-500 m: 0 — 14.1
Water Proportion of surface water bodies (e.g. lakes, .
P (ee % 500:0-10.8 (Anderle et al., 2022)
riverbeds, pools, and wetlands). 100-500: 0 —11.3
Landscape-scale
Settlement Proximity to the nearest neighbouring settlement (Autonomous Province of
from each sampling point. m 23.9-1517.1 Bozen/Bolzano, 2007;
Geofabrik, 2024)
Open habitat Proximity to the nearest open habitat from each
sampling point, including all croplands, pastures and m 17.7 - 829 (Anderle et al., 2022)
meadows.
Water bodies Proximity to the nearest surface water feature from
each sampling point, including lakes, riverbeds, m 22.4-980.2 (Anderle et al., 2022)
pools, and wetlands.
Forest Proximity to the nearest forest patch greater than 0.5
ha from each sampling point, including coniferous, m 28.9-1517.2 (Anderle et al., 2022)
deciduous and mixed forests.
Roost Proximity to the nearest known maternity colony )
m 2432 -15,728.8 Naturmuseum Siidtirol
roost site from the sampling point.
Adige River Proximity to the nearest point of the Adige River
m 175.5-79,969.1 (Anderle et al., 2022)
from each sampling point.
Total patch Total number of forest patches surrounding each
sampling point, including coniferous, deciduous and Count 4-98 (Anderle et al., 2022)
mixed forests.
Patch area Mean size of all forest patches surrounding each
sampling point, including coniferous, deciduous and ha 0-400.3 (Anderle et al., 2022)
mixed forests.
Patch edge Total length of all forest patch edges surrounding
) ) m 16,366.7 —319,547.1 (Anderle et al., 2022)
each sampling point
Temperature Mean annual temperature between 2019-2023, o
o ) ) °C 6.443 — 13.806 (Niedrist et al., 2022)
within a 500 m buffer of each sampling point.
Latitude Latitude coordinate of each sampling point. 46.27867 — 46.89518 (Hilpold et al., 2023)
Longitude Longitude coordinate of each sampling point. 10.54571 — 12.28392 (Hilpold et al., 2023)
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2.2.5. Statistical Analysis

We assessed the assumptions of normality and homogeneity of variances in species richness, total
activity, feeding activity and single-species activity (P. pipistrellus and P. kuhlii/nathusii). As these
assumptions were not met we used the multivariate Kruskal-Wallis (Kruskal & Wallis, 1952) rank
sum test to determine whether there was any difference in species richness or activity variable
between the village, city and industrial sites, using the base R package (R Core Team, 2024). If any
difference was found, we used the post-hoc Dunn’s test (Dunn, 1961) for pairwise comparison with
Bonferroni adjusted p-value, from the ‘rstatix” R package (Kassambara, 2019) to find the pair of
urban types that had significant differences. For visualisation the results were plotted using a log
transformation for the total activity, feeding activity and single-species activity to allow for clear

comparison among urban types (Wickham, 2009).

Differences in species composition between the urban sites and settlement types were analysed by
ordination, using non-metric multi-dimensional scaling (NMDS). Using the ‘metaMDS’ function of
the ‘vegan’ R package, NMDS was calculated based on Bray-Curtis dissimilarity, 10,000
permutations and weighted by species activity. The appropriate number of dimensions was
determined by producing stress values, considering stress values < 0.1 as good fit (k = 3) (Oksanen
et al., 2025). Permutational multivariate analysis of variance (PERMANOVA), using the ‘adonis2’
function, was applied to explore the significant correlations of species composition between the three
urban types (villages, cities and industrial) and the environmental variables (Oksanen et al., 2025).
We further applied environmental fitting using the function ‘envfit’ and permutational multivariate
analysis of variance (PERMANOVA) (function: ‘adonis2’) to assess the importance of environmental
variables on bat species composition between individual sampling sites. The three different forest
types (coniferous, deciduous, mixed forests) were included separately in this stage of analysis to
account for their potential importance for different bat species. All analyses were conducted using the

‘vegan’ R package (Oksanen et al., 2025).

The explanatory variables were initially standardised and checked for correlation. We retained only
one out of each strongly and significantly correlated pair, defined by Spearman’s r > 0.07 p < 0.05
(Zuur & Ieno, 2016). The mean and standard deviation for impervious surfaces, small woody features
and artificial light were highly correlated amongst their respective pairs (Spearman’s r = 1) (Figure
S2), we retained only the standard deviation variable for our models to use as a proxy for edge habitat
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or structural heterogeneity. Correlation analysis also revealed the same settlement-scale variables
were highly correlated across the 500 m and 100-500 m buffer scales (Spearman’s r = 1) (Figure S2).
We retained only the 500 m scale for the models because it was more consistent with the existing
literature (e.g. Hahs et al., 2023). There was a moderate degree of correlation amongst the respective
settlement-scale variable pairs between the local (100 m) and neighbourhood (500 m) scales
(Spearman’s r = -0.7 or 0.7), nevertheless, we ran initial single models for each variable to determine
which scale had the strongest effect on bat species richness and activity, determined by AIC and R®
values. At the landscape-scale, proximity to forests and open habitat were highly correlated and we
decided to check the importance of both variables separately in the models but ultimately continued
with the open habitat variable as forests were already represented by other variables (e.g. total number
of forest patches, mean patch area, and total forest edge length). Additionally, roost sites, elevation,
and temperature were removed from further analyses due to correlation with other variables (Figure
S2), for such highly correlated pairs, the variable that was considered more ecologically meaningful
for bats was used in the main analysis. While still important to consider, the effects of these variables
were likely captured by the remaining predictors. Ultimately, we used the following environmental
variables in the models: standard deviation of neighbourhood-scale impervious surfaces, small woody
features, artificial nighttime light, and the proportion of neighbourhood-scale historic buildings,
proximity to settlements, open habitat, number of forest patches, mean patch size, and total patch

edge. We also included latitude and longitude in our models.

We tested the effect of the above variables on total bat activity, feeding activity and single-species
activity by fitting generalised linear mixed models (GLMM) from the ‘g/mmTMB’ R package (Brooks
et al., 2017). We analysed the activity of P. pipistrellus and P. kuhlii/nathusii individually due to their
high abundance in the dataset as we wanted to understand how much influence these individual
species were having on our total activity results. Activity data included the number of recorded bat
passes or feeding buzzes of a given species per sampling night, summed across the five sampling
years. Models were fitted with negative binomial distributions to correct for the high overdispersion
encountered when fitting GLMMs with a Poisson distribution (Zuur et al., 2009; Zuur & Ieno, 2016).
Year was incorporated as a random factor to account for potential variation in bat activity among the
sampled years. We used the ‘glmmTMB’ package because of its efficiency, greater flexibility and
speed in handling count data and fitting complicated models that may not converge when using other
packages (Brooks et al., 2017). This package is built on the Template Model Builder (TMB) engine,

which is an open-source R package that facilitates quick implementation of complex models,
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particularly those with random effects (Brooks et al., 2017). We built full models for bat species
richness (number of species recorded at each sampling site) by fitting generalised linear models
(GLM) from the ‘/me4’ R package (Bates et al., 2015), using a Poisson distribution, log link function,

and incorporating year as a factor explanatory variable.

Settlement-scale and landscape-scale variables were initially analysed in separate model sets to find
the most important variables within each type. For the settlement-scale group, we created simple
models with single variables to determine the most important buffer scale. Based on the R? value,
using the ‘»2” function of the ‘performance’ R package (Liidecke et al., 2025) and ranked AICc values,
we determined that the 500 m scale variables contributed the most explanatory power and this was
taken forward to the next step of the analysis. A similar procedure was followed for the landscape-
scale variables. We created an initial set of single models, including the previously mentioned
correlated variables to determine that the correct choice was made. The models with the best R? and
lowest AICc values were taken forward to the next step of analysis. Exploratory analyses revealed
that the variables related to water were strongly influenced by three industrial sites containing rivers
in close proximity to the sampling site that resulted in unexpected negative associations with bat
activity. Given the limited number of sites and the inconsistencies with the existing ecological
knowledge that bats generally rely on water bodies for foraging, drinking, or commuting, we excluded

these variables from the final model process selection to avoid misleading interpretations.

As a first step, we created two initial global models for each response variable, the first containing
the remaining settlement-scale variables and the second containing the remaining landscape-scale
variables. Both included latitude and longitude to account for spatial structure. All possible model
combinations were built using the ‘dredge’ function of the ‘MuMIn’ R package (Barton, 2024). Model
selection was performed using an information-theoretic approach based on Akaike’s information
criterion adjusted for small samples (AICc; Burnham & Anderson, 2004), followed by model
averaging. Variables from the most supported models (AAICc < 2) were then carried forward into a
final global model for each response variable. A final global model was created with the most selected
predictors, allowing comparisons across spatial scales. The ‘dredge’ function and model averaging
were applied again to the final model. As several of the top models were nested within others, we
refined the final model set by selecting the most parsimonious models to avoid redundancy and

overrepresentation of similar variable combinations. We averaged the remaining top performing
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models, or, when only a single model was strongly supported (AAICc < 2), we carried forward the

unique model alone.

For models containing multiple variables, we checked for multicollinearity problems by calculating
Variance Inflation Factors (VIF), from the ‘performance’ R package (Liidecke et al., 2025). All
variables showed a VIF value < 3, indicating no evidence of multicollinearity. Given the nature of the
landscape, the residuals of all models used for averaging were inspected for spatial autocorrelation.
This was done by plotting the aggregated residuals over latitude and longitude coordinates, and by
conducting a Moran’s I test using the ‘testSpatialAutocorrelation’ function of the ‘DHARMa’ package
(Hartig et al., 2024). No significant spatial autocorrelation was detected; therefore, no additional
spatial corrections were applied. We plotted the final modelled coefficients with confidence intervals
(95%) of single variables for the averaged models of total bat activity and feeding activity, P.
pipistrellus and P. kuhlii/nathusii activity (Wickham, 2009, see Fig 4 for the overall process). All

analyses were run in R version 4.4.1 (R Core Team, 2024).

Initial scale determination Variable subset based on
GLMMs for local- and 9 AIC < 2 and R-squared
neighbourhood-scale variables values

Environmental variable
standardisation and
correlation check

Settlement-scale variables ¢ 3 Landscape-scale variables
global model global model

v

Generalised linear mixed
model
Negative binomial family

v

‘dredge’ function for top
performing model sets

¥

Model selection based on

Generalised linear mixed
model
Negative binomial family

¥

‘dredge’ function for top
performing model sets

¥

Model selection based on

AAICc <2 AAICc <2
l Final global model with most supported variables from both scales
Generalised linear mixed ‘dredge’ function . Model averaging . . . Moran’s | Test . -
. Model selection . Multicollinearity . Final coefficients
. m»odel» ; * B3 B0 M 9 based on AAICc <2 -) CIER (EREl 9 check (VIF) 9 e spatlal‘ + and 95% Cl plotted
Negative binomial family model sets models autocorrelation

Figure 4. Flowchart of statistical analysis workflow for multi-scale GLMMSs using activity data, incorporating model selection, model
averaging, and diagnostics.
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2.3. Results

A total of 37,283 bat passes were detected across 32 sites within the urban areas (Table 2). The largest
proportion of bat passes (43.54 %) were recorded across city sites (N =16,232), 38.33% across village
sites (N = 14,291) and 18.13% across industrial sites (N = 6,760). We identified 17 species or taxon
groups across all sites. The two most common species detected were P. kuhlii/P. nathusii and P,
pipistrellus, accounting for 36.32% and 33.85% of total bat passes, respectively (Table 2). Across the
individual study sites, total species richness ranged from 4 to 17 species (mean = 10, SD = 2). Within
cities, 15 taxa were identified, 16 in villages, and 13 in industrial sites. Total activity ranged from 29
to 6,076 recorded bat passes across all individual sites (mean = 1,165.09, SD = 1,249.49). In cities,
there was a mean of 1,476 bat passes, in villages 1,299 bat passes, and in industrial sites 676 bat
passes. Total feeding activity ranged from 1 to 413 recorded bat feeding buzzes per site (mean =
51.28, SD = 76.97). In cities, there was on average 55.18 feeding buzzes, in villages 64.73 feeding

buzzes, and in industrial sites 32.2 feeding buzzes.

Table 2. Summary table of the total number and proportion of species-specific bat passes detected in the city, village, and industrial
sites and combined across all sites.

Species City Village Industrial Total
Rhinolophus hipposideros 1 (0.01%) 10 (0.07%) 0 11 (0.03%)
Rhinolophus ferrumequinum 0 1 (0.01%) 2 (0.03%) 3 (0.01%)
Mpyotis myotis/Myotis blythii 5(0.03%) 19 (0.13%) 3 (0.04%) 27 (0.07%)
Myotis sp. 36 (0.22%) 196 (1.37%) 14 (0.21%) 246 (0.66%)
Nyctalus noctula 12 (0.07%) 0 3 (0.04%) 15 (0.04%)
Nyctalus leisleri 414 (2.55%) 970 (6.79%) 94 (1.39%) 1478 (3.96%)
Eptesicus serotinus 4 (0.02%) 349 (2.44%) 0 353 (0.95%)

Eptesicus nilssonii

432 (2.66%)

1363 (9.54%)

552 (8.17%)

2347 (6.30%)

Nyctalus/Vespertilio/Eptesicus

1435 (8.84%)

2274 (15.91%)

236 (3.49%)

3945 (10.58%)

Pipistrellus pipistrellus

5253 (32.36%)

5975 (41.81%)

1394 (20.62%)

12622 (33.85%)

Pipistrellus pygmaeus

89 (0.55%)

12 (0.08%)

17 (0.25%)

118 (0.32%)

Pipistrellus kuhlii/nathusii

7644 (47.09%)

2567 (17.96%)

3329 (49.25%)

13540 (36.32%)

Hypsugo savii 482 (2.97%) 178 (1.25%) 961 (14.22%) 1621 (4.35%)
Pipistrellus sp. 164 (1.01%) 148 (1.04%) 132 (1.95%) 444 (1.19%)
Barbastella barbastellus 2 (0.01%) 9 (0.06%) 0 11 (0.03%)
Plecotus sp. 0 42 (0.29%) 0 42 (0.11%)

Tadarida teniotis

214 (1.32%)

53 (0.37%)

11 (0.16%)

278 (0.75%)

Indetermined

45 (0.28%)

125 (0.87%)

12 (0.18%)

182 (0.49%)

Total

16,232

14,291

6,760

37,283
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2.3.1. Differences between villages, cities, and industrial sites

The Kruskal-Wallis test revealed that species richness was significantly different across the three

urban settlement types (Table 3). Dunn’s test was used as a further nonparametric pairwise multiple

comparison, which revealed a statistically significant difference in species richness between village

and industrial sites (Figure 5). There was no significant difference in total activity, feeding activity,

or single-species activity or feeding activity between village, city and industrial sites (Figure 5 and

6).

Table 3. Results of the Kruskal-Wallis test comparing bat species richness and activity across the three urban settlement types (villages,

cities, and industrial). Df> degrees of freedom; X?: Chi-squared value; p-value (*) p < 0.05

Group Df X? p-value
Species richness 2 6.273 0.043 (*)
Total bat activity 2 3.916 0.141
Feeding activity 2 1.347 0.51
P, pipistrellus activity 2 4.295 0.106
P, kuhlii/nathusii activity 2 1.844 0.398
P, pipistrellus feeding activity 2 5.118 0.077
P. kuhlii/nathusii feeding activity 2 2.789 0.248
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Figure 5. Boxplots represent a comparative account of species richness, log transformed total bat activity and log transformed bat
feeding activity per urban habitat type (village, city, industrial) of the 32 sites studied. Each box represents the 25%/75% quartiles and
the medians are shown with the horizontal lines. The Kruskal-Wallis rank sum test with p-values are shown in the bottom left corner
of each plot. The p-value of the Dunn’s test pairwise comparison is shown in plot for species richness.
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Figure 6. Boxplots represent a comparative account of log transformed P. pipistrellus total and feeding activity and log transformed P,
kuhlii/nathusii total and feeding activity per urban habitat type (village, city, industrial) of the 32 sites studied. Each box represents the
25%/75% quartiles and the medians are shown with the horizontal lines. The Kruskal-Wallis rank sum test with p-values are shown in
the top right corner of each plot.

Bat species composition did not differ between the individual urban sites (NMDS: final stress = 0.07,
R?=0.025, P=0.498) (Figure 7), or the three urban settlement types (R? = 0.084, P = 0.238) (Figure
8). Despite this, the permutational multivariate analysis of variance indicated a change of species
composition with neighbourhood-scale woody vegetation, artificial light, coniferous forests, and
mixed forests (Table 4). Results of environmental fitting suggest that latitude, longitude, woody
vegetation, artificial light, coniferous, deciduous and mixed forests, and open habitats correlated
significantly with the NMDS axis 1 and 2 (Table 5; Figure 7. In particular, P. pipistrellus showed a
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greater association with neighbourhood-scale woody vegetation distribution, coniferous forests and
longitude. P. kuhlii/nathusii and H. savii were more closely linked to artificial light and deciduous
forests. E. nilssonii showed a strong relationship with open habitat and N. noctula with mixed forest.
Rhinolophus  spp., Plecotus spp., B. barbastellus, M. myotis/M. blythii and the
Nycaltus/Eptesicus/Vespertilio (NEV) group showed moderate correlations with open habitat and

mixed forests (Figure 7).

Table 4. Results of PERMANOVA analysis to test whether the set of environmental variables could explain the observed species
composition in terms of species activity. Df: degrees of freedom; SS: sum of squares; R?: square of correlation; F: F-value by
permutation; P: p-value. (***) p <0.001; (**) p <0.01; (*) p <0.05; (.) p=0.05.

Tested variable Df SS R? F P
Impervious surfaces (500 m) 1 0.204 0.051 2.309 0.082 ()
Woody vegetation (500 m) 1 0.466 0.116 5.289 0.006 (**)
Historic buildings (500 m) 1 0.057 0.14 0.643 0.59
Artificial light (500 m) 1 0.322 0.08 3.645 0.022 (*)
Settlements 1 0.065 0.162 0.74 0.533
Coniferous forests 1 0.578 0.143 6.551 0.003 (**)
Mixed forests 1 0.249 0.062 2.282 0.045 (*)
Deciduous forests 1 0.075 0.019 0.851 0.452
Open habitat 1 0.064 0.016 0.727 0.531
Number of patches 1 0.029 0.007 0.326 0.873
Mean patch area 1 0.202 0.05 2.3 0.08 (.)
Total patch edge 1 0.09 0.022 1.015 0.372
Latitude 1 0.093 0.023 1.057 0.353
Longitude 1 0.04 0.01 0.448 0.754
Residual 17 1.499 0.372

Total 31 3.031 1

Table 5. Results of PERMANOVA analysis with environmental fitting to test how the set of environmental variables explain the
observed species composition based on the Non-metric Multidimensional Scaling (NMDS) axes. NMDS1: first axis; NMDS2:
second axis; R?: R-squared value; P: p-value. (***) p <0.001; (**) p < 0.01; (*) p <0.05; () p = 0.05.

Variable NMDSI1 NMDS2 R? P
Latitude -0.99887 0.04756 0.2470 0.0178 (*)
Longitude -0.60900 -0.79317 0.1960 0.0393 (*)
Impervious surfaces (500 m) 0.49486 -0.86897 0.0855 0.2683
Woody vegetation (500 m) -0.89958 -0.43676 0.2238 0.0251 (*)
Artificial light (500 m) 0.99264 -0.12114 0.2191 0.0253 (*)
Historic buildings (500 m) -0.93965 0.34214 0.0767 0.3139
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Settlements 0.12366 0.99232 0.0825 0.2897
Coniferous forests -0.98752 -0.15751 0.5218 0.0002 (**%*)
Deciduous forests 0.99528 0.09708 0.3066 0.0040 (**)
Mixed forests 0.93832 0.34576 0.3036 0.0033 (**)
Open habitat -0.94828 0.31744 0.3548 0.0011 (**)
Number of patches -0.89547 -0.44513 0.0425 0.5444
Mean patch area 0.85106 -0.52507 0.1102 0.1788
Total patch edge -0.79787 0.60283 0.1185 0.1585
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Figure 7. Ordination (NMDS) of urban sampling sites based on Bray-Curtis dissimilarity of bat species composition weighted by their
activity. Black dots represent the placement of acoustic recording sample sites, orange diamonds represent the placement of species
within multidimensional space. Significant environmental factors are represented as blue arrows. The relative importance of
environmental factors is indicated by the length of the arrows. Species names are abbreviated: P. pip = Pipistrellus pipistrellus; P. pyg
= Pipistrellus pygmaeus; P. kuh/Pnat = Pipistrellus kuhlii/ Pipistrellus nathusii; E. nil = Eptesicus nilssonii; E. ser = Eptesicus
serotinus; N. lei = Nyctalus leisleri; N. noc = Nyctalus noctula; NEV = Nyctalus/Vespertilio/Eptesicus species group; B.bar =
Barbastella barbastellus; T. ten = Tadarida teniotis; H. sav = Hypsugo savii; R. hip = Rhinolophus hipposideros; R. fer = Rhinolophus
ferrumequinum; M. myo/M. bly = Myotis myotis/Myotis blythii.
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Figure 8. Ordination (NMDS) of urban sampling sites based on Bray-Curtis dissimilarity of bat species composition weighted by
their activity. Black dots represent the placement of acoustic recording sample sites; orange diamonds represent the placement of
species within multidimensional space.

2.3.2. Settlement and landscape scale variables

The most frequently selected variables in the final models were those related to neighbourhood- and

landscape-scale structures, including woody vegetation and artificial light, forest structure and

geographic position within the study area. Total bat activity and feeding activity showed similar

patterns, both increasing significantly with greater spatial heterogeneity in the neighbourhood-scale

vegetation (Figure 9). Total bat activity also showed a marginally positive response to the proportion

of historic buildings and latitude and a marginally negative response to forest patch area (Figure 9).

The activity of P. pipistrellus increased significantly with the distribution of neighbourhood-scale

small woody vegetation, greater forest edge, open habitat proximity and a marginally positive effect

with the number of patches (Figure 9). There was a significant negative association to forest patch
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area and marginally negative effect of artificial light. The activity of P. kuhlii/nathusii showed a strong
positive response to the artificial light but was significantly negatively associated with longitude.

There was a marginally positive effect of the number of forest patches (Figure 9).

Table 6. Bat species richness and activity models, with response variables and explanatory variables, estimate, standard error (SE),
and p-values: (***) p <0.001; (**) p<0.01; (*) p <0.05; (.) p=0.05.

Response Variable Explanatory variable Estimate SE Pr(>|z|)

Species Richness Intercept 2.072 0.063 <0.001 (***)
Impervious surfaces -0.105 0.064 0.116
Number of patches 0.073 0.062 0.256
Patch area -0.093 0.074 0.23
Longitude -0.103 0.066 0.134
Latitude 0.077 0.067 0.268

Total bat activity Intercept 6.934 0.201 <0.001 (***)
Small woody vegetation 0.394 0.178 0.033 (*)
Historic buildings 0.309 0.163 0.07 ()
Artificial light 0.282 0.179 0.133
Patch area -0.255 0.130 0.062 (.)
Settlements -0.344 0.248 0.185
Latitude 0.274 0.154 0.09 ()

Feeding activity Intercept 3.782 0.202 < 0.001 (*¥**)
Small woody vegetation 0.364 0.166 0.035 (*)
Historic buildings 0.307 0.181 0.105
Settlement -0.393 0.281 0.181
Latitude 0.253 0.172 0.158

P. pipistrellus Intercept 5.14 0.3 <0.001 (*¥*%*)
Small woody vegetation 0.836 0.309 0.009 (**)
Artificial light -0.49 0.259 0.713 (.)
Number of patches 0.657 0.356 0.089 (.)
Patch edge 0.561 0.25 0.0323 (*)
Patch area -0.714 0.301 0.024 (*)
Open habitat 0.708 0.331 0.041 (*)
Latitude 0.288 0.212 0.198

P. kuhlii/nathusii Intercept 5.401 0.289 <0.001 (*¥*%*)
Artificial light 1.239 0.298 <0.001 (***)
Historic buildings -0.309 0.233 0.207
Number of patches 0.401 0.227 0.093 (.)
Longitude -1.528 0.339 <0.001 (***)
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Figure 9. Coefficient estimates derived from the GLMMs’ outputs for total bat activity represented in blue, feeding activity
represented in orange, P. pipistrellus activity represented in green, and P. kuhlii/nathusii activity represented in red, based on the
settlement- and landscape-scale explanatory variables. The plot shows the regression coefficient estimates and their confidence
intervals at 95%. P-values significance levels: (***) p <0.001; (**) p < 0.01; (*) p < 0.05.

2.4. Discussion

2.4.1. Species richness, activity, and community composition differences between settlement types

Our results revealed no significant differences in bat activity among villages, cities, or industrial
areas. These findings contrast previous studies along urbanisation gradients in non-alpine areas,
which have highlighted patterns of increased bat activity in moderately developed or semi-natural
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areas, such as forested or rural landscapes (Duchamp et al., 2004; Hale et al., 2012; Hourigan et al.,
2006, 2010; Jung & Kalko, 2010; Lesinski et al., 2000; Threlfall et al., 2011, 2012a). We initially
hypothesised that bat activity would be higher in villages due to their greater habitat heterogeneity
and structural complexity (Printz & Jung, 2023; Thomas & Jung, 2019), characteristics which make
them comparably similar to natural environments. However, in South Tyrol, a region representative
of the Alpine landscape, urban development has historically remained limited to small or medium-
sized settlements, many of which were founded in the 12% and 13" centuries (Obermair, 2007; Perlik,
2004). Urban expansion has been largely constrained by the mountainous terrain (Salata, 2014) and
larger modern settlements are dominated by agglomerations; networks of urban cores integrated with
surrounding municipalities, industrial areas and rural hinterlands (Perlik, 2004). Based on World
Bank and UN-Habitat classification (Dijkstra et al., 2020; Mwaniki, 2018) most of the largest
settlements fall below the population thresholds to be classified as cities and are more appropriately
considered small towns. This discrepancy complicates direct comparisons with studies conducted in
more heavily urbanised or metropolitan areas. In this context, the cities and villages of South Tyrol
may not differ substantially in ecological characteristics. Both settlement types are generally small in
scale and retain historical and structural components, such as traditional buildings and greenspaces,

that are favourable to bats (Gaisler et al., 1998; Printz & Jung, 2023).

Although the industrial areas in this study were indicative of more intensive forms of urban
development, most were spatially and functionally integrated with cities (Perlik, 2004). As a result,
the presence of nearby bat friendly urban features (Callas et al., 2024; Dixon, 2012; Fabianek et al.,
2011; Voigt et al., 2016) may mitigate the negative ecological impacts typically associated with
industrial zones (Jung & Threlfall, 2016). Given the landscape structure, particularly the narrow
valleys surrounded by steep slopes (Crespi et al., 2021), most settlements in South Tyrol remain
relatively close in distance to more natural or semi-natural habitats. In this context, it is likely that
bats are utilising the broader landscape matrix for commuting and foraging activities, which may
explain the similar activity levels observed across villages, cities, and industrial areas in this study.
This pattern could also reflect the dominance of urban tolerant species (e.g. P. pipistrellus, P. kuhlii,
NEV group) in the overall activity levels, which were consistently active across all settlement types.
These findings suggest that in mountainous regions, such as South Tyrol, the inherent landscape
heterogeneity may buffer the ecological impacts of urbanisation, thereby reducing the influence of

settlement type alone as a determinant of bat activity.
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In line with our initial hypothesis, bat species richness was significantly higher in villages compared
to industrial areas. Sixteen species were recorded in villages, while thirteen were detected in industrial
areas. Notably absent from the industrial sites were R. hipposideros, B. barbastellus, the Plecotus
species group, and E. serotinus. Several studies have reported varying effects of urbanisation on
species richness (Avila-Flores & Fenton, 2005; Hale et al., 2012; Hourigan et al., 2006, 2010; Luck
et al., 2013), with changes to roosting and foraging conditions often translating to altered richness or
diversity (Luck et al., 2013). However, responses to urbanisation are strongly species-specific and
trait-dependent (Avila-Flores & Fenton, 2005; Duchamp & Swihart, 2008; Jung & Threlfall, 2018;
Russo & Ancillotto, 2015). Urban environments tend to favour opportunistic and flexible species that
benefit from anthropogenic resources in urban areas, though often at the expense of more sensitive
or specialised species. The integration of villages within natural and rural landscapes may support
sensitive species, by providing suitable foraging and roosting habitat and lower disturbance levels.
For example, B. barbastellus, Plecotus sp. and R. hipposideros are forest specialists that prefer
broadleaved woodlands for foraging and rely on tall, mature trees for roosting (Ancillotto et al., 2022;
Russo et al., 2004; Wegiel et al., 2021; Zeale et al., 2012), typical features within and around villages.
B. barbastellus forage at the edge of forests or field margins and despite being recorded as roosting
in human-made structures, they usually avoid urban areas as there is no evidence of their foraging
around streetlamps (Zeale et al., 2012). Likewise, R. hipposideros primarily use caves or cave-like
structures for hibernation but form maternity colonies in large, undisturbed buildings, such as
churches or castles (Wegiel et al., 2021). Future scenarios of urban development suggest that B.

barbastellus and Plecotus species would be threatened by urbanisation (Gili et al., 2020).

E. serotinus, a species generally tolerant of urban environments, was not recorded in the industrial
sites, despite roosting almost exclusively in buildings and foraging near streetlights (Catto et al., 1996;
Tink et al., 2014). More typical foraging habitat includes grazed pastures, meadows, gardens,
hedgerows, or around water (Tink et al., 2014), features that are more characteristic of villages. While
some sensitive species may roost within villages structures, it is likely they leave the urban setting
and rely on adjacent semi-natural or forested areas for foraging, provided that sufficient connectivity
exists for safe commuting between roosts and foraging habitat (Printz & Jung, 2023; Tink et al., 2014;
Zeale et al., 2012). Overall, the difference in species richness between village and industrial sites
highlights the importance of landscape context and suggests that villages may offer a critical refuge

for sensitive species that are less tolerant of more intensively urbanised environments.
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Despite differences in species richness, our results revealed that community composition did not
differ significantly between individual sites or settlement types (villages, cities, and industrial areas).
While villages supported a small number of sensitive species, bat assemblages across settlement types
were dominated by P. pipistrellus and the P. kuhlii/nathusii group, which accounted for the vast
majority of our recordings. Although these pipistrelle species differ in their specific habitat
requirements, they are frequently observed in urban environments (Ancillotto et al., 2015; Gaisler et
al., 1998; Greta et al., 2019), where their generalist foraging strategies and preference for edge
habitats (Dietz & Kiefer, 2016) enable them to thrive. The pipistrelle species ability to exploit built
structures for roosting (Duchamp et al., 2004; Russo & Ancillotto, 2015) and adapt to urban resources
may be an explaining factor for why these species have become so abundant and are expanding their
range (Bogdanowicz, 2004; Russo & Ancillotto, 2015). Consistent with previous research, species
richness in urban areas may be relatively low, while overall bat activity remains high due to the
occurrence of a few dominating urban-tolerant species (Avila-Flores & Fenton, 2005; Krauel &
LeBuhn, 2016). Although sensitive species were present in villages, the number of calls were too low
to recognise clear community differences compared to other urban areas. Given the small spatial
extent of villages, it is possible these species were merely passing through or utilising surrounding
hedgerows and other natural elements that connect habitats, rather than actively roosting or foraging
in the urban space. Considering the landscape, all settlement types likely impose similar
anthropogenic pressures that are markedly different to the surrounding natural habitats, likely
functioning as a strong trait-based environmental filter (Jung & Threlfall, 2018). Nevertheless,
understanding which features of villages continue to support sensitive species remains essential for

conservation planning.

2.4.2. Influence of settlement and landscape-scale variables on bat activity

Total bat activity and feeding activity models

Settlement-scale conditions had the most significant influence on total bat activity and feeding
activity within Alpine urban areas. These findings suggest that local habitat characteristics,
particularly those within the immediate settlement area, play a more critical role in shaping
community-level bat behaviour than broader landscape-scale variables included in this study. Total
bat activity and feeding activity were positively associated with small woody vegetation, suggesting
that greater heterogeneity in the spatial distribution of vegetation has the potential to support diverse
bat communities. These results align with previous research highlighting the ecological value of

singular trees or tree networks, linear vegetation, and greenspaces (Callas et al., 2024; Dixon, 2012;
41



Hale et al., 2012; Krauel & LeBuhn, 2016; Luck et al., 2013; Moretto et al., 2019; Printz & Jung,
2023; Threlfall et al., 2013, 2016). Greater spatial variability of vegetation indicates the urban
environment is more structurally diverse, where areas with shrubs, clusters of trees, or small green
patches are interspersed throughout the urban matrix. Greater spatial variation of vegetation creates

more edge habitats and a broader range of microhabitats that support diverse bat communities

(Parsons et al., 2025; Printz & Jung, 2023; Suarez-Rubio et al., 2018).

At the neighbourhood-scale, structural and spatial heterogeneity of vegetation within urban
landscapes plays a critical role in maintaining habitat connectivity (Hale et al., 2012; Mimet et al.,
2020). Features, such as trees, hedgerows and vegetation corridors, are especially important for
commuting bats, facilitating movement and providing shelter, while simultaneously supporting high
insect densities (N. Downs & Racey, 2006; Limpens & Kapteyn, 1991; Verboom & Huitema, 1997;
Verboom & Spoelstra, 1999). These features not only connect fragmented foraging habitats within
the urban matrix, particularly for species like P. pygmaeus that respond to features at larger spatial
scales, likely reflecting their need to travel further distances to access preferred feeding habitats
(Davidson-Watts et al., 2006), but they may connect key resources within the urban environment,
such as roosts in buildings (Kalcounis-Riippell et al., 2005; Kubista & Bruckner, 2015) with foraging
areas in the surrounding landscape. The settlements in this study, including cities and industrial areas,
were generally well integrated into the rural or semi-natural settings. For relatively small settlements,
such as villages, the scattered trees and small patches of vegetation that make up typical features of
the rural landscape (Lumsden & Bennett, 2005), are likely incorporated into the neighbourhood-scale
conditions for bats. Such natural structural elements are highly important for enhancing bat species
richness and activity in rural landscapes (Paniccia et al., 2025). These ecological benefits may extend
across boundaries and have spillover effects on bat activity within the urban environment itself,
particularly for species that commute widely or exploit multiple habitat types. The dispersed
configuration of vegetation likely enhances foraging habitat at a broader scale by facilitating bat
movement and resource use across the urban-rural gradient, while improving overall connectivity of

the landscape for bats.

Within the urban environment, increased tree cover and vegetation can mitigate some negative
impacts of artificial lighting by shielding dark corridors from light spillage, offering safer conditions
for sensitive species, such as the clutter-adapted Myotis spp. (Mathews et al., 2015; Straka et al.,
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2019). However, these responses vary among species. For example, N. noctula and P. pipistrellus
show reduced activity in urban green spaces with dense canopy cover, suggesting manoeuvrability
and echolocation constraints for open and edge-adapted species in cluttered environments (Suarez-
Rubio et al., 2018). An increasing proportion of trees can have varying effects on different species,
yet our findings underscore the added value of scattered vegetation throughout the urban matrix.
While villages often retain natural features, such as gardens, hedgerows, or mature trees (Hourigan
et al., 2010), cities and industrial areas can also support bat habitat through the strategic placement of
vegetation. Maintaining trees along streets, in parking lots, or within industrial zones can enhance
habitat quality and microclimate regulation, even if they are primarily planted for aesthetic purposes
(Livesley et al., 2016; Moretto et al., 2019; Mullaney et al., 2015). Compared to establishing large
urban forests or expansive greenspaces, these smaller-scale plantings may be more practical to
implement and maintain, while still offering meaningful ecological benefits to a wide range of bat

species (Hale et al., 2012; Mimet et al., 2020).

Foraging bats, often show increased activity in areas with relatively open canopy structure (Ford et
al., 2006; Kusch et al., 2004), likely due to the combination of higher insect availability, unobstructed
flight paths, and continued protection from aerial predators (Marques et al., 2016). These spaces
function similarly to scattered vegetation by creating edge habitats, a particularly important feature
for supporting edge- and open-space foraging species (Denzinger & Schnitzler, 2013). Even small
patches of greenspace or isolated plantings can offer suitable habitat for open-space foragers (Moretto
et al., 2019), owing to their fast and agile flight abilities and flexibility in echolocation behaviour,
which can also explain their success in urban areas (Hale et al., 2012; Suarez-Rubio et al., 2018).
Ground-level vegetation, such as shrubs and bushes, can positively influence bat activity (Suarez-
Rubio et al., 2018). In urbanised environments where impervious surfaces dominate, small ground
vegetation can promote insect-rich foraging habitat (Griiebler et al., 2008) and, when integrated into
parks, roadsides, or residential gardens, small ground vegetation contributes to the structural
complexity of the urban green matrix (Jung & Threlfall, 2016). Maintaining such elements across the
urban matrix is therefore vital for conserving functional connectivity, habitat quality, and sustaining

bat populations in increasingly urbanised areas.

Single-species models

Given that individual bat species differ in their ecological requirements and sensitivities to habitat

features, it was important to analyse species-specific responses to determine whether the patterns
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observed at the community-level were driven by a few dominating species. Pipistrellus pipistrellus
and Pipistrellus kuhlii/nathusii were among the most abundant species in the dataset. If these species
exhibited similar patterns to those observed at the community-level, it would suggest they are largely
driving the overall results. Conversely, any diverging patterns would indicate that less abundant or
functionally distinct species also contribute meaningfully to the overall activity patterns, highlighting

the complexity of bat community dynamics within Alpine urban environments.

Pipistrellus pipistrellus

Calls from Pipistrellus pipistrellus (common pipistrelles) constituted approximately one third of the
dataset. This is not surprising given that they are one of the most abundant and widespread
synanthropic bat species in Europe (Uhrin et al., 2022). P. pipistrellus bats are widely regarded as
resource generalists (Bartonicka & Rehak, 2004; Nicholls & A. Racey, 2006) that benefit from
roosting and foraging sites provided by urban areas, commonly roosting in buildings (Dietz & Kiefer,
2016) and foraging opportunistically at streetlights (Rydell, 1992). Consistent with prior studies, we
found that P. pipistrellus activity was significantly influenced by settlement-scale conditions,
particularly the spatial configuration of small woody vegetation at the neighbourhood-scale (Hale et
al., 2012; Mimet et al., 2020; Suarez-Rubio et al., 2018). Following similar patterns and likely
contributing substantially to the overall bat activity, this suggests that even a highly urban-tolerant
species, such as P, pipistrellus, depends on a certain level of natural habitat in the urban environment
to persist. The importance of small vegetation patches for P pipistrellus activity has been
demonstrated in previous research (Hale et al., 2012; Mimet et al., 2020). For instance, they are often
observed near vegetation features like rows of shrubs and trees (Limpens & Kapteyn, 1991; Verboom
& Huitema, 1997), which serve not only for navigation and shelter but also as optimal foraging
habitats. Small private gardens have been shown to positively influence habitat availability, even in
large cities where such spaces tend to be relatively small in size (Mimet et al., 2020). These green
areas share functional similarities with small, isolated vegetation patches embedded within the wider
urban matrix, as both function as stepping stones that connect larger green spaces throughout the
urban environment and promote a more cohesive ecological network. Our findings reinforce those of
Mimet et al. (2020), emphasising that the spatial configuration of small woody vegetation within
cities and even smaller settlements emerges as an important driver of P. pipistrellus activity. The
species-level significance underscores the value of incorporating such habitat features into the urban

environment to support resilient bat communities in the face of increasing urbanisation.
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In contrast to the patterns observed at the community level, our results suggest that P. pipistrellus
activity within settlements was also influenced by landscape-scale conditions, particularly those
explaining landscape structure and forest configuration. P. pipistrellus showed a positive response to
the amount of forest edge habitat but a negative response to increasing forest patch size. This indicates
that activity was highest in settlements surrounded by small to medium-sized, fragmented forest
patches. As an edge-space forager (Denzinger & Schnitzler, 2013), P. pipistrellus is well adapted to
foraging along a diverse range of habitat types, including but not limited to, linear features, such as
hedgerows, woodland edges, and isolated tree lines along roads (Davidson-Watts et al., 2006;
Nicholls & A. Racey, 2006; Verboom & Huitema, 1997). Their specific echolocation and wing
morphology facilitate fast flight that allows them to travel greater distances per night and contributes
to a high tolerance for habitat fragmentation (Froidevaux et al., 2016; Norberg et al., 1997). In
addition, their relatively large home ranges (Nicholls & Racey, 2006) and responses to surrounding
landscapes (Fuentes-Montemayor et al., 2011) further support our findings of landscape scale effects
beyond the urban area. These traits also make them especially adaptable to urban environments that
offer similar ‘edge terrains’ (Starik & Gottert, 2022). Structurally rich forest habitats are attractive to
edge-space foragers (Boughey et al., 2011; Estrada & Coates-Estrada, 2002; Lesinski et al., 2000)
due to their association with roosting sites (Froidevaux et al., 2021; Yates & Muzika, 2006), high prey
availability (Griiebler et al., 2008; Jung et al., 2012), and protection from wind and predators
(Verboom & Spoelstra, 1999). However, increasing vegetation density and forest cover at the
landscape-scale has been shown to reduce P. pipistrellus activity, likely due to echolocation and
mobility constraints within more cluttered environments (Froidevaux et al.,, 2016; Fuentes-
Montemayor et al., 2013; Rachwald et al., 2016; Suarez-Rubio et al., 2018), which is consistent with
our findings. While previous studies have reported a greater significance of landscape metrics
(Fuentes-Montemayor et al., 2013), our findings reveal the importance of multi-scale vegetation
structure. Ultimately reflecting the critical role that habitat complexity and heterogeneity play in

supporting P. pipistrellus populations within Alpine urban environments.

There was a strong positive association between P. pipistrellus activity and open habitats, including
cropland, pastures and meadows surrounding settlements. Previous research also links the species to
open agricultural habitats (Ancillotto et al., 2017; Davidson-Watts et al., 2006; N. C. Downs &
Sanderson, 2010; Minarro & Garcia, 2025; Rachwald et al., 2016), likely due to their flexible foraging

strategy and generalist behaviour that allow them to deviate from their optimal habitats (Davidson-
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Watts et al., 2006; Sattler et al., 2007). However, activity in such areas is dependent on the intensity
of management (Paniccia et al., 2025). Traditional, low-intensity agricultural practices often maintain
biodiversity-rich grasslands, meadows, and grazed pastures that support abundant insect prey (Tasser
et al., 2007), and consequently bat activity. In these environments, the presence of linear features,
such as hedgerows, small vegetation patches or isolated trees may further influence P. pipistrellus
activity in open habitats, though not explicitly classified as forests. Greater amounts of hedgerows in
particular provide ideal habitat for prey and therefore enhance foraging opportunities (Lundy &
Montgomery, 2010). As noted, P. pipistrellus prefer to fly along such features, likely due to the greater
insect densities that swarm around vegetation compared to adjacent open fields (N. Downs & Racey,
2006; Verboom & Huitema, 1997). These types of swarms are especially likely for small, weak flying
insects, such as dipteran flies that comprise a major part of their diet (Barlow, 1997). Villages are
often associated with rural landscapes (Printz & Jung, 2023) where open habitats and traditional
agriculture make up important conditions for bats (Hunninck et al., 2022). In our study, P. pipistrellus
activity was highest in villages, suggesting a preference for heterogenous peri-urban environments
that offer both foraging and roosting opportunities. As suggested by Jung & Threlfall. (2016), urban
areas within grassland regions may enhance structural heterogeneity, thus benefiting both overall
species richness and bat activity. The maintenance of structurally diverse features could support
abundant, generalist populations, like that of P pipistrellus, while simultaneously enhancing
conditions for more sensitive species (Frey-Ehrenbold et al., 2013). Additionally, the positive effect
of forest patch edge, along with the marginally significant effect of the number of patches may suggest
that these open habitats contain small, dispersed forest fragments. These fragments likely contribute

to the overall structural heterogeneity that P. pipistrellus benefits from.

Pipistrellus kuhlii/nathusii

As in many other studies, Pipistrellus kuhlii (Kuhl’s pipistrelle) and Pipistrellus nathusii (Nathusius’
pipistrelle) were treated as a single acoustic group. Due to the overlapping acoustic parameters,
distinguishing between these species is challenging without the presence of social calls or capture
data (Zsebok & Gorfol, 2012). Nevertheless, these species differ markedly in their roosting and
foraging ecology as well as their habitat requirements. Pipistrellus kuhlii is considered one of the
most widespread and synanthropic bat species in Europe (Ancillotto et al., 2015, 2016; Maxinova et
al., 2016). It frequently roosts in man-made structures, especially within urbanised areas (Ancillotto
etal., 2015; Maxinova et al., 2016), and largely benefits from foraging in artificially illuminated areas

(Ancillotto et al., 2015; Haffner & Stutz, 1985). Although primarily a Mediterranean species (Dietz
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& Kiefer, 2016), climate change has acted as a major driver for range expansion across northeastern
Europe (Ancillotto et al., 2016), a trend expected to continue in response to increasing temperatures
(Rebelo et al., 2010). In contrast, Pipistrellus nathusii is less common in urban settings and may
actively avoid highly urbanised areas (Nusova et al., 2019), though it has occasionally been associated
to small urban areas (Kusch & Schmitz, 2013; Lundy & Montgomery, 2010). It typically select roosts
in trees (Nusova et al., 2019; Strelkov, 2000) and prefers foraging over water bodies in wooded and
open riparian sites (Ciechanowski et al., 2009; Gelhaus & Zahn, 2010; Nusova et al., 2019). P.
nathusii distribution spans from western Europe to Asia (Strelkov, 1997), occurrences in southeastern
Europe are mainly the result of seasonal migration (Hutterer et al., 2005). Given these ecological
differences, the results of this study have been interpreted with caution as the specific identity of the
recorded individuals remains uncertain. Nevertheless, local expert opinion suggests that P. kuhlii is
the more likely species present in the study area. This is further supported by the limited social call
data available, which shows 90% of the P. kuhlii/nathusii social calls were clearly identified as P,

kuhlii.

Our models revealed a clear affiliation of P. kuhlii/nathusii with urban habitats and urbanised
landscapes. This affiliation aligns with previous studies reporting the synanthropic tendencies of P.
kuhlii (Ancillotto et al., 2015; Nusova et al., 2019; Polak et al., 2011; Russo & Ancillotto, 2015;
Tomassini et al., 2014) and the partial urban tolerance of P. nathusii (Kusch & Schmitz, 2013;
Lewanzik et al., 2022; Lundy & Montgomery, 2010; Sachanowicz et al., 2018). The strong positive
association to artificial light is commonly reported in the literature. For example, P. kuhlii frequently
exploits streetlamps as foraging sites (Ancillotto et al., 2015; Polak et al., 2011; Russo et al., 2017;
Tomassini et al., 2014) and increased productivity of maternity colonies has been observed in
suburban areas with higher levels of artificial illumination (Ancillotto et al., 2015). However, drinking
activity has been shown to decline under artificial illumination (Russo et al., 2017) and overall activity
appears to decrease after reaching a radiance threshold (Azam et al., 2016), indicating that even light-
tolerant species like P. kuhlii are not entirely immune to the disruptive effects of artificial light. P
nathusii exhibits varying responses to artificial light (Lacoeuilhe et al., 2014; Laforge et al., 2019;
Lewanzik et al., 2022; Straka et al., 2019), though light types appear to play an important role. For
instance, activity has been observed to increase around UV emitting street lamps (Straka et al., 2019),
likely due to the attraction of larger moths (van Langevelde et al., 2011) being a major prey item of

P. nathusii (Kriiger et al., 2014).
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Beyond the settlement and landscape conditions, Pipistrellus kuhlii/nathusii activity was negatively
associated with longitude, indicating higher activity in the western settlements of South Tyrol. Given
that our study area spans a relatively narrow longitudinal range, it is likely that longitude serves as a
proxy for other underlying variables, such as temperature, elevation, or population density. Although
these factors were not significant individually, their combined effects may be driving the observed
patterns, which are possibly amplified by the unique landscape structure. The narrow longitudinal
range may suggest a correlation with the Adige Valley (Val d’Adige/Etschtal) and the specific
conditions that support P. kuhlii/nathusii activity. Notably, some of the highest P. kuhlii/nathusii call
rates were recorded in sites located between Merano and south of Bolzano, two of the largest and
most urbanised cities of South Tyrol (Balest et al., 2019). The Adige Valley has experienced historical
processes of urbanisation, anthropogenic land use modification (Scorpio et al., 2018), and intensified
agriculture, including traditional agricultural systems (Agnoletti & Biasi, 2013; Zimmermann et al.,
2010). As a highly adaptable and synurbic species, P. kuhlii is known to thrive in a wide range of
habitats (Teixeira & Russo, 2021) and even benefits from urbanisation (Ancillotto et al., 2015).
Therefore, these findings may merely reflect a general preference for urbanised landscapes rather
than a specific geographic location. Although longitude and temperature were not significantly
correlated, our data showed that settlements located in the Adige Valley experienced the highest
annual temperatures. As a typically Mediterranean species (Dietz & Kiefer, 2016; S. Teixeira &
Russo, 2021), the positive association of P. kuhlii with increasing temperatures is well documented
in the literature (Ancillotto et al., 2016; Locatelli et al., 2019; Rebelo et al., 2010; Sachanowicz et al.,
2009). It is likely they are even favoured by the warming conditions driven by climate change (Rebelo
et al., 2010). The Adige Valley is known for its unusually warm climate relative to the surrounding
Alps and annual temperatures are continuing to rise (Zebisch et al., 2018). The combination of
favourable conditions in this area, such as urban development, supportive topography, and warm

temperatures, may thus explain the strong presence of P. kuhlii in the area.

2.5. Conclusions

These species-specific and varying responses to both settlement and landscape scale conditions
highlight the importance of habitat heterogeneity within urban environments, and the surrounding
landscape for supporting diverse bat communities. For example, the contrasting responses to artificial
light, although only marginally significant for P. pipistrellus, suggests that even species considered
highly urban tolerant can show differing responses to common urban features. Such diverging habitat

use and multi-scale requirements have been well demonstrated among the morphologically similar
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species within the Pipistrellus genus (Davidson-Watts et al., 2006; Kusch & Schmitz, 2013; Lintott
et al., 2015; Lison & Calvo, 2013; Nicholls & Racey, 2006). Moreover, the discrepancies between
species-level responses and overall activity suggests that behaviours of less dominant species may
influence broader activity patterns, despite these effects not reaching statistical significance. For
instance, P. kuhlli/nathusii showed a marginally negative response to the proportion of historic
buildings, while total bat activity exhibited a marginally positive response. P. kuhlii is known to take
advantage of roosts in buildings and they are typically less selective in the roost type or location
(Ancillotto et al., 2015). In comparison, many other species roost in buildings that resemble the rocky
environments to which they are originally adapted (Baker & Harris, 2007; Luck et al., 2013), such as
Rhinolophus species that utilise historic buildings as key maternity colony roost sites (Wegiel et al.,
2021), ultimately underscoring the importance of historic buildings for offering stable and reliable
conditions for less urban tolerant species (Harbusch & Racey, 2006; Howard & Richardson, 2009).
Although these species were relatively rare in our dataset, their strong affiliation to such urban habitat
features remained detectable in the data. This ultimately emphasises the importance of investigating
single-species or ecologically similar functional groups, to better understand responses to
urbanisation, meet the requirements of different species, and to further inform the conservation

management and planning of bat friendly urban spaces.

We investigated how urban settlements in a mountainous landscape, such as South Tyrol, affect bat
species richness and activity. Such knowledge is crucial for the conservation of bats in regions that
are experiencing increasing rates of urbanisation though remain relatively understudied. Our study
highlights the unique situation in mountainous landscapes, where settlement type, and by extension
urbanisation intensity, may have less influence on bat populations than specific habitat and landscape
features. The retention of natural habitats and the contrasting influence of landscape structure appear
to mitigate the negative effects of urban development typically observed in other urbanised lowland
environments. While settlement type alone appears less influential in the Alpine context, our findings
underscore the importance of preserving and maintaining structurally heterogenous vegetation both
within and around settlements, to support diverse bat populations. The varying responses exhibited
by the typically urban tolerant species further emphasises the importance of investigating species-
specific responses to ensure conservation strategies effectively address the ecological needs of all

species, specifically in regions like South Tyrol that may diverge from typical urban ecology patterns.
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Chapter Three: The role of functional traits in shaping urban tolerance in bats

3.1. Introduction

Species vary widely in their ability to adapt and persist in environments shaped by anthropogenic
disturbance (Grimm et al., 2008; Giineralp et al., 2013; Hahs et al., 2023; McDonnell & Hahs, 2015;
Mckinney, 2006). Urbanisation drives a range of ecological responses by native or resident species,
reflecting persistence and survival challenges for species that are specifically adapted to non-urban
environments (McDonnell & Hahs, 2015). In many cases such transformations lead to the formation
of novel ecosystems that ultimately impose strong filtering effects on local communities, resulting in
altered species compositions (Hobbs & Cramer, 2008; Kowarik, 2011). Urban biotic communities
may undergo both taxonomic and functional homogenisation (McDonnell & Hahs, 2015; Mckinney,
2006; Morelli et al., 2016), with highly urbanised environments favouring well-adapted, mobile,
generalist species, that share similar life history traits (Fournier & Frey, 2020; Hahs et al., 2023;
Merckx et al., 2018; Niemeld & Kotze, 2009). Such patterns and traits have been increasingly
documented across multiple taxa globally (Hahs et al., 2023), especially in plant and bird
communities that tend to exhibit fewer dominating species in the urban core compared to adjacent
natural habitats (Bonier et al., 2007; Meffert & Dziock, 2013; Morelli et al., 2016; Petersen et al.,
2022).

Traits are the measurable attributes of any organism that describe morphology, phenology, behaviour,
and life history. Such attributes can indirectly affect fitness by influencing growth, reproduction, and
survival and they play a central role in understanding a species’ capacity to persist in urban landscapes
(Violle et al., 2007). Across taxa, traits related to mobility, diet, nesting or roosting flexibility, and
body size or structure, have been linked to urban tolerance (Concepcion et al., 2015; Hahs et al., 2023;
Mckinney, 2006; Santini et al., 2019). In bat communities specifically, functional traits have helped
explain the variation in urban tolerance and habitat utilisation among species (Duchamp & Swihart,
2008; Jung & Threlfall, 2018). The effects of urbanisation are different depending on the species and
context, though typically sensitive species are ‘filtered out’ of urban environments because they lack
the ability to adapt to the altered conditions (McDonnell & Hahs, 2015), while species that possess
more generalist traits exhibit more useful pre-adaptations and tend to prevail (McDonnell & Habhs,
2015; Starik et al., 2024). Many bat species have adapted to anthropogenic conditions, but the general

pattern of lower activity, species richness, and simplification of bat communities as the level of
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urbanisation increases, remains a conservation challenge (Gaisler et al., 1998; Russo & Ancillotto,

2015).

A comprehensive global meta-analysis conducted by Jung & Threlfall (2018), based on data of 180
insectivorous bat species, identified at least seven functional traits that help explain tolerance or
vulnerability to urbanisation. Foraging guild, roosting strategy, echolocation frequency, forearm
length, aspect ratio (the ratio of wingspan to wing area), wing loading (wing area per body mass), and
weight were the most informative indicators. In particular, urban tolerance was significantly more
likely in bats within the classification of open- and edge-space aerial foraging and trawling species,
with a flexible roosting strategy, low echolocation frequency, shorter forearm length, and higher

aspect ratio, wing loading and weight.

Sensitivity to urbanisation among bats varies in relation to foraging strategy (Jung & Threlfall, 2018).
Species that forage for airborne insects in open or edge spaces (above the canopy or in forest gaps),
or by trawling insects from water surfaces (Denzinger & Schnitzler, 2013), tend to exhibit higher
urban tolerance (Jung & Threlfall, 2018; Russo & Ancillotto, 2015). In contrast, clutter-adapted
species that forage within forest interiors (Denzinger & Schnitzler, 2013), are generally more
negatively impacted by urban environments (Threlfall et al., 2011). Foraging strategy is strongly
influenced by echolocation characteristics (Russo & Jones, 2002) and wing morphology (Norberg et
al., 1997). Urban-tolerant species often produce long-duration, low-frequency echolocation calls
(Schnitzler & Kalko, 2001; Threlfall et al., 2011) and have long, narrow shaped wings (Norberg et
al., 1997). These traits in particular support fast, mobile, and sustained flight (Jung & Kalko, 2011;
Jung & Threlfall, 2018), likely enhancing a bats ability to navigate fragmented urban landscapes in
search of dispersed resources, such as insects around streetlights (Lewanzik & Voigt, 2017), urban
parks (Avila-Flores & Fenton, 2005), or limited water sources (Jung & Threlfall, 2018; Kalcounis-
Riippell et al., 2005; Lewanzik et al., 2022). Urban features, such as buildings, roads, and parks, may
structurally resemble the open or edge space conditions that these species are adapted to (Jung &

Kalko, 2010; Jung & Threlfall, 2016).

Traits that allow for flexible roosting strategies have also been associated with urban tolerance (Russo

& Ancillotto, 2015). Some species can exploit anthropogenic structures, such as buildings, bat boxes,
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bridges, or other artificial sites that mimic the structural or functional properties of a natural cliff,
cave or tree roost (Russo & Ancillotto, 2015; Voigt et al., 2016), while other species that are more
specialised for natural roosts are less capable of adapting to anthropogenic options (Russo &
Ancillotto, 2015). The ability to forage around streetlights is another important indicator of urban
tolerance, considering the substantial increase in artificial lighting as a result of urbanisation (Rowse
etal., 2016; Stone et al., 2015). Given the high diversity of bat species (Wilson & Mittermeier, 2019),
individual species are likely to possess different combinations of these ‘useful’ traits, contributing to

functional differences in urbanisation responses.

In urban ecology, previous studies have categorised species from multiple taxa, including bats, into
three groups based on their responses to urbanisation (Blair, 1996; Fischer et al., 2015; McKinney,
2002). Urban dwellers range from species that can persist and occasionally reproduce in urban areas
to having viable populations in both natural and urban ecosystems. Urban utilisers correspond to
species that may opportunistically use urban resources but do not permanently reside in urban areas.
Urban avoiders are species that are generally absent from, or mostly avoid, developed areas (Fischer
et al., 2015). Understanding which category a species falls into can help determine the extent of
conservation action required. Typically, these groups are derived from the spatial or temporal
frequency of a given species across urbanisation gradients (Hayes et al., 2023). However, occurrence-
based classifications alone may not fully capture the complex mechanisms that shape how species
interact with or respond to urban environments (Jung & Threlfall, 2018). In Alpine regions (referring
to the European Alps) that exhibit a highly heterogenous and unique landscape structure, urban
settlements are often more historic, compact, and closely integrated with the surrounding natural land
cover (Romano & Zullo, 2016). Typical species responses to the urban environment may deviate
from those observed in more expansive, lowland urban systems across much of Europe. For example,
species typically considered sensitive to urban development may exhibit a degree of tolerance in
mountainous settlements due to the continued presence of mature forests and other favourable habitats
that can buffer potential urban effects (Russo et al., 2004; Tena & Telleria, 2022). As such, the
conventional urban response categories of dwellers, utilisers, and avoiders may require refinement to

better reflect the ecological dynamics of such unique landscapes.

Bats foraging in similar habitats that share foraging modes or diets tend to encounter similar

ecological constraints (Schnitzler & Kalko, 2001). Grouping assemblages of bat species by foraging
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or echolocation guilds has proven particularly useful (Denzinger & Schnitzler, 2013; Schnitzler &
Kalko, 2001), especially when assessing responses of species that are rare or hard to detect. However,
even species within the same functional groups may differ in other traits that they possess, such as
those related to roosting ecology, dispersal capacity, and general tolerance to anthropogenic
disturbances, potentially leading to divergent responses to urbanisation. Trait-based approaches are
increasingly used to characterise and understand the functional aspects of biodiversity (McGill et al.,
2006). Trait-based approaches provides information that points to the potential processes behind
observed responses and are particularly well suited to investigating the ecological mechanisms that
drive species assemblages and shape local community composition (Hahs et al., 2023; McDonnell &
Hahs, 2015). Integrating trait-based approaches alongside traditional guild-based frameworks and
monitoring may improve our ability to assess species-specific urban tolerance and help identify
priority areas for conservation within the urban landscape (Jung & Threlfall, 2018). These

observations raise interesting questions that this study aims to answer:

1) Are foraging or echolocation guilds alone sufficient to categorise bat species and predict
their responses to urban environments, or do other functional traits also contribute to
shaping urban assemblages?

i1) Do trait-based classifications of urban tolerant or sensitive species align with the

commonly used urban response groups (dwellers, utilisers, and avoiders)?

3.2. Materials and methodology

3.2.1. Trait data collection

Based on the set of ‘urban tolerant’ traits identified by Jung & Threlfall (2018), we compiled species-
specific trait information based on the 17 bat species or taxa recorded within urban settlements in
South Tyrol between 2019-2023 (see Chapter 2, table 2). Some of the recordings were only detectable
to the genus-level due to overlapping echolocation parameters. However, because our focus was on
understanding species-level responses and potential effects on community assemblages, we separated
groups for the initial urban response classifications, using expert knowledge and capture records. For
example, where genera such as Myotis or Plecotus were detected, we included species known to occur
in other habitats of the study region. The final dataset included 24 bat species. It is important to note

that, Myotis nattereri has been included in this study based on previous identification of this species
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throughout various habitats in South Tyrol. However, more recent taxonomic revisions and studies
suggest that these calls are more likely attributable to the species Myotis crypticus (see Paniccia et
al., 2025). We retained M. nattereri in the analysis, to be consistent with previous literature. All trait
information was gathered from the EuroBatTrait 1.0 database (Froidevaux et al., 2023), an open-
access, comprehensive and curated dataset, containing 118 functional traits for 47 European bat
species. Missing information was collected from peer-reviewed literature using key words related to
species-specific traits (e.g. foraging guild or light tolerance for data deficient species, such as M.
mystacinus and P. macrobullaris). We included an indicator for light sensitivity in the trait list as bats
respond differently to artificial light and it is among the most important features of urban
environments. We also included an indicator for echolocation guild, including short-range (SRE),
mid-range (MRE), and long-range (LRE) echolocators, in place of echolocation frequency (Frey-
Ehrenbold et al., 2013). These guilds were determined based on specific call design and parameters
of each species and represent a combination of echolocation duration and frequency. Body mass was
the mean weight of each bat species, measured in grams, and forearm length was measured from the
elbow to the wrist, in mm. Forearm length between captured bats could be considered as less variable
compared to body mass, because measurements can be taken from museum specimens, thus making
it a more accessible parameter. However, forearm length and mean weight are considered
complementary measures for body size as they directly affect mobility, agility, and prey perception
in aerial hawking bats (Jung & Threlfall, 2018). Aspect ratio and wing loading were included as an
index, standardising these measurements for a clear comparison among species, though the exact
definition of the index created by Jung and Threlfall (2018) is unclear. The final set of traits measured
were foraging guild (Denzinger & Schnitzler, 2013), roost specialisation (Kunz, 1982), body mass,
forearm length, aspect ratio of wing, wing loading, echolocation guild (Frey-Ehrenbold et al., 2013),

and light tolerance (Stone et al., 2015) (Table 7).
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Table 7. List of species traits used for the classification of functional group; data types are either continuous or categorical. Within
‘Foraging guild’: EA = edge-space aerial; OA = open-space aerial; ET = edge-space trawling; NG = narrow-space gleaning; NF =
narrow-space flutter detecting forager. Within ‘Echolocation guild’: SRE = short-range echolocator; MRE = mid-range echolocator;
LRE = long-range echolocator.

St Foraging Roost Body Aspect | Forearm Wing Echolocation Light
guild specialisation mass ratio length loading guild tolerance
Barbastella barbastellus EA specialised 8.87 2.12 39.1 7.87 SRE sensitive
Eptesicus nilssonii OA flexible 10.7 2.9 39.9 10.31 LRE tolerant
Eptesicus serotinus OA flexible 223 2.2 52.1 11.31 LRE tolerant
Mpyotis bechsteinii NG specialised 9 2.02 423 7.35 SRE sensitive
Myotis blythii NG flexible 232 2.09 58.3 10.4 SRE sensitive
Mpyotis brandtii NG specialised 6.2 2.02 352 7.48 SRE sensitive
Mpyotis daubentonii ET specialised 8.1 2.12 37.2 9.11 SRE sensitive
Myotis emarginatus NG flexible 8.1 1.97 39.1 6.65 SRE sensitive
Myotis myotis NG flexible 26.7 2.11 61.1 9.79 SRE sensitive
Myotis mystacinus NG flexible 54 2.08 34 7.5 SRE sensitive
Mpyotis nattereri (crypticus) NG flexible 7.9 2.05 39.7 7.38 SRE sensitive
Nyctalus leisleri OA specialised 15.4 2.58 433 14.15 LRE tolerant
Nyctalus noctula OA flexible 28.5 2.75 53.6 16.8 LRE tolerant
Hypsugo savii EA specialised 7.4 2.17 339 8.94 MRE tolerant
Pipistrellus kuhlii EA flexible 6.6 2.15 34 8.37 MRE tolerant
Pipistrellus nathusii EA flexible 7.9 2.12 34 9.55 MRE tolerant
Pipistrellus pipistrellus EA flexible 4.9 2.16 31.1 7.61 MRE tolerant
Pipistrellus pygmaeus EA flexible 5.2 2.21 30.8 9.36 MRE tolerant
Plecotus auritus NG flexible 7.9 2.06 39.1 7.13 SRE sensitive
Plecotus macrobullaris NG flexible 8.3 2.07 414 7.15 SRE sensitive
Rhinolophus ferrumequinum NF specialised 21.2 2.06 55.8 10.4 SRE sensitive
Rhinolophus hipposideros NF specialised 5.5 1.84 37.6 5.99 SRE sensitive
Tadarida teniotis OA flexible 28.3 2.97 60.7 12.73 LRE tolerant
Vespertilio murinus OA flexible 14.5 2.31 449 10.38 LRE tolerant

3.2.2.  Statistical analysis

To identify potential groups of urban-influenced species based on their traits, we first applied k-means
cluster analysis to the species-trait matrix to determine natural groupings of functionally similar
species. The optimal number of clusters was initially assessed using the ‘fviz_nbclust’ function of the
‘factoextra’ R package (Kassambara & Mundt, 2020), by comparing results of the elbow, silhouette
(Rousseeuw, 1987), and gap statistic (Tibshirani et al., 2001) methods, and through visual inspection

of clusters!.

1 There is no consensus on which is the best method, and it is generally advised to compare the clusters

formed by each method to establish the optimal number. The elbow method plots the within-cluster

sum of squares (WSS) as a function of the number of clusters and identifies the point in the WSS
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We estimated Gower’s pairwise functional distances (Gower, 1971) across species assemblages using
the ‘daisy’ function of the ‘cluster’ R package (Maechler et al., 1999). Gower’s distances quantify
functional differences among species using both continuous and categorical traits (Gower, 1971).
Using the ‘phylogenetic and evolution (ape)’ R package (Paradis et al., 2002), we constructed a
hierarchical cluster dendrogram plot with average linkage based on the dissimilarity matrix, to assess
the performance of species assignments within each cluster. The dendrogram was visualised with the
‘ggtree’ R package (Yu et al., 2017). We computed a Principal Coordinates Analysis (PCoA) on the
basis of the Gower’s Distance functional matrix using the ‘phylogenetic and evolution (ape)’ R
package (Paradis et al., 2002). The PCoA was used to describe multidimensional trait space. To
identify which traits contributed to the distribution of species along each axis in the multidimensional
trait space, we projected trait vectors onto the PCoA using covariance values. We also calculated the
centroid and maximum distance from the centroid of each cluster group and overlayed these onto the
multidimensional trait space to visualise and assess the distinctiveness of each group. The PCoA

results were visualised using ‘ggplot’ (Wickham, 2009).

Upon classification of functional groups, we applied permutational analysis of variance
(PERMANOVA) based on the Gower’s distance matrix to test for significant differences among each
group, using the ‘adonis2’ function of the ‘vegan’ (Oksanen et al., 2025) R package. Additionally, to
assess whether group differences were evident in our original data (Chapter 2), we summed the
acoustic activity of each species within their assigned group. Due to limitations in acoustically
distinguishing species within the Myotis genus we used combined Myotis data. Helpfully, all Myotis
species were assigned to the same response group under our classification. We assessed the
assumptions of normality and homogeneity of variances for each group’s activity. As these
assumptions were not met, we performed a non-parametric Kruskal-Wallis rank sum test (Table S1)
(Kruskal & Wallis, 1952) using the base R package (R Core Team, 2024), to test for differences in

mean activity among the groups. Where significant differences were found, we conducted post-hoc

curve where the rate of decrease starts to slow down. The elbow method is somewhat subjective
because the elbow of the curve can be identified at different points (Kodinariya & Makwana, 2013).
The silhouette score measures how well each point is clustered with its own cluster, compared to
others, the maximum silhouette score is identified as the optimal number of clusters (Rousseeuw,
1987). The gap statistic compares the observed within-cluster dispersion with a reference distribution;
the aim of this method is to select the number of clusters that maximises the 'gap statistic (Tibshirani
etal., 2001).
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pairwise comparisons using Dunn’s test (Dunn, 1961) with Bonferroni adjusted p-values, from the

‘rstatix’ R package (Kassambara, 2019).

To assess whether urbanisation level influenced the activity of our functional groups, we applied a
similar procedure as above by comparing the activity of each group across the three urban settlement
types (village, city, and industrial), as defined in the previous chapter. We again used the Kruskal-
Wallis rank sum test (Kruskal & Wallis, 1952) followed by a Dunn’s test (Dunn, 1961) with
Bonferroni correction for comparison among significantly different groups. All results were
visualised using ‘ggplot’ and we used a log transformation on all activity data to allow for clear

comparisons across groups (Wickham, 2009).

To understand the influence of habitat variables on our different functional groups and whether urban
development filters out functionally similar species, we selected four variables representing different
levels of urbanisation. Using the same variables described in Chapter 2 (see chapter 2.2.4), we initially
created density plots of all variables using ‘ggplot’ (Wickham, 2009), to visualise their distributions
across sites (Figure S4). From this we selected: historic buildings (500 m), to be used as a proxy for
villages, and impervious surfaces (500 m) to be used as a proxy for cities and industrial sites. We
included small woody vegetation (500 m) to represent the natural habitat within each urban area. The
number of forest patches was included to capture the degree of naturalness surrounding each
settlement, accounting for both continuous and fragmented forested areas relevant to individual
species’ ecological needs. We limited the analysis to only four variables to reduce the potential of
overfitting the following models (Zuur & Ieno, 2016). We applied a similar procedure as described
in Chapter 2; we ran Generalised linear mixed models (GLMM) with a negative binomial distribution
to test the effect of the selected variables on the activity of each functional group. A global model was
built for each group, including the four selected variables as fixed effects and year as a random effect.
We built all possible model combinations using the ‘dredge’ function of the ‘MuMIn’ R package
(Barton, 2024). We then performed model selection based on Akaike’s information criterion adjusted
for small samples (AICc < 2; Burnham & Anderson, 2004), followed by model averaging where there
was more than one final unique model (AICc < 2). We visualised the final predicted activity values
with confidence intervals (95%) for individual variables using ‘ggplot’ (Wickham, 2009). All analyses

were run in R version 4.4.1 (R Core Team, 2024).
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3.3. Results

We were able to assign the 24 bat species in this study into three distinct functional groups based on
four continuous and four categorical functional traits. Both the silhouette and gap statistic methods
determined that there were five optimal clusters (Figure 10). However, visual inspection of the
hierarchical cluster dendrogram constructed on the basis of functional trait dissimilarity (Figure 10),
revealed that one of the five clusters contained only a single species. The hierarchical cluster
dendrogram with four clusters revealed sets of species that exhibited greater functional similarities
compared to species within other groups (Figure 10). Finally, upon closer examination, two of the
four groups (groups 1 and 2) showed substantial overlap in trait composition and were separated due
to divergences in foraging guild or foraging mode. As a result, we combined them into a single group
(Figure 10), yielding three final functional groups for further analyses. The permutational multivariate
analysis of variance indicated the three groups were statistically different from each other (df =2, R®

=0.797, P=0.001) (Table 8).

Table 8. Results of PERMANOVA testing for statistical differences among functional groups derived from Gower’s distance matrix.
Df: degrees of freedom; SS: sum of squares; R%: square of correlation; F: F-value by permutation; P: p-value. (***) p <0.001.

Df SS R? F P
Group 2 2.254 0.797 41.126 0.001 (**%)
Residual 21 0.576 0.203
Total 23 2.83 1

Group A (Table 9 & Figure 10) was primarily composed of species within the ‘narrow space passive
gleaning’ foraging guild that use short range echolocation calls and are sensitive to artificial light.
Most species within group 1 use a flexible roosting strategy (with the exception of M. brandtii and
M. bechsteinii, which roost mainly in tree cavities or hollows). The mean body mass of species within
group 1 ranged from 5.4 —26.7 g, the mean aspect ratio index ranged from 2.08 —2.11, mean forearm
length ranged from 34 — 61.1 mm, and the mean wing loading index ranged from 6.65 — 10.4 (M.
blythii, M. myotis, M. bechsteinii, M. brandtii, M. msytacinus, M. emarginatus, P. macrobullaris, M.

nattereri (crypticus), P. auritus).

Group B (Table 9 & Figure 10) consisted of a mix of species within the ‘narrow space flutter detecting,

edge space aerial, and edge space trawling’ foraging guilds. All species within group 2 use short range
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echolocation calls, are sensitive to artificial light, and use a specialised roosting strategy. The mean
body mass of species within group 2 ranged from 5.5 — 21.2 g, the mean aspect ratio index ranged
from 1.84 — 2.12, the mean forearm length ranged from 37.2 — 55.8 mm, and the mean wing loading
index ranged from 5.99 — 10.4 (R. ferrumequinum, R. hipposideros, B. barbastellus, M. daubentonii).
Due to their overlapping trait profiles, Groups A and B were merged and are henceforth treated as a

single group, referred to as Group 1.

Group 2 (Table 9 & Figure 10) was composed of species within the ‘open space’ foraging guild, that
used long range echolocation calls, were tolerant of artificial light, and predominately had a flexible
roosting strategy (with the exception of N. leisleri). The mean body mass of species within group 3
ranged from 10.7 — 28.5 g, the mean aspect ratio index ranged from 2.2 — 2.97, mean forearm length
ranged from 39.9 — 60.7 mm, and the mean wing loading index ranged from 10.31 — 16.8 (E. nilssonii,

N. leisleri, E. serotinus, V. murinus, N. noctula, and T. teniotis).

Group 3 (Table 9 & Figure 10) was primarily composed of ‘edge space’ foragers, that used mid-range
echolocation calls, were predominately tolerant of artificial light, and had a flexible roosting strategy
(with the exception of H. savii). The mean body mass of species within group 2 ranged from 4.9 —
7.9 g, the mean aspect ratio index ranged from 2.12 — 2.16, mean forearm length ranged from 30.8 —
34 mm, and the mean wing loading index ranged from 7.61 — 9.55 (P. pygmaeus, H. savii, P.
pipistrellus, P. kuhlii, P. nathusii)
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Table 9. Three groups of functionally similar species as identified by hierarchical clustering on the basis of Gower’s distance matrix.
Traits used for the classification of functional group; data types are either continuous or categorical. Within ‘Foraging guild’: EA =
edge-space aerial; OA = open-space aerial; ET = edge-space trawling; NG = narrow-space gleaning; NF = narrow-space flutter
detecting forager. Within ‘Echolocation guild’: SRE = short-range echolocator; MRE = mid-range echolocator; LRE = long-range

echolocator.
Species Foraging Roost Body Aspect | Forearm Wing Echolocation Light
guild specialisation mass ratio length loading guild tolerance
Group 1
Barbastella barbastellus EA specialised 8.87 2.12 39.10 7.87 SRE sensitive
Mpyotis bechsteinii NG specialised 9.00 2.02 42.30 7.35 SRE sensitive
Myotis blythii NG flexible 23.20 2.09 58.30 10.40 SRE sensitive
Mpyotis brandltii NG specialised 6.20 2.02 35.20 7.48 SRE sensitive
Mpyotis daubentonii ET specialised 8.10 2.12 37.20 9.11 SRE sensitive
Myotis emarginatus NG flexible 8.10 1.97 39.10 6.65 SRE sensitive
Myotis myotis NG flexible 26.70 2.11 61.10 9.79 SRE sensitive
Myotis mystacinus NG flexible 5.40 2.08 34.00 7.50 SRE sensitive
Mpyotis nattereri (crypticus) NG flexible 7.90 2.05 39.70 7.38 SRE sensitive
Rhinolophus ferrumequinum NF specialised 21.20 2.06 55.80 10.4 SRE sensitive
Rhinolophus hipposideros NF specialised 5.50 1.84 37.60 5.99 SRE sensitive
Plecotus auritus NG flexible 7.90 2.06 39.10 7.13 SRE sensitive
Plecotus macrobullaris NG flexible 8.30 2.07 41.40 7.15 SRE sensitive
Group 2
Eptesicus nilssonii OA flexible 10.70 2.90 39.90 10.31 LRE tolerant
Eptesicus serotinus OA flexible 22.30 2.20 52.10 11.31 LRE tolerant
Nyctalus leisleri OA specialised 15.40 2.58 43.30 14.15 LRE tolerant
Nyctalus noctula OA flexible 28.50 2.75 53.60 16.8 LRE tolerant
Tadarida teniotis OA flexible 28.30 2.97 60.70 12.73 LRE tolerant
Vespertilio murinus OA flexible 14.50 2.31 44.90 10.38 LRE tolerant
Group 3
Hypsugo savii EA specialised 7.40 2.17 33.90 8.94 MRE tolerant
Pipistrellus kuhlii EA flexible 6.60 2.15 34.00 8.37 MRE tolerant
Pipistrellus nathusii EA flexible 7.90 2.12 34.00 9.55 MRE tolerant
Pipistrellus pipistrellus EA flexible 4.90 2.16 31.10 7.61 MRE tolerant
Pipistrellus pygmaeus EA flexible 5.20 2.21 30.80 9.36 MRE tolerant
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Figure 10. Hierarchical cluster dendrogram on the basis of functional trait dissimilarity by Gower's distances. (a) Grey boxes represent
the five functionally distinct groups as suggested by the elbow, silhouette, and gap statistic methods for clustering. (b) Grey boxes
represent four functionally distinct groups, the first and second grey boxes are separated due to differing foraging guilds. Classified as
groups A, B, C, and D. (c) Red box represents the first cluster of functionally similar species (Group 1), yellow box represents the
second cluster of species (Group 2), blue box represents the third cluster of species (Group 3).
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The first two axes of the PCoA explained 62.01% and 30.26% of the total variation of bat species
within the trait space (Figure 11). PCoA axis one was positively associated with foraging guild and
negatively associated with roost specialisation, light tolerance, echolocation guild, and all traits
explaining bat wing and body morphology, such as forearm length, body mass, wing loading and
aspect ratio. PCoA axis two was positively associated with foraging guild, forearm length, body mass,
wing loading and aspect ratio and negatively associated with echolocation guild, light tolerance, and
roost specialisation (Figure 11A). Species assemblages within the three urban response groups were
successfully represented on the PCoA (Figure 11C), as a clear overlap of the centroids of group 1 and
2 were present when considering four functional groups (Figure 11B). The PCoA axes suggested
species in Group 1 were most associated with foraging guild and forearm length. Species in Group 2
were most associated with wing loading, aspect ratio, and echolocation guild. Species in Group 3

were most associated with roost specialisation (Figure 11A).
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Figure 11. Principal coordinate analysis (PCoA) of Gower distance based on a functional trait matrix for bat species. The x-axis
explained 62.01% of the total functional variance. The y-axis explained 30.26% of the variation. (A) Continuous and categorical traits
projected on the PCoA, with arrows representing the covariance values. Green dots represent the PCoA scores of individual bat species.
(B) Yellow, green, blue and red circles represent the recommended four clusters of functionally similar species, projected around the
centroid of each cluster. (C) Final clusters of functionally similar species, Group 1 (red), Group 2 (yellow), and Group 3 (green). White
dots represent the PCoA scores of individual bat species. N.noc = N. noctula, T'ten = T. teniotis, E.ser = E. serotinus, V.mur = V.
murinus, N.lei = N. leisleri, E.nil = E. nilssonii, Pnat = P. nathusii, Pkuh = P. kuhlii, Ppip = P. pipistrellus, H.sav = H. savii, Ppyg =
P. pygmaeus, M.myo = M. myotis, M.bly = M. blythii, R.fer = R. ferrumequinum, P. mac = P. macrobullaris, M.ema = M. emarginatus,
M.bec = M. bechsteinii, P.aur = P. auritus, M.bra = M. brandtii, M. nat = M. nattereri (crypticus), R.hip = R. hipposideros, M. mys =
M. mystacinus, M.dau = M. daubentonii, B.bar = B.barbastellus.
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The Kruskal-Wallis test revealed that bat activity was significantly different among the three
functional groups (df = 2, X?> = 61.469, P = < 0.001) (Figure 12). Further pairwise multiple
comparisons using Dunn’s test revealed the activity levels of all three groups differed significantly
from one another, with Group 3 exhibiting the highest levels of activity, followed by Group 2, then
Group 1 (Table 10).

Table 10. Dunn’s post hoc pairwise comparisons of activity across study sites for each functional group. Groups 1, 2, and 3 showed
significant differences in activity. n = Sample size; Statistic: Dunn's test statistic; P: p-value; Padj: Adjusted p-value (***) p <
0.001.

Urban response group activity n Statistic P P.adj
Group 1-2 32 4.33 1.51e-5 >0.001 (**%*)
Group 1 - 3 32 7.83 5.05e-15 >0.001 (**%*)
Group 2 - 3 32 3.50 4.67e-4 >0.001 (**%*)
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Figure 12. Boxplots represent a comparative account of log transformed Group 1, 2, and 3 activity of the 32 study sites. Each box
represents the 25%/75% quartiles and the medians are shown with the horizontal lines. The Kruskal-Wallis rank sum test p-value is
shown in the bottom right corner of the plot. The p-values of the Dunn’s test pairwise comparison are shown, representing the significant
differences in activity between each functional group.
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The Kruskal-Wallis test revealed that Group 1 activity differed significantly across the three urban
settlement types (P = 0.0004) (Figure 13). The post-hoc pairwise comparisons, Dunn’s test, revealed
statistically significant differences in activity between villages and cities (P = 0.02), and between
villages and industrial sites (P = 0.0003). The activity levels of Group 1 were highest in villages,
which also contributed to the largest share of the data, compared to the other settlement types. In
contrast, there were no significant differences in Group 2 or Group 3 activity across village, city, and

industrial sites (Figure 13).
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Figure 13. Boxplots represent a comparative account of log transformed Group 1, 2, and 3 activity per urban settlement type (village,
city, industrial) of the 32 study sites. The results show highest activity from Group 3, while Group 1 exhibited significantly higher
activity in villages compared to cities and industrial areas. Each box represents the 25%/75% quartiles and the medians are shown with
the horizontal lines. The Kruskal-Wallis rank sum test with p-values are shown in the top right corner of each plot. The p-value of the
Dunn’s test pairwise comparison is shown in the plot for Group 1.

When looking at the influence of urban habitat variables on the activity of the three functional groups,
we found that Group 1 was significantly negatively associated with impervious surface cover (Figure
14). Both Group 1 and 2 showed a significant positive association with the number of forest patches
(Figure 14 & 15). Additionally, Group 2 showed a marginal positive association with small woody

vegetation (Figure 15). Group 3 showed no significant response to the urban habitat variables.
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Table 11. Group 1, 2, and 3 activity models, with response variables and explanatory variables, estimate, standard error (SE), and p-
values: (***) p<0.001; (**) p<0.01; (*) p<0.05; (.) p=0.05.

Response Variable Explanatory variable Estimate SE Pr(>|z|)
Group 1 Intercept 1.641 0.3069 <0.001 (*¥*%*)
Impervious surfaces -0.913 0.17 < 0.001 (*¥**)
Number of patches 0.499 0.167 0.003 (**)
Group 2 Intercept 5.203 0.29 < 0.001 (*¥**)
Small woody vegetation 0.426 0.222 0.067 (.)
Historic buildings 0.27 0.242 0.288
Impervious surfaces -0.401 0.293 0.191
Number of patches 1.09 0.431 0.015 (*)
Group 3 Intercept 6.764 0.18 <0.001 (***)
Small woody vegetation 0.26 0.171 0.145
Historic buildings 0.215 0.172 0.232
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Figure 14. Predicted values of Group 1 bat activity according to the contributing variables of the best fitting model. Predicted response
to impervious surfaces (500 m) and the number of forest patches (3000 m) are shown, across study sites. Predictions from GLMMs are
represented by the solid lines with 95% confidence intervals indicated in blue. Variable significance is represented in the top left corner:
(***) p<0.001; (**) p<0.01; (*) p <0.05; (ns) p=0.05.
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Figure 15. Predicted values of Group 2 bat activity according to the contributing variables of the best fitting model. Predicted response
to the number of forest patches (3000 m), small woody vegetation (500 m), impervious surfaces (500 m), historic buildings (500 m)
are shown, across study sites. Predictions from GLMMs are represented by the solid lines with 95% confidence intervals indicated in
blue. Variable significance is represented in the top left corner: (*) p < 0.05; (ns) p = 0.05.

3.4. Discussion

We investigated the role of trait composition in shaping functionally similar bat species assemblages
in order to assess urban tolerance or vulnerability. Our findings suggest that bat species can be broadly
grouped into at least three distinct groups of species that may respond similarly to urbanisation. Closer
examination of species’ trait profiles indicates that echolocation guild may be the primary trait
determining group classifications, followed by foraging guild, while the remaining traits show
variation within groups. Group 2 comprised species from the long-range echolocator (LRE) and open-
space foraging guilds. Group 3 included mid-range echolocators (MRE) and edge-space foraging
guilds. These patterns are ecologically coherent, considering echolocation call structure is closely
linked to foraging habitat, foraging mode, and diet (Denzinger & Schnitzler, 2013; Obrist, 1995;

Schnitzler & Kalko, 2001). Open-space foragers use long duration and low frequency calls to detect
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prey in open spaces without signal interference from background clutter, while edge-space foragers
use higher frequency, moderately shorter calls to detect prey in the vicinity of clutter where there is
enough space that the prey and background signals would not overlap (Denzinger & Schnitzler, 2013).
By contrast, Group 1 showed some slight variation in foraging guild despite all being classified as
short-range echolocators (SRE). Most species in this group were narrow-space passive gleaning
foragers, with the exception of the two Rhinolophus species that are narrow-space flutter detectors.
Both guilds are adapted to cluttered environments but differ in prey detection strategies. Passive
gleaners feed on substrate bound insects and may rely on olfactory cues, while flutter detecting
species specialise in distinguishing frequency modulations in their echolocation calls produced by
insect wing beats (Denzinger & Schnitzler, 2013). B. barbastellus was classified into Group 1 despite
belonging to the edge-space foraging guild. Unlike most edge-space foragers, B. barbastellus emits
low-intensity calls, likely to facilitate capture of eared moths that make up their primary food source
but can detect bat calls (Denzinger et al., 2001). Similarly, M. daubentonii belongs to the edge-space
trawling guild, but they require fine-scale prey detection to capture prey over smooth water surfaces

(Kalko & Schnitzler, 1989).

Among the remaining traits, light tolerance and roost specialisation proved useful in distinguishing
Group 1 from Groups 2 and 3. However, the substantial overlap between Groups 2 and 3 may suggest
that these behavioural traits alone are insufficient to determine finer-scale differences in species
assemblages, rather they should be considered alongside other functional traits. Notably, species in
both Groups 2 and 3 predominantly use flexible roosting strategies and exhibit greater tolerance of
artificial light. In contrast, the remaining morphological traits, including body mass, forearm length,
aspect ratio, and wing loading, exhibited the greatest range of values, particularly within Group 1.
For example, M. myotis and M. blythii, often referred to as sibling species or the ‘large Myotis’
(Arlettaz et al., 1997), had among the highest measurements for body mass and forearm length, traits
that directly influence aspect ratio and wing loading (Norberg et al., 1997). In contrast, other Myotis
species in the same group were physically much smaller. Species within Group 2 occupied the upper
range of these measurements and species within Group 3 were generally clustered toward the lower
end, species in Group 1 spanned nearly the full spectrum, thus reflecting substantial morphological
diversity. This wide variation is not unexpected, considering echolocation and foraging guilds are
inherently influenced by such morphological characteristics (Aldridge & Rautenbach, 1987). Open-
space foragers typically possess high aspect ratios, high wing loading, and pointed wing tips that
enable fast flight over long distances (Denzinger & Schnitzler, 2013; Norberg et al., 1997). Narrow-
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space foragers have low aspect ratios, low wing loading, and rounded wing tips that allow for agile
flight in cluttered environments (Denzinger & Schnitzler, 2013; Norberg et al., 1997). Edge-space
foragers fall in the middle, enabling them to exploit cluttered, edge, and open spaces (Denzinger &
Schnitzler, 2013; Norberg et al., 1997). Nevertheless, the extent of variation within Group 1 is

noteworthy and may reflect the diverse ecological strategies associated with short-range echolocation.

When comparing the trait composition of each group to the traits associated with urban tolerance in
bats, as identified by Jung & Threlfall (2018), it appears species in Group 2 should be the most tolerant
of urbanisation. This group was composed of Tadarida teniotis and species from the genera Nyctalus,
Eptesicus, and Vespertilio, often collectively referred to as the NEV group due to their shared acoustic
and ecological characteristics (e.g. Lewanzik et al., 2019; Straka et al., 2019; Wegiel et al., 2021).
Species within these genera exhibit a strong capacity to exploit urban environments for foraging and
commuting supported by their wing morphologies and echolocation types that are favoured by open
to semi-cluttered spaces (Rowse et al., 2016; Stone et al., 2015; Straka et al., 2019; Voigt et al., 2020).
V. murinus and E. serotinus have been observed roosting in old buildings and other artificial structures
(Harbusch & Racey, 2006; Kubista & Bruckner, 2015; Voigt et al., 2016), perhaps to facilitate access
to nearby insect-rich habitats, such as forest edges (Mazurska & Ruczynski, 2008). Fast-flying species
have additionally shown positive responses or tolerance to artificial lighting (Lacoeuilhe et al., 2014;
Stone et al., 2015; Straka et al., 2019). For instance, E. nilssonii has demonstrated the ability to exploit
insects in different artificially illuminated habitats (Rydell, 1992). Despite these apparent pre-
adaptations to urban environments, many species of this group still preferentially select rural areas,
unimproved grassland, parklands, and other open habitats with low structural complexity (Glendell
& Vaughan, 2002; Hale et al., 2012; Lesinski et al., 2000; Starik & Géttert, 2022; Suarez-Rubio et
al., 2018), likely due to the better foraging opportunities compared to dense urban areas. We found
that Group 2 responded most significantly to the number of forest patches surrounding settlements.
Consistent with previous research, open-space foragers, such as N. noctula, do not necessarily benefit
from high levels of vegetation cover or complexity and can forage over large, impervious areas, such
as carparks (Voigt et al., 2020). However, as with many species in this group, they often roost in tree
cavities and therefore depend on the availability of sufficiently large and abundant forest patches
(Lewanzik et al., 2022). These findings highlight that although species of this group exhibit a greater
capacity to tolerate urban areas, their persistence remains closely linked to the presence of natural

features integrated into the surrounding landscape to support roosting and foraging activities.
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Our classification of Group 3 revealed species from the Pipistrellus genus and the closely related
Hypsugo savii. Several species within this group, such as P. pipistrellus and P. kuhlii, are well
recognised as the most synurbic bat species in Europe. These species are abundant and widespread in
cities and towns across the continent (Maxinova et al., 2016; Uhrin et al., 2022), and some may even
benefit from urbanisation (Ancillotto et al., 2015). Other members of this group, including P.
pygmaeus, P. nathusii, and H. savii, are also commonly found in urban areas, although they tend to
preferentially forage at more natural habitats, particularly riparian forests and water bodies, and they
tolerate only limited levels of urbanisation (Kusch & Schmitz, 2013). Many of these species possess
some of the traits that, according to Jung & Threlfall (2018), should be associated with urban
sensitivity rather than urban tolerance. For example, pipistrelle bats are among the smallest species
in Europe, such as P. pygmaeus and P. pipistrellus that weigh around five grams (Dietz & Kiefer,
2016). They also exhibit relatively small wing dimensions compared to other species, although this
may reflect their overall body size, as wing morphology is not independent from body mass (Norberg
et al., 1997). Nevertheless, relative to their size, pipistrelle bats possess long, narrow shaped wings
and produce medium-range echolocation calls, traits that facilitate foraging in open to edge spaces,
such as around buildings and other semi-open spaces that are typical of urban environments
(Denzinger & Schnitzler, 2013). In addition, they utilise a range of anthropogenic structures for
roosting (Voigt et al., 2016), show tolerance of artificial lighting, and may even benefit from the
increased foraging opportunities around streetlights (Rowse et al., 2016), although to varying extents
depending on the species (Straka et al., 2019). We found that Group 3 was the most active across our
study sites and showed no significant difference in activity between urban settlement types, consistent
with previous research that report pipistrelles as among the most active and abundant bat species in
urban areas (Gili et al., 2020; Park et al., 2012; Printz & Jung, 2023; Starik et al., 2024; Starik &
Gottert, 2022). Contrary to the patterns identified by Jung & Threlfall (2018), that urban tolerance is
generally higher in larger-bodied bats, the apparent success of small pipistrelle species in urban areas
may suggest that body size alone is not a decisive predictor of urban tolerance. Rather, the
combination of functional traits related to flight and foraging may play a more influential role.
Consistent with most other taxa, species that tolerate or even benefit from urban conditions tend to
have a small body size (Santini et al., 2019), a broad dietary breadth (Slatyer et al., 2013), show
behavioural flexibility (Santini et al., 2019), and are less specialised in general (Concepcion et al.,
2015). In this context, the benefits of behavioural plasticity and high flight mobility may outweigh
the potential body size constraints, enabling these species to persist and even thrive in urban

environments.
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Our classification of Group 1 aligns well with the patterns identified by Jung & Threlfall (2018) that
characterise urban sensitivity in bats. Interestingly, the initial separation of Rhinolophus species, B.
barbastellus, and M. daubentonii due to divergences in foraging guild and roost specialisation may
reflect a slightly greater tolerance to certain urban features observed in these species. For example,
the Rhinolophus species are known to form large maternity colonies in church attics that resemble
cave-like conditions (Wegiel et al., 2021). In rural landscapes, B. barbastellus is able to establish
roosts in old buildings, such as behind window shutters that mimic exfoliating bark found in beech
forests (Apoznaifiski et al., 2021; Kiihnert et al., 2016; Rachwald et al., 2022), and even M.
daubentonii has been found to roost in buildings (Jones et al., 1996; Ngamprasertwong et al., 2014;
Suominen et al., 2023). In contrast, most other species within this group strongly favour roost sites in
landscapes with minimal human disturbance, such as mature, continuous woodlands where their
echolocation and wing morphology traits are better adapted (Dietz & Kiefer, 2016) Our findings of
increased activity in settlements surrounded by a greater number of forest patches corroborate this,
highlighting the importance of forest habitats in supporting the activity of urban sensitive species. We
found that activity of Group 1 was significantly higher in villages compared to cities and industrial
areas, although overall activity levels were considerably lower than those of the two other classified
groups, suggesting that species with these sensitive traits may be less able to persist in these more
intensively urbanised environments. Further supporting this interpretation, Group 1 activity declined
with increasing impervious surface cover. These findings are consistent with previous studies that
report avoidance of urbanised areas by these species (Gaisler et al., 1998; Gili et al., 2020; Hale et
al., 2012; Lesinski et al., 2000; Lewanzik et al., 2022; Starik & Gottert, 2022; Vaughan et al., 1997),
yet the greater activity in villages is likely due to the retention of natural features within the urban
matrix and their connectivity to surrounding habitats. Overall, our findings highlight that while certain
traits may indicate a general sensitivity to urbanisation, the persistence of these species in settlements
with low levels of disturbance, such as villages, is likely driven by the presence of high-quality natural

habitats embedded within the urban landscape.

The study area of South Tyrol exhibits a representative landscape of the European Alps, consisting of
steep valley slopes and high rugged mountains that are interwoven with forests, meadows, and
anthropogenically influenced land uses, such as agriculture and settlements (Kreisel & Reeh, 2011).
Compared to more typical lowland areas throughout Europe where large metropolitan cities often

dominate, the Alpine setting is characterised by a combination of topographic complexity and the
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mosaic of semi-natural land uses that may provide refugia for wildlife (Chemini & Rizzoli, 2003).
Given the highly heterogenous composition and structure, it could be expected that the landscape
may support the persistence of a wide range of species in urban areas, than the usual common species
typically observed in other European cities. However, these findings suggest that even in a unique
landscape such as South Tyrol, the ecological pressures of urbanisation remain consistent. Species
less tolerant of urban environments continue to respond negatively to typical urban features, while
more tolerant species are able to persist. This supports the validity of these functional group
classifications, when compared to lowland areas across Europe and globally. Although encouragingly,
some sensitive species exhibited a slightly higher degree of urban tolerance in this context, which
could be attributed to the natural buffering effects of the complex mountainous landscape. These
effects may include, reduced urban sprawl due to the steep terrain, proximity to natural or semi-
natural habitats, and persistence of quiet and dark areas within and around urban areas. Elsewhere in
the world, mountain landscapes, particularly highlands, have been reported to host proportionately
more threatened species than lowlands, further highlighting their unique value to biodiversity

conservation (Chakravarty et al., 2024)

Based on our results, it is evident that three distinct groups of species can be determined according to
trait composition, although as previously mentioned, this separation was primarily driven by
echolocation guild. The close interaction of echolocation, foraging, morphological, and behavioural
traits all determine how bats utilise different habitats (Denzinger & Schnitzler, 2013; Norberg et al.,
1997), and consequently influences how different species respond to the urban landscape (Lintott et
al., 2015). Morphological traits have previously been used to categorise bats and other taxa into
groups of urban avoiders, utilisers, or dwellers (Jung & Kalko, 2011; Threlfall et al., 2012a).
However, even morphologically similar species can differ in their habitat use (Davidson-Watts et al.,
2006; Lintott et al., 2015), and our findings demonstrate that even species sharing echolocation and

foraging strategies can differ considerably in their morphological characteristics.

When categorising bats on the basis of trait composition, we find that it is not so straightforward to
classify species into the urban avoider, utiliser, and dweller groups. Most species appear capable of
using some urban features to varying extents. Furthermore, when considering traits associated with
urban tolerance or vulnerability, we see a mismatch between expected tolerance and observed activity

in different urban settlement types. For example, species in Group 2, which exhibit the most urban
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tolerant traits according to Jung & Threlfall (2018), were not the most active across our study sites.
The varying indications of urban tolerance between Group 2 and 3 make it difficult to determine a
clear urban dweller group, as no species appear to be entirely dependent on the urban environment,
although P. kuhlii may benefit from urbanisation (Ancillotto et al., 2015). Even so, our classification
of Group 1 appears to align most with the definition of urban avoiders (Fischer et al., 2015), and may
represent the most robust classification considering most species in this group are often rare in urban
areas or hard to detect at species-level. At the very least, this trait-based grouping may offer valuable
insight into how urbanisation effects more sensitive species. Nevertheless, categorising species in this
way may be misleading, or even counterproductive when developing conservation strategies (Lintott
et al., 2015). Considering that closely related or ecologically similar species can respond differently
to urban environments, as demonstrated by the contrasting responses of Pipistrellus species (see
Chapter 2). In reality species are more likely to fall along a continuous spectrum of adaptability and
understanding where a species lies on this spectrum may better inform the extent of conservation
efforts needed. Given the strong influence of echolocation guild over species categorisation, our
findings suggest that assessing species by echolocation guild may represent the most effective and
ecologically meaningful method for comparing responses to urbanisation, while continuing to capture

the functional diversity of bat species.
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Chapter Four: Conclusions

4.1. Conclusions

Overall, in Chapter Two we demonstrated the strong influence urban development can have on bats
from species- to community-level, even in a seemingly natural setting, such as the mountainous
region of South Tyrol in the Italian Alps. Bat activity and community composition did not differ across
urban areas with increasing urban intensity, suggesting some level of use by less urban tolerant
species. However, calls were largely dominated by the highly synurbic species: Pipistrellus
pipistrellus and Pipistrellus kuhlii/nathusii (most likely P. kuhlii). Species richness was significantly
higher in villages than industrial areas, suggesting that villages may be better integrated into the
surrounding landscape and perceived as less of a disturbance, whereas industrial areas produce high
light and noise levels that can deter sensitive species. Identifying which features of villages support

these species could help incorporate similar strategical urban planning in more urbanised areas.

Small woody vegetation, including singular trees, shrubs, and bushes, emerged as the most important
feature supporting both total bat activity and feeding activity. Likely acting as stepping stones when
scattered across the urban area, these elements connect green spaces, attract insects, and facilitate
movement and foraging. In larger cities, they can bridge gaps between peripheral and central green
areas, while in villages they likely connect the urban core with surrounding agricultural or semi-
natural habitats. The differing responses of the two dominant species underscore the importance of
considering species-specific responses in conservation and urban planning. Even among synurbic
species that appear to benefit from urbanisation, responses can vary, emphasising the importance for
understanding how more sensitive species respond to ensure their continued protection in an

increasingly human modified world.

Chapter Three investigated how functional, morphological, and behavioural traits shape bat responses
to urban environments, with the aim of testing whether the categories of urban avoiders, utilisers, and
dwellers can be applied to functionally similar species. While three distinct groups emerged based on
traits, the results suggest that species are better represented along a continuous response gradient
rather than fixed categories. Notably, the species most active in urban areas, both in our study region
and in the literature, did not possess the full suite of traits typically associated with high urban

tolerance. However, the group that could be classified as urban avoiders comprised the most sensitive
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and hard to detect species, which alone yielded too few calls for detailed analyses. Nevertheless, when
considered collectively, impervious surfaces clearly had a negative impact. As emphasised in the
previous chapter, species-specific responses are important to understand, but for rare or harder to
detect species, a group-level approach offers a practical alternative method to assess overall urban

effects, to guide conservation efforts and benefit the needs of more species.

4.2. Limitations

This study encountered limitations that should be considered when interpreting the final results. First,
the number of urban sites included in the analysis was limited and may have restricted the depth of
comparisons among different settlement types. The limited number of sites may have also affected
some of our final model conclusions, particularly due to the removal of certain variables. For
example, the water related features initially showed a negative association with bat activity and
feeding activity. These unexpected patterns were largely driven by three industrial sites that contained
a water body in local-scale and revealed a negative influence over bat activity, the response was more
likely towards the industrial setting itself rather than the water feature. Based on the well-established
ecological understanding of bats and the value of water bodies, the negative relationship would have
likely been misleading. However, the limited number of sites restricted our ability to remove any
outliers and continue with further analyses, thus requiring the removal of the entire variable.
Expanding the number of urban sites, or including sites beyond the mountainous study area, could
help clarify some of the main effects, while simultaneously improving the ability to assess the
influence of landscape structure and the generalisability of our findings across other study areas.
Second, the study did not include any forest or rural sites. Inclusion of such habitats would have
allowed a more complete evaluation of the urban-rural-natural gradient. While we argued that villages
in the study area may resemble more natural conditions than larger settlements, they can still impose
ecological pressures on bats that should not be overlooked. The limited number of studies that focus
on bats in the Alps or other somewhat urbanised mountainous regions, make direct comparison with
existing literature difficult, highlighting the need for further research in such underrepresented

landscapes.

Additionally, the restriction in species identification to the genus or group level, limited our ability to
assess the full extent of species responses. This was particularly true for species in the genus Myotis,
and for distinguishing between P. kuhlii and P. nathusii. When aiming to assess the responses of more

sensitive species to urban environments, distinguishing individual species is essential. Unfortunately,
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this limitation is difficult to overcome without capture data, as many species have overlapping

echolocation call parameters. Nevertheless, it is an important limitation to acknowledge.

4.3. Conservation implications and recommendations

Using acoustic data and functional traits, this study explored the complex interactions between urban
development, Alpine landscapes and bat species diversity. Our findings highlight the nuanced,
species-specific relationships bats have with urban environments and underscore the potential
conservation value of small settlements. The presence of woody vegetation emerged as an important
factor influencing both the abundance and feeding activity of bat species, ultimately emphasising the
importance of conserving structurally heterogenous vegetation within and surrounding urban areas to
maintain diverse habitat availability. We found that such features supported the persistence of
sensitive species in small settlements, particularly those within the Myotis, Plecotus, and Rhinolophus
genera. The presence of sensitive species reaffirms the potential value of maintaining similar elements
in larger, more intensively urbanised areas for enhancing habitat availability and quality.
Conservation efforts should aim to prioritise the retention and restoration of natural habitat features

that may buffer the negative impacts of urban development.

The varying responses among species, including those typically considered tolerant to urbanisation,
indicate that conservation strategies should, where possible, be tailored to species-specific ecological
requirements, rather than broad urban tolerance classifications. However, considering some species
may be rare in urban areas, grouping functionally similar species can help identify and understand
overarching responses. In this context, echolocation guild can broadly capture the functional diversity
among bat species. However, we emphasise that even species within these groups can differ
profoundly in their functional characteristics and such groupings should therefore be interpreted with
caution. Future studies could interpret fourth corner analysis, to determine the relationship between
specific traits and environmental variables, to determine how certain traits are influenced by
environmental conditions and therefore which traits are more favoured by urbanisation. Overall, our
findings support the benefits of maintaining structurally heterogenous and natural settlement features
to enhance bat activity. These results are particularly relevant for the Alpine landscape, where the
broader landscape structure likely influences our observed patterns in which the steep, forested
mountains that remain largely untouched by humans, to the valley bottoms that consist of a range of

modified land uses provide a variety of habitats for bat species. Given that other urban features may
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produce contrasting effects, conservation efforts should be context-specific to avoid negative or

unwanted effects.

In mountainous regions, such as our study area of South Tyrol, our findings underscore the importance
of maintaining habitat connectivity and diverse settlement structures to promote bat resilience to
ongoing urbanisation. Urban environments present both challenges and opportunities for bat
conservation. Foraging and roosting habitat can be enhanced through the strategic planning of cities
and industrial areas that incorporate bat-friendly features to help mitigate negative impacts.
Additionally, maintaining existing features both in and around smaller villages, particularly villages
that are likely to undergo future expansion, can help safeguard persisting bat populations. Future
conservation planning should integrate both detailed assessments of urban habitat responses
alongside functional trait data to adequately identify local species responses based on broader
knowledge, ultimately developing an effective framework to support bat diversity in urbanising

landscapes.

Future studies should aim to address some of the key knowledge gaps. First, incorporating species-
level identification will be essential to disentangle the nuanced responses of sensitive and cryptic
species, such as Myotis. As many species exhibit overlapping echolocation call characteristics,
acoustic identification alone complicates final result interpretation. Combining acoustic data with
capture data and GPS or radio-tracking, could provide deeper insight into the behavioural and
ecological mechanisms that drive the observed patterns identified in our research, particularly in
relation to roost selection, foraging behaviour, and movement across the urban matrix. Additionally,
addressing questions focused more specifically on the unique characteristics of mountainous urban
environments that likely interact in complex ways to shape bat communities, including elevation
gradients, settlement configuration, and infrastructure, particularly tourism-related development that
is a significant component of the Alps. Investigating how these landscape features influence species-
specific responses would help build a more comprehensive understanding of how urbanisation affects

bats in complex landscapes, such as the Alps.
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Table S1. Description of study sites, including site name, urban type (village, city, industrial), coordinate, estimated population size,
area of urban core delineated in ArcGIS (km?), and total artificial surface per area (%).

Total artificial
Site code Site Urban type Coordinate Population Area (km?)
surface (%)
311 Penon/Penone Village 46.30312, 11.201045 185 (2021) 0.057 25.59 %
312 Albions Village 46.623835, 11.560895 192 (2021) 0.075 30.68 %
Platt in Passeier/Plata
313 ) . Village 46.822525,11.177902 181 (2021) 0.068 38.31 %
in Passiria
314 Altrei/Anterivo Village 46.278673, 11.368093 392 (2024) 0.072 37.28 %
315 Stilfs/Stelvio Village 46.598003, 10.545709 397 (2021) 0.089 59.94 %
316 Enneberg/Marebbe Village 46.71921,11.919158 3,173 (2024) 0.051 40.40 %
317 Tabland/Tabla Village 46.634735,10.975152 163 (2021) 0.056 41.54 %
318 Pfunders/Fundres Village 46.886326, 11.707522 458 (2021) 0.569 13.48 %
319 Missian/Missiano Village 46.484237, 11.254507 261 (2021) 0.046 34.53 %
Untertelfes/Telves di
320 Village 46.894043, 11.382052 415 (2021) 0.159 25.57%
Sotto
329 Matsch/Mazia Village 46.693342, 10.616268 195 (2021) 0.086 54.78 %
291 Sterzing/Vipiteno City 46.895175, 11.43247 6,955 (2024) 1.694 47.58 %
293 Naturns/Naturno City 46.650227, 11.006807 6,086 (2024) 1.327 47.05 %
Innichen/San
294 City 46.734159, 12.283923 3,340 (2024) 0.937 49.29 %
Candido
295 Urtijéi/Ortisei City 46.574675, 11.671831 4,397 (2021) 1.735 38.92 %
296 Brixen/Bressanone City 46.709197, 11.655752 18,345 (2021) 3.572 50.43 %
297/325 Bozen/Bolzano City 46.486536, 11.320808 106,564 (2024) 8.643 46.40 %
298 Schlanders/Silandro City 46.628101, 10.776595 6,345 (2024) 1.414 50.91 %
299 Meran/Merano City 46.666666, 11.172014 41,397 (2024) 6.719 40.92 %
300 Leifers/Laives City 46.423468, 11.333174 18,430 (2024) 1.315 44.15%
203 Bruneck/Brunico City 46.79902, 11.94242 13,410 (2021) 2.502 63.75 %
Industrial area
234 Industrial 46.65253, 11.155145 - 0.290 87.47 %
Meran/Merano
Industrial area
301 Industrial 46.47505, 11.33055 - 2.664 87.27 %
Bozen/Bolzano
Industrial area
303 Innichen/San Industrial 46.730433, 12.269505 - 0.129 75.43 %
Candido
Industrial area
304 Industrial 46.320641, 11.259636 - 0.366 71.99 %
Neumarkt/Egna
Industrial area
305 Industrial 46.632707, 10.593002 - 0.277 89.57 %
Spondinig/Spondigna
306 Industrial area Lana Industrial 46.632141, 11.170744 - 1.008 82.45 %
Industrial area
307 Industrial 46.886207, 11.406162 - 0.205 82.67 %
Sterzing/Vipiteno
Industrial area
308 Industrial 46.416029, 11.328459 - 0.369 84.34 %
Leifers/Laives
Industrial area
309 Industrial 46.698819, 11.647298 - 0.762 74.97 %
Brixen/Bressanone
Industrial area
310 Industrial 46.78666, 11.91485 - 0.448 87.61 %
Bruneck/Brunico
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Figure S1. Example of Batlogger A+ placed in a village. Batlogger is attached to a fence, facing towards an open area that is a likely

flyway for bats. In cities and industrial areas Batloggers may be attached to trees or other post structures, facing away from streetlights
where possible.

104



forest_dist
light500_STD
light500_MEAN
light100_500_MEAN
light100_500_STD
imp100_500_MEAN
imp500_MEAN
conif_dist
temp_200m
imp100_500_STD
imp500_STD
imp100_MEAN
water_buffer
water_set_buf
water_settlement
settlement_dist
water_dist
riparian_dist
mixed_dist
decid_dist
P.pip_roost_dist
swf100_STD
swf100_MEAN
imp100_STD
LULC3
age100_500_MEAN
age500_MEAN
age100_MEAN
patch_edge_1500
patch_edge3000
patch_area3000
adige_dist
longitude
all_roost_dist
patch_area1500
water100_500
water500
water100
P.kuh_roost_dist
elevation

latitude
no_patch1500
no_patch3000
swfS00_STD
swf500_MEAN
swi100_500_MEAN
swf100_500_STD

0 -0.20.3 0.2 0.1-0.1-0.2-0.3-0.1-0.1-0.1-0.2-0.2-0.20.1-0.1 0 -0.
. 0 -0.20.3 0.2 0.1-0.1-0.2-0.3-0.1-0.1-0.1-0.2-0.2-0.20.1-0.1 0 -0.
0.20.2-0.10.2

87 0.1-01-0.1 0 040.
0505 0 0.30.3-0.2-0.10.
0.2-0.1-0.1-0.40.3 0.2 0.6-0.20.40.60.3 0 0 0.30.30.30.30.3-0.1-0.20.3 0 -0.2:0.1 0 -0.1-0.2-0.2-0.3
0 0.10.1-030.10.40.7-0.2030.40.1 0 0.10.10
0 010102010104010204030404030
0010102010104010204030404030
0010102010104 0 02040304040302
0 0.101020.10.104 0 0.20.40.30.40.40.30.20.

Y

(80404050505
030.40606030303030403
030303030403
060.60.2020.20.20.403

50504030404030404030403

5060506020 040404040404

.o 0.40.4040.10.1 040404040304

0505 0 0.1 0 010.2020.30403030.30.3020.3

0 10,50.20.204%050550.20.10202 0 0 0 0 01 0

0.4-0.1-0.2:0.40.10.404-0.3020.2 0 0.10.20.20.20.2020.2

-0.4-0.1020.204-0.2 0 0 -0.1040.20.10.10.2020.20202 0

[0%80.1-04-0.1 0 0 -0.20.1-0.10.1:0.4-02 0 -0.10.1 0.1 0.1 0.1 0.1-0.1

0.40.3-04-020.101 0 -04 0 0.1 0 -0.60.3 0 -0.1-0.3-0.3-0.3-0.3-0.2-0.3
0.2020.20.10.2 0 0.1 '

0202020.10.2 0 -0.1-0. >
0201 0 0.10.2-0.1-0.4-0.50

0.50,50.5040.10.102 0 0.20.30
05040402 0 0 0.1 0 -0.1-0.2-0.4-0. -0.9-0.9-0.5-0.5
d0404050504040302020301 0 -0.1-0.2:0.4-0.4- -0.5-0.3-0.3-0.2-0.3-0.3-0.2-0.3-0.
0501020101020 0 0 0020203 0010 01-010 01010020 0-010 0-0101 0
0203050101010403020201010202-03-01020102—02020-020201020.201-0,&-04
[#80.10.102:02010.10.1 0 -0.1-010.20.103-0.1:03 0 0.4040.1 0 0 0 :040.30.10.1020.10.10.2-010.1
040401030503 0 0 0.5030.10.1-0.10.20.1-02 0 -0.2.0.10.1-0.1:0.2:0.3.0.30.41016.0.4%0/5.0.3.0.2-0.2.0. 30605
020 0 002030405050402 0 0 0 -0.1-0.10.1-0.20.2 0 -0.2-0.2-0.1-0.1-0.1 0 -0.10.20.20.10.10.10.1-0.20.1

0 4-0.1040505 0 0104040303030.30.20.1

-0.10.1-0.1 0 01 0-010102 0 0.10.1020.1 0 -0.

30,

3-0.101-030 0 0 0-0.1-02 5 - ).5
1-0.10.1-0.1-0.20.2 0.1-0. .3-0.1-0.1-0.4-0.50.2-0.2-0.2-0.2-0.2-0.2-0.5-0.3
1-0.10.1-0.1-0.20.2 0.1-0 i £ .2-0.2-0.2-0.2-0.2:0.5-0.3

- 0.3
2-0.2-0.2-:0.5-0.3

LS 4 PO PO S & o & QL L8 Q & &
Q\‘-’b\‘aQQQ YVO‘\ &\\\\\\ @v&/\gx &\\
05 e oSS S "oé/}é/ 6696909&&9\@ %Q},QQ&Q%? s (\\9@% F «)’«%/ \93
TR IS S Q\Q (é" S0 ,bd‘ L 7L DX ESOS, QQ/DQ/@QK
\c',\‘/gx\’.o/ BN MR Y O & FTEEE POSLEES
&S P, s %R & < <~Q\ T Fe
< Fb& < \,\QQ \\Q\\é\

Figure S2. Spearman's rank correlation matrix generated in R package ‘corrplot’ (Wei & Simko, 2010). The colours represent
correlation coefficients, indicating the strength and magnitude of the correlation on a gradient of red to blue. The correlation plot
includes all variables used in the models and those that were removed. Settlement-scale variables include imp: impervious surfaces,
swif: small woody vegetation, age: historic buildings, light: artificial light, water: water. 100, 500, and 100-500 indicate the buffer size
used. MEAN indicates the mean value of the variable; STD indicates the standard deviation. Landscape-scale variables include conif:
coniferous forest, decid: deciduous forest, mixed: mixed forest, forest: forest, riparian: riparian forest, settlement: settlement, water:
water, adige: Adige River, open: open habitat (agricultural), all_roost: all known bat roosts, P.kuh_roost: P. kuhlii only known roosts,

P.pip_roost: P. pipistrellus only known roosts.

_dist indicates the variable is an inverse distance metric measuring the proximity from

the sampling point to each feature. Patch_area: average area of all forest patches, Patch_edge: total length of all forest patches,
no_patch: Total number of forest patches. 1500 and 3000 indicate the buffer size used. LULC3: preliminary variable including all
‘natural’ land uses in a 3000 m buffer around each settlement.
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Figure S3. Sample of study sites showing land use configuration surrounding settlements. Land use categories include all land use
types classified as ‘near-natural’ in green, ‘altered’ in yellow, and ‘artificial’ in grey. Site A represents the village Altrei/Anterivo, Site
B represents the city Brunneck/Brunico, site C represents the village Missano/Misiano.

Figure S3represents a preliminary variable used to assess the land use configuration surrounding
settlements and how this influences bat activity. To assess the different land use types surrounding
each settlement and the relative effect on bat species richness and activity, we created 3 km buffers
around the exterior borders of each settlement. This size was chosen based on the average core
sustenance zone (CSZ) of each species present in South Tyrol, where data was available. The CSZ
refers to the area surrounding a communal bat roost within which habitat availability and quality will
have significant influence on the resilience and conservation status of the colony using the roost (Bat
Conservation Trust, 2016). Habitat composition within each buffer was quantified using a land
use/land class (LULC) map prepared and published by Anderle et al. (2022), which included 43 land
use classes. Following similar criteria used by Riidisser et al. (2012), land classes were reclassified
into three categories and assigned an index value of 1 (artificial), 2 (altered) or 3 (near natural)
explaining the degree of naturalness, management intensity and the ecological needs of bats (using
an expert based approach). The group with the index value 1, included artificial systems and structures
or some natural elements where intensive and/or irreversible change of terrain and landscape structure
has occurred, for example continuous urban and artificial land or apple orchards. Index group 2

included land use types that have changed the overall ecosystem type or are regularly disturbed by



anthropogenic activities, for example vineyards and pastures. Index group 3 included land use types
which are similar to natural areas but where some characteristics may be altered by anthropogenic
influences, for example coniferous forests or meadows cut less frequently. The proportion of each
land class within the respective groups were summed to create a new total proportion for each
‘naturalness’ category. Index group 3 (near natural) was selected as the variable for analyses, to

understand the importance of natural landscapes surrounding a settlement for bats.

Table S2. Final models used in model averaging for each response variable: total bat activity, feeding activity, P. pipistrellus, and P.
kuhlii/nathusii activity. Includes all variables used in the global models, variables included in the top models are marked with a ‘+’,
AlCc, AAIC, weight, and R? values for each model.
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Response | Model | 2 | < | F | = |2 || & | = | <§ =] =& AICc AAIC Weight R?
Total bat 2 + + 520.8 0.00 0.327 NA
Activity 3 + + 521.0 0.23 0.292 0.396
4 + + 521.5 0.78 0.222 0.415
12 + + + 522.2 1.45 0.159 0.459
Feeding 1 + 318.7 0.00 0.471 0.272
activity 2 + + 319.4 0.65 0.340 0.410
4 + + 320.5 1.83 0.189 0.374
P 5 + + + 401.2 0.00 0.296 0.728
pipistrellus | 11 + + + + 401.7 0.41 0.241 0.721
12 + + + + 401.7 0.44 0.237 NA
15 + + + 401.8 0.54 0.226 NA
P. kuhlii/ 2 + + + 430.7 0.00 0.700 0.799
nathusii 4 + + + + 4323 1.69 0.300 0.814
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Figure S4. Predict plots with 95% confidence intervals for significant explanatory variables, (***) p < 0.001; (**) p <0.01; (*) p <
0.05; (.) p=0.05. (A) Total bat activity; (B) Feeding activity; (C, D, E, F) P. pipistrellus activity; (G, H) P. kuhlii/nathusii activity.
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Figure S5. Density plots of the variables used in the statistical analysis of Chapter Three. Imp500 STD: Standard deviation of
impervious surfaces in a 500 m buffer around sampling point, age500 MEAN: Mean proportion of historic buildings in a 500 m buffer,

swf500 STD: Standard deviation of small woody vegetation in a 500 m buffer, no_patch3000: Total number of forest patches in a 3000
m buffer.

Table S3. Results of Shapiro-Wilk’s Test for the assumption of normality, and Levene’s Test for the assumptions of homogeneity of
variances of total activity within each functional group determined by traits.

Shapiro-Wilk test Levene’s test
Functional group
Statistic Sig. F statistic Sig.
Group 1 0.583 0.00000002 (***) 5.772 0.008 (**)
Group 2 0.547 0.000000009 (**%*) 1.272 0.295
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Group 3

0.760

0.000008 (**%*)

1.127

0.338
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