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Abstract

Bats represent a quarter of all mammalian species and play vital roles in many
ecosystems. They are also are the only mammals capable of powered flight and have
large, light, thin wings to enable flight. However, bats face many threats, including
collisions with man-made structures, fungal infections and predator attacks, all of
which can cause severe wing injuries. Hundreds of bats are admitted annually for
care to treat torn and injured wings. This thesis aims to investigate the causes and
effects of bat wing tears. In a series of studies, this thesis will: i) characterise wing
tears in P. pipistrellus and other bat species in the UK; ii) explore the anatomy of the
wing in P. pipistrellus, and see if knowledge of the anatomy is sufficient to understand
wing tear placement and healing rates; iii) present a novel method for analysing flight
from high-speed video data to assess the effect of tears on flight; and iv) develop a

systematic forensic method to identify the presence of cat DNA on wing tears.

Results from Chapter 2 indicate that most tears occurred in the Plagiopatagium wing
section (section P), which is closest to the body. Tears in that section also might take
longer to heal. Chapter 3 suggested that knowledge of wing anatomy is not sufficient
to explain tear position and orientation. Indeed, while material testing did not
identify section P as being significantly weaker than the chiropatagium (the distal
sections of the wing), section P tended to have the most tears. The position of the
tears, close to the body and towards the trailing edge, may suggest that they were
caused by predator attacks, such as from a cat, rather than collisions. Consistent with
this, 38% of P. pipistrellus individuals had confirmed wing tears caused by cats, with
an additional 38% identified by rehabilitators as due to suspected cat attacks. Results
from high-speed video footage collected in the fourth chapter revealed that tears on
both wings significantly affected wing movements, and the body orientation tended

to lean towards the healthier wing.

The fifth chapter developed techniques to identify cat DNA from swabs of wing tears,
and found cat DNA on 66.67% of the swab samples. Results from this thesis reveal

that cat attacks on bats may be far more common than first thought. In addition,



future work should focus on the seasonal timings of wing tear injuries to structure
recommendations for cat owners and model the implications of cat attacks on bat
populations. In addition, while the tear injuries do heal, post-release monitoring is
important to ensure bats survive in the long-term following rehabilitation.
Recommendations for bat carers and cat owners formulated in this thesis are the

first steps in addressing the prevalent and significant problem of bat wing tears.
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Abbreviations

EDTA: ethylenediaminetetraacetic acid.

Cl: The most distal section of the chiropatagium, which is the membrane between

digits iii and iv.

Cll: The second chiropatagium section, which is the membrane between digits ivand

V.
CE: Capillary electrophoresis

P: The plagiopatagium - most proximal section of the wing, which is the membrane

between digit v and the body.

PBS: phosphate buffered saline.

PCR: polymerase chain reaction

PFA: paraformaldehyde.

gPCR: quantitative polymerase chain reaction
STR: Short tandem repeat.

VVG: Veroeff-Van Gieson staining.
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Chapter 1 Literature Review

Chapter summary:

This chapter reviews the literature on bat conservation and ecology, as well as
aspects of anatomy and behaviour. It begins by considering the role of bats in their
ecosystems, their possible threats and the effects on their populations. It goes on to
focus on key literature relevant to the thesis, specifically by reviewing wing anatomy,

past studies on wing tears, healing and flight.

1.1 Introduction

Bats are mammals and represent 25% of mammalian diversity (Neuweiler, 2000).
They belong to the order Chiroptera, which includes two suborders;
Yinpterochiroptera and Yangochiroptera (Teeling et al., 2001). So far 1406 bat species
have been described worldwide (Simmons and Cirranello, 2019). One of the most
important features of bats is that they are the only mammals capable of powered
flight (Neuweiler, 2000). Bats are very diverse, and show a lot of variation in their
behaviour (Kunz et al., 2011). Roosting behaviours, for instance, are variable, and
many bat species inhabit caves, cave-like structures, tree cavities and foliage
(Patterson et al., 2003). Bats usually fly at night in order to forage for food, which
involves many diverse food types (Kunz et al., 2011), including insects, nectar, fruit
and flowers (Patterson et al., 2003). There are even some species that feed on seeds,
frogs, fish and small mammals, and also those that can feed on blood (Kunz et al.,

2011).

Unfortunately, bats in western cultures have quite negative associations and are
often described as rampant disease vectors; as one of the witches’ brew ingredients;
and are associated with the dark side of some religious traditions (Kunz et al., 2011)
and folklore, such as: bats found in women’s hair, bats associated with the devil, and
that an extract from bat skin can treat baldness (Tuladhar-Douglas, 2008). In
contrast, traditionally, bats in China were considered to be icons of fortune: long life,

health, wealth, morality and clarity of mind (Asif and Ali, 2019). Indeed, these beliefs



are still preserved in modern Chinese society, although in a marginal form (Kunz et

al., 2011).

1.2 Bat Conservation and Ecology
1.2.1 The Role of Bats in the Ecosystem

Bats play an important role in ecosystem services provision (Kunz et al., 2011; Russo
etal., 2018). They provide several benefits to humans such as arthropod suppression,
seed dispersal and pollination (Kasso and Balakrishnan, 2013). Without bats, these
benefits will be reduced and ecosystems will be severely affected (Kunz et al., 2011).
Bats can be primary, secondary and tertiary consumers within an ecosystem, and
help to support and maintain ecosystem stability (Kunz et al., 2011). Insectivorous
bat species feed on airborne insects and other arthropods, which control insect
populations. For example, there are many agricultural pest species, which irritate and
can transmit particular pathogens to humans and other mammals, which bats feed
on (Kunz etal., 2011; Weier et al., 2018). Additionally, some bats contribute to forest
diversity by dispersing seeds across a variety of ecosystems, such as frugivorous bats
(Wibbelt et al., 2010). Likewise, nectarivorous bats visit flowers and also sow pollen
and fertilise plants (Muchhala and Jarrin-V, 2002). Hence, bats redistribute energy
and maintain aquatic, terrestrial and cave ecosystems (Kunz et al., 2011).
Consequently, these valuable mammals deserve protection and conservation for the

services that they provide to the ecosystem.

1.2.2 Threats Faced by Bats

As with many animals, bats face certain issues during their lives, and many specific
bat species have become extirpated or extinct (Eiting and Gunnell, 2009). Recently,
evidence indicates that many anthropogenic activities have contributed to the
mortality of bats (Baerwald et al., 2008; Cryan and Barclay, 2009; Kunz et al., 2011).
In particular, this chapter will focus on describing general threats that bats face in

the environment, including weather, light pollution, noise and habitat loss. It will also



describe other threats which could lead to wing tears in bats, such as collisions,

fungal infections and predation.

Weather

Many studies on bat flight behaviour have been conducted under model conditions;
for instance, in wind tunnels and controlled laboratory settings (Hedenstrém et al.,
2007). It is unknown how bat flight is affected under some unsuitable conditions,
such as rain or wind. It has been observed that bats avoid flying in the rain (Belwood
and Fullard, 1984). Indeed, during heavy rainfall, insectivorous Hoary bats (Lasiurus
cinereus) discontinued foraging, but continued foraging during light rain (Belwood
and Fullard, 1984). There are three possible explanations for this: firstly, the rain
drops could interfere with echolocation, which makes detecting insect prey
increasingly difficult for bats. In addition, the insect prey themselves might avoid
flying during rain (Corten and Veldkamp, 2001), hence there is no motivation for bats
to forage. Finally, when the bat body becomes wet, this leads to an increase in the
energy exerted in flight, due to additional thermoregulatory costs and decreased lift

and thrust production (Voigt et al., 2011).

Several studies report the effect of wind on bat behaviour (Verboom and Spoelstra,
1999; Rydell, 1991). Verboom and Spoelstra (1999) tested the hypotheses that bats
fly along tree lines based on food abundance and protection from the wind. They
monitored the activity of Common pipistrelle bats (Pipistrellus pipistrellus) and found
that wind speed did not affect bats activity on the leeward side of the tree line.
However, at high wind speed the bats’ activities were concentrated near the tree
lines (Verboom and Spoelstra, 1999); hence, indicating that bats should avoid facing
the wind during flight. Indeed, bats might use the edge of forests to avoid exposure
to the wind. Another study in southern Sweden on Northern bats (Eptesicus nilssoni)
also found a highly significant effect of wind on bat activity. Many bats were observed
during the evening during periods of slow or no wind, and fewer were observed
during very strong winds (Rydell, 1991). This suggests that bats avoid the wind,

possibly because it increases flight cost.



Light Pollution

Anthropogenic light pollution is considered a growing global issue and has a negative
effect on wildlife (Rich and Longcore, 2006), impacting animals’ survival behaviours,
such as in foraging, reproduction and communication (Rich and Longcore, 2006) and
flight behaviour (Polak et al., 2011). These effects can lead to changes in animal
movement patterns, decreasing breeding success or even increasing predation levels
(Rich and Longcore, 2006). The fact that bats are generally active at night makes them

a good species to study the effects of light pollution (Stone et al., 2009).

In particular, Lesser horseshoe bats (Rhinolophus hipposideros) have been chosen as
a study species, due to the decrease in their global population numbers (Stone et al.,
2009). In one study, high-pressure sodium lights, which are similar to streetlights in
intensity and light spectra, were placed along a bat commuting route. It was found
that there was a significant reduction in bat activity and a delay in commuting
behaviour when those lights were present (Stone et al., 2009). Furthermore, the
effect of light on two bat species, Kuhl’s pipistrelle (Pipistrellus kuhlii) and Botta’s
serotine (Eptesicus bottae), was also studied in the Negev desert (Polak et al., 2011).
It was found that the flight behaviour was affected by artificial light (two strong
floodlights) in both species. Both species flew faster under the light condition, than
they did in darkness. P. kuhlii also flew lower in the light condition, which was
regarded as being because they were trying to keep away from the light source. By
contrast, the E. bottae just foraged during the dark and so their duration of activities

decreased significantly with the presence of the light (Polak et al., 2011).

Light pollution has been found to have a considerable negative effect on bat flight
routes and activity, especially in nocturnal bats. However, sometimes light can have
beneficial effects too. Indeed, light increased bat activity in Lesser noctule (Nyctalus
leisleri) and P. pipistrellus (Mathews et al., 2015). Probably because insects gathered
under the light (Mathews et al., 2015). However, in P. pipistrellus, increasing activity
under light occurred more in habitats with good tree cover, which might be because
the cover provided by the trees substituted for the increased predation risk as a

result of light conditions (Mathews et al., 2015).



Noise

Ambient noise has an impact on bats and many other animals (Schaub et al., 2008).
Many bats depend on echolocation to detect and intercept flying insects (Siemers
and Schnitzler, 2000), while others use listening to identify and localise prey-
produced sounds (Siemers and Swift, 2006). Thus, it is likely that environmental noise
will affect the bat’s ability to use acoustic information for finding prey (Schaub et al.,
2008). One study was conducted by Schaub et al. (2008) to investigate the effect of
anthropogenic and natural noise on bats’ foraging behaviour in the Greater mouse-
eared bat (Myotis myotis). The bats were found to forage more successfully in a
‘silent” compartment and also spent more time foraging in a ‘silent’ compartment
than a ‘noisy’ one, which they generally avoided (Schaub et al., 2008). The findings
indicated that noise influences the bats foraging efforts and success, so bats may

generally avoid noisy environments.

Loss of habitat

Bat habitat loss occurs in forests, woodlands and caves, and is caused by both natural
and anthropogenic factors (Mickleburgh et al., 2002). In the case of the dry forests in
Latin America and the Caribbean, harvesting processes and logging have led to a loss
of bat habitat, since bats use the forests for roosting and feeding (Mickleburgh et al.,
2002). Agriculture has a significant effect on bat habitats. For example, the ‘slash and
burn’ agricultural process, which mainly destroys the vegetation cover, leads to the
death of bats that use tree crevices as roosts (Schulze et al., 2000). In addition,
removing the dead and decayed trees associated with woodland management
practices, can also lead to a loss of bat habitat and reduced availability of bat roosts
(Lewis, 1995). Furthermore, during flight, bats use tree lines, hedgerows, canals and
other linear elements which play an important role in the connection between roosts
and foraging places (Frey-Ehrenbold et al., 2013). Thus, any loss or destruction

through agriculture has a negative effect on bat habitat.

Other sites such as caves and mines are also important for bats, since these are used

as roosts, or for breeding in the summer, and for hibernation in the winter



(Mickleburgh et al., 2002). Caves can be prone to flooding during unusually heavy
rain and can be extremely cold during the winter (O’Shea et al., 2016). In addition,
bats in caves compete for space with cave swiftlets (Sankaran, 2001). Caves also
attract speleologists and tourists and, when negatively managed, tourism can change

the cave ecosystem and affect the bats that roost there (Luo et al., 2013).

Many natural events can also impact habitats, including typhoons, which destroy bat
roosts and make the bats more exposed to predation and vulnerable to hunting
(O’Shea et al., 2016). Any change to the roosts has an impact on bats, since loss of
habitat can lead to greater challenges for survival. These are very specific examples
of habitat alteration, but across the world, bats are impacted by drastic habitat
fragmentation and loss (Lewis, 1995; Schulze et al, 2000; Sankaran, 2001;
Mickleburgh et al., 2002; Frey-Ehrenbold et al., 2013; Luo et al., 2013).

Wind turbines

The number of wind turbines have increased in order to meet the growing demand
for energy, and some specific species of bat have faced fatalities (Arnett et al., 2008;
Cryan and Barclay, 2009). This issue has been identified in the forests of the Eastern
of United Sated of America (USA) (Kunz et al., 2007; Arnett et al., 2008; Korner-
Nievergelt et al., 2013). Bat species that tend to use the trees as a place to roost and
migrate for long distances, are most affected by the wind turbines (Cryan and
Barclay, 2009). This particular phenomenon began in the late 1990s, when bat
corpses were found under turbines in the USA (Johnson et al., 2003). Since that time,
many studies have concentrated on bat fatalities at wind energy sites in North

America (Arnett et al., 2008).

Bat fatalities due to wind turbines are caused by clashing with the turbine tower or
rotating blades (Arnett et al., 2008; Baerwald et al., 2008). Bat fatalities may also
occur due to barotrauma, which relates to when the bat gets internal injuries due to
the rapid pressure change when they come close to the edge or the tips of the

turbines’ moving blades (Baerwald et al., 2008). There is little evidence of bats



colliding with non-operational turbines (Cryan and Barclay, 2009). If a bat dies as a
result of colliding with turbine towers, it is likely that fatalities should also exist at
non-operational turbines and other tall structures, such as meteorological towers.

However, fatalities are rare at these such structures (Arnett et al., 2008).

If bats die as a result of moving turbine blades, the bat bodies are likely to contain
traumatic injuries related to the severity of collision (Cryan and Barclay, 2009). In
agreement, bat corpses have been found with broken or amputated wings, crushed
skulls, broken vertebral columns, and severe lacerations; although there have also
been dead bats found at wind turbines without any external injuries (Baerwald et al.,
2008). Bats do often have internal injuries too, which are consistent with rapid
decompression, or barotrauma, through the thoracic and abdominal cavities. This
can be related to the pressure that is produced around moving turbine blades, which
causes damage to small blood vessels in the bats’ lungs and bleeding into the thoracic

cavity (Baerwald et al., 2008).

In order to explain why bats approach turbines, there are three main causes that
have been suggested: random collisions, coincidental collisions and collisions related
to the attraction of bats to the turbines (Cryan and Barclay, 2009). Random collisions,
which happen just by chance, can happen to any individual near to the wind turbine,
regardless of sex, age, reproductive condition or time of the year (Cryan and Barclay,
2009). Separately, coincidental collisions accrue as a result of specific behavioural
aspects from the bats, which put them at risk of collision. Those behavioural aspects
involve aggregation during migration and seasonal increases in flight activity related
to feeding or mating (Cryan and Barclay, 2009). Moreover, attraction collisions
suggest that bats are attracted to the wind turbines out of curiosity, misperception,
or as potential feeding, roosting and mating opportunities. (Cryan and Barclay, 2009).
Attraction collisions are thought to be the most likely cause of many collisions (Cryan
and Barclay, 2009). To assess the risk of wind turbines on bats, and find the best
methods to avoid or minimize bat fatalities at wind turbines, it is imperative to
identify the exact cause of bat fatalities at wind turbine sites (Cryan and Barclay,

2009).



Fungal infection (Bat White-Nose syndrome).

White-Nose Syndrome (WNS) is a disease that occurs in bats as a result of a fungal
infection (Reichard and Kunz, 2009; Cryan et al., 2010; Fuller et al., 2011). The first
observation of bat WNS infection was in the USA in 2006 (Reichard and Kunz, 2009;
Cryan et al., 2010; Fuller et al., 2011). This outbreak killed millions of bats, especially
those that hibernate in caves and mines, and threatens some bat species with
extirpation and extinction in the USA and Canada (Blehert et al., 2009, Lorch et al.,
2016). WNS is caused by a fungus called keratin-digesting fungus
(Pseudogymnoascus destructans) (Blehert et al.,, 2009; Reichard and Kunz, 2009;
Cryan et al., 2010; Fuller et al., 2011, Lorch et al., 2016), which infects the bat’s skin
(Blehert et al., 2009; Reichard and Kunz, 2009; Cryan et al., 2010; Fuller et al., 2011).
Indeed, this fungus grows rapidly at the low temperatures where the bats hibernate
during the winter (Gargas et al., 2009). Furthermore, during hibernation periods, bats
face challenges such as a lack of food and water, a decrease in immune function and
metabolism, and a reduction in body temperature. Bats often select humid, or
heavily populated, areas for hibernation to avoid losing moisture (Blehert et al.,
2009; Reichard and Kunz, 2009; Cryan et al., 2010; Fuller et al., 2011). However, all
these factors also allow the fungus to grow and successfully spread amongst the bats

(Cryan et al., 2010).

Cryan et al. (2010) suggested that the cause of bat mortality, when infected by P.
destructans, is a disruption in physiological wing function. On examining the wings of
WNS-affected Little Brown Bats (Myotis lucifugus) that were collected over winter, it
was found that they would tear easily since they had lost their elasticity, were no
longer strong, and the tissues appeared crumpled (Gargas et al., 2009; Cryan et al.,
2010). Furthermore, the microscopic examination of these wings revealed the
corrosion of the skin by the fungus, which damaged some glands such as the apocrine
and sebaceous glands, in addition to the hair follicles themselves. As a result of the
infection, P. destructans digests the wing skin, and also impacts the connective
tissues, the elastin and muscle fibres, the blood and lymphatic vessels and the

glandular structures (Gargas et al., 2009; Cryan et al., 2010). Although P. destructans



only infects the skin, it was proposed that the disruption of physiological
homeostasis, caused by the fungus, is what ultimately causes mortality (Cryan et al.,

2010).

While many studies focused on bat motility as a result of WNS infection, a study by
Fuller et al. (2011) suggested there is a possibility of healing the damaged wings
associated with WNS in free-ranging M. lucifugus. This study was conducted on two
maternity roosts of M. lucifugus. The authors found that 78% of the examined bats
affected by WNS over the hibernation period were able to heal rapidly in terms of
the damaged wings upon arrival at the maternity roosts (Fuller et al., 2011).
However, even if the WNS-affected bats survived and the damaged wings had no
visible damage, the WNS infection could still have an impact on wing function (Fuller

et al., 2011).

Predators

Bats, and many other small mammals and birds are preyed upon by predators such
as birds (Speakman, 1991; Jung et al., 2011), monkeys (Tapanes et al., 2016) and
domestic cats (Phillips et al., 2001; Woods et al., 2003; Ancillotto et al., 2013; Loss et
al., 2013).

A study investigated the effect of predation risk induced by different predator cues,
and attempted to identify the anti-predator behaviours of Phyllostomid frugivorous
bats, which are Great fruit-eating bat (Artibeus lituratus) and Flat-faced fruit-eating
bat (Artibeus planirostris), during their foraging, especially focussing on their foraging
behaviour and seed dispersal (Breviglieri et al., 2013). This study simulated the
presence of predators when bats foraged on calabur trees (Muntingia calabura) by
using a stuffed animal as a visual cue of different predators, as well as acoustic cues
of vocalizations, including Barn owls (Tyto alba), Burrowing owls (Speotyto
cunicularia) and the Southern Lapwing (Vanellus chilensis) as a control. The results
indicated that bat foraging behaviour was affected significantly by presenting known
predators visually, particularly bat landing behaviour, although flight behaviour was

not specifically affected. Moreover, T. alba had the most negative impacts on bat



behaviour when compared with the other predators, there was a reduction in bat
activity during landing to grab fruits, but not when the bats flew around the tree. The
sound and visual display of S. cunicularia and V. chilensis did not have any effect on
bat foraging behaviour. Overall, the presence of the T. alba model with its associated
sound, led to a decline in the number of the seeds dispersed by bats (Breviglieri et
al., 2013). Therefore, foraging behaviour changed as a response to the predator and

was also linked to the species of the detected predator (Breviglieri et al., 2013).

Domestic pets kill many wild animals annually (Loss et al., 2013). Furthermore,
roaming cats contribute to the extinction of wildlife globally (Loss et al., 2013).
Domestic cats (Felis catus), are listed in the top 100 of the worst non-native
aggressive species (Lowe et al., 2000). Numbers of domestic cats (Felis silvestris
catus) have increased in Western Europe, and they are now the most abundant
carnivore (Pavisse et al., 2019). Between 2000 and 2015, cat-related mortality in
garden birds increased by at least 50%, which coincided with an increase in the cat
population (Pavisse et al., 2019). However, the mortality rate as a result of predation
by domestic cats is still speculative (Loss et al., 2013). Nevertheless, according to the
International Union for Conservation of Nature (IUCN), 14% of all birds, mammals
and reptiles have become extinct due to the predation of cats (Medina et al., 2011).
In addition, it has been estimated that free roaming domestic cats cause the death
of 1.3 — 4.0 billion birds and 6.3 — 22.3 billion mammals annually in the USA (Loss et
al., 2013). Similarly, domestic cats in the United Kingdom (UK) are the most abundant
carnivores and they are found to exist in high densities (typically > 200 cats/km?)
(Beckerman et al.,, 2007; Baker et al., 2008) with the number of cats increasing
annually. Therefore, there is a crucial impact of these predators on wildlife every
year (Woods et al., 2003). Several studies have stated that cats have a negative
impact on wildlife, (van Heezik et al., 2010; Ancillotto et al., 2013), with their most
common prey being birds, followed by rodents (van Heezik et al., 2010). Cats have
been estimated to prey on 25-29 million birds annually in Britain (Woods et al.,
2003). However, there is no clear scientific evidence that such mortality has reduced

bird populations (Parsons et al., 2006; RSPB, 2019). It is likely that most of the birds
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killed by cats would have died anyway from other causes before the next breeding

season, and cats tend to attack weak or sick birds (Baker et al., 2008).

Many bat species roost in human-made constructions, such as houses, at least for
some periods of their life, usually for breeding, hence, increasing the probability of
meeting cats (Ancillotto et al., 2013). Although there is only occasional evidence of
cats predating bats (Phillips et al., 2001). The Eastern blossom bat (Syconycteris
australis) was first documented case as being attacked by a cat (Phillips et al., 2001)
and are recorded by the Threatened Species Conservation Act (1995) as a species that
is extremely vulnerable (Phillips et al., 2001). Another study was conducted at four
wildlife rescue centres in the Italian peninsular between 2009 and 2011, using 1012
records of admitted bats and came to five main conclusions (Ancillotto et al., 2013).
Firstly, according to rehabilitation centre records, 28.7% of the rescued bats had
suffered predation by a cat. Secondly, the majority of the bats caught by cats were
house-roosting bats. Third, in summer, adult females were more likely to fall prey to
repeat predations by cats, which constitutes a threat to the reproductive season.
Fourth, there was a strong association between predation by cats and land cover. In
short, because cats tend to remain outdoors, the majority of predation occurred in
rural and sparse urban areas. Finally, cats are known to be explorative mammals,
which means they could be attracted to bat roosts through sensory signals, such as
the sound released by bats; the smell of dung located next to the bat roost; or by
monitoring the bat when they fly near the roosting entrance (Ancillotto et al., 2013).
While it is widely known that cats are responsible for the killing or injuring of bats in
these two studies, there appears to be no understanding of how wide-spread this
might be, and, as yet, no formal observation of this occurring in the UK at all. There
is no evidence for how cat predation impacts bat populations, however, as cat
predation does not affect bird abundance overall, this might also be true of bats.
Investigating the population-level impacts of cats on bat abundance is outside the
scope of this thesis. However, | consider cat predation to primarily be a welfare

problem for bats, rather than a conservation one.
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As well as cat predation, some studies indicate that bats also experience predation
by birds (Speakman, 1991; Jung et al., 2011) and monkeys (Tapanes et al., 2016).
Indeed, a study conducted by Speakman (1991) to assess the loss of bats by bird
predation found that eleven bird species occasionally fed on bats. In addition, the
study found predation by birds accounted for some 11% of bat mortality in Britain
annually (Speakman, 1991). Hence, this predation on bats will also have an effect on
bat population numbers. In fact, certain scholars have noted the likelihood of owl
predation, specifically on the species known as M. lucifugus, however there remains
no concrete evidence for this (Jung et al., 2011). One study conducted by Jung et al.
(2011) was based on the capturing of M. lucifugus bats in eight mist nets that were
placed over a river and along a narrow forest road in Canada. A Great Horned Owl
(Bubo virginianus) was observed in the river where one mist net was and where one
adult male bat was later found dead. Some puncture wounds were observed on the
bat and these were assumed to have been caused by the owl’s talons. However, the
main cause of the bat’s death was not conclusive since part of the mist net was held
under the water as a result of the owl’s weight, meaning the bat could have also died
by drowning (Jung et al., 2011). In fact, it remains unclear as to whether the owl
chased the bats into the mist nets or the bats were already there when the owl
attacked them. In addition, B. virginianus owls are supposed to prey on bats that are
locally abundant, while here the bats are already captured so they make easy prey
(Jung et al., 2011). Finally, when bats are captured in a mist net they vocalize loudly
and that may attract the owl (Jung et al., 2011). Hence it can be argued that this study
provides no specific evidence on how B. virginianus owls prey on M. lucifugus bats in
natural circumstances, and therefore, how they may affect bat populations (Jung et

al., 2011).

Tapanes et al. (2016) also found that there is predation on bats by Cercopithecus
monkeys (Tapanes et al., 2016). This study was conducted in Kenya and Tanzania over
a period of six and a half years and their observations provided the first behavioural
accounts of predation by Cercopithecus monkeys on bats. In fact, the authors
reported 13 events of predation on bats over the study and thus concluded that

monkeys hunt and eat bats. All these predation events were found to have occurred
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in forest edges or in plantation habitats (Tapanes et al., 2016). It is worth mentioning
that while the Cercopithecus monkeys prefer fruits, they are omnivores so they feed
on leaves, invertebrates and occasionally on vertebrates. In fact, they consume a

wide range of vertebrate species (Tapanes et al., 2016).

All these findings provide new information with regards to the risk of predation for
bats that can arise from altering their natural behaviour. This thesis supposes that
cats have a negative effect on bats, as they attack them and are likely to cause wing

tears.

1.2.3 Bat Population and Ecology in the United Kingdom

This section will first describe general theories of animal population regulation, and
then will focus on UK bat species populations, and, specifically, the most commonly

occurring UK bats, the Common pipistrelle bat (P. pipistrellus).

Population regulation

Factors which affect populations are often grouped into density-dependent and
density-independent factors. Density-dependent factors are biological in nature such
as predation, competition between individuals, accumulation of waste, and diseases
such as those caused by parasites (Kendall, 1990). While density-independent factors
are physical or chemical in nature such as weather, natural disasters and pollution in
the environment (Kendall, 1990). In addition, there are two further important
environmental properties that control whether an individual can live in the
population or not; these are conditions and resources. Conditions involve the
environment’s physiochemical features which make that environment habitable for
the individual, such as: temperature, humidity, and the pH of aquatic environments
(Townsend et al., 2008). These conditions involve the availability of the animals’
shelters or refuge as well. Resources include what the animal consumes and are
required for an individual’s growth and reproduction (Townsend et al., 2008). These
include the availability of food and water in the environment. If these resources are

not enough to cover each individual’s need in the population, this can lead to
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competition between the individuals (Townsend et al., 2008). Competition for
limited resources is related to high population density, which not only affects
competition, but also reduces birth rate and increases death rate (Townsend et al.,
2008). Often food and refuges are the major factors that affect population size
overall, as when food and refuges are limited, this leads to competition between
individuals and a decline in the population (Stevens, 2010). Therefore, in bats, habitat

change and prey availability might have the most effect on population.

United Kingdom bat population

In the UK, bat species make up almost a quarter of all mammalian species, and are
affected by insect prey availability, weather conditions, changes in habitats (BCT,
2018a) and predation (Ancillotto et al., 2013). While populations of many bats in the
UK are stable or increasing, especially the most abundant pipistrelle species (P.
pipistrellus and Pipistrellus pygmaeus), the number of roost sites are declining (BCT,
2018b). Indeed, urbanisation in the UK is one of the most dramatic forms of land use

change, which relatively few species can adapt to (Lintott et al., 2015).

In the UK there are 18 bat species, 17 of which are resident bats. These are: Alcathoe
bat (Myotis alcathoe), Barbastelle (Barbastella barbastellus), Bechstein's bat (Myotis
bechsteinii), Brandt's bat (Myotis brandti), Brown long-eared bat (Plecotus auritus),
Common pipistrelle (Pipistrellus pipistrellus), Daubenton's bat (Myotis daubentonii),
Greater horseshoe bat (Rhinolophus ferrumequinum), Grey long-eared bat (Plecotus
austriacus), Leisler's bat (Nyctalus leisleri), Lesser horseshoe bat (Rhinolophus
hipposideros), Nathusius' pipistrelle (Pipistrellus nathusii), Natterer's bat (Myotis
nattereri), Noctule (Nyctalus noctula), Serotine (Eptesicus serotinus), Soprano
pipistrelle (Pipistrellus pygmaeus) and the Whiskered bat (Myotis mystacinus), while
one species is vagrant and occasionally visits which is the Greater mouse-eared bat
(Myotis myotis) (BCT, 2017). According to the IUCN Red List of Threatened Species
(2017), almost all of the resident UK bat species are categorised as ‘of least concern’,
while two species are categorised as ‘near threatened’, the B. barbastellus and M.

bechsteinii bats (IUCN, 2017).
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There was a significant drop in bat populations in the UK during the period of 1980
to 1992 (Harris et al., 1995). However, a more recent bat survey in 2017 indicated a
significant increased since the baseline year (1999) for following bat species: R.
ferrumequinum; R. hipposideros; P. pipistrellus. M. nattereri. Meanwhile, the most
species remained stable which are: M. daubentoniid, M. mystacinus, M. brandti, P.
pygmaeus, N. noctula, E. serotinus, and P. auritus. For the remainder UK bat species,
there are insufficient data available to identify the population trend for those species

(BTC, 2018b)

Common pipistrelle populations

The Common pipistrelle (Pipistrellus pipistrellus) belongs to the suborder
Yangochiroptera (Teeling et al., 2001), it is a native species and the most common
bat species throughout the UK (Harris et al., 1995). These bats weigh about 5.5g,
which makes them the smallest hibernating mammal (Sendor and Simon, 2003).
These bats usually start hibernation by mid-August to the end of October (Russ et al.,
2003; Gerell and Lundberg, 1985), and finish hibernation by the end of March (Gerell
and Lundberg, 1985). The male and female bats start visiting the roost site and by
the beginning of the summer the males nominate territories for mating roosts, and
the females form maternity roosts. Female bats usually give birth to young bats in
June (BCT, 2019), and commonly produce twins (Arlettaz et al., 1999). The young feed
on the mother’s milk for three-four weeks and are weaned by August (BCT, 2019).
They are able to fly and forage by the age of six weeks, and at this time the Summer
colony starts to disappear and the bats shift to the mating roost (BCT, 2019). The
young female will be reproductive at the age of one year (Arlettaz et al., 1999) and
males become sexually mature by the second autumn (Entwistle et al., 1998). After
mating, the fertilizations accrue during hibernation, so the female becomes pregnant
over May-June and usually they give birth to young bats in June (Davidson-Watts and
Jones, 2006; BTC, 2019). When the breeding season starts, by the end of July, the
females join a single male in the mating roost and form transient mating harems. This

mating system is known as resource defence polygyny (Gerell and Lundberg, 1985).
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P. pipistrelles forage in many habitats including woodlands, woodland edges, semi-
deserts, farmland, rural gardens and urban areas. Like many bat species, they feed
on small flies and moths (Hutson et al., 2008). They also tend to roost in buildings
and trees over the summer during the maternity period, these maternity colonies
generally involve only 25-50 individuals, but some colonies involve up to 200
individuals. In the winter, these bats roost in cracks in buildings and in cliffs and
caves, they can also be found in tree holes. During this period, the bats can be found
individually or in small groups (Hutson et al., 2008; BCT, 2010). While they can move

up to 1 km, they are not migrating bats (Hutson et al., 2008).

Even the last bat field survey in the UK (2017) showed a significant increase for P.
pipistrellus population, but also, there has been a significant reduction of roost count
for P. pipistrellus (BTC, 2018b). This could be related to switching roosts, especially
maternity colonies, which would significantly affect the counts, thus the roost survey
requires more investigation (BCT, 2018b). In fact, the most important issue facing
pipistrelles is the major decline in bat roost sites over the last few years as a result of
several factors, including current agricultural processes, timber treatment, building

renovations and predation by other animals (Hutson et al., 2008; BCT, 2018a).

Common pipistrelle population viability

While there are many threats facing P. pipistrellus around the UK, it is important to
understand the risks to their populations, which can be achieved using Population
Viability Models. A population viability analysis (PVA) is a species-specific tool used
in conservation biology to evaluate the risk of population extinction within a given
number of years (Boyce, 1992; Sanderson 2006). This analysis requires an

understanding of survival rates (Pryde et al., 2005).

The probability of survival, especially adult survival, plays a role in population change
in long-lived animals, which bats are considered to be relative to their body size

(Sendor and Simon, 2003). Indeed, the probability of survival is thought to have the
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largest impact on population dynamics of long-lived species (Sendor and Simon,
2003). An understanding of P. pipistrellus survival rates is key to understanding their
population dynamics. It is difficult to estimate the survival rates of bats, as most
surveys are relatively short-term (Pryde et al., 2005). In addition, bats are nocturnal,
and it is difficult to catch and count them (Pryde et al., 2005). Some studies have
provided the survival rates of some bats species, but there are limited studies which
report a reliable estimation of long-term survival rates, or the difference in survival
rates between species or within populations (Sendor and Simon, 2003; Pryde et al.,

2005).

A study by Sendor and Simon (2003) investigated the survival rate of P. pipistrellus
bats over five years (1996-2000), using seasonal (summer/winter) capture-recapture
techniques. That study was conducted in a huge bat hibernaculum in Germany. The
bats were caught in the summer season between mid-May to mid-September, and
the winter season between late November to early March. The bats caught were
marked by a coded band, and the bat’s sex was recorded. Then the bats were
released directly after the capture session. The bats were categorised into four
groups: juvenile males, juvenile females, adult males, and adult females. The data
was collected over five summers and four winters and analysed to estimate the bat
survival probability. The results indicated that there is a persistent difference in
survival rates between adults and first-year juveniles, with first-year juveniles having
reduced survival probabilities during the first autumn and spring. However, the
difference in survival rate between the sexes was small. Over the spring, the survival
rates of adults was high, and there was no evidence of mortality increasing during
hibernation in the winter, which contradicted the assumption of reduced survival
rates over winter due to the reduction in stored fat by the end of hibernation (Sendor

and Simon, 2003).

Gerell and Lundberg (1990) estimated higher survival rates in female adult
pipistrelles compared to territorial males in southern Sweden (1981-1988). The same
results were also found previously by the same authors during a seven years study

on a pipistrelle nursery colony in England (Gerell and Lundberg, 1985). Pryde et al
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(2005) also showed that adult females had a higher survival rate than males, and
adults had higher survival rate than juveniles in New Zealand (Pryde et al., 2005).
Also, the adult females were more sensitive to survival and productivity in the
population (Pryde et al., 2005). Therefore, these studies suggest that adult females
have higher survival rates than males, which means the males might be more at risk.
This is because the females spend more time in the maternity roost giving birth and
feeding the juveniles, especially between June and July; while the males spend more
time out of the roost (BTC, 2019). Although females are less likely to encounter a
threat, a decrease in female numbers is likely to have a high impact on the
population, as they play a key role in reproduction and productivity. However, the
mating system in bats is polygynous, so several females could need just one male to
fertilize. Therefore, it is difficult to predict whether threats to males or females might

affect a population the most.

1.3 Wing Form and Function

Although habitat loss and prey availability is thought to affect bat populations the
most, other threats do significantly impact bat health, welfare and their population
numbers. These include weather, collisions, fungal infections and predation. Many
of these threats cause wing injuries, especially collisions and predator strikes. Bat
wings form about 85% of the body surface (Makanya and Mortola, 2007); indicating
the important role they play. They are critical for powering flight, but their thin
membranes are prone to damage. This section will present the structure of wings,
their anatomy, and the wing material properties; it will then introduce the subject of

bat wing tears.

1.3.1 The structure of Flight Membranes

The flight membranes (patagia) comprise 85% of the body surface area of a bat
(Makanya and Mortola, 2007). The patagia are made up of 4 sections (Faure et al.,
2009; Madej et al., 2012). The skin at the first section that extends from the bat's
shoulder to the thumb is called the protopatagium (Pollock et al., 2016). The skin

between fingers 1 and 5, is referred to as the chiropatagium (or dactylopatagium).
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The section consisting of a skin that extends between the fifth fingers and the body
trunk is called the plagiopatagium (Pollock et al., 2016). Various species of bat also
have a tail membrane that is situated between the hind limbs, which is knowns as

the uropatagium (Madej et al., 2012; Pollock et al., 2016) (Figure 1.1).

Each part of the wing has a particular function in flight. The plagiopatagium supports
the bats’ body weight during flight (Neuweiler, 2000); it also plays an important role
in lifting the bat during flight (Vaughan, 1970; Swartz et al, 1996). Meanwhile, the
chiropatagium works to thrust the bat forward (Neuweiler, 2000). The uropatagium
is responsible for flight control, and it has a crucial role in the capture of insect prey
(Gardiner et al, 2011), and as well as providing lift during flight (Vaughan, 1970;
Swartz et al., 1996). Moreover, the hairs along the edge of the wing play a role in a
detecting stall (Sterbing-D’Angelo et al., 2011). As well as flight, the patagia plays a
vital role in many physiological functions, such as dermal gas exchange (Makanya and
Mortola, 2007), thermoregulation (Kluger and Heath, 1970), and maintaining water

balance (Cryan et al., 2010).
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Figure 1.1: Diagram illustrating the 4 parts of the bat flight membranes (patagia), including
protopatagium, chiropatagium, plagiopatagium and uropatagium. Image modified from Faure et al.,
(2009).

1.3.2 The Anatomy of the Bat Wing

Like skin, bat wings are made up of two layers, the epidermal and dermal layers.
However, they differ by containing specialist morphological structures and are very
thin (Crowley and Hall, 1994; Madej et al., 2012). In bat wings, the thin epidermis
covers the dermis, which contains blood vessels, nerves, muscles, elastin bundles and
interwoven collagen bundles (Madej et al., 2012; Kovalyova, 2014; Cheney et al.,
2017). Additionally, the bones and the skeletal muscles support the wings (Cheney
et al.,, 2017). Gupta (1967) found that the wings consist of a central region of
connective tissue that consists of collagen and elastin bundles, sandwiched between
a dorsal and ventral layer of epidermis. In contrast, bats’ body skin consists of a
single-layer, similar to the skin of other non-flying mammals (Sokolov, 1982; Madej

etal.,, 2012).
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An early study examined the fibres in the wing of Mexican free-tailed bats (Tadarida
braziliensis). It used light microscopy and transmission electron microscopy
(Holbrook and Odland, 1978), and found that the plagiopataigum consisted of
vertical fibre bundles, which were shown in parallel patterns and extended to the
trailing edge. These were then also crossed by branched, parallel horizontal fibre
bundles, particularly between the joint of the metacarpal and phalanges at the fifth
digit (Holbrook and Odland, 1978). In general, this study suggested that the elastin
and collagen bundles formed a network of net-like scaffolding over the bat wings
(Holbrook and Odland, 1978). A more recent study used polarised light to determine
fibres within wing tissue from three male Seba's short-tailed bats (Carollia
perspicillata) (Cheney et al., 2015). They found that the elastin fibres are arranged in
a parallel orientation, along the axis of the unfolded wings, in a ‘spanwise’ orientation
within the membrane (Figure 1.2A, B). The elastin fibres were extremely similar for
both wings among the three bats tested (Cheney et al., 2015). However, some tissues
were not tested, especially the small sections of the wing next to the bone, and
between the fourth and the fifth digits, where the fibres were seen to branch
frequently (Cheney et al., 2015). It was also found that the elastin fibres caused
wrinkles in the wing in the relaxed position, as removal of elastin fibres reduced the

wing wrinkles (Cheney et al., 2015).
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Figure 1.2: The elastin fibres in the wing of the C. perspicillata bat. A) The polarised light image of the
bat wing, the rectangles presenting the location of sampling on the wing. B) Diagram of the bat wing
presenting the elastin fibres orientation. Image modified from (Cheney et al., 2015).

Another recent study by Cheney et al., (2017) used cross-polarised light to find the
diversity of elastin bundles and muscles of bat wings in the plagiopatagium and
dactylopatagium (or chiropatagium). The direction of elastin fibres in the wing
membrane supports the previous findings by Cheney et al. (2015), and was found in
all the bat families tested. However, some variation existed in certain wing sections,
which included: 1) the area adjacent to the digit bones, as the elastin bundles often
branched and joined to skeletal joints; 2) the area between the fourth and the fifth
digits, as in some species the elastin bundles were intersected, which lead to a net-
like arrangement of fibres; and 3) the area between the forearm and the fifth digit,
as the elastin bundles may section with the distal plagiopatagium (Figure 1.3)

(Cheney et al., 2017).

In terms of muscle diversity in the wing membrane, the results of cross-polarised
light imaging indicated the muscle architecture was variable, with differences in the
length, width and directions of muscle fibres (Figure 1.3) (Cheney et al., 2017). As

well as elastin and muscles, collagen bundles are also organised throughout the wing,
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forming a cover of both muscles and elastin fibres (Holbrook and Odland, 1978).
Histology shows collagen fibres can be found in many different locations and
orientations. However, it tended to be distal to the elastin bundles (Cheney et al.,
2017), meaning that the collagen bundles occur outside the elastin and cover it

(Figure 1.4).

Figure 1.3: The cross-polarised light images of bat wing presenting the elastin bundles (grey lines),
muscle (coloured lines), collagen fibre bundles (dashed green lines) and neurovasculature (dashed blue
lines). These image sare from different bat families which are: (A, B) Thyropteridae; (C, D)
Phyllostomidae; (E, F) Molossidae; (G, H) Natalidae; (1, J) Noctilionidae; (K, L) Mormoopidae (Cheney
etal., 2017).
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Figure 1.4: A,C,E) The images of wing taken by cross-polarised light, B,D,F) Light micrograph of tissue
sample oriented dorsal side up and stained with histological stains. Samples B and D stained with
modified Verhoeff’s elastin stain and Mallory’s triple; elastin bundles in dark blue or navy, collagen in
blue. Sample F modified Verhoeff’s elastin stain and Van Gieson’s stain; collagen, pink; elastin, dark
purple; muscle, red. Scale bars; A, C, E) ~1 cm, B, D, F) ~ 100 um. Sample A is from Noctilio leporinus,
and samples C and E are from Artibeus lituratus. (Image modified from Cheney et al., 2017).

As well as fibres, there are also blood vessels within the wing. Some studies use the
vessel venation on the wing membranes to identify bat species (Amelon et al., 2017;
Walker, 2015; Pavlini¢ et al., 2008; Schofield, 2002). These studies have suggested a
specific pattern of wing vessel venation for each bat species, hence it can be used to
identify species. In Pipistrelles species, there is a difference in the wing venation
pattern between P. pipistrellus (Figure 1.5A) and P. nathusii (Figure 1.5B), as the
middle vein of the plagiopatagium does not branch in P. pipistrellus, while it does in
the P. nathusii. However, in some situations bats cannot be identified by vessel

venation, as a result of wing injury and individual variation (Pavlini¢ et al., 2008).
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Other features can be used to identify bat species, such as size, colour, ear shape,

and tragus size and shape (Walker, 2002).

One study focused on measuring blood vessels in the wings of the M. lucifugus bat
(Wiedeman, 1963). It was found that the average length of the main vein was the
same as its accompanying artery, even though the diameter of the vein was greater
by one-half than the diameter of the artery. Therefore, that main vein had double

the number of tributaries than the major artery (Wiedeman, 1963).

Figure 1.5: The wing venation in: A) P. pipistrellus, B) P. nathusii, the circling area presenting the
difference in wing venation to identify bat species (Picture modified from: Walker, 2002).

1.3.3 The Mechanical Properties of the Bat Wing

Bat wing skin is extremely flexible and stretchy, which distinguishes bat wings from
the flight membranes of other flying animals (Skulborstad et al., 2015). Swartz et al.
(1996) used tensile testing to determine the mechanical properties of bat wings. They
compared the wing skin mechanical properties in terms of: stiffness, strength, load
at failure, and energy absorption between three particular parts of the wing
(chiropatagium, plagiopatagium and uropatagium) in seven bat species: Little brown
bat (Myotis lucifugus), Cave myotis (Myotis velifer), Big brown bat (Eptesicus fuscus),
Hoary bat (Lasiurus cinereus), Parnell’s mustached bat (Pteronotus parnellii), Big
naked-backed bat (Pteronotus suapurensis), Jamaica fruit bat (Artibeus jamaicensis),
Tent-making bat (Uroderma bilobatum), Maxican free-tailed bat (Tadarida
brasiliensis). 1t was found that the wing material properties showed robust
anisotropy (i.e. different values at different orientations) and had significant

variations depending on the orientation of the tested sample, which wing section it
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was from and the type of bat species. In particular, the highest stiffness and strength
in the wing was found parallel to the wing skeleton, and the highest extension was
found parallel to the wing trailing edge. Moreover, there is a significant difference in
all mechanical properties, apart from energy absorption, between different sections,
especially: 1) the skin is the thickest in the uropatagium and thinnest in the
chiropatagium; 2) the highest supportable load is at the uropatagium and it is usually
smaller in the other parts; 3) the weakest section is the plagiopatagium; and 4) the
least extensible part is the chiropatagium (Swartz et al.,, 1996). The results also
indicated that there was a significant difference between different bat species in all
mechanical properties, apart from stiffness (Swartz et al., 1996). This was the first
and only study that investigated the mechanical reaction of the bat wing skin to

tensile loading under unconstrained uniaxial tension (Skulborstad et al., 2015).

Skulborstad et al. (2015) presented the first study using biaxial mechanical
characterisation, which applied a mechanical test in two distinct orientations, both
chordwise (vertical) and spanwise (horizontal) to investigate local deformation,
mechanical properties and fibre kinematics in bat wings. The study was conducted
on Pallas’ long-tongued bat (Glossophaga soricina), and the results showed a
relationship between the wing skin structural morphology, mechanical properties
and function (Skulborstad et al., 2015). The study found variation in tissue
deformation and fibre strain in the cross-fibre direction for both chordwise and
spanwise fibres, which provides evidence for sample orientation affecting material
properties. The fibres stretched during deformation, with minimal fibre reorientation
at larger stretches. The wing skin was also extremely anisotropic, which affected wing
shape under aerodynamic loads. The structural arrangement of the fibres has an
important role in providing a low energy mechanism for wing extension and

deployment (Skulborstad et al., 2015).

That the wing membranes are thin, compared to body skin, makes them particularly
susceptible to injuries, holes and tears (Ceballos-Vasquez et al., 2015). Moreover, the
wing or the patagia, beside from its vital role in flight, plays an important role in many

other physiological functions, including movement and homeostasis (Ceballos-
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Vasquez et al., 2015). Therefore, injury to the wing can be particularly harmful to

bats.

1.3.4 Wing Tears

Wing tears are a common wing injury that can be seen in many bat populations
(Davis, 1968), and might be caused by collisions (Baerwald et al., 2008; Cryan and
Barclay, 2009) or predator attacks (Speakman, 1991; Woods et al., 2003; Jung et al.,
2011; Ancillotto et al., 2013; Loss et al., 2013; Tapanes et al., 2016). Even though
several studies have investigated bat wing tears in the USA and Canada (Davis, 1968;
Powers et al., 2013; Voigt, 2013), there is still little evaluation of bat wing tears in the
UK. Davis, over 1966 and 1967, observed the pallid bat (Antrozous pallidus) in South
Arizona over two summers and found that individual bats from several colonies
repeatedly recovered from wing injuries. Significant wing injuries were categorized
as either (1) membrane holes, (2) bone abnormalities, (3) missing membrane parts
or (4) embedded thorns and cactus spines (Davis, 1968). Holes were the most
common injury and ranged from small (1-5 mm in diameter) to large (10-15 mm)
(Davis, 1968). Moreover, it was found that wing tears could even lead to losing part
of the wing, depending on the breadth of the tear (Davis, 1968). Wing tears and holes
can occur as a result of colliding with manufactured objects or plants with spikey
branches or thorns (Davis, 1968), fungal infections, such as the P. destructans
(Blehert et al., 2009; Reichard and Kunz, 2009; Cryan et al., 2010; Fuller et al., 2011,
Lorch et al., 2016) or from predator attacks (Speakman 1991; Woods et al., 2003;

Ancillotto et al., 2013; Loss et al., 2013), such as cats.

1.4 Wing Wound Healing

Commonly, when bat wings are torn, the bat requires more energy to produce
rejuvenated flight membranes, and relatively little is known about membrane
healing during times of energy constraint or peak energy demand (Ceballos-Vasquez
et al., 2015). Also, the healing procedure requires time, but there is little known

about the amount of time needed for healing (Davis and Doster, 1972), even though
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it is crucial to understand how injured wings heal and recover the wing function
(Fuller et al., 2011). This section will present the mechanisms of wound healing in bat

wings and the effect of seasonality on healing.

1.4.1 Healing Process

The healing procedure of wounds in bat wings is somewhat complicated and must
pass through numerous steps to be completely successful. A wing tear injury in A.
pallidus bat needs from 22 to 34 days to heal (for a wound sized 14mm?) while a
larger wound (17mm?) requires 32 to 43 days to heal. Infection can, of course, cause
a delay in healing (Davis and Doster, 1972). There is some evidence that shows that
bat wings have the ability to heal and recover from injuries without any significant

effect on bat activities (Faure et al., 2009).

Wound healing is an immunological response to an injury, which deactivates the
homeostasis of the normal tissue. In relation to mammals, the procedure comprises
of a highly organised response that is controlled by several genes, cytokines, and
hormones (Gurtner et al., 2008). Many studies on mammalian wound healing have
demonstrated that the key element in the complex healing procedure exists in the
nearby blood vessels (Faure et al., 2009; Pollock et al., 2016; Davis and Doster, 1972).
Generally, there are three main steps for repairing the holes in bats wings: 1) forming
red scar tissue around the border of the hole, and after 1-5 days this becomes white;
2) growing of the tissue from the border of the hole inwards to close the wound,
which takes place 2-10 days after injury; 3) closing then takes place and any scab will
be replaced by scar tissue, which starts 2-3 weeks after the injury and continues for
a year or more (Davis and Doster, 1972; Gurtner et al., 2008) (Figure 1.6). The scar
tissue is what makes the renewed area usually appear as a pale-colour in comparison
to the surrounding area. However, another study has suggested that the pale-colour

could be caused by ectoparasites (Davis and Doster, 1972).
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Figure 1.6: Wound healing in the wing membranes of a E. Fuscus bat in Cuba in 2014. (A) Before biopsy
(day0). (B) Day 7. (D) Day 31. (E) Day 38. (F) Day 42 (Pollock et al., 2016).

As well as injuries, biologists often collect tissue samples from bat wings for marking
in the field, or for molecular analysis (Ceballos-Vasquez et al., 2015). A study by Faure
et al. (2009) found that a wound in the tail membrane healed faster than flight
membranes as the uropatagium is more highly vascularized than the chiropatagium,
thus the tail was the best place to collect tissue as it had the most blood vessels and
healed quickest. Moreover, it was found that a wound in the Egyptian fruit bat

(Rousettus aegyptiacus) in the plagiopatagium section took 50% longer to heal
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compared to the same size wound in the chiropatagium (Greville et al., 2018).
Indeed, a good blood supply, indicated by the presence of more blood vessels, is

associated with quick healing.

1.4.2 Seasonal Wound Healing

In order to heal from a wing tear, there must be a fundamental energy investment
(Ceballos-Vasquez et al., 2015). Ceballos-Vasquez et al. (2015), found that wound
healing in the flight membranes of Big brown bats (Eptesicus fuscus) differed across
seasons and during times that depend on energy consumption. Therefore, the
healing of the wound will be slower in the Winter compared to that in the Summer,
and might also be slower during the periods of energy conservation, such as in
hibernation, and during the high-energy demand periods, such as pregnancy and
lactation (Ceballos-Vasquez et al., 2015). In the study, an 8 mm biopsy of the wing
of adult female E. fuscus bats was taken and the time that would be required for
healing from the biopsy was compared at different seasonal temperatures between
the Winter and the Summer. Consequently, it was found that the Summer group
demonstrated healing during the first week, while the winter group did not
demonstrate it until the fifth week. Moreover, the results show that there was no
difference between lactating and non-reproductive females in healing time, so both
groups exhibited full wound healing during the third week (Ceballos-Vasquez et al.,

2015).

1.5 Bat Flight Behaviour

Bats are the only mammals capable of flapping flight (Voigt et al., 2012). A bat’s wing
is highly flexible and stretchable, and is supported by the skeletal structure and
musculature, to enable a large change in the wing shape during flight (Skulborstad et

al., 2015).

A study by Voigt (2013) investigated how holes and tears in bat wings affect the flight

performance and metabolic rate during flight. This investigation was conducted on
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two tropical bat species, the Silver-tipped myotis (Myotis albescens) and Black myotis
(Myotis nigricans) (Voigt, 2013). In both study species, injured individuals had torn
trailing edges on the left plagiopatagium, which resulted in about a 20% reduction of
the wing area when compared to the right wing. The results indicated that flight
speed was not altered in the bats with injured wings, compared to their conspecifics
with healthy wings. However, the bats with injured wings performed fewer U-turns
in a circular flight arena and also had lower flight metabolism (mL CO, min~2). The
reduction in flight metabolism in the bats with injured wings led to fewer flight
manoeuvres, which cost more energy, than in bats with healthy wings. Wing tears
reduced the wing area, and impacted the aspect ratio, which is the ratio of wing
length and width, and impacted wing loading abilities, which is likely to lead to a
reduction in foraging success, and will, in turn, affect body mass and flight
metabolism (Voigt, 2013). This study is the first investigation in to the effect of
reducing the wing area on flight performance and metabolic rate (Voigt, 2013). In

this thesis, the effect of bat wing tears on flight behaviour will be investigated.

1.6 Gaps in knowledge that this thesis will address

There are many studies in the literature on bats, especially in the USA and Canada
(Davis, 1968; Powers et al., 2013; Voigt, 2013; Greville et al., 2018). However, there
are hardly any studies on bats wing tear in the UK, despite most of the UK bat species
roosting in houses (BTC, 2015), and being greatly affected by anthropogenic factors,
such as light pollution, habitat loss and fragmentation, and coming in to contact with
domestic pets (Mickleburgh et al., 2002; BCT 2018a; BCT 2018b). Urbanisation is
increasing in the UK (Lintott et al., 2015), which is also likely to lead to more injuries
in bats, especially in terms of collisions with manmade structures (Cryan and Barclay,
2009; Baerwald et al., 2008) and predator attacks (Speakman, 1991; Woods et al.,
2003; Jung et al., 2011; Ancillotto et al., 2013; Loss et al., 2013; Tapanes et al., 2016),
such as from cats (Phillips et al., 2001). Wing injuries are prevalent in UK bats, causing
many hundreds to be admitted to rescue centres every year (Kelly et al., 2008). There

are limited studies on wing tears in bats, and so far, no one understands the causes,
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healing rates and effects of these injuries. This thesis, therefore, aims to investigate
the causes and effects of bat wing tears, in a series of studies.

This review has identified that there are no studies that have fully characterised the
occurrence of wing tears in bats. While some studies have considered the effect of
tears, in terms of healing (Davis and Doster, 1972; Faure et al., 2009; Pollock et al.,
2016) and prevalence (Davis 1968), none have systematically recorded their type,
shape, position and healing outcomes. Therefore, chapter 2 of this thesis aims to

characterise wing tears in P. pipistrellus, and other bat species, in the UK.

While there is a good understanding of wing anatomy, including fibres, venation and
material properties (Wiedeman, 1963; Swartz et al., 1996; Cheney et al.,, 2015;
Skulborstad et al., 2015; Cheney et al., 2017), these tend to vary between species
(Swartz et al., 1996). Wing anatomy has never been documented in P. pipistrellus,
probably due to them being small and difficult to process. Furthermore, how the
wing anatomy might predict the positioning of wing tears and their healing
capabilities, has yet to be explored. For instance, the plagiopatagium is often the
weakest section and, therefore, might have more tears (Swartz et al., 1996). Chapter
3 aims to explore the anatomy of the wing in P. pipistrellus, and see if knowledge

of the anatomy is sufficient to understand wing tear placement and healing rates.

While wing tears have been found to alter turning manoeuvres in bats (Voigt, 2013),
a quantitative method has not been developed to measure the effect of wing tears
on flight. Therefore, the aim of chapter 4 is to develop a new method for analysing

flight from high-speed video data to assess the effect of wing tear on flight.

The causes of wing tears have, so far, only been based on circumstantial evidence
collected from rescue centres (Ancillotto et al., 2013) and researcher observations
(Davis, 1968; Speakman, 1991; Phillips et al., 2001; Jung et al., 2011; Powers et al.,
2013). Wing tear causes, reported by bat carers, will be included in Chapter 2. Then
the aim of chapter 5 is to develop a systematic forensic method to identify the

presence of cat DNA on wing tears.
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The discussion chapter (Chapter 6) will present the key findings in each chapter and
make recommendations for future studies and for bat carers to take on board to

improve bat health and welfare.
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Chapter 2 Characterising Wing Tears in Common Pipistrelle

(Pipistrellus pipistrellus) and other UK bat species

This chapter has been accepted for publication in the Journal of Mammalogy:

Khayat, R. O., Shaw, K. J., Dougill, G., Melling, L. M., Ferris, G. R., Cooper, G., and
Grant, R. A. ‘Characterizing wing tears in common pipistrelles (Pipistrellus
pipistrellus): investigating tear distribution, wing strength, and possible causes.’
Journal of Mammalogy, pp. 1-13. (Appendix 1)

Chapter summary:

This chapter presents data collected from bat carers around the UK. It provides a
guantitative summary of wing tear placement, types and distribution in Common
pipistrelles bat and other bat species. Moreover, it introduces the healing outcomes
of bats with wing tears, and presents possible causes of the wing tear in bats included
in the study. Results indicate that holes were the most common tear types. The most
tears occurred in section P, and tended to be oriented rostro-caudally, from the wing
membrane to the trailing edge. Tears in section P tended to take longer to heal, and

might be associated with predator attacks, such as from cats.

2.1 Introduction

Injuries in bats often occur on the wings, or flight membranes, as they are large, thin
and sensitive to damage (Ceballos-Vasquez et al., 2015). Wing tears are a common
injury in many bat populations (Davis, 1968). Davis (1968) found over 40% of Pallid
bat individuals (Antrozous pallidus) in one roost in South Arizona, had wing injuries
or abnormalities. Wing tears can even lead to losing parts of the wing, depending on

the breadth of the tear (Davis, 1968).
These wing tears often occur as a result of several possible causes such as: colliding

with man-made objects or plants with spikes and thorns (Davis, 1968), fungal

infections (Reichard and Kunz, 2009; Cryan et al., 2010; Fuller et al., 2011), or
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predator attacks (Speakman, 1991; Woods et al., 2003; Ancillotto et al., 2013; Loss
et al., 2013; Russo and Ancillotto, 2015). Even though several studies have
investigated bat wing tears in the USA and Canada (Davis, 1968; Powers et al., 2013;
Voigt, 2013; Greville et al., 2018), there is still little evaluation of bat wing tears in the
UK. The UK makes an especially interesting area to study as there is a lot of
urbanisation (Lintott et al., 2015), and most of the UK bat species are house roosting
(BTC, 2015). This mean that bats in the UK are likely to be affected by many
anthropogenic factors, including increased exposure to pets and complex urban

landscapes, which may both increase their likelihood of receiving wing tears.

While some studies have considered the effect of tears, in terms of healing (Davis
and Doster, 1972; Faure et al., 2009; Pollock et al., 2016; Greville et al., 2018) and
prevalence (Davis 1968), none have systematically recorded their type, shape,
position and healing outcomes. Therefore, this chapter of this thesis will characterise
wing tears in P. pipistrelles, and other bat species, in the UK. It will identify: i) which
part of the wing is most susceptible to tears; ii) which type of wing tear occurs most
commonly in bats; iii) the recovery and rehabilitation outcomes of bats with wing

tears; iv) the possible cause of the wing tear in the bats included in the study.

2.2 Methods

This study focuses on the three biggest parts of the wing: The most distal section of
the chiropatagium (Cl) is the membrane between digits iii and iv. The second
chiropatagium section (Cll) is the membrane between digits iv and v. The most
proximal section of the wing is the plagiopatagium (P), which is the membrane
between digit v and the body (Figure 2.1 A). The data was collected from Common
pipistrelles bat (Pipistrellus pipistrellus) and five other bat species which are: the
brown long- eared bat (Plecotus auritus), Natterer’s bat (Myotis nattereri), Serotine
(Eptesicus serotinus), Soprano pipistrelle (Pipistrellus pygmaeus), and the whiskered

bat (Myotis mystacinus).
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2.2.1 Data Collection

Data on bat wing tears was collected over 20 months between March 2016 and
October 2017 from live, rehabilitating animals. Bat carers were recruited by
advertising the project at the Mammal Society Easter Meetings, the National Bat
Conference, National Bat Care Conference and in Bat Care News, as well as from
Facebook groups across the UK (UK Bat Workers, Cambridgeshire Bat Group, Kent
Bat Group and South Lancashire Bat Group). Bat packs were distributed to bat carers,
which involved a small questionnaire about the injured bat, providing details on
species, gender and age, as well as a 1 cm gridded card for taking a calibrated image
of the wing (Appendix 2). The wing tears were photographed while the bat was
awake (not during torpor nor under anaesthetic), and its wing was extended and held
against 1 cm gridded card for scale (Appendix 2D). Photographs of torn wings were
collected from bat carers across the UK, through the website http://bat-research-
mmu.weebly.com. Some pictures of injured bat wings were taken during the filming
of bats at Lower Moss Wood Educational Nature Reserve in October 2016 and

October 2017.

Soon after admittance, bat carers were also asked, in their own words, to describe
how the bat was found and the possible cause of the tear; bat carers emailed free
text comments of the possible cause, describing any evidence for their decision.
Ethical approval was obtained through the Research Ethics and Governance

Committee at Manchester Metropolitan University.

In the study, 55 pictures of P. pipistrellus and 21 pictures of other UK bat species were
collected, including two P. auritus, three M. nattereri, one E. serotinus, twelve P.

pygmaeus, and three M. mystacinus.

2.2.2 Tear Placement, Categorisation and Description

From each image, every tear was traced as it appeared in the photograph using
Inkscape version 0.91 (available from: inkscape.org/en/) onto a wing diagram, and

coded by colour for the frequency of its occurrence in that location. The total number
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of all tears in each section of the wing was also determined. In addition, the tears
were categorised into four major types, based on a criteria of classification that was
developed during this study: holes, contained tears, total tears and trailing edge tears
and is defined in Table 2.1. Some variation existed in how much the wing was
stretched in each photograph; for example, sometimes other injuries prevented the
carer from fully extending the wing. This may have influenced some of the
classifications of holes and contained tears; however, holes did not have any further
ripping, and were puncture wounds (Table 2.1), whereas contained tears tended to
be much larger and ragged around the edges, from ripping (Table 2.1). The number
of tears in each category were identified in each wing section. In some images more
than one tear from the same category was found in the same section, in these
instances, the total numbers of tears were counted from each tear category in each

wing section.
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Table 2.1: The different types of tears in bat wings and the description of each tear type with a
picture.

Type of tear | Description Example

Hole It is a small puncture, and can be round or .
oval, it is not more than 2% of a wing

segment

Contained It is larger than a hole. It is a tear, rather
tear . . .
than a puncture, that is still entirely
contained within the wing. It can also be

round or oval, with 5-50% of the

membrane missing from a wing segment.

Total tear It is a tear that runs from the internal
membrane to the trailing edge of the
wing, thus not being contained within the
wing. It often has a vertical appearance
(like a triangle), and the bones are often
affected or missing; more than 50% of the
membrane tends to be missing from a

wing segment

Trailing It is horizontal in appearance and occurs

edge tear only at the trailing edge of the wing.
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2.2.3 Tear Recovery and Rehabilitation

Bat carers were approached 9-12 months after submitting their photographs and
asked what the outcome of the rehabilitation was. No further photographs were
collected at this follow-up. Recommendations for bat carers for release,
rehabilitation and euthanasia practices are provided by the Bat Conservation Trust
and the Department for Environment, Food and Rural Affairs (DEFRA) (Mitchell-Jones
and McLeish, 2004; BCT, 2016), but are not quantitative, and rely on the experience
and opinions of the individual carers. Bat carers emailed free text comments detailing
rehabilitation outcomes. This data was collected and, upon review, fell naturally in
to four categories: released after 2 weeks, released within 2- 3 months, still in care
after 6 months and euthanized. This follow-up data was collected for thirteen P.
pipistrellus, and fifteen other species of UK bats, including twelve P. pygmaeus, one

M. nattereri, one P. auritus, and one E. serotinus.

2.2.4 Statistical Analysis

Statistical analysis was carried out using SPSS Version 24. Total tear numbers, tear
types and tear orientation were compared for P. pipistrellus between each of the
three wing sections using a chi-squared test. In other UK bat species only the total
tear numbers were tested with a chi-squared test for each of the wing sections, as
there were many zero scores in the tear type data. Sample numbers for the follow-
up healing data were too low to run statistics on, but are presented in graphs for

visual comparison.

2.3 Results

Across the 76 pictures of bat wings analysed during this study, the tears and injuries
on the wings were found in different locations on the wing and took a variety of
shapes. In the following sections, the results of the tear placement, categorisation,
description, and tear recovery, will be presented for both P. pipistrellus and other bat
species (Appendix 3). Also, the possible causes of those tear will be presented

(Appendix 3).
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2.3.1 The Placement, Categorization and Description of Wing Tears

P. pipistrellus Bats

P. pipistrellus had more wing tears in the P section, than in Cl and CIl (x?=18.951,
df=2, p<0.001, Figure 2.1A, B, C). The graph in Figure 2.1C shows that CllI section
generally contains a lower number of wing tears than P section, and all tear types are
present but in lower numbers than in P section. Meanwhile, section Cl features the
lowest number of wing tears, of all types except the total tear. They can be found

there but in smaller amounts than in the other sections.

The types of tear did not differ significantly between the wing sections in P.
pipistrellus (x?=3.647, df=2, p=0.161, Figure 2.1 B, C). Holes were the most common
tear type in all wing sections and appeared distributed fairly evenly in each wing
section. The contained and total tears tended to be rostro-caudally oriented, from
the wing membrane towards the trailing edge (Figure 2.1C), and occurred more
prevalently in the proximal wing sections (Figure 2.1B, C). Trailing edge tears

occurred in a distal-proximal orientation on the trailing edge (Figure 2.1B).
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Figure 2.1: Wing tears in P. pipistrellus. A) A diagram of the wing, presenting the number and the
location of the tears over the three sections. B) A diagram the wing presenting all tears found in bat
wing images, over the three sections of the wing. C) The number of different types of wing tears in
each section of the wing. The wing sections are Cl) the first chiropatagium section; Cll) the second

chiropatagium section; and P) the plagiopatagium section.
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Other bat species

Other bat species also had statistically more wing tears in the P section than in Cl and
Cll, (x>=8.773, df=2, p=0.012, Figure 2.2A, B, C), even though sample sizes were lower
for these species. Holes and contained tears were common tear types, and section P
was the only section to exhibit all the possible tear types. Similar to the P. pipistrellus
results, tear types were commonly oriented in the rostro-caudal direction, from the
membrane to the trailing edge, with only section P revealing one trailing edge tear,

which was oriented distal-proximally.
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Figure 2.2: Wing tears in other bat species. A) A diagram of the wing, presenting the number and the
location of the tears over the three sections. B) A diagram of the wing presenting all tears found in bat
wings images, over the three sections of the wing. C) The number of different types of wing tears in
each section of the wing. The wing sections are Cl) the first chiropatagium section; Cll) the second
chiropatagium section; and P) the plagiopatagium section.
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2.3.2 Tear Recovery and Rehabilitation

Sample numbers reporting rehabilitation outcomes were fairly low (Appendix 3), so
cannot be analysed here, however, images are included for comparison. Figures 2.3A
and B show the length of time in rehabilitation of bats with wing tears. Larger tears
percentage in Cl did not appear to affect the length of time that P. pipistrellus spent
in care. However, when P. pipistrellus had large tears in P, they were still in care after
6 months (Figure 2.3A). In addition, large tears in both Cll and P were found in the

euthanized P. pipistrellus bats (Figure 2.3A).

In other bat species, large tears in section P were found in the two bats that were
still in care after 6 months (Figure 2.3 B), but tear size did not vary much between
the other wing sections in euthanized bats, or those released after 2 weeks and 2-3

months (Figure 2.3 B).
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Figure 2.3: The length of time that bats were in care from when they receive a tear in a wing section,
A) P. pipistrellus bats, B) Other bat species. The y-axis presents the percentage of tear in the section of
the wing with Cl) the first chiropatagium section; Cll) the second chiropatagium section; and P) the
plagiopatagium section. n represents the total number of bats in that classification. Error bars are
standard error.
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2.3.3 Possible Causes of the Wing Tear

Out of 55 P. pipistrellus individuals, bat carers gave possible causes of their wing tears
for eleven individuals. One was bought in to the house by a cat, four were seen being
attacked by a cat (Figure 2.4a), and five were suspected by the carers to be cat
attacks. One individual was found on the ground and was likely to have sustained
tears from brambles on the floor (Figure 2.4b) and had tears throughout each section

of the wing.

In other bat species, out of 21 individuals, bat carers gave possible causes for seven
individuals. One bat was caught in flypaper, one was seen being attacked by a cat,
and two were suspected by the carers to be cat attacks (Figure 2.4c). Three were

seen in a cat’s mouth (Figure 2.4d).

|

a) Pipistrellus pipistrellus, seen attacked b) Pipistrellus pipistrellus, found on the
by cat ground

. - sieriul ANOA

> W e

¢) Pipistrellus pygmaeus, found on d) Pipistrellus pygmaeus, seen in cat’s
ground with cat circling mouth

Figure 2.4: Example wing tears, with associated causes. Confirmed cat attacks have damage to the
proximal wing sections (Section P) in Pipistrellus pipistrellus (a) and Pipistrellus pygmaeus (c and d).
Grounded bats have damage to other areas of the wing in Pipistrellus pipistrellus (b) and Pipistrellus

pygmaeus (c).
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2.4 Discussion

The plagiopatagium section (P) sustained the most injuries when bats were surveyed
in rescue centres. | suggest, through this discussion, that section P, being close to the
body, might be targeted by predators, and propose that cat attacks might be
contributing to the rostro-caudal tears in the P section. Finally, | discuss the possible

causes of the tears.

Our results show that the P section contained the highest number of tears compared
with the other sections, and holes were the most common tear types, compared with
other tear types; rostro-caudal tears were common. In P. pipistrellus all tear types
were found in all wing sections, but in the other bat species all tear types only
occurred in the P section. Even though sample size is lower in this group, the tears
followed the same pattern as seen in in P. pipistrellus bats, as the highest number of

tears found in P section, compared to the more distal sections.

Across all species | looked at, section P contained the highest number of tears and
often had the most varied types of tears too. This has not been specifically
documented in the literature before; however, studying the majority of figures in
Davis (1968) reveals that torn wings or large holes in Pallid bats (Antrozous pallidus)
were common in section P, with Cl and CIl having more trailing edge tears (Davis
1968), consistent with our P. pipistrellus results in Figure 2.1B, C. Finding an
anatomical explanation for the prevalence of tears in the P section is the aim of the

following chapter of this thesis, Chapter 3.

All sections of the wing play key roles during flight. Section P acts to support the bat’s
body weight during flight and provides lift (Vaughan, 1970; Swartz et al., 1996;
Neuweiler, 2000). Meanwhile, the flexible, mobile Cl and Cll sections provide thrust
(Swartz et al., 1996; Neuweiler, 2000). Therefore, damage to different sections of the
wing can affect flight in various ways. Tears in the Cl or Cll sections are more likely to
affect manoeuvrability and speed, whereas tears in the P section may inhibit flight.

However, bats are capable of flying with large tears in their wings (Davis, 1968). A
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study by Voigt (2013) used two species of Myotis bats; Silver-tipped myotis (Myotis
albescens) and Black myotis (Myotis nigricans), with unilateral trailing edge tears (of
approximately 20%) in section P. It was found that injured bats made less flight
manoeuvres (u-turns) and, as a result, had lower metabolic rates, than healthy
individuals (Voigt, 2013). Therefore, foraging success and survival are likely to be
strongly impacted due to limited manoeuvrability during flight. Large wing tears, as
well as other injuries, can prevent flight altogether. Bats on the ground are likely to
sustain even more wing tears from thorns and other ground matter (Davis, 1968) (see
also Figure 2.4b, c), and might also explain the increase in tears in all wing sections
in the very injured bats that were euthanized. Investigating the effect of wing tears
on flight capabilities will help to assess the impact of tears for release and welfare

recommendations.

| observed that larger tears in section P, were found in P. pipistrellus individuals that
spent a long time in care (> 6 months) or were euthanized; although the size of tears
in all sections were large in animals that were euthanized. In other UK bat species,
the individuals that spent a long time in care (> 6 months) also had large tears in the
P section of their wings. However, it must be noted that decisions about release,
rehabilitation and euthanasia are highly subjective; they are dependent, not only on
the extent of the injury, but on the judgement of the bat carer, and also the season

and weather appropriate for release.

Greville et al. (2018) also found that in the Egyptian fruit bat (Rousettus aegyptiacus)
wounds took around 1.5 days longer to heal to 50% wound closure in section P,
compared to the chiropatagium (sections Cl and Cll), although this was not found in
the Big brown bat (Eptesicus fuscus). They suggest that understanding more about
the fibres and vasculature within the wing, might explain their ability to heal (Greville

et al., 2018), which is exactly what | will do in the following chapter.
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Possible causes

Wing tears and holes have been found to occur as a result of colliding with
manufactured objects or plants with spikes and thorns (Davis, 1968), fungal
infections, such as the keratin-digesting fungus (Pseudogymnoascus destructans)
(Reichard and Kunz 2009; Cryan et al., 2010; Fuller et al., 2011, Lorch et al., 2016), or
from predator attacks, including cats (Ancillotto et al., 2013; Loss et al., 2013; Russo
and Ancillotto, 2015) and birds of prey (Speakman, 1991). It might be assumed that
collisions are more likely to be evidenced by holes or tears on the distal wing sections
(i.e. section Cl), and may be oriented rostro-caudally, in the direction of flight. | saw
significantly more tears in section P; these could be holes and horizontal trailing edge
tears, but many were rostro-caudal, starting from the middle of the wing and
extending to the trailing edge. |, therefore, suggest that where there are mainly holes
or tears in proximal wing sections, these may well be caused by predators, including
cat (Felis silvestris catus) attacks (Figure 2.4a, c, d) and perhaps failed talon strikes in

birds of prey, such as barn owls (Tyto alba) (Speakman, 1991).

Some bat carers communicated with us about the cause of the tears. For P.
pipistrellus, they included being found on the ground (n=1), brought in the house by
a cat (n=1), attacked by a cat (n=4), and suspected cat attacks (n=5). For other UK bat
species, tear causes included being caught in flypaper (n=1), seen in a cat’s mouth
(n=3), seen attacked by a cat (n=1), and suspected cat attacks (n=2). Cats have
relatively stereotypical predatory behaviour, including hissing, ear flattening, and
striking or raking objects with claws (Berntson et al., 1976). Attack behaviour also
escalates relatively formulaically, including stalking, cuffing or pushing with the paw,
pinning with the paw, and biting (Berntson et al., 1976). These paw-prey interactions
may well have caused the tears on the P section that | observed. Perhaps pinning
might lead to holes, and cuffing or raking to rostro-caudal tears. One study
undertaken in Italy in 2009 — 2011 found that predation by cats accounted for 28.7%
of records of adult bats admitted to rehabilitation centres (Ancillotto et al., 2013),
which was based on the bat carers subjectively identifying the cause of the tear. As
yet, there has been no research to objectively identify the causes of wing tears.

Identifying these causes reliably will help us to understand the scale of the problem

48



and exploring the causes driving these injures will have implications for bat
conservation, welfare and rehabilitation recommendations. Moreover, the cause of

the wing tear will be investigated further as a part of this thesis in Chapter 5.

Implications

In conclusion the plagiopatagium wing section had the most tears and took the
longest time to heal. The position of the tears, close to the body, and their rostro-
caudal orientation might imply that this is caused by a predator attack, such as a cat,
rather than a collision. This study provides the first quantitative description of wing
tears, and further investigations should focus on the cause of the tears, and their
effect on flight capabilities. Investigating the extensive problem of wing tear injuries
in bats will help to improve rehabilitation plans, and has significant implications for
conservation and welfare. Chapter 3 will investigate the anatomy of the wing, and
see whether it is sufficient to understand why there are more tears in section P,

which take longer to heal.

49



Chapter 3 Describing the anatomy of Common Pipistrelle

(Pipistrellus pipistrellus) wing

This chapter has been accepted for publication in the Journal of Mammalogy:

Khayat, R. O., Shaw, K. J., Dougill, G., Melling, L. M., Ferris, G. R., Cooper, G., and
Grant, R. A. ‘Characterizing wing tears in common pipistrelles (Pipistrellus

4

pipistrellus): investigating tear distribution, wing strength, and possible causes.
Journal of Mammalogy, pp. 1-13. (Appendix 1).

Chapter summary:

This Chapter describes bat wing anatomy, and considers whether it is able to account
for the position and orientation of wing tears, as well as their healing rates. | describe
the blood vessels, fibres orientations and material properties of each wing sections.
The results indicated that while the anatomy might be able to predict healing

capabilities, it is not sufficient in accounting for tear position and orientation.

3.1 Introduction

Bat wings cover more than a third of their body surface (Makanya and Mortola,
2007). The wing consists of four sections which are protopatagium, chiropatagium,
plagiopatagium, and uropatagium — a tail membrane that can be found in some bat
species (Figure 2.1A) (Pollock et al., 2016). The wing skin is very thin and has a distinct
anatomy compared to body skin (Madej et al., 2012; Cheney et al., 2017). Due to the
large size and thin pattern of the bat wings, the wings are commonly injured (Davis,
1968), and the most frequent injury seen in some bat populations is wing tears
(Davis, 1968). However, bat wings have an excellent blood supply that contributes to
rapid healing when bat wings are torn (Davis and Doster, 1972; Faure et al., 2009;
Weaver et al., 2009). Bat wings have an extensive blood supply to enable wound

cleaning, infection prevention and tissue reformation (Faure et al., 2009).
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Wing material properties show strong anisotropy and vary between the wing
sections and bat species (Swartz et al., 1996; Skulborstad et al., 2015). The wing also
has a unique arrangement of fibres in a net-like arrangement, containing collagen
and elastin. This supports the wing skin and reinforces it, increasing their resistance
to puncture (Studier, 1972; Holbrook and Odland, 1978; Cheney et al., 2017; Madej
et al., 2012).

While there is a good understanding of wing anatomy, including fibres, venation and
material properties (Wiedeman, 1963; Swartz et al., 1996; Skulborstad et al., 2015;
Cheney et al., 2015; 2017), these tend to vary between species (Swartz et al., 1996).
Wing anatomy has never been documented in Common pipistrelles (Pipistrellus
pipistrellus), probably due to them being small and difficult to process. Furthermore,
how the wing anatomy might predict the positioning of wing tears and their healing
capabilities, has yet to be explored. This chapter will, therefore, explore the anatomy
of the wing in P. pipistrellus, and see if knowledge of the anatomy is sufficient to
understand wing tear placement and healing rates. The blood vessels in bat wings
will be traced to assess the blood vessel number and density over the wing sections.
Histological techniques will find fibre orientations and quantify the amounts of
collagen and elastin fibres in the wing sections. Finally, material testing will be

undertaken in each section of the wing.

3.2 Methods

This chapter refers to the anatomy of P. pipistrellus wings over three sections (as per
Chapter 2). The most distal section of the chiropatagium (Cl) is the membrane
between digits iii and iv. The second chiropatagium section (Cll) is the membrane
between digits iv and v. The most proximal section of the wing is the plagiopatagium
(P), which is the membrane between digit v and the body (Figure 2.1A). Ethical
approval was obtained through the Research Ethics and Governance Committee at
Manchester Metropolitan University, and all tissue was held under a Natural England

license (2014-4322-SCI-SCl).
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10 adult whole-animal P. pipistrellus specimens were donated by bat carers from
euthanized animals for the vessel tracing (2 bats, right side wings), histology (2 bats
used in Masson’s Trichrome staining and 2 bats used in Veroeff-Van Gieson staining,
right side wings) and material testing (10 bats in total, left side wings, including the 6
bats from the vessel and histology work). These animals were admitted to care
following injury and grounding; although exact details were not known by the carers
they likely had many internal injuries and complications. All individuals had intact
wings so | could examine their anatomy. All photography was undertaken from live
animals during usual husbandry and rehabilitation procedures carried out by bat

carers.

3.2.1 Tracing the Vessels

Samples

Ten bat specimens were used to identify all the major blood vessels in P. pipistrellus
wings. Two whole-bat euthanised specimens were donated by bat carers, and kept
in the freezer at -20°C. Their right wings were removed whole and stored in 4%
paraformaldehyde (PFA), at 4°C. The wings were stretched out over a bright lightbox
(Phlox, SLLUB), and photographed using a digital camera (Nikon, D3200). Another
eight photographs were collected from bat carers, who had stretched the wings of
live bats, admitted for rehabilitation, over a white piece of 1 cm gridded card. All

wings were intact and did not contain any holes or scarring.

Image tracing and data collection

Inkscape software Version 0.91 (available from: inkscape.org/en/) was used to trace
the blood vessels in all the photographs. Some vessels were twice as thick as other
vessels, and these were traced with thicker lines. Once the vessels had been drawn
in all the photographs, they were combined into one figure to give a summary of all
the possible blood vessels over the three sections of the wing. This figure was
validated against descriptions in the literature (Pavlini¢ et al., 2008). The number of
vessels were counted in each section of the wing (Cl, Cll, P), and any bifurcations

were counted as an additional vessel. The area of each section of the wing was also
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measured using Inkscape, to give an approximation of blood vessel density

(count/wing area).

Statistical analysis of blood vessels number and density

The statistical analysis was conducted using SPSS Version 24. As the data was not
normally distributed, non-parametric tests were used. The Kruskal-Wallis test was
run to compare between the three sections of the wing in terms number of blood
vessels and density of blood vessels (number/cm?), pairwise comparisons were
undertaken using Mann-Whitney tests, with a Bonferrroni correction applied at the

p<0.01 level of significance.

3.2.2 Histology
3.2.2.1 Fibre Orientation

Sample sectioning

To identify wing fibre orientation over the three sections of the wing, Masson’s
Trichrome staining was used. Two wings from euthanised P. pipistrellus bats were
stored in 4% PFA, at 4°C. A fragment from each section of the wing (approximately
10 mm?) was dissected and sliced tangential to the wing at 30 um thickness using a
freezing cryostat (Leica CM3050 at -20°C). This thickness was selected to reduce the

curling and wrinkling of slices that occurred in thinner sections.

Staining

The slices were transferred to a solution of 10% phosphate buffered saline (PBS)
overnight and then mounted on to microscope slides (Thermo scientific, Menzel-
Glaser) and left to dry for a further 24 hours. The slices were then stained using
Masson’s Trichrome (Sigma-Aldrich, Trichrome Stain Kit). Slides were put in a fixative
solution (4% paraformaldehyde in 0.1 M PBS) for 1 hr, and introduced to Bouin’s
Solution (Bouin’s solution, Sigma-Aldrich) (which consists of picric acid, acetic acid
and formaldehyde in an aqueous solution) for 3 hrs. They were then cleared with

xylene (analytical reagent grade, Fisher), rehydrated with descending concentrations
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of ethyl alcohol (100, 90, 80, and 70%) and moved through a sequence of solutions
for the Masson’s Trichrome staining. The slices were stained with Biebrich Scarlet
(Biebrich Scarlet, HT151, Sigma-Aldrich) for 5 minutes, then washed three times with
double-distilled water for 1 minute each. The fibres were stained by placing the slides
for 10 minutes in an acid solution (which consists of 66% double-distilled water to
33% phosphotungstic/ phosphomolybdic acid). The slices were stained with Aniline
Blue (Aniline blue, B8563, Sigma-Aldrich) for 5 minutes, then washed three times
with double-distilled water for 1 minute each. Next, the slides were transferred to
acidified water (1 ml of acetic acid in 200 ml of double-distilled water) for 2 minutes,
then washed with double-distilled water for 1 minute, twice. The slices were then
dehydrated with ascending concentrations of ethyl alcohol (70, 90, and 100%) and
xylene, towel dried and cover-slipped using Distyrene Plasticizer Xylene (DPX)

(Sigma-Aldrich).

3.2.2.2 Fibre Quantification

Sample preparation and cutting

To measure relative amounts of collagen and elastin within the sections of the wing,
Veroeff-Van Gieson (VVG) staining was used. Two wings from two euthanised P.
pipistrellus bats were stored in 4% PFA, at 4°C. A sample (approximately 10 mm?) was
removed from each section of the wing and placed in 4% PFA overnight at 4°C (Sears
et al., 2006). Each sample was embedded in 2% agar in PBS and transferred in a
histology cassette for tissue processing (Shandon - Citadel 200). The samples were
placed subsequently in 70% Industrial Methylated Spirits (IMS) (Methanol HPLC,
Fisher Chemicals) for 3 hours, 80% IMS for 60 min, 90% IMS for 60 min, 100% IMS for
2 hours twice, 100% IMS for 60 min, then Xylene for 90 min twice, Xylene for 2 hours,
and finally in paraffin wax twice for 3 hours. Afterwards, the samples were embedded
in paraffin wax for slicing. Each sample was sliced across the wing axis (perpendicular
to tangential) at 5 um thickness (Madej et al., 2012) on an automatic, rotary
microtome with water bath (Thermo Scientific microtome HM355S), collected on
glass slides (Superfrost Plus, Thermo Scientific) and incubated in an oven at 37°C

overnight before staining.
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Staining

The slides were cleared with xylene and rehydrated with ethyl alcohol (100%, 90%,
80%, 70% and distilled water) prior to staining. To stain the elastin, the slides were
placed for 10 min in working elastic stain solution (Verhoeff’s working solution),
which consisted of 20 mL of Haematoxylin solution (HT 251, Sigma-Aldrich), 3 mL
ferric chloride solution (HT252, Sigma-Aldrich), 8 mL of Weigert’s iodine solution
(HT253, Sigma-Aldrich), and 5 mL deionised water. The slides were then rinsed in
deionised water and differentiated in Ferric Chloride solution, comprising of 3 mL
Ferric Chloride Solution (HT252, Sigma-Aldrich) and 37 mL of deionised water. Next,
the slides were rinsed in tap water, and placed in 95% ethyl alcohol to remove the
iodine and then in deionised water. After that, slides were stained for collagen in Van
Gieson’s solution (Sigma-Aldrich) for 1-3 min, then rinsed in 95% alcohol. Finally, they

were dehydrated (100% ethyl alcohol), placed in xylene and cover-slipped with DPX.

3.2.2.3 Image Capture and Analysis

All slices were visualised using a Zeiss Stereo Lumar V12 light microscope. Figures
were captured using Zeiss Axiovision, version 4.8. Additionally, the light intensity was
standardised at 3200K for all figures captured. Occasional adjustments to exposure
and white balance were made. The fibre orientation was described qualitatively for
each section stained with Masson’s Trichrome. The relative amounts of collagen and
elastin were quantitatively approximated using image processing in Matlab
(Mathworks, USA) (available from: uk.mathworks.com/products/matlab.html.) from
each section stained with VVG. VVG is a standard histological stain used to identify
collagen and elastin fibres (Fullmer and Lillie, 1956; Kazlouskaya et al., 2013; Cheney
et al.,, 2017), and has been previously used to quantify amounts of collagen and
elastin in stained tissues (Daamen et al., 2003; Raub et al., 2010; Eberson et al., 2015;
Wheeler et al., 2015; Lee et al., 2016). Images were selected for image processing
when the section was clear and not folded so that all fibres could be seen in the
image. Ten to twelve slices were taken for each wing section and then two to three

images captured from each slice, giving a total of 35 images for each section.
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Original 8-bit colour images of the slides reveal collagen as a red/pink colour and
elastin as a dark, near black colour (Figure 3.1, top panel). Filters were applied to
create two black and white images from each original image, one that showed only
collagen and a second showing only elastin (Figure 3.1, middle and bottom panels
respectively). A range of filter strengths were tested on the sample images and
visually inspected for accuracy by three observers, each working independently. The
position and presence of collagen fibres was also validated by comparing the Veroeff-
Van Gieson slices to a sub-set of slices that were stained with Sirius Red. The settings
observed to provide the most accurate separation of collagen and elastin fibres were
then applied to the full image set. Elastin images were created by filtering out pixels
with a moderate or high 8-bit colour intensity in any RGB channel. Some black colour
could be seen at the edges of the slices, consisting of melanin in the bat wing skin.
Although some elastin was also likely to occur in this area, the edges of the sample
were cropped to focus on measuring the internal elastin fibres only (Figure 3.1,
bottom panels). Collagen images were created by filtering out any pixel with a high
green or blue intensity or a low red channel intensity; the red channel threshold was
determined automatically (graythresh in Matlab using Otsu’s method) on an image-
by-image basis taking into account the overall colour spectrum of the image. Relative
percentages of collagen and elastin were calculated by counting the number of white

pixels in each of the generated images. Example images can be seen in Figure 3.1.
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Collagen Original Picture

Elastin

Figure 3.1: Example images demonstrating the processing of elastin and collagen fibres. The top panel
shows the original images collected from the microscope following Van Gieson staining. These were
processed to find the red/pink collagen colours (middle panels) and the dark elastin colours (bottom
panels), for Cl) the first chiropatagium section; Cll) the second chiropatagium section; and P) the
plagiopatagium section. In the bottom panels, M representing the melanin and E representing the
elastin.

Statistical analysis for quantification of collagen and elastin fibres

Statistical analysis was undertaken using SPSS Version 24. The non-parametric
Kruskal-Wallis test was performed to compare the percentage of the collagen and
elastin between the three sections of the wings, and Pairwise comparisons with
Mann-Whitney tests, with a Bonferrroni correction applied at the p<0.01 level of

significance.
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3.2.3 Material Testing
Samples

Ten left wings were used to test the material properties of each wing section; these
were all from euthanised bats. Each wing was kept in a freezer at -20°C, and then
defrosted in 10% PBS for 10 minutes. Freezing may have affected the mechanical
properties of the samples, and previous studies have shown mixed results (Wang et
al., 2007; Kaye et al., 2012), with freezing not having an effect in some cases (Foutz
et al., 1992; Van Ee et al., 2000; Santago et al., 2009). As all samples were frozen, |
was able to compare between and within samples and confidently observe relative
differences, but the absolute values may vary from other studies. After defrosting,
long strips were cut out from each wing section, from the digit joint to the trailing
edge (Figure 3.2). The length and width of each strip sample was measured with a
ruler (Table 3.3). The wing thickness was calculated as the mean of three
measurements by placing the sample on glass beads and using a microscope
(Lumar.V12) with a calibrated camera (AxioCam MRc). Samples were kept hydrated
in 10% PBS and tested before drying. The tensile tests were conducted in the
engineering laboratories at Manchester Metropolitan University. Each sample was
gripped in a tensometer (Hounsfield H10KS) using pneumatic grips (HT pneumatic
grip) with an external air supply line, to ensure consistent grip with 5 bar pressure
across all tests. A gauge length of 5 mm was used for all samples, with approximately
11 mm in each grip (refer to average length in Table 3.3). Each sample was stretched
at 10 mm/min until failure, along its longest axis (from the digit joint to the trailing

edge). The load cell used was 100N (Tinius Olsen, DBB MTOL-100N).

Due to the small size and the delicate nature of the wing of P. pipistrellus the aspect
ratios of the tested samples were fairly small and it was not possible to cut a ‘dog-
bone’ shape which is typically used in materials testing. This shape, which is wider at
the ends held between the clamps than in the middle, ensures that test samples fail
in the middle due to axial forces and not due to transverse forces applied by the

clamps. Therefore, the 3/10 samples which failed at the grips were removed from
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further analyses to reduce the effect of incidental bias of transverse stresses on

failure stress results.

—4

Long strips cut to test

LN\

N

C

, | II|F

Figure 3.2: Long strips cut from the three sections of the wing Cl) the first chiropatagium section; Cll)
the second chiropatagium section; and P) the plagiopatagium section, for the material testing.

Data collection

Qmat 5.52 software was used to collect the data from each sample. The maximum
force at failure (N) and maximum extension (mm) was recorded. From these values,
failure stress (force at failure divided by the cross-sectional area) (Equation 3.1),
failure strain (maximum extension divided by the original sample length of 5 mm)
(Equation 3.2) and Young’s modulus (change in stress divided by the change in strain)
(Equation 3.3) (Vable, 2012), were all calculated for each sample from each wing
section. As the P section’s strips tended to be wider than the other sections (Table
3.3), component stiffness (force at failure divided by sample width, divided by failure
strain) (Equation 3.4) was also calculated to control for sample width but not
thickness. Results did not exhibit the extreme variation between “toe” — an initial
period of low, non-linear stiffness in polymers — and “upturn” — the major linear
region of a polymer stress-strain curve — that was observed in Skullborstad et al.,
2015. Therefore, a single gradient was calculated from the major linear region of each

curve.
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Stress = force/ (the thickness of the sample (3.1)

X the width of the sample)

Strain = extension / length (3.2)

A stress (3.3)

Young’'s modulus = —
g A strain

Component stif fness = (force/sampl width)/ failure strain (3.4)

Statistical analysis of the wing material testing

The three sections of the wing were compared in the following variables: section
thickness (mm), stress (N/mm?), strain (mm/mm), Young’s modulus (N/mm?), and
Component Stiffness (N/mm) using a Kruskal-Wallis test in SPSS Version24. Pairwise
comparisons were carried out using Mann-Whitney tests, with a Bonferroni

correction applied at the p<0.01 level of significance.

3.3 Results
3.3.1 Tracing the Vessels

The 10 traced bat wing images can be seen in Figure 3.3. While there is some
variation, section P contained the fewest vessels, and also the thickest vessels. All
these images were combined into one ‘model’ bat wing, containing all the vessels
present in the 10 images (Figure 3.4B). The results indicated that section P had
significantly fewer blood vessels than sections Cl and Cll (Table 3.1, p<0.01, Figure
3.5A). From the observation it also appeared to have the thickest blood vessels, as
indicated by the thicker lines (Figure 3.4B). However, section P was also the largest
section. When the number of blood vessels was normalised to the area of each wing
section, there was no significant difference in blood vessel density between sections
P and Cll (Table 3.1), but section Cl had the densest arrangement of blood vessels

(Table 3.1, p<0.01, Figure 3.5B).
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Table 3.1: Comparing the blood vessels number and density at the three wing sections for Cl) the first
chiropatagium section; Cll) the second chiropatagium section; and P) the plagiopatagium section.
Values are mean #sd, n= 10. The statistics present the results of Kruskal-Wallis tests between the three
sections of the wing, with a Bonferroni correction applied at the p<0.01 level of significance.

Wing Cl Cll P Statistics
Section:
Number 14.00+1.70 12.60+1.51 9.00+1.56 X?=18.686, df=2, p<0.001
(Cl, Cll > Pi)*
Density 2.16%+0.99 0.98+0.54 0.63+0.48 X2=13.628, df=2, p=0.01
(no/cm?) (Cl'>Cll, piiy*

* Pairwise comparisons values:

i) Number: Cl vs Cll: W=5.5, p=0.463, Cl vs. P: W=16.4, p<0.001 and Cll vs. P: W=10.9, p=0.005.
i) Density: Cl vs Cll: W=9.4, p=0.51, Cl vs. P: W=14.3, p=0.001 and Cll vs. P: W=4.9, p=0.64.
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Dastal Promimal

Figure 3.4: Tracing the vessels on the bat wing sections, the first chiropatagium section (Cl); the second
chiropatagium section (Cll); and the plagiopatagium section (P). Panel A shows the three sections of
the wing that were used to trace the vessels. Panel B shows tracing the vessels at those three sections
of the wing (Cl, Cll, P). Digits Ill, IV and V are also indicated on the figure, digit Il is not visible as it is
folded against digit Ill, and digit | is the thumb.
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Figure 3.5: Panel A, shows the average vessel number in each section of the wing. Panel B, showing
the blood vessels density in the three sections of the wing. Those sections are the first chiropatagium
section (Cl); the second chiropatagium section (Cll); and the plagiopatagium section (P) (* in panel A,
significant difference between P section and Cl, Cll sections, in panel B, significant difference between
P section and Cl section). Error bars are standard error.

63



3.3.2 Histology

3.3.2.1 Fibre Orientation

The orientation of fibres within the wing tended to be multi-directional and
distributed in a net-like fashion throughout the membrane, with a similar appearance
in each wing section (Figure 3.6). The appearance of the fibres at many orientations

indicates that the material is visually isotropic.

Figure 3.6: Fibre orientations over the three section of the wing, the first chiropatagium section (Cl);
the second chiropatagium section (Cll); and the plagiopatagium section (P).

3.3.2.2 Fibre Quantification

By analysing the histological images and quantifying the amounts of collagen and
elastin in each section and by calculating the percentage of collagen and elastin in
each section, the amount of collagen (%) was significantly higher in section Cl and
the amount of elastin (%) was significantly lower in section Cl, compared to section

Cll and P (Table 3.2, p<0.01; Figure 3.7)

Table 3.2: Comparing the percentage of fibres in the three wing sections Cl) the first chiropatagium
section; Cll) the second chiropatagium section; and P) the plagiopatagium section. Values are mean
+sd, n= 2 bats, 35 histological images per section. The statistics present the results of Kruskal-Wallis
tests between wing sections, with a Bonferroni correction applied at the p<0.01 level of significance.

Wing CI ciu P Statistics
Section:
% Collagen 79.92+413.73 43.09+21.78 52.47+26.95 X?=35.922, df=2, p<0.001
(CI>clIl, P)*
% Elastin 20.08+13.73 56.91+21.78  47.53%26.95 X2=35.922, df=2, p<0.001
(Cl<ClIl, Pi)*

* Pairwise comparisons values:
i) % collagen: Cl vs Cll: W=41.97, p<0.01, Cl vs. P: W=31.41, p<0.001 and Cll vs. P: W=-10.66, p=0.44.
i) % Elastin: Cl vs Cll: W=-41.97, p<0.01, Cl vs. P: W=-31.314, p<0.01 and Cll vs. P: W=10.65, p=0.43.
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Figure 3.7: The percentage of collagen and elastin fibres in the three sections of the wing, the first
chiropatagium section (Cl); the second chiropatagium section (Cll); and the plagiopatagium section
(P). (*Significant difference in collagen and elastin fibre percentage between Cl section and Cll, P
sections). Error bars are the standard error.

3.3.3 Material Testing

The results of comparing the material properties between the three sections of the
wing showed that, section P was the thickest section (Table 3.3, p<0.05, Figure 3.8A).
No significant differences were observed between the wing sections for any of the
material testing measurements (Table 3.3). Although, Cl tended to have the smallest
deformation (failure strain) and highest Young’s modulus (compared to section P)
(Table 3.3, Figure 3.8C, D); and section P also tend to have the lowest failure stress

(Table 3.3, Figure 3.8B) and Component Stiffness (Table 3.3, Figure 3.8E).
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Table 3.3: Comparing material properties of the three wing sections, the first chiropatagium section
(Cl); the second chiropatagium section (Cll); and the plagiopatagium section (P). Values are mean #sd,
and n.a refers to when it was not applicable to run statistical tests. n=7. The statistics present the
results of Kruskal-Wallis tests between wing sections, with a Bonferroni correction applied. p was
considered significant at the <0.01 level.

Wing Section: Ci ci P Statistics
Section Length 33.617.97 26.6617.45 26.0345.79 n.a
(mm)
Section Width 2.83%+1.18 4.59+0.96 5.6%+1.36 n.a
(mm)
Section thickness 0.22+0.04 0.24+0.02 0.33+0.04 X2=13.569, df=2,
(mm) p=0.001
(Cl, Cll < Pi)*
Failure Stress 2.32+0.81 2.4810.94 1.58+0.61 X2=4.364, df=2,
(N/mm?) p=0.113
Failure Strain 0.37+0.110 0.61+0.18 0.63%+0.20 X2=9.062, df=2,
(mm/mm) p=0.011
(Cl<Cll, P)
Young’s Modulus 8.07+2.19 6.22+3.12 4.45+1.97 X?=6.033, df=2,
(N/mm?) p=0.049
(CI>P)
Component 1.37+0.29 1.09+0.61 0.93+0.55 X2=2.879, df=2,

Stiffness (N/mm)

p=0.237

* Pairwise comparisons values:
i) Section thickness: Cl vs Cll: W=-3.57, p=0.83, Cl vs. P: W=-11.85, p<0.01 and Cll vs. P: W=-8.27,

p<0.01.

66



A) o4 B)
z 4
= 25
E 03 £
» E 2
g =
'_§ 0.2 2 1.5
L]
E 0.1 '.n‘: !
=} ' ]
'§ é 05
Cl (a]] P Cl (]| P
(2 0.8 Dl 0
E ~
£ 06 £ s
g =
- 6
= 04 3
e S 4
5 o
o 0.2 § ,
5 .
0 g0
Cl (a]] P a (a]] P

1.6

1.2

0.8

0.4

0
a al P

Figure 3.8: Material testing of bat wing samples. A) section thickness, and B) failure stress, C) failure
strain, D) Young’s modulus, E) Component stiffness. Wing sections correspond to: the first
chiropatagium section (Cl), the second chiropatagium section (Cll) and the plagiopatagium section (P).
(*Significant difference in section thickness between P section and Cl, Cll sections). Error bars are the
standard error.
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3.4 Discussion

Cl section has the highest percentage of collagen fibres and the lowest percentage
of elastin fibres compared to Cll and P sections. However, there are no significant
differences in material testing measurements between the three wing sections,
which means that each is as likely to tear. Coupling these findings, with those from
Chapter 2, | consider tearing capacity, and suggest that, according to the anatomy,
section P should not be more prone to tearing than any other section. Therefore, the
position of the plagiopatagium, rather than its anatomy, is an important factor in
determining the number, location and orientation of wing tears. Moreover, while
rostro-caudal tears might take longer to heal, owing to the orientation of elastin
fibres, they should not be more commonplace in the first instance. Section P has the
fewest blood vessels and lowest vessel density. | suggest that low blood vessel

density and high amounts of elastin fibres might lead to slow healing in this section.

3.4.1 Tear Positioning

In Chapter 2, across all species | looked at, section P contained the highest number
of tears and often had the most varied types of tears too. Within a bat wing, elastin
fibres run perpendicular to the wing bones and collagen fibres create a network
parallel and perpendicular to the elastin, which has been described in a number of
studies (Holbrook and Odland 1978; Madej et al., 2012; Cheney et al., 2015; 2017).
This net-like fibre array provides tensile strength and limits extension of the wing
membranes, which is important for flight (Holbrook and Odland 1978). Qualitatively,
| have also observed a fibrous net, which can be seen with a similar appearance in
each section of the wing (Figure 3.6). This net might act to limit tears from extending,
and its equal distribution across all the wing sections reinforces the whole wing
surface (Holbrook and Odland 1978). It probably contributes to maintaining the holes
as small holes, rather than tearing any further. Indeed, holes are the most common
tear type (Chapter 2). That this net does not visually appear to differ between the

three wing sections, indicates that they should each be similarly resistant to tearing.
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Quasi-static material testing and analysis of collagen-elastin percentages were
carried out to compare the three wing sections further. Section Cl had significantly
higher relative collagen percentages than the other wing sections (% collagen, Table
3.2) and tended to exhibit the least extension (failure strain, Table 3.3, Figure 3.8C,
although not significant p>0.01). Sections CIl and P exhibited more equal collagen-
elastin ratios and consequently failed at lower stress values and underwent greater
extension. However, when accounting for the increased thickness of the Cll and P
sections, no significant difference was found in the component stiffness of any of the
three sections. Component stiffness normalises for the dissected width of tested
samples but allows for the natural variation in thickness of the wing sections. The
similarity of values across Cl, Cll and P suggests that no one section is inherently
‘easier’ to induce failure in than any other. The P section, whilst weak as a pure
material, requires a similar force to break when viewed as a component. The higher
relative percentages of elastin in the Cll and P sections may be an adaptation to
improve wing folding. As the largest and most proximal sections they are required to
unfurl (stretch out) the most during flight and higher levels of elastin should benefit

this function (Cheney et al., 2015).

There were some differences between the sections, in terms of fibre composition
and material properties. The association between the material properties and the
anatomy of the wing is relatively complex. The Cl section contained the greatest
collagen percentage, and the lowest elastin percentage, which might account for it
being less compliant and deforming less. Furthermore, collagen provides strength to
the tissue (Grover et al., 2012), while the elastin is a highly elastic protein (Holbrook
and Odland, 1978) which provides the elasticity to the tissue (Grover et al., 2012).
Qualitatively, in Cl section the collagen percentage was significantly higher compared
to the other sections (Figure 3.7, Table 3.2). This could lead to more strength in the
Cl section. Section Cl also contains the lowest percentage of elastin (Figure 3.7, Table
3.2), which could lead to an increase in tears, as elastin helps the wing skin to resist

tears (Holbrook and Odland, 1978).
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The variation between wing sections in terms of thickness, could relate to their
different functions (Swartz et al., 1996). As P section plays an important role in lifting
bats during flight (Vaughan, 1970), this section needs to be thick. However, the three
sections of the bat’s wing had similar material properties and there was no significant
difference between these sections in term of Component Stiffness, which is related
to the force that is applied on the section. If each section of the wing is equally

disposed to being torn, it is puzzling that the majority of tears are on the P section.

A study on seven different species of bats, not including Pipistrellus sp., by Swartz et
al. (1996), found that the plagiopatagium was the weakest wing section overall, it
also tended to be thicker, had the lowest Young’s modulus and stretched the most
before breaking. This does fit the general trend in our data, however, | do not observe
statistically significant differences in these parameters. There is a lot of variation
between the genera, which might explain why my results differ from Swartz et al.
(1996), as they did not measure Pipistrellus sp.. | also observed a lot of variation
within individuals too (note high standard deviation values in material property data

in Table 3.3).

There may be a number of reasons for there being more tears in section P. It is the
largest section so it might just be more likely to be torn (Figure 3.2), so it might just
be more likely to tear. It also contains the fewest bones (Figure 3.2), which may act
to stop tearing. Section P also gets extended first before flight, therefore, it might get
caught or snagged during flight preparation (Figure 3.9) (Gardiner and Nudds, 2011).
Overall, consider whether any anatomical properties within section P makes it more
likely to tear, and conclude that, based on fibre type and material testing data, it

should not be more prone to tearing than sections Cl and ClI.
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Figure 3.9: Selected frames from high-speed video footage of Miniopterus schreibersii jumping from a

platform to initiate flight, showing that the P section extends first. (Gardiner and Nudds, 2011).

3.4.2 Tear Orientation

If the wing is isotropic when it is stretched out, it should be equally susceptible to
tearing in every orientation. Bat wings were thought to be highly anisotropic (Swartz
et al., 1996), however, the elastin accounts for much of this difference and once the
elastin has ‘unwrinkled’ the wing is isotropic (Cheney et al., 2015). Therefore, our
force results are likely to be representative of the wing as a whole, regardless of the
orientation of the sample; although displacement will be significantly higher in

samples perpendicular with ours, as the elastin stretches out (‘unwrinkles’).

Despite the presence of a fibrous net in all wing sections, many tears occurred in a
rostro-caudal orientation (Chapter 2, Figure 2.1C, 2.2C), especially in wing section P.
This coincides with the direction of travel, and might be indicative of the bat wing
being snagged while moving forward. Proximal-distal tears tended to occur only
around the trailing edges of the wings (Chapter 2, Figure 2.1C, 2.2C), despite them
being reinforced here by bundles of skeletal muscle fibres (Holbrook and Odland

1978). While the wing anatomy indicates that it is just as likely to tear in any
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orientation, | see many rostro-caudal tears (Chapter 2); therefore, the wing anatomy

does not appear to be sufficient in explaining tear orientation.

3.4.3 Tear Healing

The results indicate that Section Cl has the highest density of blood vessels, while
section P has the lowest number of blood vessels (Figure 3.4, Table 3.1), which occurs
as the vessels naturally bifurcate from proximal to distal. Extensive vasculature is
associated with increased healing capabilities in bat wings and tails (Faure et al.,
2009), with both the wound and scarring healing quicker; however, previous studies
have not quantified the vasculature as presented here (Faure et al., 2009; Weaver et
al., 2009). It is the blood which carries important factors to the wound site; to clean
the wound, prevent infection, and begin the process of reforming the tissue matrix,
therefore | propose that being close to a vessel is important for quick healing
responses, which has also been suggested by Faure et al. (2009) and Pollock et al.
(2016). As ClI had the most extensive vasculature, | would expect it to heal quicker
than section P. In addition, section P, which had the lowest numbers of blood vessels,
also had the thickest vessels, which supply blood to the thinner, highly branched,
densely-distributed vessels in the other sections of the wing. Following a tear, these
thicker vessels also might bleed more, and lead to additional complications. The
majority of tears occurred on section P of the wing, which | suggest is the section that

is likely to be the slowest to heal.

Greville et al. (2018) found that in the Egyptian fruit bat (Rousettus aegyptiacus)
wounds took 50% longer to heal in section P, compared to the chiropatagium
(sections ClI and Cll), although this was not found in the Big brown bat (Eptesicus
fuscus). They suggest that, not just blood vessels, but also the collagen and elastin
fibres are likely to play a role in healing. Indeed, Greville et al. (2018) suggest that
over-stretching of the collagen or elastin fibres during healing can cause the tear to
even get bigger before healing (Greville et al., 2018). | suggest that the proximal-
distal orientation of the elastin fibres may be holding the common rostro-caudal

tears apart, thus increasing healing times. This will be especially true in the P section,
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which has a lot of elastin and is the largest wing section with the most movement, so

tears may well be stretched and extended during the healing process.

Implications

Anatomical evidence suggests that each wing section is just as likely to tear in P.
pipistrellus. The entire wing is protected somewhat from tearing by a fibrous net,
which maintains the majority of tears as small holes. However, when tears do occur,
| see significantly more of them in section P, and many are rostro-caudal, starting
from the middle of the wing and extending to the trailing edge (Chapter 2).
Therefore, tear positioning and orientation cannot be accounted for by the anatomy
of the wing, when material properties, and fibre types and orientations are
considered. | suggest that where there are mainly tears in proximal wing sections,
these may well be caused by predators, including cat (Felis silvestris catus) attacks
(Figure 2.4a, c, d) and perhaps failed talon strikes in birds of prey, such as barn owls
(Tyto alba) (Speakman, 1991), that are targeting the body of the bat, and tearing the

proximal P section.

While anatomical evidence cannot explain tear placement and orientation, it may
well be associated with healing. Tears in the P section tend to take longer to heal,
and this section contains the lowest number of blood vessels and the most elastin.
Indeed, results indicate that large tears at the P section might cause bats to stay in

rescue centres for longer than 6 months (Chapter 2).

While an understanding of the anatomy of the wing, and occurrence of tears, is
important to investigate the mechanism of tearing and healing, it is not sufficient to
measure the effect of the wing tears on the animal. The following chapter, therefore,

will investigate the effect of wing tears on flight.
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Chapter 4 Determining the Effect of Bat Wing Tears on Flight in

Common Pipistrelles (Pipistrellus pipistrellus)

Results from this chapter were peer-reviewed in an abstract and presentation at
the Measuring Behaviour conference, 2018:

Khayat, R. O., Shaw, K. J., L. M., and Grant, R. A. (2018). The Effect of Wing Tears on
the Flight Behaviour of Common Pipistrelles Bats (Pipistrellus pipistrellus). Abstract
in Measuring Behavior Conference Proceedings: 11th International Conference on

Methods and Techniques in Behavioral Research. (Appendix 4)

Chapter summary:

This chapter aims to compare the body orientation and wing movements of P.
pipestrellus during flight, in animals with and without wing tears. Bats were filmed in
high-speed and videos analysed to quantify the effect of the wing tears on flight.
Results suggest that tears on both wings affected wing movements the most, and
body orientation tended to orient towards the healthier wing. There was no
significant association between wing movements and body orientation with tear size

and bilateral tear asymmetry.

4.1 Introduction

Bats are the only mammals capable of flapping flight (Neuweiler, 2000; Voigt et al.,
2012; Kovalyova, 2014). As the bats’ wings are flexible and stretchable, their shape
can be modified during flight (Skulborstad et al., 2015). However, these large wings
are also thin and delicate, which makes them prone to tearing (Ceballos-Vasquez et
al., 2015). While bats can fly with large wing tears (Davis 1968; Voigt 2013); many
have to be taken to rescue centres for rehabilitation, which affects hundreds of bats
annually in the UK, especially the most abundant P. pipestrellus (Kelly et al., 2008).
There is no clear recommendation for rehabilitated bats to be released and usually

bat carers subjectively judge when bats are ready for release.
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Bat wing sections play different roles in flight. It is thought that the P section acts to
support the bat’s body weight during flight and provides lift (Vaughan, 1970; Swartz
et al., 1996; Neuweiler, 2000) and the Cl and Cll sections provide thrust (Swartz et
al., 1996; Neuweiler, 2000). This is also true for bird flight. In bird wings there are two
types of flight feathers, primary feathers and secondary feathers. Primary feathers
are located at the tip of the wing and provide thrust. Secondary feathers are located
closer to the body and provide lift (Videler, 2006). In addition, gaps occur in bird
feather during moulting. Specifically, gaps can vary in terms of size and position
(Hedenstréom and Sunada, 1999), and large gaps in the proximal sections of the wing
impact flight in most in birds (Hedenstrom and Sunada, 1999; Kiat et al., 2016). If bat
wings are affected in a similar way, we might predict bats with large, proximal (P

section) tears to have the most impacted flight.

This current study developed a method to investigate the effect of bat wing tears on
the flight of P. pipistrellus. This chapter will initially compare between bats in three
conditions: i) without wing tears; ii) with tears on one wing; and iii) with tears on
both wings. It will measure their wing movements and body orientation. Secondly, it
will identify any associations between tear size and bilateral tear asymmetry on wing

movements and body orientation.

4.2 Methods
4.2.1 Samples

Over a period of three years, 36 P. pipestrellus bats were filmed in several locations
around the United Kingdom. Three of these samples were female and one male, the
others were all unknown. The bats were filmed at rescue centres and carer’s houses,
in collaboration with Lower Moss Wood Educational Nature Reserve at Knutsford in
Cheshire, Wildwood Trust in Kent, Sussex bat group in Sussex, and the Yorkshire bat
group in Otley. The filmed bats were categorised as: i) bats without wing tears (No
tears) (10 bats); ii) bats with tear(s) on only one wing (Unilateral tear(s)) (16 bats);

and iii) bats with tear(s) on both wings (Bilateral tear(s)) (10 bats).
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Before filming, pictures of the injured wing/wings were also captured. The tears of
those images were traced, counted and classified according to the methods
described in Chapter 2. Tear area was measured to approximate tear percentage size
(tear size (%)). The difference in percentage tear size between each wing was also
calculated to give bilateral tear asymmetry (%). Each bat was also categorised as
having no tears, unilateral tear(s) only on one wing, or bilateral tear(s) on both wings.
The more injured wing was also identified in bats with bilateral tears, since one wing
tended to have a much larger tear (with mean bilateral tear asymmetry values of

77.9%).

4.2.2 Video Data Collection

Bats were encouraged to fly around the space where they were usually assessed for
flight. Filming was conducted during the day time in a flight cage (with approximate
size of 5x5x3 m), indoor room (with approximate size of 4.5x2.5x2.4 m) or corridor
(with approximate size of 6x3x3 m). The bats were filmed using a digital high-speed
camera (Phantom Camera, MIRO_M110), at 200 frames per second, with a resolution
of 1280 x 800 pixels. A manual trigger was used to capture 3-12 video clips with at
least 5-seconds for each clip per bat, when the bat flew in to the field of view of the
camera. All the clips that were recorded were saved as cine-files, giving a total of 375
clips. Subsequently, the clips were reviewed using the Phantom Camera Control
Application (PCC 2.7) and converted to avi. files. The videos and video portions were
selected for conversion and analysis when the bat was i) clearly in view, ii) was either
directly front-on, or back-on to the camera, and iii) flying straight, so not making any
turns. A total of 99 clips were excluded when the bats were in a side-on position or
turning round. During this review process, the bats filmed in the corridor flew straight
more often than the bats filmed in the flight cage or indoor room as they turned
around more during flight. Hence, 276 clips were used for tracking, with 51.4% from
the corridor, 48.5% from the flight cage and 6.02% from the indoor room. All clips

were a minimum of 1-2 seconds in length, and included at least 1 wing beat.
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4.2.3 Video Tracking

The bat wing movements were tracked using the Manual Whisker Annotator
software (MWA) (Hewitt et al., 2016). For tracking, 2 points (a and b) were placed on
the right and left side of the body (Figure 4.1), which were used to measure body
orientation. Three points (1, 2, 3) were placed on each wing: the first one was at the
wing tip; the second was in the middle of the wing; and the last on the base of the
wing, closest to the body (Figure 4.1). The wing tracking points were always placed
at the upper edge of the wing. These eight points were manually tracked through
every frame of the video. The x-y coordinates of the two body points were extracted
to calculate body orientation (Figure 4.2A, defined in Table 4.1) such that a
horizontally-oriented bat would be at zero degrees, a bat leaning towards the left
would have a positive body orientation, and a bat leaning towards the right would
have a negative body orientation. The wing coordinates were used to calculate wing
angle (Figure 4.2B and C), which is the angle the wings make with the body. A wing
positioned straight up above the head would give an angle of 180°, and one
positioned straight down would give an angle of 0°. The wing angles were then used
to calculate the following variables: maximum angle, minimum angle, mean angle
and amplitude, which are defined in Table 4.1 (Hewitt et al., 2016). Wingbeat

frequency was also calculated by counting the wing beat cycles visually in each clip

and dividing by the total time of the clip to give a value in Hertz.

Figure 4.1: The Tracking points on the bat wing. The tracking points were used with the
Manual Whisker Annotator (MWA) software to track the bat wing movement and to
calculate the variables. The two points on the middle of the bat (a, b) are for the body

orientation. The three points on each the wing (1,2,3) are for tracking wing movements.
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Figure 4.2: A) The angle to measure the body orientation, B) The maximum angle of the bat
wing movement. C) The minimum angle of the bat wing movement.
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Table 4.1: The wing movement and body orientation variables calculated from the footage.

Characteristic

Description

Maximum angle

The largest wing angle, when the wings were at their highest,
calculated individually for left and right wings. Measured in degrees

(Figure 4.2B).

Minimum angle

The smallest wing angle, when the wings were at their lowest,
calculated individually for left and right wings. Measured in degrees

(Figure 4.2C).

Mean angle A mean of all wing angles, calculated individually for left and right
wings. Measured in degrees.
Amplitude It is the root mean squared error, which is the deviance of wing

movements from the mean angle. Measured in degrees.

Wing frequency

The number of wing beats per second. Measured in Hertz.

Body orientation

The mean angle of the body orientation, to a horizontal line (Figure
4.2A). A horizontal body position would give 0°. Measured in

degrees.

4.2 .4 Statistical Considerations

Wing movement and body orientation data was classified into three categories: No

tears, Unilateral tear(s) and Bilateral tear(s). All the statistical analysis was completed

using SPSS Version 24. The normality test for the data showed that the data was not

normally distributed, so non-parametric tests were used.

To compare the wing movement data, firstly a Wilcoxon test was conducted to

ascertain the differences between each side of the wing in all bat categories: no tears,
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unilateral, bilateral. The data for the bats with no tears was compared between the
left and right wings. In bats with unilateral wing tears, data was compared between
the intact and torn wings. For bats with bilateral tears, the most injured and least
injured wings were compared. The Wilcoxon test showed no significant difference
between the wing sides in wing movement, over the three groups of bats. Therefore,
for graphing, data from the two sides were combined for the bats with no tears and

bilateral tears, and kept separate for those with unilateral tears.

To further compare wing movements between bat categories (no tears, unilateral,
bilateral) a Kruskal-Wallis Test was conducted on all the wing measurements. Data
were averaged (mean) between each wing in bats with no tears and bilateral tears,
and in bats with unilateral tears, data from the injured wing was used in the analysis.
Pairwise tests were run to identify significant differences, and a Bonferroni

correction was used to make adjustments for multiple testing (p<0.01).

In order to explore whether body orientation was angled towards or away from a
wing tear, the body orientation data was divided depending on whether the tear
location was in the left wing or the right wing, in bats with unilateral tears. For bats
with bilateral tears, the data was divided depending on the location of the biggest
tear(s), in left wings or in the right wings. Therefore, the mean body orientation
values were calculated for the bats with tears on the left wings and for the bats with
tears on the right wings, to identify the direction of the body orientation. For ease of
analysis clips were chosen only when the bat was flying front-on. A Mann-Whitney U
Test was run to find the difference in the body orientation between the bats with

tears on left wings and bats with tears on the right wings.

For each bat with a wing tear, ‘Inkscape’ software was used to measure the tear size
as well as the wing size. This calculates the percentage size of a tear, compared to
the size of the wing. In addition, the difference in percentage tear size between the
two wings was calculated and termed bilateral tear asymmetry. A bivariate

Spearman’s rank correlation was conducted to correlate percentage tear size and
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bilateral tear asymmetry with wing movement and body orientation data (mean
values of maximum angle, minimum angle, mean angle, amplitude, frequency and

body orientation for each bat).

4.3 Results
4.3.1 Wing Tear Classification and Placement

The distribution of the wing tears for bats with unilateral wing tears and bats with
bilateral wing tears is presented in Figure 4.3, and shows that the most tears were
found in section P, which matches the results found previously in chapter 2. Also,
bats with unilateral wing tears had significantly more tears in P section than Cll and
Cl sections (x*= 14.362, df=2, p=0.001), however there was no significant difference
in tear numbers between the wing sections (x?=1.750, df=2, p=0.417) in bats with
bilateral wing tears. Bats with bilateral wing tears had more tears in all wing sections
when compared to bats with unilateral wing tears. However, the number of tears did
not significantly differ between bats with unilateral wing tears and bilateral wing

tears (x2=0.581, df=1, p=0.446).
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Figure 4.3: Wing tear classification, A) and B) showing the wing tear distributions over the
wing sections; C) and D) showing the distribution of the different types of tear over the wing
sections; E) and F) presenting the count of each tear type in each section of the wing. The
first chiropatagium section (Cl), the second chiropatagium section (Cll) and the
plagiopatagium section (P).
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4.3.2 Wing Movements and Body Orientation

The Wilcoxon signed-ranks test showed that there were no significant differences
between left and right sides of the wing for the movement variables: maximum
angle, minimum angle, mean angle, amplitude, and wing frequency in all three bat
categories (all p’s > 0.05) (Table 4.2). Therefore, this data was combined for the no

tear and bilateral tear groups.

Table 4.2: The Wilcoxon results to compare between the left and right wing in the in bats with no tears,

bats with unilateral wing tears and bats with bilateral wing tears.

No tears

Unilateral

Bilateral

Maximum angle
Minimum angle
Mean angle
Amplitude
Wing Frequency

Z=-0.018, p=0.985
Z=-0.135, p=0.892
Z=-0.263, p=0.792
Z=-0.691, p=0.490
Z=0.000, p=1.000

7=-0.819, p=0.413
7=-0.434, p=0.665
7=-1.188, p=0.235
7=-0.387, p=0.699
7=-1.802, p=0.072

7=-0.808, p=0.419
7=-0.104, p=0.917
7=-0.450, p=0.653
7=-1.444, p=0.149
7=0.000, p=1.000

Wing Movements

Bats with bilateral tears had significantly lower maximum angles than bats with no
tears and bats with unilateral tears (Table 4.3, Figure 4.4A). Bats with bilateral tears
also had significantly higher minimum angles compared to the other groups (Table
4.3, Figure 4.4B). The mean angle and amplitude were not significantly different
between the three groups of bats (Table 4.3, Figure 4.4C, D). Bats with bilateral wing
tears also had significantly higher wing beat frequencies, so beat their wings more
often than bats with no wing tears and bats with unilateral wing tears (Table 4.3,

Figure 4.4E).
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Body Orientation

Body orientation for bats with no tears was around horizontal at 0 degrees (Table
4.3, Figure 4.4F). Although not significant, bats with unilateral wing tears had a more
tilted body orientation towards the left hand wings, and the bats with bilateral wing
tears had a slightly lower body orientation, toward the right hand wings, compared

to bats with no tears (Table 4.3, Figure 4.4F).

To examine body orientation in more detail, bats were split in to those with the
highest percentage of tears on the left wing and those with the highest percentage
of tears on the right wing. When the tear, or the largest tear, was found on the left
wing, the body orientation was significantly lower and negative in the bats with
unilateral wing tears (-1.08 + 14.31) (p=0.014) (Figure 4.5B), and also in the bats with
bilateral wing tears (-5.12 + 12.84) (p=0.006) (Figure 4.5B). This means that the body
orientation was more angled towards the right side when the left side was more
injured (Figure 4.5A). In contrast, when the tears, or the largest tear, was located on
the right wing, the body orientation was significantly higher and positive in the bats
with unilateral wing tears (4.67 + 12.37) (Z=1.515, p=0.014) (Figure 4.5B), and also in
the bats with bilateral wing tears (3.96 + 9.86) (Z=780, p=0.006) (Figure 4.5B). Hence,
the body orientation tended to lean towards the left side in bats with more injured
right wings (Figure 4.5A). This means that when the bats have wing tears the bat’s

body is oriented towards the most intact wing (Figure 4.5A).

Association with tear size or bilateral tear symmetry

Despite the tears significantly affecting wing movements and body orientation, these
changes did not significantly correlate with percentage tear size or bilateral tear
asymmetry. Indeed, there was no significant correlation between percentage tear
size or bilateral tear asymmetry between the wing movement variables (maximum
angle, minimum angle, mean angle, amplitude, frequency), nor body orientation

(Table 4.3).
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Table 4.3: Mean, standard deviation and statistics of wing angles, wing frequency and body orientation in bats with no tears, bats with unilateral wing tears and bats with
bilateral wing tears. Bat groups were compared using Kruskal-Wallis Tests with a Bonferroni correction applied at the p<0.01 level of significance, and all correlations were

Spearman’s Ranked.

No tears' Unilateral' Bilateral Comparing between bat

groups

Correlation to tear

size (%)

Correlation to
bilateral tear

asymmetry (%)

Maximum angle  158.97+ 25.14 159.22+21.83  147.19% 29.06 X’=16.287, df=2, p<0.001*

Minimum angle 2.73+10.78 2.61+4.01 4.26+ 7.83 x’>=14.732, df=2, p=0.001*
Mean angle 45.05+ 13.95 44.47+ 10.80 48.15+9.11 X?=6.543, df=2, p=0.038
Amplitude 41.72+ 7.55 40.99+ 6.81 38.70+£9.11 x’=8.563, df=2, p=0.014
Wing frequency 12.35+ 2.67 12.31+ 2.46 13.30+£9.11 x*=10.580, df=2, p=0.005*
Body orientation 0.03+ 14.49 3.78+ 11.46 -1.00+ 13.63 X?=6.111, df=2, p=0.047

rs=-0.03, p=0.885

rs=0.264, p=0.192
rs=-0.100, p=0.626
rs=0.147, p=0.473
r=0.175, p=0.393
rs=-0.071, p=0.731

r,=0.018, p=0.930
r:=0.186, p=0.364
r=-0.050, p=0.807
r=0.169, p=0.410
r:=0.150, p=0.464
r=0.011, p=0.959

* Pairwise comparisons values:

Maximum angle: i vs ii: W=3.13, p=0.78, i vs. iii: W=43.76, p<0.001 and ii vs. iii: W=40.62, p=0.001.
Minimum angle: i vs ii: W=2.04, p=0.85, i vs. iii: W=-39.14, p=0.001 and ii vs. iii: W=-41.17, p=0.001.
Wing Frequency: i vs ii: W=-1.22, p=0.91, i vs. iii: W=34.67, p=0.004 and ii vs. iii: W=-33.45, p=0.005.
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4.3.3 Effect of Tear Placement on Wing Movements and Body Orientation

Further investigation of the data compared the wing movements and body
orientations in bats with tears in different wing sections; including: either
chiropatagium sections (Cl, Cll), chiropatagium and plagiopatagium sections (Cll, P),
the plagiopatagium section (P), or in all sections (Cl, Cll and P), for bats with unilateral
wing tears and bilateral wing tears (Figure 4.6). Samples were not large enough to
conduct statistics, but visually these groupings followed a similar pattern to the full
dataset. Bats with bilateral wing tears had lower maximum wing angles (except the
group with the tear in ClI, P sections), and higher minimum angles than the bats with
no tears and bats with unilateral wing tears (Figure 4.6A, B). However, bats with

unilateral wing tears had lower mean angles and higher wing amplitudes than the

87



bats with bilateral wing tears, except the bat with tears on all wing sections (Cl, ClI,
P) (Figure 4.6C, D). Comparing wing frequency and body orientation between the
groups was not clear (Figure 4.6E, F). However, body orientation was more tilted (i.e.
more deviation from horizontal) when there were tears in just the P section. Overall,
it is difficult to spot any strong visual associations between the position of the tear

and the resulting wing movements and body orientation.
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4.4 Discussion

Flight analysis indicated that the maximum wing angle, the minimum wing angle and
wing frequency were all affected in bats with bilateral tears. Moreover, body
orientation tended to orient towards the healthier wing. Flight has been found to be
affected in bats with wing tears in previous studies, with injured bats found to make
fewer turns than healthy bats (Voigt, 2013). Although | only look at straight flight
without turning, flight manoeuvres are likely to be even more affected by tears
(Pollock et al., 2016) due to a reduction in wing area (Voigt, 2013); although | did not

see any correlation in wing movements and tear size here.

Results showed that bats with bilateral wing tears had overall reductions in wing
movements with lower maximum angles and higher minimum angles (see Figure
4.4A, B). Although not significant, this contributed to a reduction in wing amplitude.
While the wing moved through less of an angle, it also moved more times per second
with a higher frequency (>13Hz) (Figure 4.4E) in bats with bilateral wing tears. This
might be to compensate for the smaller wing movements, and ensure appropriate
lift and thrust for flight (Norberg and Norberg, 2012). The wing frequency values in
this study for the bats with no tears, unilateral tears and bilateral tears were 12.35
2.67, 12.31 £ 2.46, and 13.30 + 9.11 respectively. Therefore, despite wing beat
frequency elevating in bilaterally injured bats, these values were within the range of
wing frequency values ascertained in the literature, of around 11-14 Hz (Thomas et

al., 1990; Berg and Rayner, 1995).

There is a complex interplay between wing amplitude and wing beat frequency,
which affects aerodynamics and flight energy expenditure (Taylor et al., 2003). These
values are all combined with forward velocity to give an animal’s Strouhal Number.

Such that:

Strouhal Number = (Frequency * Amplitude) / Forward Velocity
(4.1)
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The Strouhal Number describes kinematics in swimming and flying animals, it is
dimensionless and captures vortex behaviour during flapping motion (Taylor et al.,
2003; Nudds et al., 2004; Tian et al., 2006). Animals have the highest propulsive
efficiency at Strouhal Numbers of 0.2-0.4 during cruising flight or swimming, and
most bats will have Strouhal Numbers of around 0.3 (Taylor et al., 2003) (Figure
4.7A). A study by Bullen and McKenzie (2002) measured the aerodynamics of bat
flight in 23 species of Australian bat. They found that frequency tended to be
independent of forward velocity, especially at higher speeds (Figure 4.7B), while
amplitude and velocity were positively correlated (Figure 4.7C) (Bullen and
McKenzie, 2002). In bats with bilateral wing tears, the frequency was higher and
amplitude lower than in bats with unilateral and no wing tears. If | look at the
numerator part of the equation, the changes in amplitude and frequency might
cancel each other out and not affect the Strouhal Number, and hence flight
efficiency. However, if amplitude and velocity are positively correlated, then the
denominator term will also be lower in the equation and the Strouhal Number will,
therefore, be larger in bats with bilateral wing tears. Any deviation of the Strouhal
Number from 0.3 is likely to be less efficient (Taylor et al., 2003). In addition, any
change from a preferential frequency is also likely to be less efficient (Taylor et al.,
2003; Norberg and Norberg, 2012). Therefore, these changes in amplitude and
frequency suggest a reduction in flight efficiency in bats with bilateral wing tears.
Indeed, wingbeat frequencies can also increase in birds with reduced wing areas and

this is also thought to increase flight costs (Hambly et al., 2004).
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circling data showing the bats’ Strouhal Numbers (image modified from Taylor et al., 2003). Example
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for one of the bat species included in the study by Bullen and McKenzie, (2002). It shows increasing
amplitude with flight speed (images modified from Bullen and McKenzie, 2002).
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As well as wing movements, body orientation was also affected. Bats with wing tears
had less horizontal body positions. In particular, bats with both unilateral and
bilateral wing tears tended to lean towards the healthier side. Similar results have
been found in quadrupedal mammals, where they will shift weight off an injured limb
towards the healthy side; this has been documented in both horses (Duberstein,
2012) and rats (Angeby Méller et al., 2012). It might serve to take some of the weight
or pressure off the more injured wing. Birds with asymmetric flight feathers also have
reduced manoeuvrability (Swaddle et al., 1996), due to differential lift on each wing

(Thomas, 1997).

There was no clear association between the size of the tears, bilateral asymmetry of
the tears and the position of the tears with any changes in wing movements and body
orientation. All sections of the wing play key roles during flight. It is thought that the
P section acts to support the bat’s body weight during flight and provides lift
(Vaughan, 1970; Swartz et al., 1996; Neuweiler, 2000), while the flexible, mobile CI
and Cll sections provide thrust (Swartz et al., 1996; Neuweiler, 2000). Therefore,
damage to different sections of the wing might affect flight in various ways. One
might imagine that tears in the CI or Cll sections are more likely to affect
manoeuvrability and speed, whereas tears in the P section may inhibit flight. In birds,
moult gaps in the more proximal part of the wing have a greater effect on flight than
those close to the wing tip (Hedenstrom and Sunada, 1999). Specifically, aerial
manoeuvrability and take-off speed are affected (Swaddle et al., 1996; Hedenstrom
and Sunada, 1999). Perhaps these aspects could be looked at during bat flight to

identify the effect of tear position on flight.

However, bats are capable of flying with large tears in their wings (Davis, 1968), and
all our bats could fly successfully with no clear differences in wing movements or
body orientation depending on tear size or placement. In birds, it has been found
that larger moult gaps affect flight the most (Kiat et al., 2016), and | would predict
that larger tears would affect flight more in bats. It may be that the sample sizes in
this study are just too small to view these associations. Or it may be that internal

injuries, that | cannot see, might also be affecting flight. Moreover, it is likely that
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tear size and position will affect flight in rather complex ways. Indeed, a complicated
interaction of skin, bones, muscles, wing area and sensory innervation all influence
wing function during flight (Swartz and Konow, 2015). Hence, any change in those
structures will potentially affect bat flight. This association could only be investigated
by conducting a larger-scale, more-detailed experimental project, or developing

detailed mathematical models.

Indeed, other studies have developed detailed, complex experimental set-ups for
measuring many aspects of bat flight; these include measuring precise 3D wing
kinematics in multi-camera rigs (Riskin et al., 2008; Schunk et al., 2017), wing vortices
(Hedenstrom et al., 2007; Muijres et al.,, 2008; Hubel et al., 2016) and even
electromyograms (EMG), which measure muscle activity (Konow et al., 2017). These
set-ups can measure the precise biomechanics of bat flight, although none have ever
been used to study the effect of wing tears. Applying one of these methods would
be beneficial to furthering our understanding of how the tears impact flight.
However, for bat carers, studies of this nature are only useful if results can be distilled
down into key messages for the carer to judge healthy flight for release. | suggest
that counting the wing beats and looking at the orientation of the body, would be a
good place for bat carers to focus their attention. In particular, wing beats of over 13
per second and body orientations of more than four degrees from horizontal might

suggest flight being affected in P. pipistrellus.

Body weight also significantly affects aerodynamics during flight (Norburg and
Norburg, 2012). Wing amplitude and frequency are both associated with body mass
(Bullen and McKenzie, 2002). While not measured here, injured bats are probably
lighter as they are likely to be less successful at foraging (Voigt, 2013). Lighter bat
individuals tend to have smaller amplitude wing movements and faster frequency
movements than heavier individuals (Bullen and McKenzie, 2002). Therefore, the
patterns | see in wing movements in bats with bilateral wing tears could be caused
by these bats simply being lighter, rather than being a direct result of the wing tear

itself.
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Implications

Wing movements and body orientation were affected in bats flying straight-on to the
camera. Turning and manoeuvrability are likely to be even more affected by tears in
these animals, than the straight flight investigated here (Voigt, 2013; Pollock et al.,
2016). This has serious implications for the ability of the animals to forage
successfully and survive. Indeed, | have developed a novel filming and tracking
method to objectively assess wing movements and body orientation during
rehabilitating flights of bats in care. However, it is necessary to find relationships
between these wing movement and body orientation variables with survival
outcomes in order to validate this approach, and make it useful for rehabilitators to
adopt. Indeed, it is important to move towards objective guidelines for release, so
bat carers can appropriately judge which injuries are serious for bats, and when they
are ready for release. | suggest that looking at the number of wing beats and the

orientation of the body during straight-on flat flight might be a good place to start.
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Chapter 5 Genetic Analysis to Investigate the Potential Cause of

Bat Wing Tears

Chapter summary:

This chapter investigates whether cats are interacting with bats to cause bat wing
tears. Specifically, cat DNA was identified from swabs collected from injured bat
wings sent in by bat carers. The samples with cat DNA present were also subjected
to DNA profiling to identify individual cats. The results found that cat DNA was

present in 66.67% of all the bat swabs samples.

5.1 Introduction

Many bat species roost in man-made structures, at least for breeding periods, in rural
and semi-urban areas. The species P. pipistrellus is able to exploit urban
environments for water and foraging under lights, and for roosting (Russo and
Ancillotto, 2015). Therefore, this leads to an increase in the likelihood of the bats
colliding with buildings and other man-made structures, as well as having more
encounters with domestic cats (Felis catus) (Davis, 1968; Woods et al., 2003;
Ancillotto et al., 2013), which may increase the occurrence of wing tears. In the UK,
domestic cats are the most abundant carnivores (Woods et al., 2003) and are listed
in the top 100 of the worst non-native aggressive species (Lowe et al., 2000).
However, the amount of mortality in bat species due to predation by domestic cats
are based on speculative observations, and mainly by householders and bat carers
(Ancillotto et al., 2013; Woods et al., 2003; Loss et al., 2013). An objective measure
of identifying cat predation on bats is important in order to understand the scale of

the problem.

It has been reported that cats attack bats by catching the bat in the air - either with
their paws in a swift movement whilst standing, or by jumping and catching the bat
(Rodriguez-Duran et al., 2010). Thus, the cat’s DNA is likely to be transferred to the

bat’s wing, from saliva in the cat’s mouth or on the paws from grooming. Genetic
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analysis could confirm whether cat DNA is present on injured bat wings and would
provide strong evidence of cat attacks as a cause of wing tears. The utilisation of DNA
analysis in forensic investigations can identify the source of human biological
samples; however, the same principles can also be applied to non-human samples
(Menotti-Raymond et al., 2012) to identify species, gender and individuals (Menotti-

Raymond et al., 2005; Menotti-Raymond et al., 2012).

The most common method for genetic identification uses short tandem repeats (STR)
profiling, due to its high power of discrimination between individuals and rapid
analysis speed (Butler, 2001; Butler, 2012). STR markers are short repeated
sequences of DNA, usually between 2 and 7 base pairs (bp) in length, which vary in
the number of repeats present in different alleles (Butler, 2001; Butler, 2012). In
addition, multiple STRs can be examined simultaneously, increasing the power of
discrimination of the analysis and produce a complete DNA profile of an individual
(Butler, 2001). This type of STR analysis is used in forensic investigations to compare
the DNA profile of individuals (suspects) with samples collected from a crime scene.
The same basic principles have also been applied to DNA profiling of cats (Butler et
al., 2002; Menotti-Raymond et al., 2005; Menotti-Raymond et al., 2012). A panel of
11 STR markers and a gender marker (SRY) have previously been selected and
developed for the genetic identification of individual cats, termed the ‘MeowPlex’
(Butler et al., 2002; Menotti-Raymond et al., 2005; Menotti-Raymond et al., 2012).
The MeowPlex has been used successfully in forensic cases, with a similar power of
discrimination as human STR kits (Butler et al., 2002; Menotti-Raymond et al., 2005).
The most famous example might be that of Snowball the cat (documented in Coyle
2007). White hairs were found at a murder scene in Canada in 1994. DNA from the
hairs were extracted, amplified and compared to the suspect’s cat, Snowball. The
DNA profile of the hairs at the murder scene matched that of Snowball’s and were
presented in court as part of the evidence used to convict the defendant in court
(with extremely strong support likelihood ratios of: 2.2 x 10® and 6.9 x107,

depending on the exact US cat population databases).
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This chapter will evaluate the use of forensic genetic techniques as a means to
identify the presence of cat DNA on bat wing tears. Specifically, this chapter will
present the results of using quantitative polymer chine reaction (qPCR) to find cat
DNA on bat wing swabs that were sent by bat carers from bats in the UK. The genetic
data will be compared to information collected from bat carers on i) bat
characteristics i.e. species, gender, and age, ii) where the bats were found; and iii)

wing tear type and placement.

5.2 Methods
5.2.1 Sample Collection

Ethical approval was obtained through the Research Ethics and Governance
Committee at Manchester Metropolitan University. Cat blood samples, used as
positive controls for all genetic experiments, were collected as part of routine clinical
testing at the Institute of Veterinary Science, University of Liverpool. The blood
samples were stored in a fridge at 4°C, containing ethylenediaminetetraacetic acid
(EDTA) as an anticoagulant to prevent blood clots formation in the tubes (Banfi et al.,

2007).

Bat wing swab samples were obtained from bat carers in the UK. Bat carers were all
trained individuals and registered with the Bat Conservation Trust (BCT). Carers were
recruited by advertising the project at the Mammal Society Easter Meetings (2016,
2017, and 2018), the National Bat Conference (2016), National Bat Care Conference
(2017) and in Bat Care News (2017), as well as from Facebook groups across the UK
(UK Bat Workers, Cambridgeshire Bat Group, Kent Bat Group and South Lancashire
Bat Group). Samples were collected between March 2016 and September 2018 from
live, rehabilitating animals. Bat packs were issued to collect swabs from injured bat
wings. Each pack included: two swabs (TS/8-A, woodshaft with cotton tip, Technical
Service Consultants, UK), an Eppendorf tube for dry swabs (D), another Eppendorf
tube containing 100 pL of molecular grade water (Microbial Cell Culture Grade
Water, Fisher BioReagents) for wet swabs (W), gloves, bubble bag, instruction card,

a 1 cm gridded card to take a picture of the injured wing against and send it in by
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email, a questionnaire card (Appendix 2), and a pre-paid envelope to return the

swabs and the questionnaire card to the university.

Bat carers were asked to swab the site of any bats wing injuries on bats that had
arrived in their care. This was done using both a wet and dry double swabbing
technique to maximise DNA recovery (Butler, 2012). A sterile swab, wetted with 100
uL of molecular biology grade water immediately before use, was gently rubbed over
the bat wing (Butler, 2012) and then the swab tip was snapped off and placed in a
1.5 mL tube. This was followed by swabbing the same bat wing area with a dry sterile
swab to collect the remainder of the material (Butler, 2012) and placing it in a

separate 1.5 mL tube.

By September 2018, a total of 72 pairs of bat swabs were provided by bat carers. This
included 40 swabs from injured P. pipistrellus and 32 swabs from other UK bat
species, which were: 4 swabs from the brown long-eared bat (Plecotus auritus), 2
swabs from Natterer’s bat (Myotis nattereri), a swab from Serotine (Eptesicus
serotinus), 18 swabs from Soprano pipistrelle (Pipistrellus pygmaeus), 4 swabs from
the whiskered bat (Myotis mystacinus) and 3 swabs from unknown bat species. Once
received, all swabs were stored at -20°C prior to genetic analysis. Before analysis it
was observed that 25 samples (34% of all paired swabs) had a suspected fungal
growth on the swabs and therefore extra analysis was conducted on those samples,
to identify if the fungal growth significantly impacted the detection of cat DNA (see

section 5.2.6 on Fungal DNA).

5.2.2 Other Data Collected

Bat carers were asked to complete a short questionnaire for each sample providing
information on species, age and gender (if known). Also, photographs of wing tears
were taken and causes of the wing tears were collected from bat carers (see section
2.2.1), then the tears were classified in the same protocol that is described in chapter

2 (see section 2.2.2). From the 72 samples that were submitted, 52.7% were received
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with images of the injured wings, and 14 samples (19.4%) provided a possible cause

of the injury.

5.2.3 DNA Extraction and Quantification

To extract any DNA from the swabs and the control cat blood samples, an ISOLATE Il
Genomic DNA kit (Bioline, UK) was used, together with the Purifying Genomic DNA
protocol provided. First, 500 plL of phosphate-buffered saline (PBS) (Sigma-Aldrich,
UK) was added to each swab (D, W) and vortexed for 2 minutes to extract all cells
from the swab, and then the swab was removed. Next, 180 uL lysis buffer GL and 25
uL proteinase K solution were added to each swab, vortexed, and then incubated at
56°C for 1 hour (until completely lysed). Vortexing for 10 seconds was performed 4
times, at regular intervals, during the incubation. Subsequently, the samples were
vortexed for 10 seconds and 200 pL lysis buffer G3 added, then vortexed for 30
seconds and incubated at 70°C for 10 minutes. After this, all samples were vortexed
for 10 seconds and 210 pL molecular grade ethanol (96-100%) added and vortexed
for 30 seconds. Subsequently, an ISOLATE Il Genomic DNA Spin Column (green) was
placed in a 2 mL collection tube and loaded with both the wet and dry swab samples
from each bat and centrifuged for 1 minute at 11,000 xg (Thermo Scientific Heraeus,

Thermo Fisher Scientific).

Samples were then washed using 500 pL wash buffer GW1, centrifuged for 1 minute
at 11,000 xg, and then 600 pL wash buffer GW2, centrifuged for 1 minute at 11,000
xg. The silica membrane was dried by centrifugation for 1 minute at 11,000 xg, to
remove any residual ethanol. The DNA was then eluted by adding 100 plL preheated
elution buffer G (incubated at 70°C) onto the centre of the silica membrane,
incubating at room temperature for 1 minute, then centrifuging for 1 minute at

11,000 xg. DNA samples were stored at -20°C prior to subsequent analysis.

The same protocol was followed to extract the DNA from the cat blood samples,

starting from the addition of lysis buffer GL and proteinase K solution.
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Extracted DNA was analysed using a NanoDrop™ 2000 Spectrophotometer
(ThermoFisher, UK) to determine both nucleic acid concentration and purity

(Appendix 3).

5.2.4 Cat DNA Presence / Absence

Primers and probes

Quantitative polymerase chain reaction (qPCR) was used to determine the presence
or absence of cat DNA. Primers and probes were designed using Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and Eurofins gPCR Primer and
Probe Design Tool software
(https://www.eurofinsgenomics.eu/en/ecom/tools/qpcr-assay-design/) for
amplification of the target sequence FCA749 locus of Felis catus (Genbank accession
number AY988149.1). All primer and probes were obtained from Eurofins MWG
Operon, Germany. Specificity of the developed primer and probe sequences was
confirmed by a BLAST search on the NCBI website (http://www/ncbi.nlm.nih.gov/
BLAST/) and showed 100% identity and coverage of cat DNA (Felis catus).

Method optimisation

The following parameters were evaluated to optimise the gPCR method: i) annealing
temperature (52°C, 54°C, 56°C, 58°C and 60°C); ii) Magnesium chloride (MgCl,)
concentration (1 mM, 1.5 mM, 2 mM and 2.5 mM); and iii) probe concentration (0.2
UM 0.25 uM and 0.3 uM). Optimisation experiments were run only once to select the
values for the MgCl, and probe concentrations, and twice for the temperature

values.

Experimental

Following optimisation, samples were run in a total volume of 50 pL in a 96 well plate
using the following reagents: 5U/uL DNA polymerase (BIOTAQ DNA Polymerase,
Bioline, UK), 1x reaction buffer (10x NH4 Reaction Buffer, Bioline, UK), 25 mM dNTPs
(dNTPs mix, Bioline, UK), 1.5 mM MgCl, (Bioline, UK), 0.5 uM forward primer (5'-
ATGCGTTCTCTGTCTCTC-3'), 0.5 uM reverse primer (5'-CATCTCACCGACCTAAAC-3'),
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0.25 pM probe (5'-[HEX]-TCACTGCTGGCCTCTTTCAAATCAC-3') and 5 pL of extracted
DNA. Positive controls were prepared using DNA extracted from cat blood samples,
along with negative controls containing no template DNA. Samples were run on a
MX3005P Real-Time gPCR System (Stratagene, UK) with a thermal cycling profile of
94°C for 10 minutes, followed by 45 cycles of: 94°C for 30 seconds, 56°C for 30

seconds and 72°C for 30 seconds. The experiments were repeated 3 times.

Agarose gel electrophoresis

gPCR results were corroborated by running the amplified qPCR products on a 2%
agarose gel (Bioline, UK) made up using 1x TBE buffer (containing of 0.1 M Tris Base
(Fisher Scientific, UK), 0.1 M boric acid (Fisher BioReagents, UK), and 0.02 M EDTA
sodium salt (diaminoethanetetra-acetic acid, Fisher Scientific, UK) in distilled water),

with 0.1% of DNA stain (Midori Green, Nippon Genetics).

To run the gel, 2 pL of loading dye (Loading Buffer Blue, Bioline, UK) was added to 10
uL of each gPCR product, and then loaded into the gel alongside 5 uL of DNA size
ladder (HyperLadder ™ 25bp, BIOLINE, UK). Gels were run with in 1x TBE buffer for
45 minutes at 75 volts and the results documented with a UV transilluminator

(Geneflash Gel Documentation Darkroom, Syngene, UK).

5.2.5 Cat DNA STR Profiling

Any positive samples containing cat DNA were also subjected to DNA profiling to
identify if the same cat was responsible for the bats wing tears. STR profiling was
trialled on cat blood samples and those swabs which tested positive for cat DNA using
the qPCR assay. Reactions was prepared in a 96 well plate in a total volume of 20 uL
using the following reagents: 5 U/uL DNA polymerase (BIOTAQ DNA Polymerase,
Bioline, UK), 1X reaction buffer (10X NH4 Reaction Buffer, Bioline, UK), 25 mM dNTPs
(dNTPs mix, Bioline, UK), 1.5 mM MgCl, (Bioline, UK), 12 uL cat STR primer mix (see
Table 6.1 for details), and 4 pl extracted DNA. Positive controls were prepared using
DNA extracted from cat blood samples, along with negative controls containing no

template DNA. Samples were then subjected to thermal cycling on a Prime thermal
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cycler (Techne, UK) using the following parameters: initial denaturation at 90°C for
10 minutes; 28 cycles of 94°C for 1 minute, 59°C for 1 minute and 72°C for 1 minute;

and a final extension at 60°C for 45 minutes (Menotti-Raymond et al., 2005).

Capillary electrophoresis and data analysis

PCR products from STR amplification were sized using fragment analysis. Samples
were prepared by adding 0.5 pL of the PCR reaction product to 0.15 uL of GeneScan™
LIZ 500 Size Standard (ThermoFisher, Scientific, UK) and 9.85 uL of Hi-Di Formamide
(ThermoFisher Scientific, UK). The samples were run on a 3737 Genetic Analyzer
(Applied Biosystem, UK) at the DNA Sequencing Facility at the University of

Manchester.

Analysis of the STR profiles was carried out using GeneMapper® software (version
3.7) (ThermoFisher Scientific, UK), to facilitate sizing of the observed alleles at each
locus (Butler, 2012). Complete DNA profiles were obtained from some of the positive
control samples extracted from cat blood (an example is shown in Figure 5.1) and the
negative controls were clear of contamination. However, the DNA from swab
samples failed to present any allele at any locus, with no peak appearing significantly
larger than the noise observed in the profile, which typically the minimum peak
should be larger, between 5-10 times higher than the noise (Wells et al., 2011; Butler,
2015) (an example is shown in Figure 5.2). Failure of this method could be due to i)
low quality of DNA from the swabs; ii) poor optimisation of the procedure; or iii)
combining all the markers in one test. As profiling was not a key focus of the thesis
and was not integral to identifying the presence of cat DNA on the swab samples,

this method was not further investigated here.
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Figure 5.1: An example of a complete genetic profile from cat blood (DNA from cat number 01606).
The panels present the observed alleles at each of the following loci: A) FCA733, FCA723, FCA731, B)
SRY, FCA736, F124, C) F53, FCA749, D) FCA742, F85, FCA740. Panel E) DNA size ladder.
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Figure 5.2: An example of a DNA profile from a swab sample (DNA from swab sample 45). The panels
show no observed alleles at any loci: A) FCA733, FCA723, FCA731, B) SRY, FCA736, F124, C) F53,

FCA749, D) FCA742, F85, FCA740. Panel E) DNA size ladder.
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Table 5.1: Cat multiplex primer sequences, final concentrations of each pair of the primers, the fluorescent dyes used for each markers and the expected product size ranges.

STR marker  Final concentration (uM) Dye Primer Primer sequences (5’-3’) Size range (bp)

FCA733 0.8 6-FAM F GATCCATCAATAGGTAAATGGATAAAGAAGATG  128-226
R 6FAM-TGGCTGAGTAATATTCCACTGTCTCTC

FCA723 0.8 6-FAM F 6FAM-TGAAGGCTAAGGCACGATAGATAGTC 243-317
R GCCACCCAGGTGTCCTGCTTC

FCA731 1.6 6-FAM F 6FAM-ATCCATCTGTCCATCCATCTATT 337401
R GGTCAGCATCTCCACTTGAGG

SRY 0.04 VIC F VIC-TGCGAACTTTGCACGGAGAG 96-97
R GCGTTCATGGGTCGTTTGACG

FCA441 0.3 VIC F GTGTCTTGATCGGTAGGTAGGTAGATATAG 113-137
R VIC-ATATGGCATAAGCCTTGAAGCAAA

FCA736 0.1 VIC F VIC-CCGAGCTCTGTTCTGGGTATGAA 164-222
R GTGTCTTTCTAGTTGGTCGGTCTGTCTATCTG

F124 1.1 VIC F VIC-TGTGCTGGGTATGAAGCCTACTG 255-367
R GTGTCTTCCATGCCCATAAAGGCTCTGA

F53 0.8 PET F PET-CCTATGTTGGGAGTAGAGATCACCT 115-272
R GTGTCTTGAGTGGCTGTGGCATTTCC

FCA749 1.1 PET F PET-GAGGAGCTTACTTAAGAGCATGCGTTC 276416
R GTGTCTTAAACCTATATTCGGATTGTGCCTGCT

FCA742 1.1 ROX F NED-AAATTTCAATGTCTTGACAACGCATAAG 122-175
R GCCAGGAACACCATGTTGGGCTA

F85 1.3 ROX F NED-TAAATCTGGTCCTCACGTTTTC 183-301
R GCCTGAAAATGTATCCATCACTTCAGAT

FCA740 1.1 ROX F NED-CCAAGGAGCTCTGTGATGCAAA 308-336
R

GTTCCCACAGGTAAACATCAACCAA
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5.2.6 Fungal DNA

Samples with suspected fungal growth were also subjected to conventional PCR using
fungal specific primers aimed at amplifying the internal transcribed spacer (ITS)
region of ribosomal DNA from fungi (Toju et al., 2012; Romanelli et al., 2014). DNA
amplification reactions contained the following reagents in a total reaction volume
of 20 uL: 1x MyTaq Red Mix (Bioline, UK), 0.5 uM ITS1 forward primer (5'-
CTTGGTCATTTAGAGGAAGTAA-3') (Invitrogen, Thermo Fisher Scientific), 0.5 uM ITS2
reverse primer (5'-GCTGCGTTCTTCATCGATGC-3') (Invitrogen, Thermo Fisher
Scientific) and 2 pL of extracted DNA. Samples were amplified on a Prime thermal
cycler (Techne, UK) using the following parameters: initial denaturation at 95°C for
10 minutes; 30 cycles of 95°C for 60 seconds, 55°C for 60 seconds and 72°C for 90
seconds; followed by a final extension at 72°C for 10 minutes. DNA for the positive
control was extracted from Saccharomyces cerevisiae (Purchased strain, NCYC 87)
that had been grown on agar plates. A single colony was picked using a sterile loop,
added to 500 pL of molecular biology grade water (Fisher Scientific, UK) ina 1.5 mL
sterile Eppendorf tube, vortexed, incubated at 100°C for 5 minutes to break the
fungal cell wall and release the DNA, and centrifuged at 6000 xg for 5 minutes before
transferring the supernatant to a fresh sterile Eppendorf tube. Negative controls

were also run which contained no template DNA.

Agarose gel electrophoresis

The PCR results were analysed by running the amplified PCR products on a 1%
agarose gel in 1x TBE. A 10 uL aliquot of the PCR products were loaded onto the gel
along with 5 uL of DNA size ladder (HyperLadder™ 100 bp, Bionline, UK). Gels was

prepared and run using the same protocol described in section 5.2.4.

Sanger sequencing

Samples which were found to be positive for fungal DNA, were subjected to Sanger
sequencing. The PCR products were cleaned up by adding 4 uL of ExoSAP-IT™ reagent
(Express PCR Product Clean-up, Applied Biosystems, UK) to 10 uL of the PCR products,

vortexing gently and briefly spinning down. Samples were incubated at 37°C for 4
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minutes, then at 80°C for 1 minute, before being snap-cooled onice. Cleaned samples
were then prepared for sequencing by combining 6 uL of PCR product with either 0.5
UM of ITS1 forward or ITS2 reverse primer and made up to a 10 pl total volume with
molecular biology grade water. Samples were then sent to the DNA Sequencing
Facility at the University of Manchester where Sanger sequencing was performed,
using BigDye v3.1 terminator and run on an ABI 3730 48-well capillary DNA Analyser
(Applied Biosystems, California, USA). Sequence data was aligned and compared to
the sequence chromatogram using the BioEdit Sequence Alignment Editor software
(version 7.2.5) (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) (Hall, 2004), then
analysed using BLAST. Fungal identifications were made based on maximum

identities and coverages.

5.2.7 Geographical Distribution

QGIS3 software (version 3.2.2) (https://www.qgis.org/en/site/) was used to compare
the presence and absence of cat DNA, from the genetic results, with the location of
the bat wing swab samples. A 20 mile radius was drawn around each rehabilitation
centre based on communication with bat carers about their typical working area and
the areas where injured bats are brought in from (personal communication, Sally
Humphreys, East Dorset Bat Rescue and Rehabilitation). These 20 mile areas were: i)
identified using ‘The Web Mapping Application (Rural-Urban Classification for Output
Areas Locator V2)’, from the Office for National Statistics geography data (Contains
OS data Crown copyright and database right [2019], available at
https://ons.maps.arcgis.com/apps/webappviewer/index.html|?id=20467878cc2041

0d961a3f71db356b6d) and ii) classified in terms of rural-urban classification by using
‘The 2011 Rural-Urban Classification For Output Areas in England’ by the Office for
National Statistics geography data (contains National Statistics data Crown copyright
and database right [2017]). The rural-urban percentage of each area was calculated
using Inkscape software to measure areas. For locations with sea (such as in Kent),

the sea area was excluded from the measurement.
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5.2.8 Statistical Consideration

Statistical analysis was performed using SPSS Version 24. A chi-square test was used
to compare: i) the percentage of bats showing the presence of cat DNA in terms of
species, gender and age; ii) the percentage of the rural area and the samples with
presence cat DNA between the locations; iii) the percentage of tears between the
samples that showed presence and absence of cat DNA; iv) the number of tears in
each section of the wing; v) the percentage of each type of tear (holes, contained
tears, total tears, and trailing edge tears) between the sample with cat DNA and
sample without; vi) the percentage of samples with the presence of cat DNA between
the sample with and without fungal growth. The Mann-Whitney U test was used to
compare the average number of DNA loci that amplified in the samples with and

without fungal growth.

5.3 Results

5.3.1 Cat DNA Presence/ Absence Analysis

5.3.1.1 gPCR Method Optimisation

Optimisation of the annealing temperature

PCR products were produced using annealing temperatures of 52°C, 54°C and 56°C,
but not at the higher temperatures of 58°C and 60°C (Figure 5.3). The PCR product
sizes were calculated from the gel photograph, and found to be 289 bp, which was
within the expected size range for the DNA fragment for this locus, which is 276-416
bp (Butler, 2012). The negative control was clear of any contamination. The optimum
annealing temperature was selected as 56°C as the PCR product had the brightest

band intensity.
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Ladder Different annealing temperature
25 bp 52°C 54°C 56°C 58°C 60°C

Figure 5.3: Gel photograph of amplified control cat DNA using specific cat DNA primers, with different
annealing temperature, PCR products showing bands in multiple lanes and the brightest band at the
annealing temperature of 56°C.

Magnesium chloride (MgClz) concentration optimisation

PCR products were obtained at all MgCl, concentrations tested (Figure 5.4A). In the
amplification with qPCR, the lowest number of the cycles required for the fluorescent
signal to cross a threshold (CT) value was the preferred concentration. The CT values
at the MgCl, concentrations of 2 mM and 2.5 mM showed the lowest CT values at
28.76 and 28.66 cycles (Figure 5.4A), respectively, but non-specific amplification was
also observed, indicated by additional bands on Figure 5.2B. Therefore, the optimum
MgCl; concentration was chosen to be 1.5 mM. At 1.5 mM, the CT value was lower
(28.97 cycles) than for ImM (29.78 cycles) (Figure 5.4A), and on the gel photograph,
thel.5 mM showed a single, bright band the with a product size of 282bp, which is
within the expected size range of the locus (Figure 5.4B). The negative control was

clear from contamination. (Figure 5.4B).
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Figure 5.4: A) Amplification plot from qPCR of cat blood DNA (+ve) and the negative control (-ve) with
different MgCl, concentrations. B) Gel photograph of the gPCR products. (n=1)

Probe concentration optimisation

PCR products were produced from all probe concentrations tested (Figure 5.5A). The
optimum probe concentration was found to be 0.25 uM due to the lowest CT value
(28.91 cycles) at that concentration comparing to the CT values at probe

concentrations of 0.2 uM and 0.3 uM, which were 30.44 cycles and 29.03 cycles,
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respectively (Figure 5.5A). Also, 0.25 uM concentration showed a bright band on the
gel, with a product size of 283bp which is within the expect size of the locus. The

negative control was clear from contamination (Figure 5.5B).
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Figure 5.5: A) Amplification plot from qPCR of cat blood DNA (+ve) and the negative control (-ve) with
different probe concentrations. B) Gel photograph of the gPCR products. (n=1)
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5.3.1.2 Presence of cat DNA

All samples received from bat carers were analysed for the presence of cat DNA using
gPCR, and confirmed using agarose gel electrophoresis (Appendix 5). The results
showed that 48 out of 72 (66.7%) samples were positive for the presence of cat DNA
(Figure 5.6A). The genetic data was also compared to the free-text comments
received from bat carers, where they were asked to suggest any possible causes of
the bat’s wing injuries. When bat carers suspected cat attacks (in 15 cases), cat DNA
was found to be present in all but one case. Therefore, there was 92.9% agreement

between the bat carer observations and DNA analysis (Table 5.2).

Regarding the different bat species, 70% of P. pipistrellus samples, 65.5% of other UK
bat and 33.3% of the samples from unknown species had cat DNA present (Figure
5.6B). There was no effect of species on the presence of cat DNA (x2=0.118, df=1,
p=0.732). Also, there was no difference in presence of cat DNA between males
(64.2%) and females (72.7%) (y2=0.591, df=1, p=0.442) (Figure 5.6C). The samples
with unknown gender had cat DNA in 62.5% of the samples (Figure 5.6C). There was
also no significant difference in the percentage of samples with cat DNA present in

juveniles and adults (y2=7.424, df=1, p=0.06) (Figure 5.6D).
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Figure 5.6: A) The percentage of swabs showing presence/ absence of cat DNA. B) Distribution of cat
DNA with respect to UK bat species. C) Distribution of cat DNA with respect to bat gender. D)
Distribution of cat DNA with respect to the age of the bat.

Table 5.2: Free-text comments on suspected cause of bat wing injuries provided by bat carers,
correlated with presence or absence of cat DNA.

Free Text Comments Cat DNA
‘Bat bought in by a cat’ Absent
‘Householder has 2 cats, bat with older cat attack scars in wings. Present

On this occasion he was bitten left neck/ear and right shoulder.
Signs of cat’

‘Householder has 2 cats - cat attack’ Present
‘Householder has 2 cats - cat attack’ Present
‘Owner of cat witnessed bat in cat's mouth’ Present
‘seen brought into home in cat's mouth’ Present
‘Seen with cat circling around on ground’ Present
‘Found grounded by dog. Injuries appear to be consistent with cat’ Present
‘Householder has known roost in attic and owns 3 'well behaved’ Present
cats’

‘Property owner has 3 cats which catch birds often including Present
woodpeckers’

‘Cat at finder address’ Present
‘Bad head wound as well as claw holes in wings’ Present
‘Seen in cat's mouth’ Present
‘Almost certainly cat damage’ Present
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Samples were received from 5 counties in the UK: Cheshire, Devon, Dorset, Greater
Manchester and Kent (Figure 5.7, Table 5.3). All these locations were categorised as
mostly rural areas, except Greater Manchester, which was classified as an urban area
(Figure 5.7, Table 5.3). There was a significant difference in the amount of rural and
urban areas in each county with sample sizes of 5 or more bats (including Devon, Kent
and Dorset) (x2=8.925, df=2, p=0.01) (Figure 5.8), and also the percentage of samples
with cat DNA in each county (x2=24.128, df=2, p<0.001) (Table 5.3). However, the
relationship between urban and rural areas, and the percentage of samples with cat
DNA, was not clear. Kent and Greater Manchester both had low amount of rural
areas, but Greater Manchester had 100% of samples with cat DNA, and Kent only had

35%.

[] Cheshire

[] Devon

[ Dorset

[ Greater Manchester
[ Kent

O Location of the animal rescue center

B Cat DNA Presence
0O Cat DNA Absence

Figure 5.7: Map showing the locations where the swab samples came from, and the percentage of
positive and negative samples for cat DNA at each location. The size of the pie chart represents the
sample size. In addition, there were 22 samples for which the location was unknown, of these 15
showed the presence of cat DNA.
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Figure 5.8: A) The rural-urban classification of the five locations: B) Cheshire, C) Devon, D) Dorset, E)
Greater Manchester, F) Kent. The scale bar is 2 Km.
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Table 5.3: The percentage of samples with presence cat DNA in each location, and the percentage of
rural and urban areas in each location

Number Sample with

County of presence cat Rural area% Urban area%
samples DNA%

Cheshire 2 0 87.92 12.07

Devon 5 80 93.57 6.43

Dorset 24 88 97.49 2.69

Greater Manchester 2 100 25.80 74.20

Kent 17 35 62.21 35.93

5.3.2 Comparisons with wing tear classifications

The photographic information provided by bat carers on the nature of the wing
injuries sustained by the bats was compared to the DNA analysis results. Bats with
and without the presence of cat DNA had a similar number of tears when sample size
was controlled for (as a percentage) (x2= 1.922, df=1, p=0.166). For bat wing swabs
where cat DNA was present, there were fewer tears in Cl section compared to Cll and
P sections (y2 = 9.324, df=2 p=0.009) (Figure 5.9A, C, E). In the samples where no cat
DNA was found, the P section of the bat had more tears than the Cll and Cl sections
(2 = 13.500, df=2 p= 0.001) (Figure 5.9B, D, F). As in previous chapters, holes were
the most common tears overall (63.72%) (Figure 5.9C-F). There were significantly
more total tear types (%) in the bat samples with cat DNA present, compared to those
without cat DNA (y2= 8.758, df=1. P= 0.003). The amount of other tear types (holes,
contained tears, trailing edge tears) did not significantly differ between the samples
with cat DNA present and those without cat DNA (all ps>0.5). As per previous
chapters most tears were oriented rostro-caudally from the wing membrane to the

trailing edge (Figure 5.9 A-D).
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Figure 5.9: The wing tear distribution over the wing section in the samples with cat DNA present and
absent. A, B) Diagrams of the wing, presenting the number and the location of the tears over the three
sections. C, D) Diagrams of the wing presenting all tears found in bat wing images, over the three
sections of the wing. E, F) Graphs representing the number of different types of wing tears in each
section of the wing. The wing sections are Cl) the first chiropatagium section; Cll) the second
chiropatagium section; and P) the plagiopatagium section.
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5.3.3 Fungal DNA Analysis

The bat swab samples with suspected fungus were analysed and showed the
presence of fungus in 24 out of 25 samples (96% of cases). The gel results showed
PCR products in 24 samples with a size range from 265bp to 297bp (Figure 5.10,
Appendix 3), which is expected for the ITS1 and ITS2 regions (Khodadadi et al., 2017).
The positive control showed a PCR product at 450 bp, also within the expected size
range of S. cerevisiae (Arlorio et al., 1999; Khodadadi et al., 2017), with the
sequencing results confirming S. cerevisiae spp., with a 90% similarity match. The

negative control was clear indicating no contamination.

ladder 16 17 19 20 21 22 23 24 25 26 27 32 33 36 37 M ¥ 41 4 55 9
100bp

ladder 61 64 68 69
100bp

Figure 5.10: Photo of agarose gel electrophoresis of the PRC products from amplified fungal DNA. The
numbers on each lane refer to the bat swab number (PCR No. Appendix 3), +ve is the positive control
with S. cerevisiae DNA, and -ve is the negative control.

DNA sequencing of these samples showed the presence of 12 different fungal species
(Figure 5.11), which are commonly found in the environment, such as in the air,
water, soil, food and plants. Cladosporium is the most common species, being
present in a quarter of samples, particularly those from Southern England (Figure

5.11).

119



[] Cheshire

[] Devon

[ Dorset

[ Greater Manchester

[ Kent

O Location of the animal rescue center

® Aspergillus spp.

e Aureobasidium spp.

o Cladosporium spp.

e Coniochaeta spp.
Daldinia spp.

@ Penicillium spp.
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e Trichoderma spp.

300 400 km
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Figure 5.11:Geographical distribution of the fungal species obtained. No fungal growth was observed
on the samples obtained from Cheshire. The size of the pie chart is proportional to the sample size. In
addition, there were 7 samples for which the location was unknown. These were found to contain 3
instances of Aureobasidium spp. and single instances of Debaryomyces spp., Fusarium spp., Septoria
spp., and Talaromyces spp.

To determine if fungal growth affected the ability to analyse any cat DNA present,
the results from swabs with and without fungal DNA were compared. The percentage
of samples showing the presence of cat DNA did not significantly differ between the
samples with and without fungal growth (x?=2.597, df=1, p=0.107). The average
number of loci that amplified in the samples with and without fungal growth were
also counted. The results showed no significant difference between the samples with
and without fungal growth (Z=243.5, p =0.487). These findings indicated that fungal

growth had no effect on the profiling of cat DNA.
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5.4 Discussion
5.4.1 Cat DNA Presence/ Absence Analysis

This study revealed that forensic DNA analysis can be used as a potential tool to
evaluate whether cats are interacting with bats. By extracting DNA from injured bat
wing swabs and amplifying the DNA using qPCR and specific probes, the presence of

cat DNA can be identified.

Presence of Cat DNA

Two-thirds of the tested samples (66.7%) showed the presence of cat DNA, which
provides additional evidence to observations of bats being preyed upon by cats,
which has been documented in previous studies (Woods et al., 2003; Ancillotto et al.,
2013). For example, Ancillotto et al. (2013), reported cat predation in an estimated
28.7% of bats being brought into rehabilitation centres, and Muihldorfer et al.,
(2011a) demonstrated that cat predation accounted for 19.5% of bat deaths based
on post-mortems. Results presented in this chapter (Figure 5.6) suggest that cat
predation events may be far more common than previously suggested. A recent study
by Vlaschenko et al., (2019) reported a similar result that 68% of the Common noctule
(Nyctalus noctula) bats found dead were killed by cat predation, during the winter
when bats hibernated in a large concrete building. The value of two-thirds of bats
being predated upon by cats still may be considered an underestimation due to
factors such as i) injured bats not always being brought to the attention of carers; ii)
insufficient DNA quantity transferred from cat to bat during the predation event; and
iii) potential variability in the swabbing technique and sample storage by participating
bat carers. It was observed that in one of the swab samples, the bat was bought in to
the house by a cat, but this sample failed to show cat DNA (Table 5.2). This could
relate to the swabbing area, as just the wings were swabbed whereas the cat may
have held the bat by its body. There might also just be low amounts of cat DNA
present, although gPCR is considered to be a very sensitive technique for the
detection of DNA, with typical limits of detection as low as 1-10 copies of targeted

DNA per reaction (Bustin et al., 2009).
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A study in mainland Southwest Finland, proposed the idea of ‘super predator cats’,
where just 6 cats (9%) accounted for 40% of all observed captures, with no difference
between male and female cats (Kauhala et al., 2015). Therefore, the same cat might
be repeatedly attacking bats. Developing the DNA profiling MeowPlex method
(Butler et al., 2002) for the bat swabs would be an excellent way to identify repeat-
offending cats. Failure of the method trialled here could be due to poor optimisation
techniques or low DNA quality (Schneider et al., 2004; Swango et al., 2006; Huang et
al., 2017). Low DNA quality most commonly occurs as a result of DNA degradation,
which leads to fragmentation of DNA (McCord et al., 2011). This is particularly an
issue with attempting to amplify longer alleles, and studies have found DNA fragment
<200bp in length are more stable (Grubwieser et al., 2006; Regnaut et al., 2006).
Several factors could lead to DNA degradation such as the amount of time in between
the predation event and the bat wing being swabbed and room temperature storage

during transport (Grubwieser et al., 2006; Karni et al., 2013).

The swabs of injured bat wings that were received were 58.33% male, 30.55% female,
and 11.10% of an unknown gender. Although there was no significant effect of
gender, most of the swabs received here were from injured males. This might be
because males spend more time out of the roost (Audet, 1990), so they are probably
more likely to receive tears on the wing from several factors including collisions or
been attacked by a cat. Females usually spend months (June to July) within a
maternity roost to give birth and feed their young for 4-5 weeks, until they become
strong enough to fly (BCT, 2019). Therefore, females may be less likely to receive
injuries. In my data, the exact time of the year of finding the injured bat was unknown

and carers could post samples some time after the injured bat was found.

While data collected in this chapter suggested that more males received wing tears,
a higher percentage of females had cat DNA present on their wing tears (although
this was not significant). Many previous studies have observed more cat attacks on
female bats, although these findings were based only on observational data. More
female N. noctula bats were killed by cats over the winter in an urban environment

(Vlaschenko et al.,, 2019), and during the summer in the reproductive season
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(Ancillotto et al., 2013). Pregnant females might be more vulnerable to predation
owing to reduced flight performance and manoeuvrability (Russo et al., 2007).
Therefore, females could be more prone to attack by cats during the reproductive
season (Ancillotto et al., 2013) and hibernation (Vlaschenko et al., 2019), when they
are not in the maternity roost. Investigating the seasonality of wing tear casualties
and associating this with the gender of the bats would help us to further understand

the extent of the problem, and the long-term effects on bat populations.

There was no significant effect of age (juveniles and adult) on whether more samples
had cat DNA present. Ancillotto et al. (2013) and Vlaschenko et al. (2019) also
observed juveniles and adults to be just as likely to be targeted by cat attacks. There
was also no significant effect of species (P. pipistrellus and other species) on whether
more samples had cat DNA present. This could be because all the bat species in the
study have similar roosts. Indeed, all species studied here may use buildings for
roosts (BCT, 2015), at least for breeding periods, in rural and semi-urban areas which

could mean encountering free-ranging cats at a similar rate (Ancillotto et al., 2013).

While the exact location of where the wing tear injury occurred was unknown for
each sample, an area of 20 miles around the rehabilitation centre was approximated
as a likely area of injury (Figure 5.8). Cat predation events have been documented as
occurring more frequently in rural and sparse-urban areas, compared to dense urban
areas (Ancillotto et al., 2013). This may be because cats in urban areas are often kept
indoors at night (Ancillotto et al., 2013). There was no clear pattern in the percentage
of samples with cat DNA and their geographical area, but a decrease in the
percentage of rural areas, such as in Kent, corresponded to a decrease in the
percentage of the samples with cat DNA present (Figure 5.7, 5.8); however, Greater
Manchester was the most urban area, and had 100% of the samples containing cat

DNA.
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5.4.2 Comparison to Wing Tear Classification

Of the bats with cat DNA present, more tears were found in the Cll and P sections,
which are the closest to the body, and total tears were also more prevalent. As
previously discussed in Chapter 2, these tears may be due to cat strikes targeting the
body of the bat, and claws raking in the rostral-caudal direction. The presence of cat
DNA supports this idea. However, samples which revealed no cat DNA also had more
tears in the P section. It may be that some samples with cat DNA present are not
being detected by the method (due to swabbing procedures and storage time), or it
might be that other causes contribute to tears in the P section. While collisions are
probably more likely to affect the distal sections of the wing, perhaps tears during
take-off (as the wing unfurls) or grounding might be a possible cause of these.
Vegetation, such as brambles or other thorns, being present in take-off and land sites
is a likely cause, but hard to identify objectively. The P section is the largest section
of the wing so it may just be more likely to receive tears than the most distal section

of the wing CI. Findings here match with what was previously found in Chapter 2.

As well as causing wing tears, cat attacks can also lead to bacterial diseases in bats
(Muhldorfer et al., 2011a; Mihldorfer et al., 2011b), which can be transmitted to bats
from cat saliva (Mihldorfer et al., 2011b). Cats may also receive a viral infection from
the bats, such as Nipah virus (NiV) and European bat lyssaviruses (EBLVs), which could
lead to cat mortality (Epstein et al., 2006; Dacheux et al., 2009). Future work
identifying cat DNA in more bat samples will help further our understanding of the

scale of the association between cats and bats.

5.4.3 Fungal DNA Analysis

It was found that the fungal growth on some of the samples had no significant effect
on the presence of cat DNA. Despite the presence of fungal growth not affecting the
quality of the DNA, in comparison to those samples without fungal growth present.
Fungal growth may have happened due to reasons such as: i) some samples took a
long time to arrive at the university; ii) the samples not kept in the freezer until being

sent.
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This study evaluates the possibility of cat predation upon bats by using forensic DNA
analysis techniques as an alternative to observational data. By swabbing the site of
bat wing tear injuries, the presence of cat DNA can be determined. The results
presented here suggest that cat predation on bats, at least in the UK, is likely to be

higher than previously estimated.
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Chapter 6 Discussion

Chapter summary

This chapter presents the key findings and implications from each chapter of the
thesis. It then identifies the limitations of the work and, finally, it provides
recommendations for bat carers and cat owners. The crucial recommendations for
bat carers on releasing rehabilitated bats are to: i) understand that the wing tear
healing capacity is different depending on the tear location on the wing, ii) monitor
wing movement and body orientation during flight to assess if a bat is ready to be
released, and iii) to conduct post-release monitoring to truly assess the long-term
effect of wing tears. It is recommended that cat owners attach a bell on the cat’s
collar, and keep cats indoors during the night when bat activity is highest and bat/cat

interactions most likely.

6.1 Summary of Findings

Chapter 2 provides the first quantitative description of wing tears in Common
pipistrelles (Pipistrellus pipistrellus) and other bat species from the United Kingdom.
Classification of the wing tears showed that the plagiopatagium (P), the wing section
closest to the body, had the most tears. These tears tended to be oriented rostro-
caudally, from the wing membrane to the trailing edge. | suggest that investigating
the extensive problem of wing tear injuries in bats will help to improve rehabilitation

plans and has significant implications for bat conservation and welfare.

Chapter 3 investigated the anatomy of the P. pipistrellus wing, specifically whether
wing anatomy was associated with tear position and orientation. The results
indicated that while the anatomy might be associated with tear healing, it was not
sufficient to explain the tear positions and orientations. Indeed, material testing did
not identify the plagiopatagium as being significantly weaker than the chiropatagium,
despite its having the most tears. Rather, | suggest that the position of the

plagiopatagium, rather than its anatomy, is an important factor in determining the
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number, location and orientation of wing tears. The position of the tears, close to the
body and towards the trailing edge, suggests that they are caused by a predator
attack, such as by a cat, rather than by a collision. Consistent with this, 38% of P.
pipistrellus individuals had confirmed wing tears caused by cats, with an additional
38% identified by carers as suspected cat attacks. Further exploration of the

possibility of cats causing wing tears is presented in chapter 5.

Chapter 4 examined the effect of wing tears on flight in P. pipistrellus. Comparing the
wing movements and body orientation between bats with and without wing tears
showed that the bats with bilateral wing tears had impacted wing movements. In
particular, bats with bilateral wing tears had the lowest maximum angles, highest
minimum angles and highest wing beat frequencies compared to those with no wing
tears or with unilateral wing tears. In addition, body orientation was also affected by
wing tears, such that bats tilted towards the healthy wing and away from the most
injured side. | recommend that further work investigating the survival and fitness of
animals post-release is needed in order to make strong predictions about the long-

term effects of wing tears on flight, survival and reproductive success.

Finally, chapter 5 investigated whether cats may be responsible wing tears observed.
Forensic DNA analysis found the presence of cat DNA in 67% of the wing tears
swabbed. Previous studies that reported cat predation on bats have been based on
observational data only (Phillips et al., 2001; Woods et al., 2003; Ancillotto et al.,
2013; Kauhala et al., 2015; Vlaschenko et al., 2019), and this is the first convincing

evidence of cats being a major cause of wing tears in bats.

6.2 Scientific Implications of the Thesis

6.2.1 Cats Cause Many Wing Tears

Chapter 2 revealed that the highest number of tears were found in the
plagiopatagium section. The position of the plagiopatagium, being close to the body,
is prone to tearing by cats targeting the body with paw strikes. This was confirmed

by results in chapter 5 that found cat DNA present on bat wing tears in 67% of all
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cases. This is likely to be a conservative estimate, as the tears were swabbed by non-
experts and DNA might have degraded over time too. Regarding Locard’s principle,
which states that ‘every contact leaves a trace’, if a cat attacks a bat, cat DNA will
transfer to the bat wing. But for some reason such as inaccurate swabbing or
degraded DNA, the cat DNA may not be detectable on all bat wing swab samples.
Samples with cat DNA present had more total tears through the wing, which is
defined as a tear that runs from the internal membrane to the trailing edge of the
wing and affects more than 50% of the total wing section. As well as having more of
these large and significant tears, samples with cat DNA also had more tears in the

proximal wing sections.

A complementary final-year undergraduate study was conducted to see where cats
target a bat-shaped toy (Figure 6.1A) as they played with it (Tabner, 2019). An
example of a body strike can be seen in Figure 6.1B. The results found that the centre
of the toy bat was significantly targeted by cats in around 70% of all paw strikes
(Figure 6.1C). When the paw strike missed the body, it often connected with the bat’s
wings instead (Figure 6.1C), which accounted for over 20% of all paw strikes. Strikes

of this type could well cause the wing tears that | have described throughout my

experimental chapters.
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Figure 6.1: A) The toy bat that was used in the study. The toy bat had a similar physical appearance to
a real bat with large wings and a small body (with 13 cm in width and 27gm in weight). B) Photo of a
cat hitting the centre (body) of the toy bat, C) The graph presenting the number of hits on the toy bat
on each position: C: centre (body), S: string, W: wing. (Image modified from Tabner, 2019)
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Free-roaming domestic cats cause a significant number of bird and mammal fatalities
and, with the number of cats increasing annually (Woods et al., 2003), the effect of
cat predation on wildlife is only likely to continue. In the UK, hundreds of bats have
to be taken to rescue centres for rehabilitation annually (Kelly et al., 2008).
Moreover, several studies based on observational data have reported cat predation
on bats (Phillips et al., 2001; Woods et al., 2003; Ancillotto et al., 2013; Kauhala et al.,
2015: Vlaschenko et al., 2019). The amount of samples with cat DNA was much higher
(at 67%) than those reported previously from the observational data (Mihldorfer et
al., 2011a; Ancillotto et al., 2013) at 20% and 29%, respectively. This indicates that

cat predation may be much more common than previously thought.

There is no evidence for how cat predation impacts bat populations, however, as cat
predation does not affect bird populations overall (Parsons et al., 2006; RSPB, 2019)
this might also be true of bats. Investigating the population-level impacts of cats on
bat abundance is outside the scope of this thesis. However, | consider that wing tears
are likely to primarily be a welfare issue for bats, rather than a conservation one.
While this thesis has focussed on the effect of wing tears in UK bat species, and
specifically common pipistrelles, it is likely that these findings will also apply to bat
species world-wide, especially those that come in to contact with urban predators
and are commonly found with wing tears, such as the Big Brown bat in North America

(Faure et al., 2009; Ceballos-Vasquez et al., 2015; Pollock et al., 2016).

6.2.2 Healing and Post-release Monitoring

Even though hundreds of bats in the UK are rehabilitated in rescue centres annually
as a result of suffering wing tears, there has been little evaluation of bat wing tear
classification and placement. Also, the anatomy of the bat wing and how that could
affect wing tear position, type, and healing have not been studied before. The
findings in chapter 2 illustrate that tears in the plagiopatagium section took longer to
heal, with the anatomy of the wing vessels explaining why. Moreover, the finding

here supports that found recently in a study by Greville et al. (2018), who noted that
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wounds in the plagiopatagium section in the Egyptian fruit bat (Rousettus
aegyptiacus) took 50% longer to heal than wounds in the chiropatagium sections
(Greville et al., 2018). Samples with cat DNA present also had large total tears, that
are likely to take longer to heal than smaller holes and contained tears. If cats cause
large tears in the plagiopatagium, these are likely to be the longest healing tears.
Even though the understanding of tear location and healing has direct implications
for bat welfare and rehabilitation strategies, there have been no studies to track how

bats with healed wing tears fare post-release.

Chapter 4 provides a quantitative method to evaluate the flight in P. pipistrelles by
testing wing movement and body orientation. Findings from this chapter may be used
to improve release guidelines, as bat carers will be better able to judge if injured bats
are ready to be released based on wing movements and body orientation
measurements (see section 6.3 on recommendations for more information). Based
on the similarities of flight features among bat species (Hedenstréom et al., 2007), and
the agreement of my findings with previous studies of bird flight (Swaddle et al.,
1996; Thomas, 1997), this method could easily be applied to other bat species, and

even birds, to assess flight.

6.2.3 Effect on Population (Gender, Age, Species)

Female bats play a significant role in the population in regard to their role in
reproduction. However, several studies found that the female P. pipistrelles have a
higher survival rate than males (Gerell and Lundberg, 1985; Gerell and Lundberg,
1990; Sendor and Simon, 2003), probably because females often stay within roosts,
especially when the females move to the maternity roost for giving birth and feeding
their young (BTC, 2019) and do not put themselves at risk as often as males. However,
other studies have observed that, when specifically considering cat predation, female
bats were more significantly preyed upon than male bats (Ancillotto et al., 2013;
Vlaschenko et al., 2019), and this may be due to cats targeting roost sites (Ancillotto
et al., 2013). The results from chapter 5 showed the samples from female bats with

the presence of cat DNA to be slightly higher than the male bat samples, although
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this was not significant. A decrease in the number of female bats will significantly

affect bat populations.

While juvenile bats generally have lower survival rates than adults (Sendor and
Simon, 2003; Pryde et al., 2005), the findings in chapter 5 indicted that there was no
significant difference between adult and juvenile bats with cat DNA present on the
injured wing swabs. Other studies with a larger sample size (n=1012) have also found
that juveniles are less frequently preyed on by cats than adult bats (Ancillotto et al.,

2013).

Even though studies have provided the survival rates of some bat species (Gerell and
Lundberg, 1985; Gerell and Lundberg, 1990; Sendor and Simon, 2003; Pryde et al.,
2005), there are few which report a reliable estimation of long-term survival rates (4-
7 years), or the difference in survival rates between species or within populations. In
order to better understand the effect of wing tears on bat populations, improved

population models need to be constructed taking these factors in to account.

6.3 Limitations

There are some limitations associated with the work completed in this thesis. Firstly,
for the anatomy work (chapter 3) the bat wings were a very challenging material to
work with. They were very small, thin, folded easily and dried out very quickly.
Therefore, the histology images (Figures 3.6) were not as clear as those which can be

obtained from other tissue types, and it took many samples to get even these images.

The material testing was also challenging, mainly due to the small size of the wing
sections in P. pipistrellus. In particular, it was difficult to cut consistent sizes of wing
strips for material testing (Figure 3.2) and it was impossible to cut an ideal ‘dog-bone’
shape, which is usually used for material testing. This caused transverse forces at the
grips, which affected some material samples. To overcome these limitations, the

wing strips were angled to get the longest possible strips from each wing section. The
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wing strip samples that failed at the grips due to transverse forces were discarded
from the analyses. In future work, a specialised dog-bone cutter could be created to
ensure dog-bone-shaped samples. However, this would be expensive and not allow
for variation in wing sizes. A stencil or other sort of cutting pattern would ensure a
greater agreement in sample size, although controlling for size in calculations, as | did

here, also accounts for variation in sample size.

Other limitations were mostly associated with data and swabs collected from bat
carers, especially in terms of collecting information about each bat, and swabbing
techniques. The swab samples received from bat carers showed fungal growth on
34.72% of the samples, however, this did not appear to affect the quantity or quality
of DNA extracted. It was not possible to profile the DNA from the swab samples, with
no swabs producing any allele in the DNA profiles, despite the DNA from positive
control samples from cat blood showing full STR profiles. This is likely to be related
to the low DNA quality of the swab samples (Schneider et al., 2004; Swango et al.,
2006; Huang et al., 2017). Indeed, the low DNA quality produced as a result of DNA
degradation, leads to breakdown of large DNA fragments (McCord et al., 2011).
Hence, the DNA fragment in length up to 200bp could be relatively stable and less
sensitive to the degradation, while the larger DNA could not be amplified which lead

to partial STR profile (Grubwieser et al., 2006; Regnaut et al., 2006).

There are several factors that could have led to low DNA quality, such as DNA
degradation in samples that have been exposed to temperature, light, humidity and
bacterial and fungal contamination (Grubwieser et al., 2006). In this project, incorrect
swabbing by bat carers, samples not being sent directly after swabbing and not being
kept in a freezer prior to sending could have led to DNA degradation. In future work,
the DNA quality could be assessed by using a single-cell gel electrophoresis (COMET)
assay to measure DNA strand breaks (Collins, 2004). Moreover, FTA® paper
(Whatman, UK) should be used in the bat packs to increase the preservation of the
DNA. FTA paper is typically used to collect biological samples in a forensic analysis
situation for purification of DNA and for the long term storage of biological samples

over several years with no concern of DNA degrdation, even at room temperature
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(Smith and Burgoyne, 2004; Picard-Meyer et al., 2007). The paper is impregnated
with chemicals, which work to lyse cells, which: i) kills most pathogens, ii) inhibits
saprophyte growth and iii) prevents bacteria growth, thus enabling purer DNA (Smith

and Burgoyne, 2004).

The exact location the injured bats were found is unknown in all swab samples. In
future, it could be better if the bat carers were requested to identify the exact
location that they were found, using GPS. This would enable accurate location
identification, and the identification of rural and urban areas would be more

accurate.

Out of all the tear photographs collected from bat carers, only 24% also had
rehabilitation outcome data. In future, it will be important to collect more data about
rehabilitation outcomes alongside images of healed tears, in order to identify any
associations between tear type and position with healing rates and survival. Bat age
and gender were also not reported in many of the samples. Gender was unknown in
56%, and the age was unknown in 53%, of all the bat samples (including both
photographs and swabs, n=111). If gender and age had been reported, the
comparisons between males and females, and adults and juveniles, in terms of tear
type and position, rehabilitation outcome and flight movement, could have been
further investigated. Predictions could also be made concerning the effect of wing
tears on bat populations, if the gender and age of the bats with wing tears were

known.

6.4 Recommendations for Welfare
6.4.1 Long-term Monitoring

In order to further progress this work and improve records of bat wing injuries, bat
carers should always identify the bat species, gender and age, and take pictures of
any injured wings when they have a bat in care. They can identify the tear type and
orientation by using the tear coding system that was developed in this thesis (chapter

2), by filling in a modified version of the questionnaire included on the bat packs or
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an electronic version of the questionnaire, which is provided on the project website
(http://bat-research-mmu.weebly.com/). If rescue centres and rehabilitators
continue to record the tear positions and healing rates, future work will be able to
formulate a much better understanding of the extent of the problem, as well as the
impact of tear type and location on healing. Bat carers need to be aware that tears in
the P section take longer to heal, so they can commit to having bats in care for longer
periods of time. When the tear is healed, the healing outcome should be identified
in terms of the period that the bat spent in care before release, and an image of the
healed tear should be taken. This could be used to form rehabilitation

recommendations for bat carers, based on tear types and positions.

6.4.2 Flight Assessment

Chapter 4 provides a quantitative method to measure wing movements and body
orientation. | suggest that bat carers can start assessing bat flight by looking at the
tears, as bats with tears on both wings are likely to have more affected wing
movements, than bats with tears on only one wing. Following this, carers could start
to assess wing-beat frequency and body orientation, as these variables are
significantly altered by wing tears and are fairly easy to measure compared to
approximating wing angles. My specific recommendation to bat carers is to test the
bat flying indoors or in a flight cage, and to film the bat flying straight-on relative to
the camera. They could use a phone camera with a slow-motion feature and count
the number of wing beats per second to measure wing frequency. Also, to observe
the body orientation during the flight. If wingbeats are more than 13 per second and
the body orientation is more than four degrees, this might suggest that flight is being
affected in P. pipistrellus, and the bat might not be ready for release. Afterwards,
when the tear is healed, but before releasing the bat, bat carers should film the bat
again and identify the wingbeat frequency and body orientation to compare the wing
movement to the previous film clip. If the wingbeat frequency is less than 13Hz and
body orientation is around the horizontal (less than 1 degree), the bat may be ready
for release. In this way, bat carers will be able to assess the bat’s flight based on

reliable evidence. However, this flight assessment needs to be coupled with post-
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release monitoring in order to reliably say whether wing movements and body

orientation measurements are at an appropriate level for release.

6.4.3 Communications to Cat Owners

For cat owners, there is now strong evidence that cats interact with bats, based on
the genetic analysis results in chapter 5, and the observational results in chapter 2
and previous studies (Phillips et al., 2001; Woods et al., 2003; Ancillotto et al., 2013;
Kauhala et al., 2015: Vlaschenko et al., 2019). The foremost recommendation to cat
owners is to keep cats inside at night when bats are foraging. This is especially
important during the Spring and Summer seasons when the bats are active (not in
hibernation), and from dusk to dawn when the bats usually forage (Audet, 1990;
Rydell, 1991; Levin et al., 2013; BTC, 2019). Also, if the cat wears a bell, this could
alert the bats to their presence, resulting in an increase in the chance of escaping
(Ruxton et al., 2002; Woods et al., 2003; Ancillotto et al., 2013). Indeed, studies have
found that the average number of prey items captured by cats and delivered to
owners is reduced when the cats wear bells (Ruxton et al., 2002; Woods 2003). These
recommendations are especially important in rural and semi-urban areas where cat

predation is most frequent (Ancillotto et al., 2013; Russo and Ancillotto, 2015).
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Appendix

Appendix 1: The abstract of the published paper and the full paper:

Khayat, R. O., Shaw, K. J., Dougill, G., Melling, L. M., Ferris, G. R., Cooper, G., and
Grant, R. A. ‘Characterizing wing tears in common pipistrelles (Pipistrellus
pipistrellus): investigating tear distribution, wing strength, and possible causes.’
Journal of Mammalogy, pp. 1-13.

Abstract:

Bats have large, thin wings that are particularly susceptible to tearing. Anatomical specializations, such
as fiber reinforcement, strengthen the wing and increase its resistance to puncture, and an extensive
vasculature system across the wing also promotes healing. We investigated whether tear positioning is
associated with anatomy in common pipistrelles (Pipistrellus pipistrellus). Wing anatomy was
described using histological techniques, imaging, and material testing. Tear information, including type,
position, time in rehabilitation, and possible causes, was collected from rehabilitators of injured bats
across the United Kingdom. Results suggest that the position of the plagiopatagium (the most proximal
wing section to the body), rather than its anatomy, influenced the number, location, and orientation of
wing tears. While material testing did not identify the plagiopatagium as being significantly weaker
than the chiropatagium (the more distal sections of the wing), the plagiopatagium tended to have the
most tears. The position of the tears, close to the body and toward the trailing edge, suggests that they
are caused by predator attacks, such as from a cat (Felis catus), rather than collisions. Consistent with
this, 38% of P. pipistrellus individuals had confirmed wing tears caused by cats, with an additional 38%
identified by rehabilitators as due to suspected cat attacks. The plagiopatagium had the lowest number
of blood vessels and highest amounts of elastin fibers, suggesting that healing may take longer in this
section. Further investigations into the causes of tears, and their effect on flight capabilities, will help
to improve bat rehabilitation.

153



Journal of Mammalogy, XX(X):1-13, 2019
DOI:10.1093/jmammal/gyz08 1

Characterizing wing tears in common pipistrelles (Pipistrellus
pipistrellus): investigating tear distribution, wing strength, and
possible causes

RANA OsaMA S. KHAYAT, KIrRsTY J. SHAW, GARY DOUGILL, LOUISE M. MELLING, GLENN R. FERRIS, GLEN COOPER,
AND ROBYN A. GRANT*

School of Science and the Environment, John Dalton Building, Manchester Metropolitan University, Chester Street, Manchester,
M1 5GD, United Kingdom (ROSK, KJS, GD, LMM, RAG)

School of Healthcare Science, John Dalton Building, Manchester Metropolitan University, Chester Street, Manchester, M1 5GD,
United Kingdom (GRF)

School of Mechanical, Aerospace and Civil Engineering, George Begg Building, University of Manchester, Manchester, M1 3BB,
United Kingdom (GC)

* Correspondent: robyn.grant@mmu.ac.uk

Bats have large, thin wings that are particularly susceptible to tearing. Anatomical specializations, such as fiber
reinforcement, strengthen the wing and increase its resistance to puncture, and an extensive vasculature system
across the wing also promotes healing. We investigated whether tear positioning is associated with anatomy
in common pipistrelles (Pipistrellus pipistrellus). Wing anatomy was described using histological techniques,
imaging, and material testing. Tear information, including type, position, time in rehabilitation, and possible
causes, was collected from rehabilitators of injured bats across the United Kingdom. Results suggest that the
position of the plagiopatagium (the most proximal wing section to the body), rather than its anatomy, influenced
the number, location, and orientation of wing tears. While material testing did not identify the plagiopatagium
as being significantly weaker than the chiropatagium (the more distal sections of the wing), the plagiopatagium
tended to have the most tears. The position of the tears, close to the body and toward the trailing edge, suggests
that they are caused by predator attacks, such as from a cat (Felis catus), rather than collisions. Consistent with
this, 38% of P. pipistrellus individuals had confirmed wing tears caused by cats, with an additional 38% identified
by rehabilitators as due to suspected cat attacks. The plagiopatagium had the lowest number of blood vessels and
highest amounts of elastin fibers, suggesting that healing may take longer in this section. Further investigations
into the causes of tears, and their effect on flight capabilities, will help to improve bat rehabilitation.
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Bats have thin wing membranes well adapted to generate ap-
propriate lift and thrust to be maneuverable during flight
(Vaughan 1970; Swartz et al. 1996; Neuweiler 2000). However,
the large area and the thin membranous material of the wings
make them particularly susceptible to injuries, such as holes
and tears (Ceballos-Vasquez et al. 2015). Davis (1968) found
over 40% of pallid bats (Antrozous pallidus) in one rural roost
had wing injuries or abnormalities. While bats can fly with
large wing tears (Davis 1968; Voigt 2013), hundreds of bats are
taken to rescue centers for rehabilitation annually in the United
Kingdom, especially the common pipistrelle, Pipistrellus
pipistrellus (Kelly et al. 2008). Indeed, 748 Pipistrellus spp.

were admitted to just one rescue center in the United Kingdom
between 1997 and 2006 (Kelly et al. 2008). Tears are considered
significant and severe injuries (Molony et al. 2007; Kelly et al.
2008). Rehabilitation in captivity can also result in increased
stress (Moorhouse et al. 2007); therefore, the tear and resulting
rehabilitation can significantly affect animal health and wel-
fare (Molony et al. 2007; Kelly et al. 2008). Even though sev-
eral studies have investigated wing tears in bats (Davis 1968;
Powers et al. 2013; Voigt 2013; Greville et al. 2018), there is
little characterization of their form (position, orientation, size)
and what causes them, although collisions (Davis 1968), fungal
infections (Reichard and Kunz 2009; Cryan et al. 2010; Fuller

© The Author(s) 2019. Published by Oxford University Press on behalf of American Society of Mammalogists.
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etal. 2011), and predator attacks (Speakman 1991; Woods et al.
2003; Ancillotto et al. 2013; Loss et al. 2013) are all likely.

Urbanization is likely to increase the occurrence of wing tear
injuries in bats, due to a greater likelihood of collisions with
man-made structures and the increase in abundance of urban
predators, such as cats (Felis catus). Urbanization is one of the
most dramatic forms of land-use change (Lintott et al. 2015)
and it is difficult to predict how it will affect individual species
(Mehr et al. 2011; Hale et al. 2012; Lintott et al. 2015; Jung
and Threlfall 2018; Santini et al. 2019). Many bats, such as
P. pipistrellus, exploit urban environments (Mendes et al. 2014;
Hale et al. 2015), especially for roosting, water, and foraging
under lights (Russo and Ancillotto 2015). However, this also
exposes them to urban risks, including predation (Woods et al.
2003). For example, in the United Kingdom, domestic cats are
the most abundant carnivores (Woods et al. 2003), and their
numbers are concentrated around urban areas (Aegerter et al.
2017). Evidence has suggested that cats target house-roosting
bats in both rural and semi-urban areas, with repeated pre-
dation events having the capacity to wipe out entire roosts
(Ancillotto et al. 2013). However, many of these observations
are only occasional and not based on strong evidence (Woods
et al. 2003; Ancillotto et al. 2013). A better description of wing
tears and their causes is needed in order to understand the scale
of the problem in the short term, and to develop management
practices in the long term, in terms of treatment and rehabilita-
tion practices.

Bat wings can heal from tears (Davis and Doster 1972; Faure
et al. 2009; Weaver et al. 2009), and it has been proposed to
use fruit bat wings as a model to study wound healing and con-
traction (Church and Warren 1968). Bat wings also have an
extensive blood supply to enable wound cleaning, prevention
of infection, and tissue reformation (Faure et al. 2009). Faure
et al. (2009) found that the uropatagium (interfemoral mem-
brane) healed faster than the chiropatagium in big brown bats
(Eptesicus fuscus), and attributed it to increased vasculature in
that area. Moreover, while bat wings are thin and susceptible
to tearing, anatomical specializations, such as a net-like fiber
system containing collagen and elastin, reinforce the wings and
increase their resistance to puncture (Studier 1972; Holbrook
and Odland 1978; Madej et al. 2012; Cheney et al. 2017). This
is especially true in ground-foraging bats, whose wings are
more resistant to puncture and less elastic than bats who forage
in more open habitats (Studier 1972). The complex anatomy of
the wing, including wing fibers and strength, might affect the
position and type of wing tears.

We characterized wing tear injuries in the common pip-
istrelle, and provide a quantitative summary of tear types,
distributions, and rehabilitation outcomes. We examined the
anatomy of P. pipistrellus wings to identify whether wing vas-
culature, strength, and fiber distribution are associated with the
position and type of wing tears. In particular, we investigated
vasculature, material properties, fiber type, and fiber orienta-
tion. If anatomy influences tearing, we expect 1) more tears to
occur in the weakest wing section (based on material property
data); 2) tears should not have a specific orientation because

net-like fibers should reinforce equally in all orientations;
and 3) tears should heal fastest in the section with the most
blood vessels, which should transport factors for wound
cleaning and new tissue formation. We collected data from
bat rehabilitators across the United Kingdom to characterize
wing tear injuries, and discuss some likely causes of tears based
on first-hand observations. Our results suggest that the posi-
tion of the plagiopatagium, rather than its anatomy, influenced
the number, location, and orientation of wing tears. Predator
attacks were the likely cause of many of the tears, and we sug-
gest that predators directing their attacks toward the bat’s body
caused many of the rostro-caudal tears in the plagiopatagium.

MATERIALS AND METHODS

We refer to the anatomy of P. pipistrellus wings over three
sections (Fig. 1a). The most distal section of the chiropatagium
(CI) is the membrane between digits iii and iv. The second
section of the chiropatagium (CII) is the membrane between
digits iv and v. The most proximal section of the wing is the
plagiopatagium (P), which is the membrane between digit v and
the body. Ethical approval for the study was obtained through
the Research Ethics and Governance Committee at Manchester
Metropolitan University, and all tissue was held under a Natural
England license (2014-4322-SCI-SCI). Methods conformed to
guidelines of the American Society of Mammalogists for the
use of wild mammals in research (Sikes et al. 2016).

Ten adult whole-animal P. pipistrellus specimens from
euthanized animals were donated by bat rehabilitators for
vessel tracing (two bats, right side wings), and histology (two
bats used in Masson’s Trichrome staining and two bats used
in Verhoeff-Van Gieson [VVG] staining, right side wings) and
material testing (10 bats in total, left side wings, including the
six bats from the vessel and histology work). These animals
were admitted to care following injury and grounding; although
exact details were not known by the rehabilitators, they likely
had many internal injuries and complications. All individuals
had intact wings so we could examine their anatomy. All pho-
tography was undertaken from live adult animals during usual
husbandry and rehabilitation procedures carried out by bat
rehabilitators (eight P. pipistrellus bats for vessel tracing, 55
P. pipistrellus bats, and 22 other United Kingdom bats for char-
acterization of tears). Bat rehabilitators were trained individuals
registered with the Bat Conservation Trust (BCT).

Vessel tracing.—Ten bat specimens were used to identify
the major blood vessels in P. pipistrellus wings. Two whole-
bat euthanized specimens were donated by bat rehabilitators.
Their right wings were removed whole and stored in 4%
paraformaldehyde (PFA), at 4°C. The wings were stretched out
over a bright lightbox (LEDW-BL-100/100-SLLUB-Q-1R24,
Phlox, Aix-en-Provence, France), and photographed using a
digital camera (D3200, Nikon, Tokyo, Japan; Fig. 1a). Another
eight photographs were collected from bat rehabilitators, who
had stretched the wings of live bats, admitted for rehabilitation,
over a white piece of gridded card. All wings were intact and
did not contain any holes or scarring.
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Thumb

Proximal

Fig. 1.—Example images of bat wing and tears of common pipistrelles (Pipistrellus pipistrellus). a) The wing was stretched over a lightbox to
image the blood vessels. The sections of the wing are indicated (CI: the first chiropatagium section; CII: the second chiropatagium section; and
P: the plagiopatagium). Examples of the different types of tears are shown, including hole (b), contained tear (c), total tear (d), and trailing edge

tear (e).

Inkscape software (https://inkscape.org/en/) was used to
trace the blood vessels in all photographs. Some vessels were
approximately twice as thick as other vessels, and these were
traced with thicker lines. Once the vessels had been drawn in
all the photographs, they were combined into one figure to
give a summary of all possible blood vessels. This figure was
validated against descriptions in the literature (Pavlinié et al.
2008). The number of vessels were counted in each section of
the wing (CI, CII, P), and any bifurcations were counted as
another vessel. The area of each section of the wing was also
measured using Inkscape, to give an approximation of blood
vessel density (count/wing area).

Wing histology.—We used Masson’s Trichrome staining to
identify wing fiber orientation. Two wings from euthanized
P. pipistrellus were stored in 4% PFA, at 4°C. A fragment
from each section of the wing (approximately 10 mm?) was
dissected and sliced tangential to the wing at 30 um thickness
using a freezing cryostat (CM3050, Leica, Wetzlar, Germany)
at —20°C. This thickness was selected to reduce the curling and
wrinkling of slices that occurred in thinner sections. The slices
were transferred to a solution of 10% phosphate-buffered sa-
line (PBS) overnight, mounted on microscope slides (Menzel-
Glaser, Thermo Scientific, Braunschweig, Germany), and left

to dry for an additional 24 h. The slices were then stained using
Masson’s Trichrome (Trichrome Stain Kit, Sigma-Aldrich, St.
Louis, Missouri). Slides were put in a fixative solution (4%
paraformaldehyde in 0.1 M PBS) for 1 h, and introduced to
Bouin’s Solution for 3 h. They were then cleared with xy-
lene, rehydrated with ethyl alcohol (100, 90, 80, and 70%),
and moved through a sequence of solutions for the Masson’s
Trichrome staining (Biebrich Scarlet Acid, Phosphotungstic
and Phosphomolybdic Acids, Aniline Blue, and Acidified
Water), with multiple washes of distilled water between each
stage. The slices were then dehydrated with ethyl alcohol (70,
90, and 100%) and xylene, towel dried, and cover-slipped using
Distyrene Plasticizer Xylene (DPX; Sigma-Aldrich).

To measure relative amounts of collagen and elastin
within the sections of the wing, VVG staining was used.
Two wings from two euthanized P. pipistrellus were stored
in 4% PFA, at 4°C. A sample (approximately 10 mm?) was
removed from each section of the wing and placed in 4%
PFA overnight at 4°C. Each sample was embedded in 2%
agar in PBS and transferred in a histology cassette for tissue
processing (Shandon Citadel 2000, Thermo Scientific).
Subsequently, the samples were placed in 70% Industrial
Methylated Spirits (IMS) for 3 h, 80% IMS for 60 min, 90%
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IMS for 60 min, 100% IMS for 2 h twice, 100% IMS for
60 min, then xylene for 90 min twice, xylene for 2 h, and
finally in paraffin wax twice for 3 h. Afterwards, the samples
were embedded in paraffin wax for slicing. Each sample
was sliced across the wing axis (perpendicular to tangential)
at 5 pm thickness on an automatic, rotary microtome with
water bath (microtome HM355S, Thermo Scientific), col-
lected on glass slides (Superfrost Plus, Thermo Scientific),
and incubated in an oven at 37°C overnight before staining.
The slides were then cleared with xylene and rehydrated
with ethyl alcohol (100%, 90%, 80%, 70%, and distilled
water) prior to staining. To stain the elastin, the slides
were placed for 10 min in working elastic stain solution,
that consisted of 20 ml of hematoxylin solution (HT 251,
Sigma-Aldrich), 3 ml ferric chloride solution (HT252,
Sigma-Aldrich), 8 ml of Weigert’s iodine solution (HT253,
Sigma-Aldrich), and 5 ml deionized water. The slides were
then rinsed in deionized water and differentiated in ferric
chloride solution, comprising of 3 ml ferric chloride solu-
tion (HT252, Sigma-Aldrich) and 37 ml of deionized water.
Next, the slides were rinsed in tap water, and placed in 95%

[
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ethyl alcohol to remove the iodine and then in deionized
water. Subsequently, slides were stained for collagen in Van
Gieson’s solution (Sigma-Aldrich) for 1-3 min, then rinsed
in 95% alcohol. Finally, they were dehydrated (100% ethyl
alcohol), placed in xylene, and cover-slipped with DPX.

All slices were visualized using a Zeiss Stereo Lumar V12
light microscope (Zeiss, Oberkochen, Germany). Figures
were captured using Zeiss Axiovision, version 4.8. Occasional
adjustments to exposure and white balance were made. The
fiber orientation was described qualitatively for each section
stained with Masson’s Trichrome. The relative amounts of
collagen and elastin were approximated quantitatively using
image processing in Matlab from each section stained with
VVG. VVG is a standard histological stain used to identify col-
lagen and elastin fibers (Fullmer and Lillie 1956; Kazlouskaya
et al. 2013; Cheney et al. 2017), and has been used to quan-
tify amounts of collagen and elastin in stained tissues (Daamen
et al. 2003; Raub et al. 2010; Eberson et al. 2015; Wheeler et al.
2015; Lee et al. 2016). Images were selected for image proc-
essing when the section was clear and not folded so that all
fibers could be seen in the image. Ten to 12 slices were taken

Fig. 2.—Example images demonstrating the processing of elastin and collagen fibers. The top panel shows the original images collected from the
microscope following Van Gieson staining. These were processed to find the red-pink collagen colors (middle panels) and the dark elastin colors
(bottom panels) for the first chiropatagium section (CI), the second chiropatagium section (CII), and the plagiopatagium section (P). All red-pink
pixels were counted for the collagen fibers. For the elastin (E), only the internal elastin fibers were included in the pixel counts; the edges also
appeared black in the slices but mainly contained melanin (M), therefore these were cropped from the elastin pixel counts.
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for each wing section and then two to three images captured
from each slice, giving a total of 35 images for each section.
Original 8-bit color images of the slides reveal collagen as
a red-pink color and elastin as a dark, near black color (Fig. 2,
top panel; see online version for color). Filters were applied
to create two black and white images from each original
image, one that showed only collagen and a second showing
only elastin (Fig. 2, middle and bottom panels, respectively).
A range of filter strengths were tested on the sample images
and inspected for accuracy by three independent observers. The
position and presence of collagen fibers was also validated by
comparing the VVG slices to a subset of slices that were stained
with Sirius Red. The settings that provided the most accurate
separation of collagen and elastin fibers were then applied to
the full image set. Elastin images were created by filtering out
pixels with a moderate or high 8-bit color intensity in any RGB
channel. Some black color could be seen at the edges of the
slices, consisting of melanin in the bat wing skin. Although
some elastin was also likely to occur in this area, the edges of
the sample were cropped to focus on measuring the internal
elastin fibers only (Fig. 2, bottom panels). Collagen images
were created by filtering out any pixel with a high green or
blue intensity or a low red channel intensity. The red channel
threshold was determined automatically (graythresh in Matlab
using Otsu’s method) on an image-by-image basis taking into
account the overall color spectrum of the image. Relative
percentages of collagen and elastin were calculated by counting
the number of white pixels in each of the generated images.
Material testing.—Ten left wings were used to test the ma-
terial properties of each wing section; these were all from
euthanized bats. Each wing was kept in a freezer at —18°C, and

then defrosted in 10% PBS for 10 min. Freezing may have af-
fected the mechanical properties of the samples, and previous
studies have shown mixed results (Wang et al. 2007; Kaye
2012) with freezing not having an effect in some cases (Foutz
et al. 1992; Van Ee et al. 2000; Santago et al. 2009). As all
samples were frozen, we were able to compare between and
within samples and observe relative differences, but the abso-
lute values may vary from other studies. After defrosting, long
strips were cut out from each wing section, from the digit joint
to the trailing edge. The length and width of each strip sample
were measured with a ruler (Table 1). The wing thickness was
calculated as the mean of three measurements by placing the
sample on glass beads and using a microscope (Lumar.V12,
Zeiss) with a calibrated camera (AxioCam MRc, Zeiss).
Samples were kept hydrated in 10% PBS and tested before
drying. Each sample was gripped in a tensometer (Hounsfield
HI10KS, Tinius Olsen, Horsham, Pennsylvania) using pneu-
matic grips ensuring consistent grip pressure across all tests.
A gauge length of 5 mm was used for all samples, with approx-
imately 11 mm in each grip (refer to average length in Table 1).
Each sample was stretched at 10 mm/min until failure, along its
longest axis (from the digit joint to the trailing edge). Due to the
small size and the delicate nature of the wing of P. pipistrellus,
the aspect ratios of the tested samples were fairly small and
it was not possible to cut a dog-bone shape. Therefore, there
were some transverse stresses at the clamps, resulting in wing
breakage at the clamp in 30% of the samples, rather than in
the middle of the sample. Samples that failed at the grips were
removed from further analyses to reduce the effect of incidental
bias of transverse stresses on failure stress results. The max-
imum force at failure (N) and maximum extension (mm) was

Table 1.—Comparing anatomical and material properties of the three wing sections (CI, CII, and P) of common pipistrelles (Pipistrellus
pipistrellus). Values are mean + SD, n refers to the number of bats, and n.a refers to when it was not appropriate to run statistical tests. P was
considered significant at the < 0.01 level, with a Bonferroni correction (indicated in bold).

Wing section

CI CIl P Statistics
Blood vessels
Number 14.00 = 1.70 12.60 £ 1.51 9.00 = 1.56 ¥* = 18.686, P < 0.001
(CI,CII>P), n=10
Density (no./cm?) 2.16 £0.99 0.98 +0.54 0.63 +0.48 %% =13.628, P =0.001
(CI>CIL P), n=10
Fibers
% Collagen 79.92+13.73 43.09 £21.78 52.47 £26.95 %2 =35.922, P <0.001
(CI>CIL P),n=2
% Elastin 20.08 +13.73 56.91£21.78 47.53 £26.95 ¥’ =35.922, P <0.001
(CI<CILP),n=2
Material properties
Section length (mm) 33.60 +7.97 26.66 +7.45 26.02+5.79 n.a
Section width (mm) 2.83+1.18 4.59 +0.96 5.60 = 1.38 n.a
Section depth (mm) 0.22 £0.04 0.24 +0.02 0.33 £0.04 %*=13.569, P =0.001
(CL,ClI<P),n=7
Failure stress (N/mm?) 2.32+0.81 248 +0.94 1.58 £ 0.61 > =4.364,P=0.113
n=7
Failure strain (mm/mm) 0.37 +0.110 0.61 +£0.182 0.63 +0.20 % =9.062, P =0.011
(CI<CILP),n=17
Young’s modulus (N/mm?) 8.07 £2.19 6.22+3.12 445+197 %2 =6.033, P =0.049
CI>P),n=7
Component stiffness (N/mm) 1.37+0.29 1.10 £ 0.61 0.93 £0.55 %> =2.879, P =0.237
n=7

158

610Z aunr gQ uo 189”5 Aq SOQOLQQ/LQOZ/(EWEUJLUELU[/QGOL'OL/!0p/lDEJ]SqEAQFJ!UQASOUE/\pEﬂELUUJELU_[/UJOD'dﬂO'O!UJQPEOE//:SduL] wouj papeojumog



6 JOURNAL OF MAMMALOGY

recorded. From these values, failure stress (force at failure di-
vided by the cross-sectional area), failure strain (maximum ex-
tension divided by the original sample length of 5 mm), and
Young’s modulus (change in stress divided by the change in
strain) were all calculated for each sample from each wing sec-
tion. As strips from the P section tended to be wider than those
from the other sections (Table 1), component stiffness (force at
failure divided by sample width, divided by failure strain) was
also calculated to control for sample width but not thickness.
Results were quasi-linear and did not exhibit the 2-part loading
curve, with “toe” and “upturn” regions, demonstrated by
Skulborstad et al. (2015); therefore, a single gradient was cal-
culated from the major linear region of each stress—strain curve.

Wing tear photographs.—Data on bat wing tears were col-
lected over 20 months between March 2016 and October 2017
from live, rehabilitating animals. Photographs of torn wings
were collected from bat rehabilitators soon after the bat was
admitted to care. Bat rehabilitators were recruited by adver-
tising the project at the Mammal Society Easter Meetings, the
National Bat Conference, the National Bat Care Conference,
and in Bat Care News, as well as from Facebook groups across
the United Kingdom (UK Bat Workers, Cambridgeshire Bat
Group, Kent Bat Group, and South Lancashire Bat Group).
Soon after admittance, bat rehabilitators were also asked to de-
scribe how the bat was found and the possible cause of the tear.
Bat rehabilitators emailed comments on the possible cause,
describing any evidence for their decision. Fifty-five pictures
of P. pipistrellus and 21 pictures of other United Kingdom bat
species were collected, including two brown long-eared bats
(Plecotus auritus), three Natterer’s bats (Myotis nattereri),
one serotine bat (Eptesicus serotinus), 12 soprano pipistrelles
(Pipistrellus pygmaeus), and three whiskered bats (Myotis
mystacinus). The wing tears were photographed while the bat
was awake (not during torpor nor under anesthetic), and its
wing was extended and held against a gridded card for scale.
From each image, every tear was traced as it appeared in the
photograph using Inkscape onto a wing diagram, and coded by
color for the frequency of its occurrence in that location. The
total number of all tears in each section of the wing was also
determined. In addition, the tears were categorized into four
major types, based on criteria of classification that were devel-
oped during this study: holes, contained tears, total tears, and
trailing edge tears. A hole is a small puncture, it can be round
or oval, and is usually not more than 2% of a wing segment
(Fig. 1b). A contained tear is larger than a hole. It is a tear,
rather than a puncture, that is still entirely contained within the
wing (Fig. 1c). It can also be round or oval, with 5-50% of the
membrane missing from a wing segment. A total tear is a tear
that runs from the internal membrane to the trailing edge of
the wing (Fig. 1d), thus not being contained within the wing. It
often has a vertical appearance (like a triangle), and the bones
are often affected or missing; more than 50% of the membrane
tends to be missing from the wing segment. A trailing edge
tear is horizontal in appearance and occurs only at the trailing
edge of the wing (Fig. le). Some variation existed in how much
the wing was stretched in each photograph (Figs. 1b—e). For

example, sometimes other injuries prevented the rehabilitator
from fully extending the wing. This may have influenced some
classifications of holes and contained tears. However, holes
did not have any further ripping, and were puncture wounds
(Fig. 1b), whereas contained tears tended to be much larger and
ragged around the edges, from ripping (Fig. 1c).

Bat rehabilitators were approached 9-12 months after
submitting their photographs and asked what the outcome of
the rehabilitation was. No further photographs were collected
at this follow-up. Recommendations for bat rehabilitators for
release, rehabilitation, and euthanasia practices are provided by
the BCT and the Department for Environment, Food and Rural
Affairs (DEFRA—Miitchell-Jones and McLeish 2004; Miller
2016), but are not quantitative, and rely on the experience and
opinions of the individual rehabilitators. Bat rehabilitators
emailed comments detailing how long the bat was in care be-
fore release, whether they were still in care, or were euthanized.
These data were collected and, upon review, fell naturally in
to four categories: released after 2 weeks, released within
2-3 months, still in care after 6 months, and euthanized. These
follow-up data were collected from 13 common pipistrelles
(P. pipistrellus), and 15 other species of United Kingdom bats,
including 12 soprano pipistrelles (P. pygmaeus), one Natterer’s
bat (M. nattereri), one brown long-eared bat (P. auritus), and
one serotine bat (E. serotinus).

Statistical considerations.—The three sections of the wing
were compared for the following variables: number of blood
vessels, density of blood vessels (number/cm?), section thick-
ness (mm), stress (N/mm?), strain (mm/mm), Young’s modulus
(N/mm?), component stiffness (N/mm), % collagen, and %
elastin. They were compared using a Kruskal-Wallis test, with
wing section as the dependent variable. Pairwise comparisons
were undertaken using Mann-Whitney tests in SPSS (IBM
SPSS Statistics, version 24, Armonk, New York), and are all
summarized in Table 1, with a Bonferroni correction applied
at the P < 0.01 level of significance. Total tear numbers and
tear types were compared for P. pipistrellus between each of
the three wing sections using a chi-square test. In other United
Kingdom bat species, only the total tear numbers were tested
with a chi-square test for each of the wing sections, and there
were many zero scores in the tear type data. Sample sizes for
the follow-up healing data were too small for statistical anal-
ysis, but are presented graphically for comparison.

RESULTS

Blood vessels.—Section P had significantly fewer blood
vessels than sections CI and CII of the bat wing (Table 1,
P < 0.01); from our observations, it also appeared to have the
thickest blood vessels, as indicated by the thicker lines in Fig. 3
(see also Fig. 1a). However, section P was also the largest sec-
tion. When the number of blood vessels was normalized to the
area of each wing section, there was no significant difference
in blood vessel density between sections P and CII (Table 1),
but section CI had the densest arrangement of blood vessels
(Table 1, P < 0.01).
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Thumb

Proximal

Fig. 3.—Bat wing anatomy. Top: Blood vessel tracing for common pipistrelle (P. pipistrellus) wings; thicker lines correspond to vessels that are
twice as thick as others. Digits III, IV, and V are also indicated on the figure; digit II is not visible as it is folded against digit III, and digit I is the
thumb. Bottom: Fiber orientations (elastin and collagen) for the first chiropatagium section (CI), the second chiropatagium section (CII), and the

plagiopatagium section (P). Scale bars are 0.1 mm.

Wing fibers.—The orientation of fibers within the wing
tended to be multidirectional and distributed in a net-like
fashion throughout the membrane, with a similar appearance
in each wing section (Fig. 3). The appearance of the fibers at
many orientations indicates the material is, at least visually,
isotropic. The amount of collagen (%) was significantly higher
in section CI and the amount of elastin (%) was significantly
lower in section CI, compared to sections CII and P (Table 1,
P <0.01).

Material testing.—Section P was the thickest section (Table
1, P < 0.05). No significant differences were observed between
the wing sections for any of the material-testing measurements
(Table 1), although CI tended to have the smallest deformation
(failure strain) and highest Young’s modulus (compared to sec-
tion P), and section P tended to have the lowest failure stress
and component stiffness (Table 1).

Characterizing wing tears.—There were more wing tears in
the P section than in CI and CII in P. pipistrellus (y*> = 18.951,
P <0.01, Figs. 4a, ¢, and e). The types of tears did not differ sig-
nificantly between wing sections in P. pipistrellus (> = 3.647,
P =0.161, Figs. 4c and e). Holes were the most common tear
type in all wing sections and appeared distributed fairly evenly
in each wing section. The contained and total tears tended to
be oriented rostro-caudally, from an internal part of the wing

membrane toward the trailing edge (Fig. 4c), and occurred more
prevalently in the proximal wing sections (Figs. 4c and e). Bat
rehabilitators gave possible causes for 11 of 55 individuals. One
individual was bought in to the house by a cat, four were seen
being attacked by a cat (Fig. 5a), and five were suspected by the
rehabilitators to be cat attacks. One individual was found on the
ground and was likely to have sustained tears from brambles
on the ground surface (Fig. 5b), and had tears throughout each
section of the wing.

Other bat species (all species pooled) also had significantly
more wing tears in the P section than in CI and CII ()2 = 8.773,
P =0.012; Figs. 4b, d, and f). Holes and contained tears were
common tear types, and section P was the only section to reveal
all the possible tear types. Tear types were commonly oriented
in the rostro-caudal direction, from the membrane to the trailing
edge, with only section P revealing one trailing edge tear that
was oriented distal-proximally. Bat rehabilitators gave possible
causes for seven of 21 individuals. One was seen being attacked
by a cat, and two were suspected by the rehabilitators to be cat
attacks (Fig. 5¢). One bat was caught in flypaper and three were
seen in a cat’s mouth (Fig. 5d).

Sample numbers reporting rehabilitation outcomes were low
and not analyzed statistically. Larger tears in CI did not affect
the length of time that P. pipistrellus spent in care (Fig. 6).
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Fig. 4.—Characterization of bat wing tears. Left hand panels are data from P. pipistrellus, and the right hand panels are from other United
Kingdom bat species. Panels (a) and (b) show the numbers of tears in each section of the wing. Panels (c) and (d) show all the wing tear positions
of all tear types on each section of the wing, with dashed lines indicating total tears, dotted lines indicating trailing edge tears, solid lines
indicating contained tears, and gray dots as holes. Panels (e) and (f) show the total numbers of different tear types in each wing section for the first
chiropatagium section (CI), the second chiropatagium section (CII), and the plagiopatagium section (P) ).

However, larger tears in P could be seen in the bat that was
still in care after 6 months (Fig. 6a). In addition, large tears
in both CII and P were found in the euthanized P. pipistrellus
(Fig. 6a). In other species, large tears in section P were found in
the two bats that were still in care after 6 months (Fig. 6b), but
tear size did not vary much between the other wing sections in
euthanized bats, or those released after 2 weeks and 2—3 months
(Fig. 6b).

Discussion

The plagiopatagium section (P) sustained the most injuries. We
suggest that section P, being close to the body, is likely to be
torn by predators targeting the body. Furthermore, cat attacks
might be causing many of the rostro-caudal tears in the P sec-
tion. We consider tearing capacity and suggest that, according

to its anatomy, section P should not be more prone to tearing
than any other section. Therefore, the position of section P,
rather than its anatomy, is an important factor in determining
the number, location, and orientation of wing tears.

Position of tearing.—Across all species, section P contained
the highest number and most varied types of tears (Fig. 4).
Most figures in Davis (1968) also revealed that torn wings or
large holes in Pallid bats (A. pallidus) were common in section
P, with CI and CII having more trailing edge tears. There are
several reasons for the greater number of tears in section P. It is
the largest section of the wing and perhaps more likely to tear.
It also contains the fewest bones (Fig. 1a), which may act to
stop tearing. Section P is extended first before flight and might
get caught or snagged during flight preparation (see figure 1
in Gardiner et al. 2011). Our consideration of anatomical
properties (fiber type and material testing data) within section
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a) Pipistrellus pipistrellus, seen attacked
by cat

) S
¢) Pipistrellus pygmaeus, found on
ground with cat circling

b) Pipistrellus pipistrellus, found on the
ground

l TSI NOA

ey 32 DR o

d) Pipistrellus pygmaeus, seen in cat’s
mouth

Fig. 5.—Example wing tears, with associated causes. Confirmed cat attacks cause damage to the proximal wing sections (section P) in P. pipistrellus
(a) and P. pygmaeus (c and d). Grounded bats have damage to other areas of the wing in P. pipistrellus (b) and P. pygmaeus (c). Tears in these
photographs were categorized as holes (H) and contained tears (T). Some pale marks can also be seen in image (b) and (c), which are healed tears.

a) P. pipistrellus
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Fig. 6.—Time in rehabilitation from follow-up data. Panels (a) and (b) show the length of time that bats were in care, when they received a tear
in a wing section. Percentage of the wing section torn or missing is on the y-axis, and mean values are presented with SE bars. n represents the

number of bats in that classification.

P suggests it should not be more prone to tearing than sections
CI and CIIL

Within a bat wing, elastin fibers run perpendicular to the wing
bones, and collagen fibers create a network parallel and perpen-
dicular to the elastin, which has been described in a number of

studies (Holbrook and Odland 1978; Madej et al. 2012; Cheney
et al. 2015, 2017). This net-like fiber array provides tensile
strength and limits extension of the wing membranes, which is
important for flight (Holbrook and Odland 1978). We observed
a fibrous net that has a similar appearance in each section of the
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wing (Fig. 3). This net might act to limit tears from extending,
and maintain holes as small holes rather than tearing further. Its
equal distribution reinforces the entire wing surface (Holbrook
and Odland 1978). That this net does not appear to differ be-
tween the three wing sections indicates that they should each be
similarly resistant to tearing.

Quasi-static material testing and analysis of collagen-
elastin percentages were carried out to compare the three
wing sections further. Section CI had significantly higher
relative collagen percentages than the other wing sections
(% collagen, Table 1) and tended to exhibit the least extension
(failure strain, Table 1, although not significant P > 0.01).
Sections CII and P exhibited more equal collagen-elastin
ratios and consequently failed at lower stress values and un-
derwent greater extension. However, when accounting for
the increased thickness of the CII and P section, no signifi-
cant difference was found in the component stiffness of any
of the three sections. Component stiffness normalizes for the
dissected width of tested samples but allows for the natural
variation in thickness of the wing sections. The similarity of
values across CI, CII, and P suggests that no one section is
inherently “easier” to induce failure in than any other. The
P section, while weak as a pure material, requires a similar
force to break when viewed as a component. The higher rela-
tive percentages of elastin in the CII and P sections may be an
adaptation to improve wing folding. As the largest and most
proximal sections, they are required to unfurl (stretch out) the
most during flight, and higher levels of elastin should benefit
this function (Cheney et al. 2015).

A study on seven species of non-Pipistrellus bats by Swartz
et al. (1996) found that the plagiopatagium was the weakest
wing section overall, was thicker, had the lowest Young’s
modulus, and stretched the most before breaking. This fits the
general trend in our data. However, we did not observe sig-
nificant differences in these parameters. Patterns in material
properties varied between the different wing sections across bat
genera (see figure 9 in Swartz et al. 1996), which might explain
why our results differed, as they did not measure Pipistrellus
sp. We also observed variation within individuals (note high SD
values in material property data in Table 1).

Orientation of tears.—Despite presence of the fibrous net in
all wing sections, many tears occurred in a rostro-caudal orien-
tation, especially in section P. This coincides with the direction
of travel, and might be indicative of the bat wing being snagged
while moving forward. Proximal-distal tears tended to occur
only around the trailing edges of the wings (Figs. 4c and d), de-
spite being reinforced here by bundles of skeletal muscle fibers
(Holbrook and Odland 1978).

If the wing is isotropic when it is stretched out, it should be
equally susceptible to tearing in every orientation. Bat wings
were thought to be highly anisotropic (Swartz et al. 1996).
However, the elastin accounts for much of this difference
and once the elastin has “unwrinkled,” the wing is isotropic
(Cheney et al. 2015). Therefore, our force results are likely rep-
resentative of the wing as a whole, regardless of orientation of
the sample, although displacement will be significantly higher

in samples perpendicular with ours, as the elastin stretches out
(unwrinkles).

Implications for healing.—While anatomy of the wing is not
associated with the position and orientation of tears, it may af-
fect healing. Indeed, Faure et al. (2009) suggested that tears
healed quicker in the uropatagium than the chiropatagium due
to its extensive vasculature. If so, our results suggest that tears
to section P may take the longest time to heal. Section CI has
the highest density of blood vessels, while section P has the
lowest number of blood vessels (Fig. 3; Table 1), which occurs
as the vessels naturally bifurcate from proximal to distal.

Extensive vasculature is associated with increased healing
capabilities in bat wings and tails (Faure et al. 2009), with both
the wound and scarring healing quicker. Blood carries factors
to the wound site to clean the wound, prevent infection, and
begin the process of reforming the tissue matrix. Therefore,
being close to a vessel is likely to be important for quick
healing, which has also been suggested by Faure et al. (2009)
and Pollock et al. (2016). As CI had the most extensive vascu-
lature, we expect it to heal quicker than section P. While sec-
tion P had the lowest numbers of blood vessels, it also had the
thickest vessels. These supply blood to the thinner, branched,
more densely distributed vessels in the other sections of the
wing. Following a tear, these thicker vessels might bleed more,
and lead to additional complications. The majority of tears
occurred on section P of the wing, which is likely to be the
slowest to heal.

We did not measure healing rates in this study. However, our
follow-up data on rehabilitation outcomes suggest that larger
tears in section P were found in P. pipistrellus individuals that
spent a long time in care (> 6 months) or were euthanized, al-
though the sizes of tears were large in all wing sections in an-
imals that were euthanized (Fig. 6). In other United Kingdom
bat species, the individuals that spent a long time in care (>
6 months) also had large tears in the P section. Decisions about
release, rehabilitation, and euthanasia are highly subjective
and are dependent not only on the extent of injury, but also
on the judgment of the bat rehabilitator, season, and weather
conditions. Linking our tear characterization method with de-
tailed information about healing rates and post-release survival
will help to develop stricter rehabilitation recommendations.

Greville et al. (2018) found that in the Egyptian fruit bat
(Rousettus aegyptiacus) wounds took about 1.5 days longer
to heal to 50% wound closure in section P, compared to the
chiropatagium (sections CI and CII), although this was not
found in the big brown bat (E. fuscus). They suggest that not just
blood vessels, but also collagen and elastin fibers are likely to
play a role in healing. Indeed, Greville et al. (2018) suggest that
over-stretching of the collagen or elastin fibers during healing
can cause the tear to enlarge before healing. This phenomenon
also was observed in tail and wing membranes by Pollock et al.
(2016). We suggest that proximal-distal orientation of elastin
fibers may hold the common rostro-caudal tears apart, thus
increasing healing times. This will be especially true in the P sec-
tion, which has a lot of elastin and is the largest wing section with
the most movement. It also undergoes the most wrinkling when
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folded against the body. Tears in this section may be stretched
and extended the most during the healing process.

Implications for survival.—Section P supports the bat’s body
during flight and provides lift (Vaughan 1970; Swartz et al. 1996;
Neuweiler 2000), while the CI and CII sections provide thrust
(Swartz et al. 1996; Neuweiler 2000). Therefore, damage to dif-
ferent sections of the wing can affect flight differently. Tears in the
CI or CII sections are likely to affect maneuverability and speed,
while tears in the P section may inhibit bats” ability to generate lift.
However, bats do fly with large tears in their wings (Davis 1968).
Voigt (2013) studied two species of Myotis with unilateral trailing
edge tears of approximately 20% in section P and found that in-
jured bats made fewer flight maneuvers and had lower metabolic
rates than healthy individuals. Thus, foraging success and sur-
vival are likely affected by limited flight maneuverability. Large
wing tears can prevent flight altogether. Grounded bats are likely
to sustain wing tears from thorns and other ground matter (Davis
1968). This may explain the tears in all wing sections in severely
injured bats that were euthanized (Fig. 6). Indeed, wound healing
is just the first step in a long rehabilitation process. While some
studies have monitored Pipistrellus species post-release (Kelly
etal. 2008, 2012; Serangeli et al. 2012), these have been relatively
short term and not focused on wing tears. Further investigations
of the effect of wing tears on flight capabilities, foraging, and sur-
vival, especially post-release, will help us to understand both the
long-term effects of wing injuries and benefits of rehabilitation.

Possible causes of wing tears.—Each section of the wing is
equally disposed to tearing in any orientation, despite the prev-
alence of many rostro-caudal tears in the P section. We suggest
that it is the position of section P, rather than its anatomy, that
makes it more likely to tear. Wing tears and holes can occur as
a result of collisions with objects or plants with thorns (Davis
1968), fungal infections (Reichard and Kunz 2009; Cryan et al.
2010; Fuller et al. 2011), or predator attacks, including those
by cats (Ancillotto et al. 2013; Loss et al. 2013; Russo and
Ancillotto 2015) and birds of prey (Speakman 1991). Puncture
wounds may also be caused by interspecific (Brokaw et al.
2016) or intra-specific aggression (such as in roost sites), which
is likely to occur across the whole wing surface, including P, CI,
and CII. Collisions are more likely to produce holes or tears on
the distal wing sections (i.e., section CI), and may be oriented
rostro-caudally, in the direction of flight. Tears in section P can
be holes and horizontal trailing edge tears, but many are rostro-
caudal, starting from the middle of the wing and extending to
the trailing edge. We suggest that holes or tears in wing sections
proximal to the body may be caused by predators, including cat
attacks and perhaps failed talon strikes by birds like barn owls
(Tyto alba—Speakman 1991). Indeed, the position and orienta-
tion of many tears in the plagiopatagium were consistent with
the notion that predators direct their attacks toward the body
of the bat, as this is the wing section that is closest to the body.
Ancillotto et al. (2013) found that predation by cats accounted
for 28.7% of adult bats admitted to rehabilitation centers.
Identifying the causes of wing tears will help us to understand
both the scale of the problem and enable us to design preven-
tion strategies and management procedures.
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Appendix 2: The cards in the bat pack, A) Bat wing swabbing instructions, B)

Questionnaire, C) Bat wing photographing instructions, D) Gridded card (1cm).

 Piace wwab i hibe (W) and

W plowed hardn. oot e
packet of ane of the seabs & e ':.,""m
1 handte. searely
Place Be tp of Bhe swad o m.:"
T Mo ontnining water Shenid rmain dry Rnpes
Qabulied W). Exnawre of swattng procedurs n e
-t ahscrteed 20ree loaton.
Ovea frsned niant yasd
Gy roll & vkate Tw vead var rda Pe second Sbe O
e wurface of e bat wing of Be W vk & s Do stes
e of B tear, appiyng even & are now seady 10 put I e
et 9 e B Dnldee ) & putted N
ppradmately %) seconds. T e el wrvekigm

B)
K3

Please put your initials on the sample tubes, and on the gragh sheet when you take a

ghoto of the bat wing.

2- The bat species that you swabbed the tear on the wing s ;
O Common pipistrelle U Sograno pipistrelie (other)

3- The sex of the bat that you swabbed the tear on the wing Is ©

O Male J female
4- The age of the bat that you swabbed the tear on the wing s ©
Q Aduit J Juvenile

$- i you are in the northwest, wosdd it be possible to vis® o film the bat in fight?
J Yes INo

i yes, please can you provide your e-mail address?

- e e

—

1" 4
Thank you for your participation!
Please answer these questions and send this card back to us with the swabbing
samples, uiing the pre-paid envelope provided.
1- Your Intthals o
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Spread e bat wing Seecty on %o

$QUared pager provided AS pat of our SNy, we are
..h.om.ﬂunm? 8is0 locking to video bat fight
pictire of both the tom and - ¥ check ek hosling.
Poaltty wing (1 awadable) you do not mind us vislting
Please send Mhe priture 1o the i your bat, plocse it vo
email proviced below. hnow.

= Tosend us your picture of e bat wings, please ermal %
22k

Satresearchrmu
- Hyou e happy for us 10 come and Mim the Dats thens please ot ua krow,
Vit Us o wws Dal feseanch-memu woebly Com 10 hoar Our B%est Sndings
« Narry thanks agan Sor your help and suppon

D)

L. _d P —

Appendix 3: All data from all bat samples received from bat carers. Bat species: C.P.=
Common pipistrelle, S.P.=Soprano pipistrelle, Nt= Natterer’s bat, Wh= Whiskered,

BLE= Brown Long-eared, Se= Serotin. Gender: F= Female, M= Male. Age: A= Adult, J=
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Juvenile. Location: Ch=Cheshire, De=Devon, Do= Dorset, K= Kent, GM= Greater
Manchester. Wing tear type: H= hole, C= Contained tear, T= Total tear, E=Trailing
edge tear. Wing sections, P=plagiopatagium, Cll= chiropatagium |, and Cl=
chiropatagium Il. Fungal DNA, Cat DNA: P=Presence, A=Absence. Fungus species: AS.=
Aspergillus spp., AU. = Aureobasidium spp., CL.= Cladosporium spp., CO.=
Coniochaeta spp., DA.=Daldinia spp., DE. = Debaryomyces spp., FU. = Fusarium spp.,
BE. = Penicillium spp., SE.= Septoria spp., SY.= Sydowia spp., TA. = Talaromyces spp.,

TR.= Trichoderma spp.. Blank= No information available
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Wing tear type at
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Badly torn
right wing,
a couple of
broken
fingers. No
FB31
19 717 C.P. body 1T
puncture
but really
do suspect
acat has
had him.
0308
20 17-A C.P. 1H
0308
21 17-C C.P. 1T
cat was
FB11 just
22 817 CP. looking at 1H 1c 1€
it.
FB17
23 317 C.P. 1E 1E
bats you
FB17
24 C.P. trapped in 1E
817 .
the wild
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Appendix 4: The peer reviewed abstract:

Khayat, R. O., Shaw, K. J,, L. M., and Grant, R. A. (2018) The Effect of Wing Tears on
the Flight Behaviour of Common Pipistrelles Bats (Pipistrellus pipistrellus). Abstract,
Measuring Behaviour conference, Manchester, UK.

The Effect Of Wing Tears On The Flight Behaviour Of Common
Pipistrelle Bats (Pipistrellus Pipistrellus)

Bats are in the order Chiroptera and are the only mammals capable of flight, due to them having large
flapping wings [1]. However, these wings are also thin, which causes them to be very prone to tearing
[2]. This study developed a method to investigate the effect of these tears on the flight behaviour on
common pipistrelle Bats (Pipistrellus pipistrellus). Bats, both injured and healthy, were filmed using a
high-speed camera (phantom camera, MIRO M110) and the video recordings were used to track bat
wing movements [Figure 1] using the Manual Whisker Annotator software (MWA) [3]. The data
gathered from the MWA software included the following variables for both the left and right wings:
maximum angle, minimum angle, mean angle, amplitude-RMS (Root Mean Square Amplitude) and
frequency, as well as the body orientation. Tears significantly affected wing movement during flight,
however the body orientation was affected even more. Future methods to measure the effect of wing

tears will focus on measuring aspects of the body, rather than tracking the wing movements.

Figurel. The tracking points for the bat movements. The two points at the middle of the bat (a and b) are for the
body orientation. The three points on each wing are for tracking the wing movement.
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Appendix 5: Gel photos of running the qPCR products on the gel for all swab samples,
A) first run, B) second run, and C) third run (for the samples that showed different
results on the first and second run
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swab samples
8 9 11

Ladder swab samples

25bp 59 61 62 63
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