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Lay Abstract

Wild-caught big brown bats seem to gain mass and lose their flight ability in captivity.
To show this, | recorded big brown bat masses and flight times about one week after they
were caught, then again 11 weeks later. During this time, the bats were housed in small
cages where they could not fly and had unrestricted food availability. | found the bats had
higher masses and shorter flight times after 11 weeks. The second portion of this study
explored methods to improve flight of big brown bats that had been in captivity for at
least one year. Specifically, | examined whether diet and exercise could improve their
flight ability. | flew the bats six times per week for 7.5 weeks. Limiting their food intake,
and being housed in a large space improved flight times. In conclusion, to improve flight
ability, bats can be put on a restricted diet, or can be housed in a space that allows flight
while also being explicitly flown a few times per week. Also, to keep wild-caught bats
healthy during their first few months after being captured, they should be housed in a

larger space that allows flight, rather than in small cages where they cannot fly.



Abstract

Wild-caught big brown bats (Eptesicus fuscus) experience increased mass, diminished
ability to sustain flight, and increased take-off latency after three months in captivity,
making them ineligible for flight experiments. These animals had been housed in small
cages with ad libitum food. I quantified these changes by weighing and flying newly-
caught E. fuscus, housing them under the mentioned conditions, and re-recording them
after 11 weeks in captivity. | used LMMs to analyze data. Surprisingly, take-off latency
decreased somewhat, though the existence of a true effect was inconclusive. Conversely,
the bats had increased mass and decreased flight duration, as expected. The second part
of this study examined methods, namely food availability and crawling exercise, to
improve E. fuscus flight. 1 housed some subjects in a large colony space that allowed free
flight, and I did not explicitly exercise them. | housed other subjects in small cages that
restrict exercise, and exercised some through crawling, which | hypothesized would
improve flight. Finally, I restricted some subjects’ food intake and gave ad libitum access
to others. | hypothesized the restricted diet would improve flight, while ad libitum access
would diminish it. I recorded flights three times per night, twice a week for 7.5 weeks. |
analyzed the data using linear mixed-effects models. Restricting food intake had a
positive effect on flight duration; ad libitum food access did not have a conclusive effect.
Also, the crawling exercise did not positively affect flight; bats housed in the colony had
increased flight duration. Apparently, having space for voluntary flight and being
explicitly flown twice per week can improve flight. Take-off latency did not have
conclusive results, though surprisingly, the bats on restricted diets had somewhat

increased take-off latencies. In conclusion, restricting diet or explicitly flying bats housed



in the colony are two methods that can be employed to improve flight duration to allow

for scientific studies requiring flight.
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Introduction

Animals in captivity rely on their human caretakers for survival. The animals
must be provided their basic needs, including food, water, habitat, and hygiene (Jordan,
2005). However, measures should be taken beyond providing basic needs to maintain
captive animal welfare. For example, the animals should have opportunities to experience
infrastructural and behavioural enrichment, interact with others (for social species), and
escape from fear and distress. In essence, caretakers should allow captive animals to
express their natural instincts and behaviours (Jordan, 2005). Captive animals used in
scientific research should also be encouraged to exhibit natural behaviours to improve

external validity.

A natural behaviour of wild animals is movement; they exercise because their
survival may depend on their ability to forage, escape predation, migrate, and more.
However, captive animal counterparts often face excess weight gain because they do not
or cannot express the same movement when not housed properly. Firstly, caretakers tend
to overfeed captive animals. For example, captive lemurs of different species have greater
weight when overfed calorie-rich foods than when fed a balanced diet (Mellor et al.,
2020). Secondly, the captive environment generally restricts activity, which can lead to
lack of exercise. Broom (2002) has suggested that captive animals should be able to
express normal locomotion for at least five seconds. However, the type of physical
enclosure still affects activity and weight. For example, male captive lemurs experience
weight gain when their enclosures contain fixed structures, rather than flexible structures
requiring more energy expenditure to climb (Mellor et al., 2020). Finally, once
overweight, animals such as cynomolgus macaques (Macaca fascicularis) are more likely

to be inactive than normal-weight counterparts, further compounding the problem of
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weight gain (Bauer et al., 2012). Overall, overeating and/or lack of exercise in captivity
cause an imbalance between energy intake and energy expenditure, contributing to

excess, unnatural weight gain (McMillan, 2013).

The present study examines captive bat (Order: Chiroptera) flight, which is a
natural behaviour for wild bats, but seems to be negatively affected by overeating and
lack of exercise in captivity. Specifically, | explore whether controlled diet and exercise

can improve captive big brown bat (Eptesicus fuscus) flight.
Project background

McMaster University houses Canada’s only captive research colony of
insectivorous bats available for year-round research. | planned to study the species
housed, E. fuscus (family: Vespertilionidae), in a flight behaviour task. | began the
research using wild-caught bats that had been in captivity for approximately three months
before project onset. However, when I attempted to fly these animals, most did not
maintain powered flight and immediately landed on the floor. Some also displayed a

relatively long latency to initiate flight from my hand.

As per the protocol for housing newly-captive bats, these animals were
quarantined in small metal cages (28.0 x 21.0 x 20.5 cm; | x w x h) with ad libitum
access to food (mealworms; Tenebrio molitor). Like other mammalian species, bats tend
to overeat when they become accustomed to ad libitum food access (Orr, 1958). Also,
compared to wild E. fuscus, whose flight times average 100 minutes per night (Kurta &
Baker, 1990), the captive bats had no room to fly and thus experienced greatly decreased

physical activity during the three months.
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Upon capture, the bats” masses were 9.7-16.6 g, which were on the lower end, or
under, the average wild E. fuscus mass of 11-25 g (Brigham, 1987; Kurta & Baker, 1990;
Pearce et al., 2008). However, at my study’s onset, only six of the 25 bats were in the
average mass range, while the rest were above—the heaviest of which weighed 43.3 g. |
hypothesized the bats did not fly well due to increased food intake from a consistently
available food supply and decreased physical activity in captivity, which resulted in them

becoming overweight.

Similar observations have been recorded in wild-caught Livingstone’s fruit bats
(Pteropus livingstonii). Upon capture, 10 adult male P. livingstonii experienced weight
gain due to lack of exercise and year-round good quality food. Within 1.5-2 years of

captivity, the bats’ masses had increased 16% on average (Wormell et al., 2018)

From my observations, | pivoted my research toward bat husbandry; I focused on
methods, namely restricted food availability and exercise, that may improve captive E.
fuscus flight. In the wild, bats rely on flight as their primary method for locomotion. So, it
is important for bat welfare for them to be able to continue to fly in captivity. It is also

important for scientific research requiring bat flight.
Bats in captivity

Bats may be held in captivity for different purposes, including public education
(e.g., zoos), wildlife rehabilitation, or research. Regardless of the purpose, a fundamental
goal of maintaining captive bat welfare is to create an environment that best mimics
features encountered in the wild. This is so the captive bats can continue to display their

natural behaviours.
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Firstly, bat captivity requires a proper enclosure. Ideally, long-term enclosures
should be large enough for free flight (Barnard, 2011). However, at minimum, all
enclosures must be large enough for the bats to spread their wings without touching the
sides of the enclosure. To allow for some movement and exercise, non-flight enclosures
should have heights at least: (1) 60 cm for bats with mass up to 50 g, (2) 90 cm for bats
between 50-150 g, or (3) 120 cm for bats over 150 g (Barnard, 2011; Skrinyer et al.,

2017).

Captive bats also require adequate diet and nutrition. However, caretakers tend to
over-supplement captive bat diets with vitamins, minerals (especially calcium), and other
supplemental products. Bats have adapted to handle limited deficiencies in their diet, so
over-supplementing them can sometimes be toxic (Barnard et al., 2011). McMaster’s
captive bats receive live T. molitor to mimic their wild diet of mostly Coleoptera.
Though, the T. molitor are fortified with supplements such as wheat semolina and
powdered milk to increase nutritional content (Skrinyer et al. 2014). It is important to
know which foods captive bats require, but also how and to what extent they should be

supplemented.

Furthermore, the quantity of insects that E. fuscus and other insectivorous species
should consume nightly depends on several factors, including the season, ambient
temperature, genetic disposition, daily activity levels, body size, and overall health; there
is no definitive rule (Barnard et al., 2011). The two approaches to feeding captive
insectivorous bats involve either feeding the number of insects necessary to maintain a
normal mass for the species, or allowing ad libitum access. The latter works well for most
insectivorous species, though species like E. fuscus are known to overeat and become

overweight, especially when not provided with enough space to fly and exercise (Barnard
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etal., 2011; Skrinyer et al. 2014). So, the level of food consumption should be relative to

physical activity.
Bat flight

Wild bats complete most of their exercise through flight. They achieve flight with
thin, flexible wings, and two major flight muscles; the pectoralis muscle, which drives the
wing’s downstrokes during flight, and the biceps brachii muscle, which folds the wing at
the elbow during downstroke (Cao & Jin, 2020; Cheney et al., 2014; Von Busse et al.,

2012). Wild bats rely on flight for many behaviours crucial to their survival.

Firstly, bats access an array of roost types through flight, including caves, trees,
foliage, and buildings. They spend over half their lives roosting. As most bats are
nocturnal, they use day roosts to sleep and night roosts to rest between feeding bouts,
ingest food transported from nearby foraging areas, or for some species, to perch in wait
of prey (Kunz, 1982). Roosts provide a place to interact with other individuals, secure
mates, avoid predation, and rear young. Also, sheltered roosts provide a stable
microclimate against ambient temperature, and protection from sunlight and inclement
weather (Kunz, 1982). Secondly, bats use flight to forage and meet their energy intake
requirements. Bats must fly the commute to their foraging site, then return to a roost.
Some bats, such as E. fuscus and European free-tailed bats (Tadarida teniotis), forage
within 5 km of their roost (Kurta & Baker, 1990; Marques et al., 2004). Others, such as
the greater noctule bat (Nyctalus lasiopterus), can fly over 100 km a night to meet both
foraging and roosting requirements (Popa-Lisseanu et al., 2009). Finally, a considerable
number of bat species migrate to survive seasonal changes. Though some temperate bat
species in North America and Europe do not migrate—rather, they hibernate within a <

50 km radius of their summer roost—others display 100-500 km regional migration, or
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>1000 km long-distance migration (Fleming, 2019). Conversely, tropical and subtropical
bats do not hibernate, and can migrate up to 1500 km along seasonal food resource
gradients (Fleming, 2019; Thomas, 1983). Because bats must fly to roost, forage, and

migrate, it evidently follows that wild bat survival depends on their sustained ability.
Bat crawling

While all bats fly, many bat species can also crawl. Vampire bat species likely
have the best crawling performance (Hermanson et al., 1993; Lawrence, 1969). Of the
vampire bats, the common vampire bat’s (Desmodus rotundus) crawling has been tested
using motorized treadmills, revealing that it uses its wings to raise its body far off the
ground and that it has exceptional crawling capability—moving forwards, backwards,
and sideways, as well as running with a stereotyped gait distinct from walking (Riskin &
Hermanson, 2005). A recent study capitalized on their unique running ability using
respiratory treadmill equipment, and discovered that D. rotundus oxidize amino acids
from recently ingested blood to power crawling exercise. Interestingly, no study has
investigated the contribution of recently ingested blood in powering their flight (Rossi &

Welch, 2024).

For most other bat species, the evolution of flight has resulted in diminished
crawling ability, and relatively limited terrestrial locomotion compared to other mammals
(Lawrence, 1969; Riskin & Hermanson, 2005). Some species, such as the greater
horseshoe bat (Rhinolophus ferrumequinum), cannot crawl due to having short extensor
thigh muscles (i.e. the quadriceps femores) which prevent full extension of the knee
joints. Most other bat species have longer quadriceps femores muscles that exert longer
and stronger knee joint extensions to support crawling (Kobayashi, 2018). Crawling also

involves using forelimb muscles, like the pectoralis muscles used in flight (Hermanson et
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al., 1993). Several forelimb muscles are larger in species that crawl well, such as D.
rotundus, compared to species with moderate crawling ability. These include the
pectoralis muscles, as well as the subscapularis, supraspinatus, rhomboideus, and triceps
brachii muscles (Strickler, 1978). Also, vampire bats’ pectoralis muscles contain type |
fibers, which drive postural activities and slow, repetitive movements, likely supporting
their upright postural crawling. Species with diminished crawling ability do not contain
these fibers in their pectoralis muscles (Hermanson et al., 1993). Overall, most species

will not prefer to crawl, but can when required to navigate the terrestrial environment.

E. fuscus has moderate crawling ability. E. fuscus crawl with a lateral gait (i.e. the
same side forelimb and hindlimb move together), which is common in quadrupedal
vertebrates (Jones & Hasiotis, 2023). Though, diagonal gait (i.e. opposite side forelimb
and hindlimb move together) may be more common for bats (Lawrence, 1969). E. fuscus
also has intermediate size pelvic and hindlimb morphology, but interestingly, has better
crawling ability than non-vespertilionid bats with similar morphology (Jones & Hasiotis,
2023). These include the greater sac-winged bat (Saccopteryx bilineata) of the
Emballonuridae family, which can only perform uncoordinated diagonal gait, and the
Trinidadian funnel-eared bat (Natalus tumidirostris) of the Natalidae family, which
cannot crawl (Jones & Hasiotis, 2018; Riskin et al., 2005). The present study aimed to

capitalize on E. fuscus’ moderate crawling ability.

Cross-training exercise

Specifically, the present study examined whether motivating E. fuscus to crawl
can affect their flight. Interestingly, human research has shown that training in one

modality can benefit other modalities. For example, resistance/strength training on its
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own, or in addition to endurance exercises like running and cycling, can increase
endurance capacity in sedentary and trained individuals. Resistance training can also
improve running and cycling performance (Tanaka & Swensen, 1998). Furthermore,
swim training is muscularly dissimilar to running, but can improve running performance
in well-trained recreational runners (Foster et al., 1995). Improving aerobic health (e.g.,
increasing maximum energy uptake) through either running, swimming, or cycling can
benefit performance in the other two modalities (Tanaka, 1994). Cross-training different
exercises also benefits injured athletes by offering an alternative exercise to avoid

reinjury during recovery (Tanaka, 1994).

Similarly, crawling exercise may benefit captive bat flight. Captive bats seem to
maintain their crawling ability; | have observed that captive bats should be able to crawl,
even if they have poor flight ability. As both crawling and flight require pectoralis muscle
activation, crawling exercise may strengthen the muscle, which could translate to
improved flight. Increased exercise in general should benefit bats’ health by increasing
energy expenditure, which may improve physical performance for flight. So, this study
examined the effect of crawling on flight in E. fuscus, a species with moderate crawling

ability.

The current study

As outlined in the Project Background, bats demonstrated poor flight after about
three months in captivity. Bats typically landed on the floor, and some were hesitant to
initiate flight. 1 hypothesized that inactivity and overeating in captivity, compared to the

wild, caused this poor flight performance. My current study aims to test this hypothesis
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by: (1) quantifying the decline in E. fuscus flight performance upon entering captivity,
and (2) examining if non-flight exercise and controlling food availability can improve bat
flight ability in individuals that have been in captivity for at least one year. Flight

measures of interest include flight duration and take-off latency.

Experiment 1: Quantifying decline in flight performance. The purpose of this
experiment was to test the effects of the typical quarantine housing conditions (see
Animals under Experiment 1 Methods for details) on newly-captive bat mass and flight, in
order to quantify my observations outlined in the Project Background. Newly captive
bats were housed in small cages with ad libitum access to food and water. | recorded their
mass and flight performance (i.e. flight duration and take-off latency) approximately one
week after their capture, then restricted them in these housing conditions until | re-
recorded them approximately 11 weeks later. I aimed to examine how these measures are
maintained after the 11 weeks, and | hypothesized that the quarantine housing conditions
would negatively affect mass and flight. So, | predict bats housed in these conditions for
11 weeks will have increased mass, decreased flight duration, and increased take-off

latency compared to newly-captive bats.

Half of the bats in this experiment were pregnant at the time of capture and during
the initial testing period, then gave birth and weaned pups before the second testing
period. So, | was able to test whether pregnant versus non-reproductive individuals’
differed in mass and flight performance, as well as whether females that were pregnant

for the initial test differed when they were no longer pregnant or lactating.

Experiment 2: Methods to improve flight in captive bats. The second part of

my study was an experiment on whether diet and crawling exercise could improve the
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flight performance (i.e. flight duration and take-off latency) of bats that have been in

captivity for at least one year.

Bats in this experiment were housed in the McMaster colony prior to study onset.
The colony provides space for free flight, as is recommended for long-term captivity
(Barnard et al., 2011). It also provides ad libitum food access. As these are the typical
long-term housing conditions, I continued to house one experimental group in the colony

for the study.

Conversely, McMaster’s bats are sometimes housed in small cages for purposes
such as observation and veterinary care. For this experiment, I moved bats from the
colony into three small cages. The cages allowed me to manipulate their food access and

level of exercise.

Firstly, the cages allowed me to examine whether restricted food access affects
captive bat flight performance. Both the literature (Barnard et al., 2011; Orr, 1958;
Skrinyer et al. 2014) and my observations suggested that bats with ad libitum access to
food tend to overeat and become overweight. Though the bats in the McMaster colony
have ad libitum food access, | have observed that bats can increase their food
consumption when housed in smaller cages. In these cases, bats may eat more because it
is easier to access food. So, | tested the effects on mass and flight of giving ad libitum
food or limiting food intake, and instead hand-feeding bats a specific number of T.

molitor.

Secondly, the cages allowed me to mostly restrict bats’ physical activity, and
increase exercise through crawling. Although flying seems like the most direct way to

improve flight performance, | wanted to test whether a non-direct method could improve
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captive bat flight. Pilot work suggested that a food motivator improved bat crawling
performance. So, to not overfeed bats, | decided to exercise food-restricted bats by
motivating them with food to crawl on a motorized treadmill. Research on bat crawling
remains generally limited, and to my knowledge, there are no previous studies examining

the effect of crawling exercise on bat flight. Therefore, this research is novel.
Overall, I compared mass and flight performance of four bat groups:

e colony group, a group housed in the colony with no-treadmill exercise and
unrestricted diet;

e no-treadmill/unrestricted-diet group, a group housed in a small cage with no
treadmill exercise and unrestricted diet;

e no-treadmill/restricted-diet group, a group housed in a small cage with no
treadmill exercise and restricted diet and,;

e treadmill/restricted-diet group, a group housed in a small cage with treadmill

exercise and restricted diet.

I hypothesized that the colony conditions would not affect the group’s mass, flight
duration, or take-off latency because they remained in their typical housing conditions. I
also hypothesized that moving bats into small cages with ad libitum food and no exercise
would affect mass, so | predict the bats in the no-treadmill/unrestricted-diet group should
experience an increase in mass compared to the colony group. I also hypothesized that
the ad libitum diet affects flight performance, and | predict the bats in the no-
treadmill/unrestricted-diet group should have decreased flight duration and increased
take-off latency. Conversely, | ensured that the no-treadmill/restricted-diet and

treadmill/restricted-diet bats decreased in mass, while remaining within the average wild
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E. fuscus mass range. | hypothesized that the restricted diet would improve flight
performance, so | predict these bats will have increased flight duration and decreased
take-off latency. Finally, if crawling exercise improves flight, then I predict the
treadmill/restricted-diet group, relative to the no-treadmill/restricted-diet group, will have

a greater increase in flight duration and greater decrease in take-off latency.

| also recorded the four groups’ masses over 34 days after completing the
experiment and returning all the bats to the colony. This was to observe how the cage

group bat masses responded to returning to a larger space with ad libitum food access.

Overall, Experiment 2 examined methods to improve captive bat flight. If I am
able to improve their flight performance, these methods could be implemented prior to
future research projects requiring flight. Also, if crawling can improve bat flight, it can be
implemented in rehabilitating injured or sick animals that have temporarily lost their
flight ability. Overall, factors that improve animal health and allow bats to exhibit natural
behaviours in captivity positively affect their welfare. As wild E. fuscus fly frequently,
improving and maintaining their flight ability in captivity would positively affect their

wellbeing.
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Methods
Ethics statement

All experimental procedures were approved by the Animal Research Ethics Board
of McMaster University and conformed to the Guide to the Care and Use of

Experimental Animals published by the Canadian Council of Animal Care.
Animals

37 E. fuscus were used in this study (33 females, 4 males; Appendix Table 1). All
bats were wild-caught as adults and held in captivity at McMaster University. Each bat
was individually identified with a coloured, numbered, plastic split-ring forearm band
and a passive integrated transponder tag injected subcutaneously between the shoulder

blades. Bats were monitored for health changes throughout the study.

Before Pilot Studies and during Experiment 2, bats were housed in a husbandry
facility at McMaster University (i.e. a colony). Bats in Experiment 1 were not housed in
the colony (see Experiment 1 Methods below for details). The colony consists of a
quarantine and an established living area (each 2.5 x 1.5 x 2.3 m), but only the
established side was used for this study (henceforth termed the colony). Bats in the
colony could crawl through a hole in the wall to freely access a roofed semi-outdoor
flying area (2.5 x 3.8 x 2.7 m). Food (T. molitor) and water were provided ad libitum.
Temperature and light varied seasonally following ambient conditions (Skrinyer et al.
2014). The outdoor portion’s far wall is made of 3.6 cm stainless steel mesh, so the bats
were exposed to ambient weather and noise but mostly not directly to rain or snow. The
indoor portion is insulated, with a central window, so bats were exposed to changes in

photoperiod.
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Experiment 1: Quantifying decline in flight performance

Animals. | used 10 bats (6 females, 4 males) that were caught from the wild in
May 2024 (Appendix Table 1). From the time of capture and throughout this experiment,
the bats were housed in either a cloth mesh (40 x 40 x 75 cm) or metal (28.0 x 21.0 x
20.5 cm) cage with ad libitum access to T. molitor and water. The sizes of these cages do
not provide space for bats to fly. Throughout this thesis, | refer to these specific housing
conditions as “quarantine housing conditions”. Quarantine refers to bats that have not yet
completed a disease-free 3-month quarantine period after being wild-caught. These
housing conditions are typically how E. fuscus are housed at McMaster during their

quarantine period.

| flew the bats approximately one week after they were caught, on May 31, June
1, and June 3 (termed the first phase), and again approximately 11 weeks later on August
13, August 14, and August 16, 2024 (termed the second phase). Five of the female bats
were pregnant during the first phase, but gave birth and weaned pups before they were

flown again in the second phase.

Flight trials. Flight trials were conducted beginning right after sunset in an
outdoor A-frame wooden gazebo with an epoxy floor (4.5 x 4.5 x 2.5 m) at McMaster

University (Fig. 1A). A Hero5 GoPro camera was attached to one wall of the gazebo to

record bat flight trials (Fig. 1B).
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Fig. 1. Outdoor screened gazebo used for flight trials in Experiments 1 and 2. (A)

Outside view of gazebo with wooden walls and window screening. (B) Inside view of
gazebo from Hero5 GoPro camera showing walls lined with polypropylene vapour

barrier and red lighting.
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The sides of the gazebo have window screening, but the four walls and ceiling
were lined with polypropylene vapour barrier to deter bats from landing on them. The
bats were protected from rain and wind, but were exposed to ambient temperature and
sound. The top edge of the barrier was adhered to the gazebo with Sheathing Tape (Tuck
Tape) to prevent bats from getting behind it, but this caused small creases along the tape
where bats could attempt to land. The gazebo was illuminated with an overhead red light

and a second red light bulb positioned near one corner.

On nights with flight trials, bats were weighed in the laboratory and then
transported to the gazebo in a metal cage (28.0 x 21.0 x 20.5 cm) placed inside a cooler.

In a randomized order, each bat was flown three consecutive times and the trials were

video recorded.

At the beginning of each flight trial, I held the bat in my hand about 1.65 m above
the gazebo floor. A timer was started when | opened my hand. If the bat did not
immediately take flight, 1 gently prodded the bat’s back to encourage them to fly. If the
bat did not take off after 30 seconds, | then shook my hand with the bat downwards to
further encourage the bat to fly. I continued doing this approximately every five seconds,
until the bat took flight. | decided a priori to terminate flight trials if a bat did not take
flight after 3 minutes, but this never happened. | also ended flight trials after 30 minutes
of sustained flight. Afterwards, | extracted flight duration and take-off latency times from

the video recordings.
Pilot study 1: Methods to improve flight in captive bats

Animals. | used six female bats that had been in captivity since May 2023 in this

pilot study (Appendix Table 1). In January 2024 these bats were removed from the
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colony to participate in a separate study and were housed at room temperature in a cloth
mesh cage (40 x 40 x 75 cm) for about 3.5 months. After the study concluded, 1

continued to house these bats in the same cloth mesh cage for this pilot study,

Treadmill trials. Pilot Study 1 was the first effort to exercise bats through
crawling. Bats were encouraged to crawl with an automated treadmill (Promethion Core
Mouse Metabolic Treadmill, Sable Systems International) designed for animal exercise
research. The treadmill’s running chamber (48.5 x 25.4 x 31.8 cm) was set to a 15-degree
incline, such that when the running belt was turned on, the bats would crawl up the
incline against the movement. The back end of the treadmill has a shock grid and manual
push brush that encourage animals to keep moving forward; however, | placed the push
brush over the shock grid and turned the shock grid off so the bats would not receive any
shocks. Treadmill trials were completed during the day with the room lighting off, but

with a red light near the treadmill’s back end (Fig. 2A).

| began treadmill trials by placing individual bats into the treadmill’s running
chamber, facing upward. I then closed the chamber’s lid and turned the treadmill belt on
to a speed of 0.5 m/min. | observed the bat’s behaviour throughout the trial and scored its
overall crawling performance. The categorical scale ranged from 0 to 4 and scores were
based on my perception of the amount of time a bat spent crawling versus not crawling

(Table 1).
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Fig. 2. Treadmill used to encourage bats to perform crawling exercise set at 15-

degree incline. (A) Lateral view of setup for Pilot Studies with red light positioned near
the treadmill’s back end. (B) Lateral view of setup for Experiment 2 with overhead white

lighting. A Hero5 GoPro camera positioned above the treadmill was used to record trials.
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Table 1. Treadmill scores for Pilot Studies 1 and 2. Subjective scores were assigned

based on the general amount of time the bat spent crawling in a given treadmill trial.

Score Description

4 Bat crawled forward for the entire or almost entire trial (Entirety)
3 Bat spent >50% of the trial crawling forward (Majority)

2 Bat spent <50% of the trial crawling forward (Minority)

1 Bat did not crawl forward at all during trial (Didn’t crawl)

0 Bat did not complete the trial (Didn’t complete)
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Each bat completed a single 10-minute treadmill trial per day over five days.
Treadmill trials 1-4 were on consecutive days, but trial 5 took place two days after trial 4.
One bat (Sky 106) in trial 4 and four bats (Sky 101, Sky 106, Sky 122, Sky 126) in trial 5

did not complete the full 10-minutes of crawling exercise.

| terminated Pilot Study 1 after treadmill trial day 5, because it was obvious the
bats were not motivated to crawl forward on the treadmill and therefore | would not be

able to test my study predictions with this experimental design.
Pilot study 2: Methods to improve flight in captive bats

Animals. In February 2024, | moved three new female bats (Appendix Table 1)
from the colony to a cloth mesh cage (40 x 40 x 75 cm), housed at room temperature.
The bats were provided ad libitum access to water but did not have free access to T.
molitor. Instead, | fed the bats a limited number of T. molitor per day to restrict their diet,
and fed them on the treadmill to encourage them to crawl throughout this pilot study.

Also, I lengthened this study’s period, compared to Pilot Study 1.

After moving the bats, | allowed them to habituate for three days before beginning
treadmill training. | did not feed them on day 1, then hand-fed them five T. molitor on
day 2, and six on day 3. For reference, the mass of a single T. molitor is about 0.1 g. After
day 3, the bats were fed a specific number of T. molitor in the treadmill’s crawling
chamber during training and exercise trials (see below). If a bat’s mass after feeding was
<75% of its original mass, | fed it additional T. molitor until its mass was >75% of the

original mass.

Treadmill training and trials. On day 4, | began training the bats to associate the

treadmill’s top with food (i.e. training day 1). Every day for six days, I placed individual
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bats in the treadmill’s chamber but did not run or cover it. The bats were placed facing
forward at the top of the chamber and were repositioned to this location if they moved.
Using forceps, | fed the bats individual T. molitor, placed either directly in their mouth or
a few centimeters away so they were encouraged to reach for it. Bats were fed 10 T.
molitor on training days 1 and 2. To prevent bats from losing excessive mass, | increased

the number of T. molitor to 13 on training days 3-5 and to 14 on training day 6.

The day after training day 6 (i.e. on day 9 of the study), bats were given treadmill
trials every morning for 31 days. The treadmill was set to a speed of 1.5 m/min, and each
trial lasted 3 minutes. Trials were repeated three times per day for each bat, for a total of
9 minutes. During each trial, | fed the bat 2—4 T. molitor, which I held in front of them
with forceps to encourage forward crawling. At the conclusion of each trial, | fed them
more T. molitor (six total for every trial) on the treadmill. So, in total they received 18 T.
molitor per day. I scored crawling performance using the same scoring system as in Pilot

Study 1 (Table 1).
Experiment 2: Methods to improve flight in captive bats

Animals. | used 24 female bats that had been in captivity since May 2023 or

earlier (Appendix Table 1). Prior to the study, all bats were housed in the colony.

Treatment groups. On June 10, 2024 (day 1), the 24 bats were randomly
assigned to one of four groups (n = 6 per group). One group (i.e. colony group) remained
housed in the colony with ad libitum access to T. molitor and water. The other three
groups were housed separately in three cloth mesh cages (40 x 40 x 75 cm) in the
colony’s outdoor flying area and were provided ad libitum access to water. Bats in the

colony had space to fly voluntarily, whereas bats in the cages did not. Bats in one of the
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three cages had ad libitum access to T. molitor (i.e. no-treadmill/unrestricted-diet group),
while bats in the two remaining cages (i.e. no-treadmill/restricted-diet and
treadmill/restricted-diet groups) were on a restricted diet and fed a specific number of T.
molitor per day. Finally, bats in the treadmill/restricted-diet group were exercised daily
throughout the study through crawling on a treadmill, while the other three groups were

not systematically exercised.

Feeding procedure. Bats in the colony and no-treadmill/unrestricted-diet groups
ate T. molitor on their own without experimenter assistance. Bats in the no-
treadmill/restricted-diet and treadmill/restricted-diet groups were hand-fed T. molitor. |
fed the no-treadmill/restricted-diet group while holding them in my hand, and fed the
treadmill/restricted-diet group with forceps during training and exercise trials on the

treadmill.

The restricted diet bats from both groups were given 18 T. molitor per day until
day 23, after which, | decreased their food intake to 14 T. molitor until day 38, and then
to 12 T. molitor until day 59. On day 60, bats were returned to the colony and were no

longer hand-fed.

The mass of each bat was recorded daily throughout the 59 trial days. Bats in the
no-treadmill/restricted-diet and treadmill/restricted-diet groups were weighed before and
after feeding. Bats in the colony and no-treadmill/unrestricted-diet groups were weighed
once per day, immediately after the other restricted diet groups. All exercise, feeding, and

weighing procedures were completed by 5:00 PM daily.

After feeding the restricted diet bats, | noted if any bat’s mass remained below a

specific threshold relative to its initial mass (i.e. 60% if initial mass was > 25.0 g, 70% if
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initial mass was 20.0-24.9 g, or 75% if initial mass was <20.0 g). | decided a priori that
if any bat’s mass after feeding was below its respective threshold, | would feed them
additional T. molitor until their mass was above threshold. In the end, no bats required

additional food because all were above threshold after feeding.

During the first 16 days of the study, some bats ate less than 18 T. molitor because
they refused to eat. Their masses did not fall below their thresholds and eventually they
began eating the correct number of T. molitor. One bat (Grey 100) in the
treadmill/restricted-diet group refused to eat 18 T. molitor until day 17. However, her
mass began increasing when she did eat 18 T. molitor per day. To prevent this, |

continually decreased her food intake until reaching 6 T. molitor per day.

Treadmill training and trials. Bats in the treadmill/restricted-diet group were
encouraged to crawl in the same Promethion Core Mouse Metabolic Treadmill (Sable
Systems International) with a similar setup to my Pilot Studies (i.e. with a 15-degree
incline and the push brush covering the shock grid). Differences in methodology between
this and my Pilot Studies include: not using red light and instead dimming the overhead
white lights in the room to 2% of maximum, attaching cardboard to the treadmill’s front
and far side walls to prevent bats from climbing on them, and positioning a Hero5 GoPro
camera above the treadmill to record crawling trials in case video footage needed to be

reviewed (Fig. 2B).

From day 3 to day 7, | trained bats in the treadmill/restricted-diet group to
associate the treadmill’s top with food. I followed the same procedure as in Pilot Study 2,
wherein | placed individual bats on the treadmill, facing forward at the top. | fed them 18
individual T. molitor with forceps, either directly to their mouth or a few centimeters

away so they had to crawl forward to reach it.
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After completing treadmill training (i.e. on day 8), | exercised these bats on the
treadmill daily for 50 days. Each bat crawled on the treadmill, set to 3 m/min speed,
twice for five minutes, for a total of 10 minutes of crawling exercise per day. In a
randomized order, | weighed three bats at a time and ran their trials in interchanging
order (i.e. while one was on the treadmill, the other two bats remained in a cooler). |
reweighed the three bats after completing their crawling trials, then continued the
procedure with the next three bats. For each trial, | fed bats half of their total daily T.

molitor (e.g., 9 T. molitor each when bats ate 18 T. molitor per day).

Flight trials. The 24 bats were randomly divided into two groups (n = 12;
Appendix Table 2) that were flown on alternating nights. Flight trials were conducted
following the same flight trial procedure as in Experiment 1, except the bats were

transported in two coolers (six per cooler).

I recorded baseline flights on day 1 for Group 1 and on day 2 for Group 2. Then,
beginning on day 8 and continuing until day 59, the bats were flown twice a week: Group
1 on Mondays and Thursdays, and Group 2 on Tuesdays and Fridays. Owing to a severe
heatwave and thunderstorm warnings, bats were not flown on days 11 or 12. In total, each
bat was tested on 15 nights for a total of 45 flight trials. The same data were extracted

from the GoPro videos as in Experiment 1.

Returning bats to colony. On day 60, I returned all bats from the no-
treadmill/unrestricted-diet, no-treadmill/restricted-diet, and treadmill/restricted-diet
groups to the colony. To monitor post-trial mass changes, | continued to record the mass

of the 24 bats twice per week until day 94 (i.e. for 34 days).

Analyses
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Experiment 1: Quantifying decline in captive bat flight. Bat mass (g), flight
duration (s), and take-off latency (s) were analyzed with linear mixed-effects models
(LMM) and estimated marginal means (EMMs). For all analyses, the bats were split into
two groups: non-reproductive individuals (i.e. the non-pregnant female and males) or
pregnant-at-start females (n = 5 per group). Data collected on May 31, June 1, and June 3
were grouped into “first phase”, and data from August 13, August 14, and August 16
were grouped into “second phase”. Due to the small sample size, all flight trials were
included in flight duration and take-off latency analyses, rather than the total values per

bat on a given day.

Mass LMM. Mass was log-transformed using the natural logarithm function to
improve linearity and homoscedasticity. The LMM used to analyze the coefficient
estimates (3) and 95% profile confidence intervals (95% CIs) included the intercept, trial
phase (i.e. first or second phase), group (i.e. non-reproductive individuals or pregnant-at-
start females), the interaction between trial phase and group, and a random effect term for

individual bat intercept, trial phase, and correlation between intercept and trial phase.

Flight duration LMM. Flight duration was log-transformed using the natural
logarithm function because on the original scale, model-predicted data for the response
variable did not match the observed data. The LMM used to analyze the B estimates and
95% Cls was similar to the mass analysis, but also included mass as a predictor variable

and a random effect term for individual bat intercept.

Take-off latency LMM. An offset of 0.1 s was added to all take-off latency data
points because some were originally 0 s. | then log-transformed them with the natural

logarithm function because on the original scale, model-predicted data for the response
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variable did not match the observed data. The LMM used to analyze B estimates and 95%

Cls was the same as the flight duration analysis.

EMMs. | computed EMMs using the mass, flight duration, and take-off latency
models to evaluate group differences. The EMMs account for captivity duration (i.e. first
versus second phase) and pregnancy status covariates, providing adjusted means that
represent the response variable at the mean covariate levels. Pairwise comparisons of
EMMSs were conducted using Tukey’s method for multiple comparisons, both within
groups across time of trial (i.e. first phase minus second phase), as well as between the
groups (i.e. non-reproductive individuals minus pregnant-at-start females) during the first

and second phases.

Experiment 2: Methods to improve flight in captive bats. Owing to the small
sample sizes, the pilot study data were not statistically analysed; instead, qualitative
observations were described from them. For Experiment 2, bat mass, flight duration, and
take-off latency for the four groups (n = 6 per group) were analyzed with LMMs and
EMMs. For flight duration and take-off latency analysis, the three flight trials of a given
bat on a given trial day were summed to calculate totals, and the 15 data points per bat
were used for analyses. Also, outliers in mass, flight duration, and take-off latency were
identified visually from data plots (i.e. individuals that visually appeared to differ from
all other bats). Analyses were completed including all bats, then with the visualized

outliers removed.

Mass LMM. Mass data were separated into two timeframes—the 59 days when
the animals were used in the experiment and the 34 days post-experiment phase when the
bats were returned to the colony—and were analyzed separately. Reported masses during

the 59-day experiment for no-treadmill/restricted-diet and treadmill/restricted-diet bats
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are before daily feeding. The LMM used to analyze B estimates and 95% CIs for the
response variable mass included terms for the intercept, bat group (i.e. colony, no-
treadmill/unrestricted-diet, no-treadmill/restricted-diet, treadmill/restricted-diet), trial day
(mean-centered), the interaction between trial day and bat group, and a random effect

term for individual bat intercept, slope, and correlation between intercept and slope.

Flight duration LMM. Total flight duration was log-transformed using the
natural logarithm function because on the original scale, model-predicted data for the
response variable did not match the observed data. The LMM used to analyze the
estimates and 95% Cls included the same terms as the mass model, as well as mass
(mean-centered), and an interaction term between mass and bat group. Mass data for

flight analyses were recorded directly before flight trials.

Take-off latency LMM. An offset of 0.1 s was added to all take-off latency data
points because some were originally 0 s. | then log-transformed them using the natural
logarithm function because on the original scale, model-predicted data for the response
variable did not match the observed data. The LMM used to analyze the B estimates and
95% Cls included the same terms as the mass model, as well as mass (mean-centered).
Including an interaction between mass and bat group, as in the flight duration analysis,
caused high multicollinearity between the predictor variables, so it was removed for a
better model fit. Also, including days in captivity as a predictor variable did not produce

a better fit, so it was excluded.

EMMs. | computed EMMs using the mass, flight duration, and take-off latency
LMM models to evaluate group differences accounting for the covariates in the models.

Pairwise comparisons of EMMs were conducted using Tukey’s method for multiple
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comparisons, both within groups across trial day (i.e. first trial day minus final trial day),

as well as between groups on the first and final trial days.

Result interpretations. LMM results (i.e. B estimates apart from the intercept)
are the effects of the predictor variables in reference to the intercept. EMMs are estimated
group means calculated after adjusting for predictor variable effects. That is, EMMSs

analyze model predictions, not observed data directly.

For Experiment 1, the LMM intercept is the expected value of the response
variable for the non-reproductive individuals group during the first phase. In Experiment
2, the LMM intercept is the colony group when the expected variables are zero (or the

mean-centered value for centered continuous predictor variables).

The B estimate for a categorical predictor variable (e.g., a group other than the
intercept) signifies the group’s deviation from the intercept. The group’s own [ estimate
can be calculated by adding its B estimate deviation to the intercept group’s B estimate.
The B estimate for a continuous predictor variable (e.g., trial day) signifies its effect on
the intercept group per unit increase. The  estimate for an interaction between a
categorical and a continuous predictor variable (e.g., group and trial day interaction)
signifies the group’s slope deviation from the intercept group’s slope. The group’s own

slope can be calculated by adding its B estimate to the trial day  estimate.

The [ estimates for a response variable on the original scale are additive (e.g., B =
0.5 for a categorical predictor signifies a positive deviation by a factor of 0.5, and § = 0.5
for a continuous variable signifies an increase in the response variable by the same factor
per unit increase of the predictor variable). In contrast, the  estimates for a response

variable on a natural log scale are multiplicative (e.g., B = 0.5 for a categorical predictor
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signifies a positive deviation by a factor of € = 1.65 or 65%, and p = 0.5 for a
continuous predictor signifies an increase in the response variable by the same factor per

unit increase of the predictor variable).

The LMM models also include either a random effect term to account for
individual bat intercept variance and residual variance, or a random effect term to account
for individual bat intercept variance, individual slope across trial phase or day variance,

the correlation between intercepts and slopes, and residual variance.

The 95% Cls for LMM results provide a range within which the true  parameter
is likely to lie with 95% confidence. Similarly, the 95% Cls for EMM contrasts provide a
range within which the true estimated mean difference is likely to lie with 95%
confidence. Thus, if 95% Cls include zero, we cannot confidently conclude that the true
effect (for a LMM) or contrast (for an EMM contrast) is non-zero. It also implies

uncertainty about the direction of the effect or contrast.

Circle symbols for fixed effects in LMM figures indicate the 95% Cls do not
contain zero; square symbols for fixed effects in LMM figures indicate the 95% Cls do
contain zero. Asterisks (*) in EMM figures indicate significant p-values; * is p < .05, **

isp<.01, ***isp<.001, and **** js p <.0001.
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Results
Experiment 1: Quantifying decline in captive bat flight

Mass. | compared bat masses between the first and second time phases of the
study (Fig. 3). Average mass in the non-reproductive individuals group showed a large
increase from 16.3 g to 26.9 g from when bats were first introduced into captivity
compared to 11 weeks later. Conversely, the pregnant females’ average mass stayed the
same at 25.7 g. Appendix Tables 3-5 list relevant 3 estimates or EMM contrasts, standard
errors (SE), degrees of freedom (df), t statistics (t), p-values (p), and 95% Cls for

Experiment 1 mass analyses.

LMM results. Overall, during the first phase, the pregnant females had larger
mass than the non-reproductive individuals. Then, there was a large positive effect of the
11-week captivity on the non-reproductive individuals group mass, but not on the

pregnant-at-start females group mass (Fig. 4 and Appendix Table 3).

More specifically, the LMM results show that during the first phase, compared to
the non-reproductive individuals, there was a 58% positive deviation in the pregnant-at-
start females group mass (f = 0.46, 95% CI [0.34, 0.57]). Then, for the non-reproductive
individuals, there was a 65% positive effect of being in the second phase compared to the
first phase (B = 0.50, 95% CI [0.31, 0.70]). Finally, the effect of the second phase on the
pregnant-at-start females differed from its effect on the non-reproductive individuals,
wherein the change in mass from the first to second phase was much less for the
pregnant-at-start females than the non-reproductive individuals (f = -0.51, 95% CI [-0.79,

-0.24]).

30



MSc Thesis—R. Soljmosi; McMaster University—Psychology, Neuroscience & Behaviour

First Phase _ Second Phase
[ ]
L]
(]
30-
C
1]
8 ! E
«©
=
20-
o Non-reproductive Pregnant-at-start Non-reproductive Pregnant-at-start
individuals females individuals females
Group

Fig. 3. Experiment 1. Comparison of E. fuscus (n =5 per box) mass (g) between the
two study phases. Maroon boxes represent non-reproductive individuals group; yellow
boxes represent pregnant-at-start females group. Boxes illustrate median bat masses (line
within box) and * interquartile range (edge of box). Whiskers represent the smallest and

largest values within 1.5 x interquartile range.
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Fig. 4. Experiment 1. E. fuscus (n = 10) mass (In(g)) LMM results. Points represent

estimates; maroon lines represent 95% Cls. Fixed effects (above horizontal line) include:

non-reproductive individuals group during the first phase as intercept, the second phase,

pregnant-at-start females group, and the second phase and pregnant-at-start females

interaction; random effects (below horizontal line) include: intercept SD, intercept and

slope correlation, slope SD, and residual SD.
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EMM contrasts. The EMM for bat mass in the non-reproductive individuals
group increased significantly from the first to the second phase (EMM contrast = -0.50,
95% CI [-0.70, -0.31]; Fig. 5 and Appendix Table 4). Conversely, the EMM for the
pregnant-at-start females group decreased slightly, but the difference was non-significant

(EMM contrast = 0.01, 95% CI [-0.18, 0.21]).

During the first phase, the EMM for bat mass in the pregnant-at-start females
group was significantly larger than the non-reproductive individuals group (EMM
contrast = -0.46, 95% CI [-0.57, -0.34]; Fig. 5 and Appendix Table 5). Conversely,
during the second phase, the EMM for the pregnant-at-start females group was slightly
smaller, but the difference was non-significant and the two EMMs were similar (EMM

contrast = 0.06, 95% CI [-0.18, 0.29]).
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Fig. 5. Experiment 1. E. fuscus (n = 10) mass (In(g)) EMMs during first and second
phase. Significant contrasts are labeled; horizontal label represents within-group contrast
from the first to the second phase; leftside vertical label represents between-group

contrast during the first phase.
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Flight duration. | also compared flight duration between the two time phases
(Fig. 6). During the first phase, the average flight duration for the non-reproductive
individuals group was 87.1 s, which was greater than the average of 15.8 s for the
pregnant-at-start group’s. Then, the average for the non-reproductive individuals showed
a large decrease from 87.1 s to 2.6 s between when bats were first introduced into
captivity compared to 11 weeks later. The pregnant-at-start group’s average also
decreased, but to a lesser extent, from 15.8 s to 5.5 s. Appendix Tables 6-8 list relevant 3
estimates or EMM contrasts, SE, df, t statistics, p-values (p), and 95% Cls for flight

duration analyses.

LMM results. Overall, during the first phase, the two groups’ flight durations
were similar. For the non-reproductive individuals, there was a negative effect of weight
gain on their flight duration, and the effect of being in the quarantine housing conditions
was not conclusive, though trended downwards. The negative trend of being in the
housing conditions was similar on the pregnant-at-start females’ flight duration (Fig. 7

and Appendix Table 6).
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Fig. 6. Experiment 1. Comparison of E. fuscus (n =5 per box) flight duration (s)
between the two study phases. Maroon boxes represent non-reproductive individuals
group; yellow boxes represent pregnant-at-start females group. Boxes illustrate median
bat masses (line within box) and + interquartile range (edge of box). Whiskers represent

the smallest and largest values within 1.5 x interquartile range.
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Fig. 7. Experiment 1. E. fuscus (n = 10) flight duration (In(s)) LMM results. Points

represent 3 estimates; maroon lines represent 95% Cls. Fixed effects (above horizontal

line) include: non-reproductive individuals group during the first phase as intercept, the

second phase, mass, pregnant-at-start females group, and the second phase and pregnant-

at-start females interaction; random effects (below horizontal line) include: intercept SD,

and residual SD.
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More specifically, the LMM results show that during the first phase, the pregnant-
at-start females did not conclusively differ from the non-reproductive individuals (f =
0.01, 95% CI [-0.96, 0.97]). There was evidence of a 15% negative effect per unit
increase in mass on the non-reproductive individuals group (p =-0.16, 95% CI [-0.21, -
0.11]). However, the effect of being in the second phase on the non-reproductive
individuals was negative, but not conclusive (p =-0.55, 95% CI [-1.26, 0.15]). Finally,
the interaction between the pregnant-at-start females group and the second phase was
positive, but the 95% Cls include zero (B = 0.17, 95% CI [-0.63, 0.98]). This indicates
that there may have been a smaller negative effect of the 11-week captivity on the
pregnant-at-start females’ flight duration than on the non-reproductive individuals, but

again, there was insufficient evidence to conclude the effect was non-zero.

EMM contrasts. The EMM for flight duration of both groups decreased, but not
significantly (EMM contrast = 0.55, 95% CI [-0.16, 1.27] for non-reproductive
individuals and EMM contrast = 0.38, 95% CI [-0.02, 0.78] for pregnant-at-start females;

Fig. 8 and Appendix Table 7).

During both phase, the EMM for the pregnant-at-start females’ flight duration did
not significantly differ from the non-reproductive individuals (EMM contrast = -0.01,
95% CI [-0.97, 0.95] during first phase and EMM contrast = -0.18, 95% CI [-1.02, 0.65];

Fig. 8 and Appendix Table 8). Thus, the group’s EMMSs were similar in both phases.
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Fig. 8. Experiment 1. E. fuscus (n = 10) flight duration (In(s)) EMMs during first
and second phase. Significant contrast is labeled; horizontal label represents within-

group contrast from the first to the second phase.
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Take-off latency. Finally, | compared take-off latency between the two time
phases (Fig. 9). Surprisingly, both groups’ take-off latency averages decreased somewhat
between early captivity and 11 weeks later. For the non-reproductive individuals group,
the average decreased from 2.91 s to 1.44 s, and for the pregnant-at-start group, the
average decreased from 4.58 s to 1.64 s. Appendix Tables 9-11 list relevant 3 estimates
or EMM contrasts, SE, df, t statistics, p-values (p), and 95% Cls for take-off latency

analyses.

LMM results. Overall, the groups’ take-off latencies trended downwards, but
there may not have been a true effect of the being in captivity for 11 weeks on take-off

latency (Fig. 10 and Appendix Table 9).

More specifically, the LMM results show that during the first phase, the pregnant-
at-start females had somewhat longer take-off latency, but the 95% Cls contain zero,
indicating there was insufficient evidence to conclude that the groups differed (f = 0.42,
95% CI [-0.24, 1.08]). Also, the non-reproductive individuals’ take-off latency decreased
somewhat, but again there was insufficient evidence to conclude that the 11-week
captivity had a true negative effect (f = -0.61, 95% CI [-1.26, 0.05]). Though, it is worth
noting that the 95% Cls only marginally cross zero. Finally, the interaction between the
second phase and the pregnant-at-start females was somewhat negative, though the 95%
Cls include zero (p =-0.30, 95% CI [-1.07, 0.47]). This indicates that there may have
been a larger negative effect of the 11-week captivity on the pregnant-at-start females’
take-off latency than on the non-reproductive individuals, but there is insufficient

evidence to confidently conclude this.
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Fig. 9. Experiment 1. Comparison of E. fuscus (n =5 per box) take-off latency (s)
between the two study phases. Maroon boxes represent non-reproductive individuals
group; yellow boxes represent pregnant-at-start females group. Boxes illustrate median
bat masses (line within box) and + interquartile range (edge of box). Whiskers represent

the smallest and largest values within 1.5 x interquartile range.
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Fig. 10. Experiment 1. E. fuscus (n = 10) take-off latency (In(s)) LMM results. Points
represent  estimates; maroon lines represent 95% ClIs. Fixed effects (above horizontal
line) include: non-reproductive individuals group during the first phase as intercept, the
second phase, mass, pregnant-at-start females group, and the second phase and pregnant-
at-start females interaction; random effects (below horizontal line) include: intercept SD,

and residual SD.
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EMM contrasts. The EMM for the non-reproductive individuals group decreased
non-significantly from the first to the second phase (EMM contrast = 0.61, 95% CI [-
0.08, 1.29]), and the EMM for the pregnant-at-start females group decreased significantly

(EMM contrast = 0.91, 95% CI [0.51, 1.31]; Fig. 11 and Appendix Table 10).

During both the first and the second phase, the pregnant-at-start females group’s
take-off latency EMM was non-significantly longer than the non-reproductive individuals
group (EMM contrast = -0.42, 95% CI [-1.10, 0.26], and EMM contrast = -0.12, 95% ClI

[-0.60, 0.36], respectively; Appendix Table 11).

43



MSc Thesis—R. Soljmosi; McMaster University—Psychology, Neuroscience & Behaviour

* K d %k
1.5
1 Group
= _ Non-reproductive
©21.0 individuals
£ Pregnant-at-start
= females
=
(T}
>
O
5
= 0.5 —
-
=
Q@
o}
5 3
< ——
0.0
First Phase Second Phase

Fig. 11. Experiment 1. E. fuscus (n = 10) take-off latency (In(s)) EMMs during first
and second phase. Significant contrast is labeled; horizontal label represents within-

group contrast from the first to the second phase.
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Qualitative observations from pilot studies

During trial 1in Pilot Study 1, the bats usually crawled to the front (i.e. the highest
point) of the sloped treadmill and then turned around to face the opposite direction. They
also attempted to climb the treadmill chamber’s walls and the push brush, but could not
stay up. After a few minutes of trial 1, each bat began spending more time against the
push brush. Four of the bats still attempted to crawl, but for less than 50% of the time,
and the other two sat against the push brush for majority of the trial. Across the

remaining trials, their treadmill crawling mostly decreased (Fig. 12).

| did not complete the full 10-minute treadmill trial for one bat (Sky 106) on day 4
and for four bats (Sky 101, Sky 106, Sky 122, Sky 126) on day 5 because these bats
tended to stay against the push brush without attempting to crawl. When this occurred,
the treadmill belt’s motion caused their wings to fold underneath the bat’s body. To avoid

the risk of injury to these bats, I decided to end these trials early.

In Pilot Study 2, bats displayed better crawling performance compared to animals
tested in Pilot Study 1 (Fig. 13). For example, the bats often crawled for over 50% of the
trial or the entire trial. From trial day 18 to the study’s end, the bats crawled for over 50%
of the trial or the entire trial. Before trial day 18, some bats crawled for under 50%, but
they all crawled at least somewhat. In general, motivating food-restricted bats with food

improved their crawling performance.
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Fig. 12. Pilot study 1. E. fuscus (n = 6) treadmill crawling scores. (A) Individual bat
crawling scores. (B) Proportion of crawling scores. Scores were assigned based on the
general amount of time bats spent crawling during three daily trials across 5 days. See

Methods for definitions of subject scores.
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Treadmill Trial
Fig. 13. Pilot study 2. E. fuscus (n = 3) treadmill crawling scores. (A) Individual bat
crawling scores. (B) Proportion of crawling scores. Scores were assigned based on the
general amount of time bats spent crawling during three daily trials across 31 days. See

Methods for definitions of subject scores.
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Experiment 2: Methods to improve flight in captive bats

Due to a technical error, there are no flight duration and take-off latency data
available for three flight trials: Sky 101 trial 3 and White 166 trial 3 on flight trial day 1,
and Yellow 84 trial 2 on flight trial day 10. Total flight duration and take-off latency data
are recorded from the two available flight trials for these bats on these nights. For
analyses excluding outliers (see below), changes in significance level and/or the direction

of effects are reported.

Mass. | compared how masses changed under the different treatments over the
59-day study (Fig. 14). One treadmill/restricted-diet bat (Grey 100; see Feeding
Procedure in Experiment 2 Methods for details) was 15.5 g at the study’s onset, and 15.3
g on day 59. So, | was able to restrict her diet, and her mass somewhat, but to a lesser
extent than other restricted diet bats. Also, one colony group bat (Violet 111)
continuously increased in mass throughout the study, and more so than any other bats.
Mass, flight duration, and take-off latency analyses are first reported with data from
Violet 111 included, and then again with data from Violet 111 excluded as an outlier.
Appendix Tables 12—14 list relevant § estimates or EMM contrasts, SE, df, t statistics, p-

values, and 95% Cls for mass analyses.
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Fig. 14. Experiment 2. Change in mass (g) for E. fuscus in the different treatment
groups. (A) Data from all bats (n = 24). (B) Same data but with values of mass outlier
(Violet 111) excluded (see text; n = 23). Points and connecting lines represent individual
bats; thicker lines represent group averages fitted with local regression smoothing curves

and shaded 95% Cls (calculated based on standard error of fitted values).
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Including data from Violet 111, the colony group’s average remained similar from
the first to the final trial day (20.1 g and 20.3 g, respectively). Surprisingly, the no-
treadmill/unrestricted-diet group’s average only increased slightly from 19.0 g on the first
day to 20.3 g on the final day. Conversely, average masses for the restricted diet groups
showed larger changes. The no-treadmill/restricted-diet group’s average decreased from
20.3 g to 14.5 g, and the treadmill/restricted-diet group’s decreased from 18.2 g to 14.6 g.
When data from Violet 111 are excluded from the colony group, the group’s average

masses were smaller on the first and final days, decreasing slightly from 19.9 g to 18.2 g.

LMM results including all bats. Overall, there was a large negative effect of
restricting diets on the no-treadmill/restricted-diet and treadmill/restricted-diet group
masses. Conversely, there were not strong effects of being housed in the colony or in a
small cage with ad libitum food on the colony or no-treadmill/unrestricted-diet group

masses, respectively (Fig. 15A and Appendix Table 12).
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Fig. 15. Experiment 2. Mass (g) LMM results. (A) Data from all bats (n = 24). (B)

Same data but with values of mass outlier (Violet 111) excluded (see text; n = 23). Points

represent  estimates; maroon and yellow lines represent 95% Cls. Fixed effects (above

horizontal line) include: colony group as intercept, centered trial day, three cage group

deviations, and centered trial day and three cage group interactions; random effects

(below horizontal line) include: intercept SD, intercept and slope correlation, slope SD,

and residual SD.
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More specifically, the LMM results show that the colony group’s mass increased
very slightly over trial days, but the 95% Cls cross zero, so there was not sufficient
evidence that there was an effect of trial day on the group’s mass, as predicted ( = 0.004,
95% CI [-0.03, 0.04]). Also, there was a small negative deviation of the no-
treadmill/unrestricted-diet group, but again, there was insufficient evidence to conclude
the no-treadmill/unrestricted-diet and colony groups’ masses differed (f = -0.49, 95% ClI
[-3.09, 2.12]). Conversely, there was sufficient evidence that there were large negative
deviations in mass from the colony group for the no-treadmill/restricted-diet group (B = -
4.29, 95% CI [-6.89, -1.69]), and the treadmill/restricted-diet group (p = -4.63, 95% CI [-
7.23, -2.03]). Finally, the effect of trial day only conclusively differed from its effect on
the colony group for the no-treadmill/restricted-diet group, which had a slope of -0.066 (3

=-0.07, 95% CI [-0.12, -0.01]).

LMM results excluding mass outlier. When data from the mass outlier (Violet
111) were removed, the colony group’s mass slightly decreased, though there still wasn’t
conclusive evidence of a true effect (B =-0.02, 95% CI [-0.05, 0.003]; Fig. 15B and
Appendix Table 12). The no-treadmill/unrestricted-diet group had greater mass than the
colony group, rather than smaller, but still, there was not conclusive evidence of a true
difference (B = 0.67, 95% CI [-1.46, 2.80]). However, there was evidence of a larger
effect of trial day on the no-treadmill/unrestricted-diet group’s mass than on the colony
group’s mass, and the no-treadmill/unrestricted-diet group had a slope of 0.04 (B = 0.06,

95% CI [0.02, 0.10]).

EMM contrasts including all bats. The EMMs for mass in both the colony and
no-treadmill/unrestricted-diet groups increased from the start of the study to the end,

though not significantly (EMM contrast = -0.23, 95% CI [-2.52, 2.05], and EMM contrast
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=-1.94, 95% CI [-4.22, 0.35], respectively; Fig. 16A and Appendix Table 13).
Conversely, the EMM for the no-treadmill/restricted-diet group decreased (EMM contrast
= 3.78, 95% CI [1.50, 6.07]). Finally, the EMM for the treadmill/restricted-diet group

also decreased, but not significantly (EMM contrast = 1.86, 95% CI [-0.42, 4.14]).

On the first trial day, the EMM for mass in the treadmill/restricted-diet group was
significantly lower than the colony group’s (EMM contrast = 3.59, 95% CI [0.20, 6.97];
Fig. 16A and Appendix Table 14). On the final trial day, the EMM for the no-
treadmill/restricted-diet EMM was smaller than the no-treadmill/unrestricted-diet group’s
(EMM contrast = 6.67, 95% CI [1.94, 11.339]) and the colony group’s (EMM contrast =
6.30, 95% CI [1.58, 11.02]). Similarly, the EMM for the treadmill/restricted-diet group
was smaller than the no-treadmill/unrestricted-diet group’s (EMM contrast = 6.05, 95%
Cl [1.32, 10.77]) and the colony group’s (EMM contrast = 5.68, 95% CI [0.96, 10.40];

Appendix Table 14).
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Fig. 16. Experiment 2. Mass (g) group EMMs during first and final trial days. (A)
Data from all bats (n = 24). (B) Same data but with values of mass outlier (Violet 111)
excluded (see text; n = 23). Significant contrasts are labeled; horizontal labels represent
within-group contrasts from first to final trial day; leftside vertical labels represent

between-group contrasts on first trial day and rightside represent final trial day.
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EMM contrasts excluding mass outlier. When data from Violet 111 were
removed, the EMM for mass in the colony group decreased, rather than increased, though
still not significantly (EMM contrast = 1.46, 95% CI [-0.18, 3.09]; Fig. 16B and
Appendix Table 13). The EMM for the no-treadmill/unrestricted-diet group increased
significantly (EMM contrast = -1.94, 95% CI [-3.43, -0.44]). Finally, the EMM for the
treadmill/restricted-diet group decreased significantly (EMM contrast = 1.86, 95% ClI

[0.37, 3.36]).

The pairwise group contrasts were similar, except on the first trial day, the EMM
for the no-treadmill/unrestricted-diet group was similar to the colony group (EMM

contrast = 3.28, 95% CI [-0.33, 6.88]; Appendix Table 14).

Flight duration. I also compared how flight duration changed under the different
treatments over the 59-day study (Fig. 17). One colony bat (Sky 151) began to fly for
longer than all other bats from flight trial 8 until the study’s end. Also, one no-
treadmill/unrestricted-diet bat (Violet 170) flew for much longer than all other bats
during the first two flight trials. Analyses are completed first including data from all bats,
then excluding data from the large mass colony bat (Violet 111; termed mass outlier), and
finally excluding data from the two long flight bats (Sky 151 and Violet 170; termed
visualized outliers). The mass and visualized outliers were excluded separately because
Violet 111 was an outlier in a predictor variable, whereas Sky 151 and Violet 170 were
outliers in the response variable, and the two analyses could compare whether these
factors impacted the results. Appendix Tables 15-17 list relevant 3 estimates or EMM

contrasts, SE, df, t statistics, p-values, and 95% Cls for flight duration analyses.
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Fig. 17. Experiment 2. Change in flight duration (s) for E. fuscus in the different
treatment groups. (A) Data from all bats (n = 24). (B) Same data but with values of
mass outlier (Violet 111) excluded (see text; n = 23). (C) Same data but with values of
visualized outliers (Sky 151 and Violet 170) excluded (see text; n = 22). Points and
connecting lines represent individual bats; thicker lines represent group averages fitted

with local regression smoothing curves and shaded 95% ClIs.
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Including data from Violet 111, Sky 151, and Violet 170, the colony group’s
average flight duration surprisingly showed a large increase from the first to final trial
day, from 208 s to 596 s. The no-treadmill/restricted-diet group also increased, but to a
relatively less extent, from 43.5 s to 266 s. The treadmill/restricted-diet group also
increased, but to an even lesser extent, from 39.3 s to 162 s. Finally, the no-
treadmill/unrestricted-diet group’s average flight duration decreased from 489 s to 112 s.
When data from Violet 111 are excluded from the colony group, the group’s average
flight duration showed an even greater increase from 246 s on the first trial day to 713 s
on the final trial day. Conversely, when data from Sky 151 are excluded from the colony
group, the group’s average flight duration increased to a lesser extent, from 20 s to 376 s.
Finally, when data from Violet 170 are excluded from the no-treadmill/unrestricted-diet
group, the group’s average flight duration decreased to a lesser extent, from 57.2 s to 47.6

S.

LMM results including all bats. Surprisingly, all three cage groups had
somewhat shorter flight durations than the colony group, though not conclusively (Fig.
18A and Appendix Table 12). There was a moderate positive effect of trial day on the
colony group’s flight duration. The effect of trial day differed from its effect on the
colony group for the no-treadmill/unrestricted-diet and treadmill/restricted-diet groups,

but not for the no-treadmill/restricted-diet group.

More specifically, the LMM results show that there was a 17% positive effect of
trial day on the colony group’s flight duration (B = 0.16, 95% CI[0.10, 0.22]) and a 16%
negative effect of mass (p =-0.30, 95% CI [-0.42, -0.17]). The cage group deviations had
large 95% Cls. Still, unexpectedly, the treadmill/restricted-diet group had the greatest

negative deviation from the colony group, though the 95% Cls marginally include zero,
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so there was insufficient evidence to conclude this (f = -1.29, 95% CI [-2.59, 0.01]). The
other two cage groups also had negative deviations, but again, there was insufficient
evidence to conclude that there were true differences (p =-0.42, 95% CI [-1.69, 0.86] for
the no-treadmill/unrestricted-diet group, and  =-0.80, 95% CI [-2.02, 0.43] for the no-
treadmill/restricted-diet group). There was sufficient evidence that the effect of trial day
on the colony group was larger than the effect of trial day on the no-
treadmill/unrestricted-diet group (g = -0.16, 95% CI [-0.25, -0.08]) and the
treadmill/restricted-diet group (p =-0.11, 95% CI [-0.20, -0.02]). Conversely, the effect
of trial day was similar on the colony group and no-treadmill/restricted-diet group (p = -
0.01, 95% CI [-0.09, 0.08]). Finally, the effect of mass on the colony group was larger
than its effect on the no-treadmill/restricted-diet group (p = 0.22, 95% CI [0.06, 0.37]),
but was similar for the no-treadmill/unrestricted-diet (B = 0.06, 95% CI [-0.14, 0.26])

and the treadmill/restricted-diet groups (B = -0.06, 95% CI [-0.26, 0.15]).
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Fig. 18. Experiment 2. Flight duration (In(s)) LMM results including and excluding
mass outlier. (A) Data from all bats (n = 24). (B) Same data but with values of mass
outlier (Violet 111) excluded (see text; n = 23). Points represent 3 estimates; maroon and
yellow lines represent 95% Cls. Fixed effects (above horizontal line) include: colony
group as intercept, centered trial day, centered mass, centered days in captivity, three
cage group deviations, centered trial day and three cage group interactions, and centered
mass and three cage group interactions; random effects (below horizontal line) include:

intercept SD, intercept and slope correlation, slope SD, and residual SD).
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LMM results excluding outliers. When data from the mass outlier (Violet 111)
were removed, the effect of mass on all three of the cage groups was similar to its effect

on the colony group (Fig. 18B and Appendix Table 15).

When data from the visualized outliers (Sky 151 and Violet 170) were removed,

the B estimates and 95% Cls remained similar (Appendix Table 15).

EMM contrasts including all bats. The EMMs for flight duration for the colony,
no-treadmill/restricted-diet, and treadmill/restricted-diet groups increased from the first to
final flight trial, though the treadmill/restricted-diet group contrast was non-significant
(EMM contrast = -2.21, 95% CI [-3.05, -1.38], EMM contrast = -2.13, 95% CI [-3.03, -
1.23], and EMM contrast = -0.67, 95% CI [-1.54, 0.20], respectively; Fig. 19A and
Appendix Table 16). Conversely, the EMM for the no-treadmill/unrestricted-diet group
decreased somewhat, but the contrast was non-significant (EMM contrast = 0.07, 95% ClI

[-0.80, 0.94]).

On the final flight trial day, the EMM for the treadmill/restricted-diet group’s
flight duration was smaller than the colony group’s (EMM contrast = 2.06, 95% CI [0.23,

3.90]; Appendix Table 17).

EMM contrasts excluding outliers. When data from the mass outlier (Violet 111)

were removed, the EMM contrasts remain similar (Appendix Table 17).
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Fig. 19. Experiment 2. Flight duration (In(s)) group EMMs during first and final
trial days including and excluding visualized outliers. (A) Data from all bats (n = 24).
(B) Same data but with values of visualized outliers (Sky 151 and Violet 170) excluded
(see text; n = 22). Significant contrasts are labeled; horizontal labels represent within-
group contrasts from first to final trial day; rightside vertical label represents between-

group contrast on final trial day.
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When data from the visualized outliers (Sky 151 and Violet 170) were removed,
the EMM for the no-treadmill/unrestricted-diet group slightly increased, but the contrast
was non-significant (EMM contrast = -0.15, 95% CI [-1.07, 0.76]; Fig. 19B). Also, the
EMM for the treadmill/restricted-diet group on the final trial day was not significantly

smalller than the colony group’s (EMM contrast = 1.87, 95% CI [-0.14, 3.88]).

Take-off latency. Next, | compared how take-off latency changed under the
different treatments over the 59-day study (Fig. 20). One no-treadmill/unrestricted-diet
bat (Sky 101) had longer take-off latencies than other bats during most flight trials.
Analyses are completed including data from all bats, then excluding data from the large
mass colony bat (Violet 111; termed mass outlier), and finally excluding data from the
long take-off latency no-treadmill/unrestricted-diet bat (Sky 101; termed visualized
outlier). Appendix Tables 18-20 list relevant 3 estimates or EMM contrasts, SE, df, t

statistics, p-values, and 95% Cls for take-off latency analyses.

Including data from Violet 111 and Sky 101, the average take-off latency
interestingly increased from the first to final trial day for the treadmill/restricted-diet
group, from 4.27 s to 55.1 s. The average also increased for the no-treadmill/unrestricted-
diet group from 8.93 s to 26.9 s. Conversely, averages decreased slightly for the colony
group from 18.1 s to 16.6 s, and for the no-treadmill/restricted-diet group from 19.6 s to
15.1 s. When data from Violet 111 are excluded from the colony group, the group’s take-
off latency decreased to a greater extent, from 19.9 s to 12.7 s. Finally, when data from
Sky 101 are excluded from the no-treadmill/unrestricted-diet group, the group average

surprisingly decreased somewhat from 9.1 s to 4.3 s.
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Fig. 20. Experiment 2. Change in take-off latency (s) for E. fuscus in the different
treatment groups. (A) Data from all bats (n = 24). (B) Same data but with values of
mass outlier (Violet 111) excluded (see text; n = 23). (C) Same data but with values of
visualized outlier (Sky 101) excluded (see text; n = 23). Points and connecting lines
represent individual bats; thicker lines represent group averages fitted with local

regression smoothing curves and shaded 95% Cls.
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LMM results including all bats. Overall, there was not a strong effect of trial day
on the colony group’s take-off latency, and the cage groups’ take-off latencies were
similar to the colony group’s. Though, there was a larger effect of trial day on the
treadmill/restricted-diet group than on the colony group (Fig. 21A and Appendix Table

18).

More specifically, the LMM results show that the colony group’s take-off latency
decreased very slightly across trial days, but the 95% Cls include zero, so there was
insufficient evidence to conclude that there was an effect (f = -0.01, 95% CI [-0.07,
0.06]). However, there was sufficient evidence that there was 16% increase in take-off
latency per unit increase in mass for the colony group (p =0.15, 95% CI[0.03, 0.27]).
The cage group deviations all had large 95% Cls that include zero, so we cannot conclude
there were true differences. Though, unexpectedly, the no-treadmill/unrestricted-diet
group deviated somewhat negatively (p =-0.82, 95% CI [-2.37 0.72]), while both the
restricted diet groups deviated somewhat positively (B = 0.65, 95% CI [-0.95, 2.25] for
the no-treadmill/restricted-diet group, and g = 0.36, 95% CI [-1.25, 1.97] for the
treadmill/restricted-diet group). Finally, there was a larger effect of trial day on the
treadmill/restricted-diet group than on the colony group, and the treadmill/restricted-diet
group’s slope was positive 0.22 (B = 0.23, 95% CI [0.13, 0.32]). Conversely, the effect of
trial day on the colony group was similar to its effect on the no-treadmill/unrestricted-diet
(B =-0.001, 95% CI [-0.10, 0.09]) and no-treadmill/restricted-diet groups ( = 0.05, 95%

C1[-0.05, 0.15]).
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Fig. 21. Experiment 2. Take-off latency (In(s)) LMM results including and excluding
visualized outlier. (A) Data from all bats (n = 24). (B) Same data but with values of
visualized outlier (Sky 101) excluded (see text; n = 23). Points represent  estimates;
maroon and purple lines represent 95% Cls. Fixed effects (above horizontal line) include:
colony group as intercept, centered trial day, centered mass, centered days in captivity,
three cage group deviations, and centered trial day and three cage group interactions;
random effects (below horizontal line) include: intercept SD, intercept and slope

correlation, slope SD, and residual SD.
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LMM results excluding outliers. When data from the mass outlier (Violet 111)

were removed, the B estimates and 95% Cls remained similar (Appendix Table 18).

When data from the visualized outlier (Sky 101) were removed, the no-
treadmill/unrestricted-diet group’s take-off latency was shorter than the colony group’s,
though with wide 95% Cls (p = -1.41, 95% ClI [-2.81, -0.01]; Fig. 21B and Appendix

Table 18).

EMM contrasts including all bats. The EMM for the treadmill/restricted-diet
group’s take-off latency increased significantly from the first to final trial day (EMM
contrast = -3.09, 95% CI [-4.03, -2.15]; Fig. 22A and Appendix Table 19). The EMM for
the no-treadmill/restricted-diet group also increased, but the contrast was non-significant
(EMM contrast = -0.62, 95% CI [-1.64, 0.40]). Finally, the EMMs for colony and no-
treadmill/unrestricted-diet groups decreased, but not significantly (EMM contrast = 0.09,

95% CI [-0.83, 1.01], and EMM contrast = 0.12, 95% CI [-0.83, 1.06], respectively).

On the final flight trial day, the EMM for the treadmill/restricted-diet group’s was
significantly larger than the no-treadmill/unrestricted-diet group’s (EMM contrast = -

2.79, 95% CI [-5.42, -0.61]; Appendix Table 20).
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Fig. 22. Experiment 2. Take-off latency (In(s)) group EMMs during first and final
trial days including and excluding visualized outlier. (A) Data from all bats (n = 24).
(B) Same data but with values of visualized outlier (Sky 101) excluded (see text; n = 23).
Significant contrasts are labeled; horizontal labels represent within-group contrasts from
first to final trial day; rightside vertical labels represent between-group contrasts on final

trial day.
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EMM contrasts excluding outliers. When data from the mass outlier (Violet 111)

were excluded, the EMM contrasts remain similar (Appendix Table 19)

When data from the visualized outlier (Sky 101) were removed, on the final trial
day, the EMM for the no-treadmill/restricted-diet group’s take-off latency was also
significantly larger than the no-treadmill/unrestricted-diet group (EMM contrast = -2.47,

95% ClI [-4.89, -0.05]; Fig. 22B).

Post-experiment mass. Finally, I compared how masses changed after returning
all bats to the colony, over an approximately one-month period (Fig. 23). Overall, group
mass averages trended upwards. However, two bats increased to a greater extent. These
were Violet 111, the same colony group mass outlier, and Grey 82, a prior no-
treadmill/unrestricted-diet bat. Appendix Fig. 1 compared post-experiment change in
mass including data from all bats and excluding data from Violet 111 and Grey 82.
Appendix Tables 21-23 list relevant § estimates or EMM contrasts, SE, df, t statistics, p-

values, and 95% Cls for post-experiment mass analyses.

LMM results. Overall, there was a small 0.19 g positive effect of trial day on the
prior colony group’s mass. The masses for the groups previously housed in cages were
similar to the prior colony group’s, and the effect of trial day on the three groups was

similar to its effect on the prior colony group (Appendix Fig. 24 and Appendix Table 21).
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Fig. 23. Post-Experiment 2. Change in mass (g) for E. fuscus (n = 24) after returning
all bats to colony. Points and connecting lines represent individual bats; thicker lines
represent group averages fitted with local regression smoothing curves and shaded 95%

Cls.

69



MSc Thesis—R. Soljmosi; McMaster University—Psychology, Neuroscience & Behaviour

EMM contrasts. All EMMs increased from the first to final day they were
weighed (EMM contrast = -6.51, 95% CI [-9.53, -3.84] for colony group, EMM contrast
=-8.31, 95% CI [-11.33, -5.28] for no-treadmill/unrestricted-diet group, EMM contrast =
-7.63, 95% CI [-10.65, -4.60] for no-treadmill/restricted-diet group, and EMM contrast =
-4.93, 95% CI [-7.95, -1.90] for treadmill/restricted-diet group; Appendix Fig. 25 and

Appendix Table 22).

Results excluding outliers. When data from the two visualized outliers (Violet
111 and Grey 82) were excluded, the B estimates and 95% Cls, as well as the EMM

contrasts remained similar (Appendix Tables 21-23).
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Discussion

The goal of the present study was to examine how to maintain and improve
captive bat flight, with the goal of informing caretakers on possible ways to advance

captive E. fuscus housing and care.
Experiment 1: Quantifying decline in flight performance

This first experiment quantified how E. fuscus maintain—or do not maintain—
mass and flight after being brought into captivity and restrained in the typical quarantine

housing conditions.

Firstly, mass results for the non-reproductive individuals were as predicted; there
was a large positive effect of being in the quarantine housing conditions on their mass.
Conversely, the quarantine housing conditions did not have the same effect on the
pregnant-at-start females. The pregnant females had larger mass than the non-
reproductive individuals when they were newly-caught, which is expected due to their
pregnancy. Interestingly, the two groups’ masses converged during the second phase
because the pregnant-at-start females’ mass remained the same. This suggests the
pregnant-at-start females did not lose their pregnancy-related mass after parturition,
which would be abnormal in the wild. For example, wild postpartum females and adult
males do not differ in body mass, and their masses are smaller than pregnant females
(Yacoe, 1983). In general, wild E. fuscus do not typically increase in mass during this
seasonal period as they are active (i.e. not in torpor) in ambient temperatures above 10
degrees Celsius, and do not begin to accumulate body fat for hibernation until at least
August (Beer & Richards, 1956; Kurta & Baker, 1990). Therefore, these results support

the hypothesis that the quarantine housing conditions affect mass.
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Second, flight durations decreased somewhat while being in the quarantine
housing conditions. LMM results suggest that there may have been a negative effect of
being in the second phase on the non-reproductive individuals’ flight duration, though it
was not conclusive. The effect also did not conclusively differ for the pregnant-at-start
females, suggesting that they may have experienced a similar downward trend in flight
duration. There was a negative effect of mass on the non-reproductive individuals’ flight
duration. This indicates that the increased mass these individuals experience in the

quarantine housing conditions can impact their flight ability.

The flight duration results suggest that the quarantine housing conditions may
have a negative effect on flight ability. However, it is possible that flight duration was
shorter during the second phase for reasons unrelated to decreased flight ability. That is,
the bats may have been able to fly for the same duration, but were not motivated to. The
motivating factors were controlled through the housing and flight trial conditions for both
phases, but a future study could explore other possible covariate motivating factors for

bat flight duration.

Third, take-off latency results showed that the quarantine housing conditions may
have actually decreased take-off latency somewhat, though the results did not support a
definitive conclusion about the effect. Still, take-off latency for both groups trended
downwards, which was opposite of my prediction that take-off latency would increase.
This may have been because the bats were more eager to initiate flight after not having
the opportunity to fly for 11 weeks, but future work would need to examine whether this

is a motivating factor for bats to initiate flight.

Finally, during the first phase, the pregnant individuals had somewhat longer take-

off latency and shorter flight duration than the non-reproductive individuals. Though
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these effects were not conclusive, they suggest that their pregnancy may have negatively
affected their flight ability to some degree. However, it is worth noting that the
differences may not have been related to flight ability. Rather, the pregnant individuals
may have opted to conserve their energy by being less willing to initiate flight, and by

flying for a shorter duration than the non-reproductive individuals.

The EMM contrast predicted that the pregnant-at-start group’s take-off latency
would decrease more than the non-reproductive individuals from the first to second
phase. After parturition and lactation, the need to conserve energy would have decreased
(Oftedal, 1985), which could be a reason why their take-off latency decreased more than
the other group. However, this does not explain why their flight duration decreased
somewhat from the first to the second phase, suggesting they still may have experienced

some decrease in flight ability.

Overall, the mass result support my hypothesis, and flight duration results trended
in the predicted direction, while the take-off latency results did not. The quarantine
housing conditions have a positive effect on mass and may have a negative effect on
flight duration. Such changes in mass and flight duration are not natural for E. fuscus, so
the quarantine housing conditions likely do not provide the quality of care required in

captivity.

Experiment 2: Methods to improve flight in captive bats
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This second experiment aimed to explore methods, namely restricted diet and
crawling exercise, to improve captive bat flight in individuals that had been in captivity

for over a year.

Firstly, mass results showed, as predicted, that the restricted diet had a large
negative effect on the two groups’ (i.e. no-treadmill/restricted-diet and
treadmill/restricted-diet) masses; however, the EMMSs for the two groups’ masses did not
differ on the final trial day, so the crawling exercise was not estimated to decrease mass
to a greater extent. Next, there was not a strong effect of being housed in the colony on
the group’s mass, as predicted. Finally, there was not conclusive evidence that there were
differing effects between being in the no-treadmill/unrestricted-diet or the colony group.
EMM analysis showed that when data from the colony group’s large mass outlier were
removed, the no-treadmill/unrestricted-diet group’s mass was estimated to increase
significantly from the first to final trial day, but not to a point where it differed from the
colony group. These EMM predictions suggest that moving the bats from the colony to a
smaller cage with ad libitum food has some positive effect on mass, but not to the extent |

predicted.

Second, unexpectedly, the LMM results showed that there was a positive effect of
being housed in the colony on the group’s flight duration. This was unexpected because |
predicted that their flight duration would not change throughout the study. Based on the
EMM analysis, the colony, no-treadmill/restricted-diet, and treadmill/restricted-diet
groups’ flight durations were estimated to increase from the first to final trial day, but the
treadmill/restricted-diet group’s increase was not significant. Interestingly, the colony
group and no-treadmill-restricted-diet group flight durations were estimated to increase

with similar slopes, whereas the treadmill/restricted-diet increase had a shallower slope.
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This suggests that crawling exercise may actually have had a detractive effect on flight
duration, rather than the positive effect | predicted. Also, the no-treadmill/unrestricted
group results did not support my prediction that the conditions would have a negative
effect on flight. Instead, the EMM analysis estimated that the group’s flight duration
wouldn’t change much from the first to final trial day. This suggests that moving the bats
into a smaller cage with ad libitum food access may not have a negative effect on their
flight. Though, it may have prevented a positive effect, as the group’s flight duration did

not trend upwards like the other three groups.

Third, the LMM results showed that, overall, there were not conclusive effects of
the housing conditions on take-off latency. However, when data from the visualized
outlier in the no-treadmill/unrestricted-diet group were removed, the group had shorter
take-off latency than the colony group, which was not expected. Another unexpected
result was that the treadmill/restricted-diet group had a positive slope across trial day,
which was reflected in the EMM analysis, wherein the group’s take-off latency was
estimated to increase significantly from the first to final trial day. It was also estimated to
be significantly greater than the no-treadmill/unrestricted-diet group on the final trial day.
Furthermore, the EMM analysis showed that the no-treadmill/restricted-diet group’s take-
off latency was also predicted to increase, though not significantly. When data from the
visualized outlier were removed, the no-treadmill/restricted-diet group’s take-off latency
was also predicted to be significantly greater than the no-treadmill/unrestricted-diet group
on the final trial day. These EMM results do not support my predictions for take-off
latency, which were: (1) the small cage with ad libitum food access would cause an
increase, (2) the restricted diet would cause a decrease, and (3) the crawling exercise

would cause a relatively larger decrease. Instead, the small cage with ad libitum food
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access may have decreased take-off latency, whereas the restricted diets, and especially

the crawling exercise, may have increased it.

Overall, the diets and housing conditions had the predicted effects on group mass,
but not the predicted effects on flight ability. Moreover, crawling exercise did not have
the predicted effects in any of the measures. The treadmill/restricted-diet group’s
predicted changes in the flight ability measures were surprising, and suggested there were

additional factors to consider.

One possible factor could have been the available energy levels. The
treadmill/restricted-diet bats had limited energy intake due to the restricted diet, and
increased energy expenditure due to the crawling exercise. This may have caused them to
opt to conserve their energy, which is supported by their EMM increase in take-off
latency, and smaller EMM increase in flight duration compared to the colony and no-
treadmill/restricted-diet groups. Though, the shorter flight duration could have been due
to not having enough energy to expend on longer flights, rather than an intentional
conservation of energy. Conversely, the no-treadmill/restricted-diet and colony groups

would likely have had greater energy levels, allowing them to perform longer flights.

Finally, regarding outliers, there were no apparent patterns in how results changed
when either data from the large mass outlier, or data from the respective response
variable outliers were removed. Therefore, to avoid data selection bias, the main results

including all bats were:

e anegative effect of restricting diet on mass, though only the no-treadmill-

restricted-diet group EMM decreased significantly;
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e apositive effect of trial day on the colony group’s flight duration, and smaller
effects of trial day on the no-treadmill/unrestricted-diet and treadmill/restricted-
diet group flight durations, which were reflected in the colony group and no-
treadmill/restricted-diet EMM flight durations increasing significantly, and;

e apositive slope for the treadmill/restricted-diet group’s take-off latency, with a

significant EMM increase for the group.
Implications

The present study was novel in designing a procedure to train captive E. fuscus to
crawl on a motorized treadmill with a food motivator. Though crawling exercise did not
have the predicted effects in this study, it may have benefits in other avenues. For
example, it could be a way to increase physical activity for bats that have lost their flight
ability. Crawling exercise may also have differing effects on different bat species. For
example, it may not largely benefit species with moderate crawling ability, like E. fuscus,
but could have greater effects on species with great crawling ability, like D. rotundus.
Future studies could examine the degree to which crawling affects different species, as

well as possible uses for the crawling procedure.

Furthermore, the present study showed that the colony group’s conditions
improved flight duration, which I had not predicted. The finding suggests that explicitly
flying the bats on two nights per week, in addition to any voluntary flight they may have
had in the colony, could improve flight ability. Future research should examine the effect

of systematic flight exercise on captive bat flight ability.

Along with the colony group’s increased flight duration, the no-

treadmill/restricted-diet group’s conditions were also estimated to improve flight
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duration. Future studies that require flight could employ either of these conditions to
improve flight duration prior to study onset. Additionally, restricting the animals’ diet
effectively decreased their mass, which can be employed for future studies requiring bats

with smaller mass.

However, the extent to which | restricted their diets is not ideal for long-term
studies as the bats would likely have eventually become underweight. Chronically
undernourished animals face negative effects such as increased susceptibility to stressors
like cold stimuli and having offspring with arrested development (Campbell &
Richardson, 1988; Martins et al., 2011; Roeder & Chow, 1972). Furthermore,
quantitative food restriction can be associated with signs of hunger such as increased
food motivation, leading to overeating when food is available (D’Eath et al., 2009). My
post-experiment mass analysis suggested that this did not occur when the bats were
returned to the colony with ad libitum food access (i.e. all bats increased similarly in
mass), but this may not be the case after longer-term food restriction. Quantitative food
restriction can also cause redirected oral behaviours (e.g., chewing on the enclosure)
which can develop into stereotypies (D’Eath et al., 2009). Additionally, as discussed, the
restricted diet may have increased their take-off latency somewhat, so prolonging the
restriction may further increase their hesitancy to initiate flight. Finally, for general long-
term housing, restricting diets and hand-feeding bats daily is not feasible. Therefore,
long-term quantitative food restriction may not provide the quality of care needed for

captive animals.

Furthermore, while the no-treadmill/restricted-diet group’s flight duration
increased throughout my study, the small cage housing restricts their exercise, which may

eventually counteract the effect. This would detract from longer-duration flight studies.
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In summation, the colony conditions are more ideal for long-term studies and housing,

and explicitly flying colony-housed bats can improve flight duration for future studies.

Finally, my results show that the quarantine housing conditions do not allow bats
to maintain mass and flight duration, so bats should not be housed under these conditions
for an extended period of time (i.e. months). Though not statistically analyzed,
Experiment 1 bat masses during the second phase appeared to be greater than Experiment
2 masses of bats housed in the colony prior to study onset. Similarly, Experiment 1 flight
durations during the second phase appeared to be shorter than Experiment 2 flight
durations at study onset. Taking the two experiments’ results together, to maintain mass
and flight duration upon capture, newly-caught bats should be housed in a larger
enclosure that allows for voluntary free flight. Because the colony group’s flight duration
increased in Experiment 2, caretakers could also aim to systematically fly newly-caught
bats along with their voluntary flight. Future research should examine how systematic

and voluntary flight exercise helps maintain newly-captive E. fuscus flight.
Limitations

The non-reproductive individuals group in Experiment 1 had one non-pregnant
female and four males due to limited bat availability. Therefore, it is unknown whether

there were differences between non-reproductive female and male mass and flight ability.

Also, due to limited space availability, the colony group in Experiment 2 was
housed with other captive bats not included in the study. Conversely, the cage groups
were only housed with the individuals in their groups. It is unknown whether the
differences in social composition had an effect on behaviours like feeding, or their

performance.
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Additionally, Experiment 2 did not include a group that was exercised through
crawling and had ad libitum food access, in either a small cage or the colony. This was to
not overfeed bats while motivating them to crawl on the treadmill. However, | have
speculated that the treadmill/restricted-diet group had limited available energy, which
may have negatively affected their flight performance. Therefore, a study including a
treadmill exercise group with ad libitum food access could examine whether crawling

exercise can improve flight when the animal has unrestricted energy intake.

Experiment 2 also did not include a group housed in an enclosure large enough for
free flight, but on a restricted diet. Again, this was due to limited space. Based on my
results, I would predict that a colony group on a restricted diet would decrease in mass,
and possibly have an even greater increase in flight duration than the colony and no-

treadmill/restricted-diet group conditions alone.

Furthermore, Experiment 2 only included female captive bats because there were
not enough males available. | am not aware of any studies that compare female and male

bat flight performance, so a future experiment examining this would be novel.

Finally, I was not blind to the bats’ treatment conditions during flight trials for
both experiments. Though I controlled factors such as the starting point, and how each
trial began and ended, | may have subconsciously modified my behaviour across different

bats.
Conclusion

This study offers novel research on maintaining and improving captive E. fuscus
flight. My results show that the quarantine housing conditions for newly-captive bats may

not maintain proper mass and flight duration. Also, for bats that have been in captivity
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over a longer period of time, combining systematic flight trials with a restricted diet or
housing large enough to allow voluntary flight improves flight duration. These are
important results to inform adequate bat husbandry because captive bat flight is crucial

for both animal welfare and scientific research.
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Appendix
Animals

Appendix Table 1. E. fuscus used in all studies.

Experiment 1: Quantifying decline in captive bat flight

Bat ID Sex Pregnancy status at start Capture date
Orange 4 Male n/a May 24, 2024
Orange 12 Male n/a May 25, 2024
Orange 13 Male n/a May 25, 2024
Orange 16 Male n/a May 25, 2024
Orange 19 Female Pregnant May 25, 2024
Orange 24 Female Pregnant May 25, 2024
Orange 25 Female Pregnant May 25, 2024
Orange 27 Female Pregnant May 25, 2024
Orange 30 Female Pregnant May 25, 2024
Orange 31 Female Non-pregnant May 25, 2024
Pilot study 1

Bat ID Sex Capture date

Sky 101 Female May 18,2023

Sky 111 Female May 18,2023

Sky 151 Female May 18,2023

Sky 154 Female May 18,2023

Sky 155 Female May 18,2023

Sky 156 Female May 18,2023

Pilot study 2

Bat ID Sex Capture date

Violet 113 Female May 2, 2023*
Violet 125 Female May 2, 2023*
Violet 127 Female May 2, 2023*

Experiment 2: Methods to improve flight in captive bats
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Bat ID Sex Experimental group Capture date
Grey 82 Female Non-exercise/unrestricted-diet May 20, 2022
Grey 100 Female Exercise/restricted-diet May 23, 2022
Sky 101 Female Non-exercise/unrestricted-diet May 18, 2023
Sky 110 Female Colony May 18, 2023
Sky 111 Female Exercise/restricted-diet May 18, 2023
Sky 114 Female Colony May 18, 2023
Sky 140 Female Non-exercise/unrestricted-diet May 18, 2023
Sky 141 Female Colony May 18, 2023
Sky 144 Female Non-treadmill/restricted-diet May 18, 2023
Sky 146 Female Non-treadmill/restricted-diet May 18, 2023
Sky 147 Female Colony May 18, 2023
Sky 150 Female Non-treadmill/restricted-diet May 18, 2023
Sky 151 Female Colony May 18, 2023
Sky 154 Female Non-treadmill/restricted-diet May 18, 2023
Sky 155 Female Non-treadmill/restricted-diet May 18, 2023
Sky 156 Female Exercise/restricted-diet May 18, 2023
Sky 157 Female Exercise/restricted-diet May 18, 2023
White 166 Female Exercise/restricted-diet May 24, 2019
White 167 Female Non-treadmill/restricted-diet May 24, 2019
Violet 111 Female Colony May 2, 2023*

Violet 170 Female Non-exercise/unrestricted-diet August 22, 2023*
Yellow 84 Female Non-exercise/unrestricted-diet May 24, 2018
Yellow 151  Female Exercise/restricted-diet May 24, 2019
Yellow 152  Female Non-exercise/unrestricted-diet May 26, 2021

*refers to date that bat was acquired from Hobbitstee Wildlife Refuge; information on
when bat entered the Refuge not available
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Appendix Table 2. Flight groups for Experiment 2.

Group 1 Group 2
Grey 82 Grey 100
Sky 101 Sky 111
Sky 110 Sky 114
Sky 140 Sky 144
Sky 141 Sky 146
Sky 147 Sky 151
Sky 150 Sky 156
Sky 154 Sky 157
Sky 155 Violet 170
Violet 111 White 166
Yellow 84 White 167
Yellow 152 Yellow 151
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Experiment 1: Quantifying decline in flight performance

Appendix Table 3. Experiment 1. E. fuscus (n = 10) mass (In(g)) LMM results.

Term B SE df t p 95% ClI

Non-reproductive individuals,

first phase (intercept) 279 004 8 78.50 <.0001 [2.70, 2.87]
Second phase 050 005 8 596 <.001 [0.31,0.70]
Pregnant-at-start females 046 005 8 9.11 <.0001 [0.34,0.57]

Second phase:

Pregnant-at-start females -0.51 0.06 8 -4.32 <01 [-0.79, -0.24]
Intercept SD 0.07 [0.04, 0.11]
Intercept & slope correlation  -0.53 [-0.86, 0.15]
Slope SD 0.18 [0.11, 0.28]
Residual SD 0.05 [0.05, 0.07]
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Appendix Table 4. Experiment 1. E. fuscus (n = 10) mass (In(g)) study phase EMM
contrasts. A negative EMM contrast signifies an increase in group mass EMM from the

first to the second phase, and vice versa.

Term EMM SE df t p 95% ClI

Non-reproductive individuals -0.50 0.08 8 -5.96 <.001 [-0.70,-0.31]

Pregnant-at-start females 001 008 8 0.15 0.88 [-0.18, 0.21]
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Appendix Table 5. Experiment 1. E. fuscus (n = 10) mass (In(g)) group EMM
contrasts. A negative EMM contrast signifies the pregnant-at-start females group had

greater mass EMM, and vice versa.

Term EMM SE df t p 95% CI
First phase -0.46 0.05 8 -9.11 <.0001 [-0.57,-0.34]
Second phase 0.06 0.05 8 0.55 0.60 [-0.18, 0.29]
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Appendix Table 6. Experiment 1. E. fuscus (n = 10) flight duration (In(s)) LMM

results.

Term B SE df t p 95% ClI

Non-reproductive individuals,

first phase (intercept) 197 034 224 935 <.0001 [1.28,2.67]
Second phase -0.55 036 174 -2.80 0.12 [-1.26, 0.15]
Mass -0.16 0.03 165 -4.85 <0001 [-0.21,-0.11]
Pregnant-at-start females 001 046 201 -1.11 0.98 [-0.95, 0.97]

Second phase:

Pregnant-at-start females 0.17 041 175 143 0.67 [-0.63, 0.98]
Intercept SD 0.50 [0.24, 0.79]
Residual SD 0.96 [0.86, 1.06]
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Appendix Table 7. Experiment 1. E. fuscus (n = 10) flight duration (In(s)) study
phase EMM contrasts. A negative EMM contrast signifies an increase in group flight

duration EMM from the first to the second phase, and vice versa.

Term EMM SE df t p 95% ClI

Non-reproductive individuals 0.55 036 174 280 0.13  [-0.16, 1.27]

Pregnant-at-start females 038 020 167 171  0.06 [-0.02, 0.78]
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Appendix Table 8. Experiment 1. E. fuscus (n = 10) flight duration (In(s)) group
EMM contrasts. A negative EMM contrast signifies the pregnant-at-start females group

had greater flight duration EMM, and vice versa.

Term EMM SE df t p 95% ClI
First phase -0.01 046 205 -0.02 0.98 [-0.97, 0.95]
Second phase -0.18 038 10.8 -0.48 0.64 [-1.02, 0.65]
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Appendix Table 9. Experiment 1. E. fuscus (n = 10) take-off latency (In(s)) LMM

results.

Term B SE df t p 95% ClI
Non-reproductive individuals,

first phase (intercept) 068 024 394 279 <01 [0.19,1.17]
Second phase -0.61 033 122 -1.82 0.07 [-1.26, 0.05]
Mass -0.01 0.02 721 -0.34 0.74 [-0.06, 0.04]
Pregnant-at-start females 042 033 37 1.29 0.20 [-0.24, 1.008
Second phase:

Pregnant-at-start females -0.30 039 148 -0.78 0.44 [-1.07, 0.47]
Intercept SD 0.16 [0.00, 0.34]
Residual SD 0.97 [0.87, 1.07]
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Appendix Table 10. Experiment 1. E. fuscus (n = 10) take-off latency (In(s)) study
phase EMM contrasts. A negative EMM contrast signifies an increase in group take-off

latency EMM from the first to the second phase, and vice versa.

Term EMM SE  df t p 95% ClI

Non-reproductive individuals 0.61 034 120 1.76 0.08 [-0.08, 1.29]

Pregnant-at-start females 091 020 167 4.45 <.0001 [0.51,1.31]
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Appendix Table 11. Experiment 1. E. fuscus (n = 10) take-off latency (In(s)) group
EMM contrasts. A negative EMM contrast signifies the pregnant-at-start females group

had greater take-off latency EMM, and vice versa.

Term EMM SE df t p 95% CI
First phase -0.42 034 355 -1.29 0.22 [-1.10, 0.26]
Second phase -0.12 023 20.7 -052 061 [-0.60,0.36]
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Experiment 2: Methods to improve flight in captive bats

Appendix Table 12. Experiment 2. Mass (g) LMM results.

Including data from all bats (n = 24)

Term ] SE df t p 95% ClI
Colony (intercept) 19.7 0.88 20.1 2230 <.0001 [17.9,21.6]
Trial day 0.004 0.02 200 021 083 [-0.03,0.04]
No tread./unrest. diet -049 125 201 -0.39 0.70 [-3.09, 2.12]
No tread./rest. diet -429 1.25 20.1 -344 <01 [-6.89, -1.69]
Tread./rest. diet -463 125 201 -371 <01 [-7.23,-2.03]
Trial day:No tread./unrest. diet 0.03 0.03 20.0 1.10 0.28 [-0.03, 0.08]
Trial day:No tread./rest. diet  -0.07 0.03 200 -259 <05 [-0.12,-0.01]
Trial day:Tread./rest. diet -0.04 0.03 200 -135 0.19 [-0.09, 0.02]
Intercept SD 2.16 [1.52, 2.70]
Intercept & slope correlation  0.36 [-0.03, 0.66]
Slope SD 0.05 [0.03, 0.06]
Residual SD 0.59 [0.56, 0.61]
Excluding data from mass outlier (see text; n = 23)

Term B SE df t p 95% CI
Colony (intercept) 186  0.75 19.0 247 <.0001 [17.0,20.1]
Trial day -0.02 0.01 190 -186 0.08 [-0.05,0.003]
No tread./unrest. diet 0.67 1.02 19.0 066  0.52 [-1.46, 2.80]
No tread./rest. diet -314 102 190 -3.08 <01 [-5.27,-1.01]
Tread./rest. diet -3.48 1.02 190 -342 <01 [-5.61,-1.35]
Trial day:No tread./unrest. diet 0.06  0.02 190 320 <.01 [0.02,0.10]
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Trial day:No tread./rest. diet  -0.04 0.02 19.0 -220 <05 [-0.08,-0.002]

Trial day:Tread./rest. diet -0.01 0.02 190 -0.38 0.71  [-0.05,0.03]
Intercept SD 1.68 [1.17,2.10]
Intercept & slope correlation  -0.31 [-0.63, 0.10]
Slope SD 0.03 [0.02, 0.04]
Residual SD 0.59 [0.57, 0.61]
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Appendix Table 13. Experiment 2. Mass (g) first and final trial day EMM contrasts.

A negative EMM contrast signifies an increase in group mass EMM from first to final

trial day, and vice versa.

Including data from all bats (n = 24)

Group EMM SE df t p 95% ClI
Colony -0.23 1.09 20 -0.21 0.83 [-2.52,2.05]
No tread./unrest. diet -1.94 1.09 20 -1.77  0.09 [-4.22,0.35]
No tread./rest. diet 3.78 1.09 20 3.46 <.01 [1.50,6.07]
Tread./rest. diet 1.86 1.09 20 1.70  0.10 [-0.42,4.14]
Excluding data from mass outlier (see text; n = 23)

Group EMM SE df t p 95% ClI
Colony 1.46 0.78 19 1.86 0.08 [-0.18, 3.09]
No tread./unrest. diet -1.94 0.71 19 271 <05 [-3.43,-0.44]
No tread./rest. diet 3.78 0.71 19 5.30 <.0001[2.29, 5.28]
Tread./rest. diet 1.86 0.71 19 2.61 <.05 [0.37,3.36]
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Appendix Table 14. Experiment 2. Mass (g) group EMM contrasts. A negative EMM

contrast signifies the subtracted group had a greater mass EMM, and vice versa.

Including mass outlier (n = 24)

First trial day

Group EMM SE df t p 95% CI

No tread./rest. diet - Tread./rest. diet 1.30 1.21 20 1.08 0.71 [-2.09,4.69]
No tread./unrest. diet - Tread./rest. diet ~ 2.25 121 20 186 0.28 [-1.14,5.64]

No tread./unrest diet — No tread./rest diet 0.95 1.21 20 0.78 0.86 [-2.45,4.33]

Colony - Tread./rest. diet 3.59 121 20 296 <.05 [0.20,6.97]
Colony - No tread./rest. diet 2.28 121 20 188 0.26 [-1.11,5.67]
Colony - No tread./unrest. diet 1.34 121 20 110 0.69 [-2.05,4.73]
Final trial day

Group EMM SE df t p 959% CI

No tread./rest. diet - Tread./rest. diet -0.62 169 20 -0.37 0.98 [-5.34,4.10]

No tread./unrest. diet - Tread./rest. diet ~ 6.05 169 20 359 <.01 [1.33,10.77]

No tread./unrest diet — No tread./rest diet 6.67 1.69 20 395 <01 [1.94,11.39]

Colony - Tread./rest. diet 5.68 1.69 20 3.37 <.05 [0.96,10.40]
Colony - No tread./rest. diet 6.30 1.69 20 3.73 <01 [1.58,11.02]
Colony - No tread./unrest. diet -0.37 169 20 -0.22 1.00 [-5.09,4.35]

Excluding data from mass outlier (see text; n = 23)

First trial day

Group EMM SE df t p 95% ClI

No tread./rest. diet - Tread./rest. diet 1.30 122 19 107 0.71 [-2.14,4.74]

No tread./unrest. diet - Tread./rest. diet ~ 2.25 122 19 184 0.29 [-1.19,5.69]
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No tread./unrest diet — No tread./rest diet 0.95 1.22 19 0.77 0.87 [-2.49,4.38]

Colony - Tread./rest. diet 3.28 1.28 19 255 0.08 [-0.33,6.88]
Colony - No tread./rest. diet 1.97 128 19 154 044 [-1.63,5.58]
Colony - No tread./unrest. diet 1.03 1.28 19 080 0.85 [-2.58,4.64]
Final trial day

Group EMM SE df t p 95% CI

No tread./rest. diet - Tread./rest. diet -0.62 095 19 -0.65 0.91 [-3.29,2.05]

No tread./unrest. diet - Tread./rest. diet ~ 6.05 095 19 6.38 <.0001[3.38,8.71]

No tread./unrest diet — No tread./rest diet 6.67  0.95 19 7.03 <.0001[4.00, 9.33]

Colony - Tread./rest. diet 3.68 0.99 19 370 <0.01 [0.89, 6.48]
Colony - No tread./rest. diet 430 099 19 432 <0.01 [1.50,7.10]
Colony - No tread./unrest. diet -237 099 19 -238 0.12 [-5.16,0.43]
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Appendix Table 15. Experiment 2. Flight duration (In(s)) LMM results.

Including data from all bats (n = 24)

Term B SE df t p 95% ClI
Colony (intercept) 5.12 0.43 20.6 1190 <.0001 [4.22,6.02]
Trial day 0.16 0.03 19.6 5.55 <.0001 [0.10, 0.22]
Mass 030 0.06 589 -490 <.0001 [-0.42,-0.17]
Days in captivity -0.001 0.0003 183 -1.96 0.07 [-0.001, 0.0001]
No tread./unrest. diet -0.42 0.61 206 -0.69 0.50 [-1.69, 0.86]
No tread./rest. diet -080 059 200 -136 0.19 [-2.02, 0.43]
Tread./rest. diet -1.29  0.63 214 -2.06 0.05 [-2.59, 0.01]
Trial day:No tread./unrest. diet -0.16 0.04 217 -3.94 <001 [-0.25,-0.08]
Trial day:No tread./rest. diet  -0.01 0.04 238 -0.14 0.89 [-0.09, 0.08]
Trial day:Tread./rest. diet -0.11 004 215 -267 <05 [-0.20,-0.02]
Mass:No tread./unrest. diet 0.06 0.10 153 057 0.57 [-0.14, 0.26]
Mass:No tread./rest. diet 0.22 0.08 148 270 <.01 [0.06,0.37]
Mass: Tread./rest. diet -0.06 0.10 243 -056 0.58 [-0.26, 0.15]
Intercept SD 0.97 [0.64, 1.17]
Intercept & slope correlation  -0.22 [-0.61, 0.22]
Slope SD 0.06 [0.04, 0.08]
Residual SD 0.44 [0.40, 0.47]
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Excluding data from mass outlier (see text; n = 23)

Term B SE df t p 95% ClI
Colony (intercept) 524  0.47 19.1 11.20 <.0001 [4.26,6.22]
Trial day 017 0.03 199 543 <.0001 [0.11,0.24]
Mass -0.20 0.09 309 -227 <.05 [-0.38, -0.03]
Days in captivity -0.001 0.0004 17.6 -1.89 0.08  [-0.001,0.0001]
No tread./unrest. diet -046 065 201 -0.70 0.49 [-1.81, 0.90]
No tread./rest. diet -0.88 0.62 186 -1.43 0.17 [-2.18, 0.41]
Tread./rest. diet -1.29 065 195 -199 0.06 [-2.65,0.07]
Trial day:No tread./unrest. diet -0.18 0.04 21.1 -406 <001 [-0.27,-0.09]
Trial day:No tread./rest. diet  -0.02 0.04 231 -0.44 0.67 [-0.11, 0.07]
Trial day:Tread./rest. diet -0.12 0.04 210 -286 <01 [-0.22,-0.03]
Mass:No tread./unrest. diet -0.03 012 270 -0.28 0.78 [-0.28,0.21]
Mass:No tread./rest. diet 013 011 325 121 0.23 [-0.08, 0.33]
Mass: Tread./rest. diet -0.15 012 326 -1.20 0.23 [-0.39, 0.09]
Intercept SD 0.98 [0.65, 1.19]
Intercept & slope correlation  -0.30 [-0.67, 0.16]
Slope SD 0.06 [0.04, 0.08]
Residual SD 0.45 [0.41, 0.48]
Excluding data from visualized outliers (see text; n = 22)

Term B SE df t p 95% CI
Colony (intercept) 480 046 204 104  <.0001 [3.84,5.76]
Trial day 0.18 0.03 17.4 6.05 <.0001 [0.11, 0.24]
Mass -0.28 0.06 551 -425 <.0001 [-0.41,-0.15]
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Days in captivity

No tread./unrest. diet

No tread./rest. diet
Tread./rest. diet

Trial day:No tread./unrest. diet
Trial day:No tread./rest. diet
Trial day:Tread./rest. diet
Mass:No tread./unrest. diet
Mass:No tread./rest. diet
Mass:Tread./rest. diet
Intercept SD

Intercept & slope correlation
Slope SD

Residual SD

-0.001 0.0004 17.0

-0.47

-0.51

-1.00

-0.16

-0.02

-0.13

0.07

0.19

-0.05

0.91

0.04

0.06

0.44

0.67

0.59

0.63

0.04

0.04

0.04

0.11

0.08

0.11

21.3

194

20.6

20.8

21.2

19.1

206

126

199

-1.75

-0.70

-0.85

-1.59

-3.84

-0.58

-3.11

0.65

2.30

-0.51

0.10

0.49

0.40

0.13

<.001

0.57

<.01

0.51

<.05

0.61

[-0.001, 0.0001]
[-1.85, 0.92]
[-1.74, 0.73]
[-2.31, 0.31]
[-0.25, -0.07]
[-0.11, 0.06]
[-0.21, -0.04]
[-0.15, 0.30]
[0.03, 0.36]
[-0.26, 0.15]
[0.59, 1.10]
[-0.43, 0.50]
[0.03, 0.07]

[0.41, 0.48]
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Appendix Table 16. Experiment 2. Flight duration (In(s)) first and final trial day
EMM contrasts. A negative EMM contrast signifies an increase in flight duration EMM

from first to final trial day, and vice versa.

Including data from all bats (n = 24)

Group EMM  SE df t p 95% ClI

Colony -2.21 0.40 195 -555 <.0001 [-3.05,-1.38]
No tread./unrest. diet 0.07 0.42 238 0.16 0.88 [-0.80, 0.94]
No tread./rest. diet -2.13 0.44 28.1 -4.85 <.0001 [-3.03,-1.23]

Tread./rest. diet -0.67 0.42 233 -1.60 0.12 [-1.54, 0.20]

Excluding data from mass outlier (see text; n = 23)

Group EMM SE df t p 95% ClI

Colony -2.41 0.44 20.0 -5.43 <.0001 [-3.34,-1.48]
No tread./unrest. diet 0.07 0.42 23.1 0.16 0.87 [-0.81, 0.94]
No tread./rest. diet -2.14 0.44 7.5 -4.85 <.0001 [-3.04,-1.23]

Tread./rest. diet -0.67 0.42 227 -159 0.13 [-1.54, 0.20]

Excluding data from visualized outliers (see text; n = 22)

Group EMM  SE df t p 95% ClI

Colony -2.45 0.41 174  -6.05 <.0001 [-3.30,-1.59]
No tread./unrest. diet -0.15 0.44 247  -0.35 0.73 [-1.07, 0.76]
No tread./rest. diet -2.11 0.41 26.3 -5.13 <.0001 [-2.96,-1.27]

Tread./rest. diet -0.70 0.39 212 -1.80 0.09 [-1.51,0.12]
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Appendix Table 17. Experiment 2. Flight duration (In(s)) group EMM contrasts. A
negative EMM contrast signifies the subtracted group had a greater flight duration EMM,

and vice versa.

Including data from all bats (n = 24)

First trial day

Group EMM SE df t p 95% CI

No tread./rest. diet - Tread./rest. diet -0.24 0.69 194 -0.34 0.99 [-2.18,1.71]
No tread./unrest. diet - Tread./rest. diet ~ 1.24  0.69 194 181 0.30 [-0.69, 3.17]

No tread./unrest diet — No tread./rest diet 1.48  0.68 189 2.16 0.17 [-0.45, 3.40]

Colony - Tread./rest. diet 0.52 0.72 20.8 0.72 0.89 [-1.49, 2.53]
Colony - No tread./rest. diet 0.76 0.69 19.7 110 0.70 [-1.18,2.70]
Colony - No tread./unrest. diet -0.72 071 204 -1.01 0.74 [-2.71,1.27]
Final trial day

Group EMM SE  df t p 95% ClI

No tread./rest. diet - Tread./rest. diet 123 065 27.0 187 0.26 [-0.57,3.01]
No tread./unrest. diet - Tread./rest. diet 050 0.65 27.0 0.78 0.87 [-1.28, 2.29]

No tread./unrest diet — No tread./rest diet -0.72 0.64 245 -1.13 0.68 [-2.48, 1.04]

Colony - Tread./rest. diet 206 0.67 239 310 <.05 [0.23,3.90]
Colony - No tread./rest. diet 0.84 063 223 134 0.55 [-0.90,2.58]
Colony - No tread./unrest. diet 156 0.65 221 240 0.11 [-0.25,3.37]

Excluding data from mass outlier (see text; n = 23)
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First trial day

Group EMM SE  df t p 95% CI

No tread./rest. diet - Tread./rest. diet -0.33 0.72 182 -0.46 0.97 [-2.35,1.69]
No tread./unrest. diet - Tread./rest. diet ~ 1.20 0.71 183 1.69 0.36 [-0.80, 3.21]
No tread./unrest diet — No tread./rest diet 1.53 0.71 182 214 0.18 [-0.48, 3.54]
Colony - Tread./rest. diet 042 078 20.0 054 0.95 [-1.77,2.61]
Colony - No tread./rest. diet 075 076 19.3 0.98 0.76 [-1.39, 2.88]
Colony - No tread./unrest. diet -0.78 0.78 20.1 -1.01 0.75 [-2.96, 1.40]
Final trial day

Group EMM SE df t p  95% CI

No tread./rest. diet - Tread./rest. diet 1.14 0.63 247 182 0.29 [-0.59,2.88]
No tread./unrest. diet - Tread./rest. diet ~ 0.47  0.64 264 0.73 0.88 [-1.29, 2.22]
No tread./unrest diet — No tread./rest diet -0.68 0.63 24.5 -1.07 0.71 [-2.42,1.07]
Colony - Tread./rest. diet 2.16 0.66 21.2 329 <.05 [0.33,3.99]
Colony - No tread./rest. diet 1.02 062 203 164 0.38 [-0.72,2.75]
Colony - No tread./unrest. diet 1.70 0.66 214 257 0.08 [-0.14,3.53]
Excluding data from visualized outliers (see text; n = 22)

First trial day

Group EMM SE df t p  95% CI

No tread./rest. diet - Tread./rest. diet -0.21 060 173 -0.35 0.98 [-1.92,1.50]
No tread./unrest. diet - Tread./rest. diet  0.81  0.63 179 1.28 0.58 [-0.97, 2.58]
No tread./unrest diet — No tread./rest diet 1.02 0.63 17.3 161 0.40 [-0.78,2.81]
Colony - Tread./rest. diet 0.13 067 19.1 0.19 1.00 [-1.75,2.01]
Colony - No tread./rest. diet 034 064 184 053 0.95 [-1.46,2.13]
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Colony - No tread./unrest. diet -0.68 0.70 19.2 -0.97 0.77 [-2.64,1.29]
Final trial day

Group EMM SE  df t p  95% CI

No tread./rest. diet - Tread./rest. diet 1.20 0.68 245 177 0.31 [-0.66, 3.06]
No tread./unrest. diet - Tread./rest. diet  0.26  0.73 27.4 0.35 0.98 [-1.73, 2.24]
No tread./unrest diet — No tread./rest diet -0.94 0.72 25.6 -1.30 0.57 [-2.93, 1.04]
Colony - Tread./rest. diet 1.87 072 222 259 0.07 [-0.14, 3.88]
Colony - No tread./rest. diet 0.67 0.69 20.6 098 0.76 [-1.25,2.59]
Colony - No tread./unrest. diet 1.62 0.78 239 2.08 0.19 [-0.52,3.75]
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Appendix Table 18. Experiment 2. Take-off latency (In(s)) LMM results.

Including data from all bats (n = 24)

Term B SE df t p 95% ClI
Colony (intercept) 2.06 0.54 216 3.83 <.001 [0.95,3.18]
Trial day -0.01 0.03 195 -021 0.84 [-0.07, 0.06]
Mass 015 006 128 255 <05 [0.03,0.27]
No tread./unrest. diet -082 074 199 -111 0.28 [-2.37,0.72]
No tread./rest. diet 0.65 0.77 225 0.85 0.41 [-0.95, 2.25]
Tread./rest. diet 036 078 232 046 065 [-1.25,1.97]
Trial day: No tread./unrest. diet -0.002 0.04 19.7 -0.04 0.97 [-0.10, 0.10]
Trial day: No tread./rest. diet 0.05 0.05 234 106 0.30 [-0.05, 0.15]
Trial day: Tread./rest. diet 023 005 204 500 <.0001 [0.13,0.32]
Intercept SD 1.26 [0.86, 1.57]
Intercept & slope correlation  0.52 [-0.48, 1.00]
Slope SD 0.05 [0.0003, 0.08]
Residual SD 0.99 [0.92, 1.08]
Excluding data from mass outlier (see text; n = 23)

Term B SE df t p 95% CI
Colony (intercept) 2.07  0.60 193 349 <01 [0.83,3.32]
Trial day -0.01 0.04 193 -0.38 0.71  [-0.09, 0.06]
Mass 0.15 0.07 166 2.06 <.05 [0.01, 0.28]
No tread./unrest. diet -0.87  0.80 188 -1.10 0.29 [-2.55, 0.80]
No tread./rest. diet 0.58 0.81 201 071 0.49 [-1.12, 2.27]
Tread./rest. diet 028 082 207 034 0.74 [-1.43,1.99]
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Trial day: No tread./unrest. diet 0.01 0.05 21.1 0.12 0.90 [-0.10, 0.11]
Trial day: No tread./rest. diet 0.06 005 210 113 0.27 [-0.05, 0.16]
Trial day: Tread./rest. diet 0.23 0.05 18.8 4.88 <001 [0.13,0.33]
Intercept SD 1.29 [0.87, 1.62]
Intercept & slope correlation  0.53 [-0.50, 1.00]
Slope SD 0.05 [0.0003, 0.08]
Residual SD 1.01 [0.94, 1.10]
Excluding data from visualized outlier (see text; n = 23)

Term B SE df t p 95% ClI
Colony (intercept) 2.07 0.47 21.3 4.40 <.001 [1.09, 3.04]
Trial day -0.01 0.03 185 -0.19 085 [-0.07,0.06]
Mass 0.14 0.06 110 2.39 <.05 [0.02, 0.26]
No tread./unrest. diet -141 067 191 -210 <05 [-2.81,-0.01]
No tread./rest. diet 0.61 0.67 220 0.91 0.37 [-0.78, 2.01]
Tread./rest. diet 032 068 229 046 065 [-1.09,1.72]
Trial day: No tread./unrest. diet -0.02  0.05 186 -0.36 0.73 [-0.12, 0.08]
Trial day: No tread./rest. diet 0.05 0.05 222 100 0.33 [-0.05, 0.15]
Trial day: Tread./rest. diet 0.23 0.05 194 497  <.0001 [0.13,0.32]
Intercept SD 1.07 [0.72, 1.34]
Intercept & slope correlation  0.39 [-1.00, 1.00]
Slope SD 0.05 [0.00, 0.07]
Residual SD 1.00 [0.93, 1.09]
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Appendix Table 19. Experiment 2. Take-off latency (In(s)) first and final trial day
EMM contrasts. A negative EMM contrast signifies an increase in group take-off

latency EMM from first to final trial day, and vice versa.

Including data from all bats (n = 24)

Group EMM SE df t p 95% CI
Colony 0.09 044 196 021 084 [-0.83,1.02]
No tread./unrest. diet 0.12 045 208 026 0.80 [-0.83, 1.06]

No tread./rest. diet -0.62 050 256 -125 0.22 [-1.64 0.40]

Tread./rest. diet -3.09 045 207 -6.83 <.0001 [-4.03,-2.15]

Excluding data from mass outlier (see text; n = 23)

Group EMM SE df t p 95% ClI
Colony 0.19 050 193 038 071 [-0.85, 1.23]
No tread./unrest. diet 0.10 0.47 20.9 0.22 0.83 [-0.87, 1.07]

No tread./rest. diet -0.59 0.52 290 -114 0.27 [-1.65, 0.47]

Tread./rest. diet -3.08 0.47 20.7 -6.62 <.0001 [-4.04,-2.11]

Excluding data from visualized outlier (see text; n = 23)

Group EMM SE df t p 95% CI
Colony 0.09 044 186 019 085 [-0.84,1.01]
No tread./unrest. diet 0.32 0.49 193 065 052 [-0.71, 1.35]

No tread./rest. diet -0.58 0.50 24.3 -1.18  0.25 [-1.60, 0.44]

Tread./rest. diet -3.07 0.45 19.7 -6.80 <.0001 [-4.02,-2.13]
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Appendix Table 20. Experiment 2. Take-off latency (In(s)) group EMM contrasts. A
negative EMM contrast signifies the subtracted group had a greater take-off latency

EMM, and vice versa.

Including data from all bats (n = 24)

First trial day

Group EMM SE df t p 95% CI

No tread./rest. diet - Tread./rest. diet 153 071 20.1 216 0.17 [-0.46, 3.51]
No tread./unrest. diet - Tread./rest. diet ~ 0.42  0.71 20.4 059 0.93 [-1.57,2.41]

No tread./unrest diet — No tread./rest diet -1.11 0.70 19.7 -1.57 0.42 [-3.08, 0.87]

Colony - Tread./rest. diet 1.23 073 218 1.69 0.35 [-0.80, 3.26]
Colony - No tread./rest. diet -0.30 0.71 20.2 -0.42 0.97 [-2.28,1.69]
Colony - No tread./unrest. diet 0.81 0.71 20.0 1.15 0.67 [-1.17,2.79]
Final trial day

Group EMM SE df t p 95% ClI

No tread./rest. diet - Tread./rest. diet -094 0.89 196 -1.06 0.72 [-3.45,1.56]

No tread./unrest. diet - Tread./rest. diet ~ -2.79 0.95 23.0 -2.94 <.05 [-5.42,-0.16]

No tread./unrest diet — No tread./restdiet -1.85 0.96 23.7 -1.92 0.25 [-4.50, 0.81]

Colony - Tread./rest. diet -1.95 095 231 -2.05 0.20 [-4.58,0.68]
Colony - No tread./rest. diet -1.01 096 239 -1.05 0.72 [-3.67, 1.65]
Colony - No tread./unrest. diet 084 089 19.6 094 0.79 [-1.67,3.34]

Excluding data from mass outlier (see text; n = 23)
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First trial day

Group EMM SE df t p 95% CI

No tread./rest. diet - Tread./rest. diet 154 073 19.1 212 0.18 [-0.51,3.59]
No tread./unrest. diet - Tread./rest. diet  0.44  0.73 19.5 0.60 0.93 [-1.62, 2.49]
No tread./unrest diet — No tread./rest diet -1.10 0.72 18.6 -1.53 0.44 [-3.13,0.93]
Colony - Tread./rest. diet 1.35  0.78 20.2 1.74 0.33 [-0.82, 3.53]
Colony - No tread./rest. diet -0.19 0.76 189 -0.25 0.99 [-2.33,1.95]
Colony - No tread./unrest. diet 092 076 18.7 1.21 0.63 [-1.21, 3.05]
Final trial day

Group EMM SE df t p 95% ClI

No tread./rest. diet - Tread./rest. diet -0.95 092 189 -1.03 0.73 [-3.53,1.63]
No tread./unrest. diet - Tread./rest. diet ~ -2.74 0.99 24.1 -2.78 <.05 [-5.47,-0.02]
No tread./unrest diet — No tread./rest diet -1.80 1.00 25.3 -1.79 0.30 [-4.55, 0.96]
Colony - Tread./rest. diet -1.91 099 20.7 -1.94 0.24 [-4.67,0.84]
Colony - No tread./rest. diet -0.97 1.00 213 -0.97 0.77 [-3.74,1.81]
Colony - No tread./unrest. diet 083 097 195 0.86 0.83 [-1.89, 3.55]
Excluding data from visualized outlier (see text; n = 23)

First trial day

Group EMM SE df t p 95% ClI

No tread./rest. diet - Tread./rest. diet 1.54 0.65 19.1 239 0.11 [-0.27, 3.36]
No tread./unrest. diet - Tread./rest. diet  -0.03 0.68 19.2 -0.04 1.00 [-1.93, 1.88]
No tread./unrest diet — No tread./rest diet -1.57 0.67 18.6 -2.34 0.12 [-3.46, 0.32]
Colony - Tread./rest. diet 126 0.67 209 190 0.26 [-0.60, 3.12]
Colony - No tread./rest. diet -0.28 0.65 19.2 -043 0.97 [-2.10, 1.54]
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Colony - No tread./unrest. diet 1.29 0.68 19.1 191 0.26 [-0.61,3.19]
Final trial day

Group EMM SE df t p 95% ClI

No tread./rest. diet - Tread./rest. diet -095 0.77 185 -1.23 0.62 [-3.13,1.23]

No tread./unrest. diet - Tread./rest. diet  -3.42 0.86 21.4 -3.970 <.01 [-5.82,-1.02]

No tread./unrest diet — No tread./rest diet -2.47 0.87 22.1 -2.83 <.05 [-4.89, -0.05]

Colony - Tread./rest. diet -1.90 084 224 -2.26 0.14 [-4.22,0.43]
Colony - No tread./rest. diet -0.95 0.85 233 -1.11 0.69 [-3.30,1.41]
Colony - No tread./unrest. diet 152 081 185 1.88 0.27 [-0.76, 3.81]
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Appendix Fig. 1. Post-Experiment 2. Change in mass (g) for E. fuscus after
returning all bats to colony including and excluding outliers. (A) Data from all bats (n
= 24). (B) Same data but with values of visualized outliers (Violet 111 and Grey 82)
excluded (see text; n = 22). Points and connecting lines represent individual bats; thicker
lines represent group averages fitted with local regression smoothing curves and shaded

95% Cls.
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Appendix Fig. 2. Post-Experiment 2. E. fuscus (n = 24) mass (g) LMM results. Points
represent ; maroon lines represent 95% Cls. Fixed effects (above horizontal line)
include: colony group as intercept, centered trial day, three cage group deviations, and
centered trial day and three cage group interactions; random effects (below horizontal

line) include: intercept SD, intercept and slope correlation, slope SD, and residual SD.
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Appendix Table 21. Post- Experiment 2. Mass (g) LMM results.

Including data from all bats (n = 24)

Term B SE df t p 95% ClI

Colony (intercept) 22.7 157 20 145 <0001 [19.5, 26.0]
Trial day 019 004 20 449 <001 [0.10,0.28]
No tread./unrest. diet -0.70 2.22 20 -0.76  0.76 [-5.33, 3.93]
No tread./rest. diet 252 222 20 -1.14  0.27 [-7.15, 2.11]
Tread./rest. diet -2.74 2.22 20 -1.23  0.23 [-7.37,1.89]

Trial day:No tread./unrest. diet 0.05 0.06 20 0.88 0.39 [-0.07, 0.18]

Trial day:No tread./rest. diet  -0.03  0.06 20 0.55 0.59 [-0.09, 0.16]

Trial day:Tread./rest. diet -0.05 0.06 20 -0.77  0.45 [-0.17, 0.08]
Intercept SD 3.84 [2.70, 4.79]
Intercept & slope correlation  0.53 [0.17,0.77]
Slope SD 0.10 [0.07, 0.13]
Residual SD 0.83 [0.76, 0.92]

Excluding data from two visualized outliers (see text; n = 22)

Term B SE df t p 95% CI

Colony (intercept) 21.0 1.16 18 18.0 <.0001 [18.5, 23.4]
Trial day 021 004 18 486 <001 [0.12,0.30]
No tread./unrest. diet -0.52 1.65 18 -0.31 0.76 [-3.98, 2.94]
No tread./rest. diet -0.73  1.58 18 -0.46  0.65 [-4.04, 2.58]
Tread./rest. diet -0.95 158 18 -0.60 056  [-4.26,2.37]

Trial day:No tread./unrest. diet -0.003 0.06 18 -0.04  0.97 [-0.13, 0.13]

Trial day:No tread./rest. diet  0.02  0.06 18 0.27  0.79 [-0.11, 0.14]
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Trial day:Tread./rest. diet -0.06  0.06 18 -1.10  0.29 [-0.19, 0.06]
Intercept SD 2.59 [1.78, 3.26]
Intercept & slope correlation  0.75 [0.47,0.90]
Slope SD 0.09 [0.06, 0.12]
Residual SD 0.85 [0.77, 0.94]
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Appendix Fig. 3. Post-Experiment 2. E. fuscus (n = 24) mass (g) group EMMSs
during first and final trial days. Significant contrasts are labeled; horizontal labels

represent within-group contrasts from first to final trial day.
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Appendix Table 22. Post-Experiment 2. Mass (g) first and final trial day EMM
contrasts. A negative EMM contrast signifies an increase in group mass EMM from first

to final trial day, and vice versa.

Including data from all bats (n = 24)

Group EMM SE df t p 95% ClI
Colony 651  1.45 20 -4.49 <001 [-9.53,-3.48]
No tread./unrest. diet -8.31 1.45 20 -5.73 <.0001 [-11.33,-5.28]
No tread./rest. diet -7.63 1.45 20 -5.26  <.0001 [-10.65, -4.60]
Tread./rest. diet -4.93 1.45 20 -3.40 <01  [-7.95,-1.90]

Excluding data from two visualized outliers (see text; n = 22)

Group EMM SE df t p 95% ClI
Colony 709  1.46 18 486 <.001 [-10.15,-4.03]
No tread./unrest. diet -7.00 1.46 18 -4.80 <.001 [-10.06, -3.94]
No tread./rest. diet -7.63 1.33 18 -5.73  <.0001 [-10.42,-4.83]
Tread./rest. diet -4.93 1.33 18 -3.70 <01 [-7.72,-2.13]
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Appendix Table 23. Post-Experiment 2. Mass (g) group EMM contrasts. A negative

EMM contrast signifies the subtracted group had a greater mass EMM, and vice versa.

Including data from all bats (n = 24)

First trial day

Group EMM SE df t p 95% CI

No tread./rest. diet - Tread./rest. diet -1.13 190 20 -0.60 0.93 [-6.46,4.19]
No tread./unrest. diet - Tread./rest. diet ~ 0.35 190 20 0.18 1.00 [-4.98,5.67]
No tread./unrest diet — No tread./restdiet 1.48 190 20 0.78 0.86 [-3.85,6.81]
Colony - Tread./rest. diet 1.95 190 20 1.02 0.74 [-3.38,7.27]
Colony - No tread./rest. diet 3.08 190 20 162 0.39 [-2.25,8.40]
Colony - No tread./unrest. diet 1.60 190 20 0.84 0.83 [-3.73,6.93]
Final trial day

Group EMM SE df t p 959% CI

No tread./rest. diet - Tread./rest. diet 157 289 20 054 095 [-6.51,9.65]
No tread./unrest. diet - Tread./rest. diet ~ 3.73  2.89 20 129 0.58 [-4.35,11.81]
No tread./unrest diet — No tread./rest diet 2.16  2.89 20 0.75 0.88 [-5.92,10.24]
Colony - Tread./rest. diet 353 289 20 122 0.62 [-4.55,11.61]
Colony - No tread./rest. diet 196 289 20 0.68 0.90 [-6.12,10.04]
Colony - No tread./unrest. diet -0.20 2.89 20 -0.07 1.00 [-8.28,7.88]
Excluding data from two visualized outliers (see text; n = 22)

First trial day

Group EMM SE df t p 95% ClI

No tread./rest. diet - Tread./rest. diet -1.13  1.06 18 -1.07 0.71 [-4.12,1.85]
No tread./unrest. diet - Tread./rest. diet ~ -0.61 1.11 18 -0.55 0.95 [-3.74,2.52]
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No tread./unrest diet — No tread./rest diet 0.53 1.11 18 048 096 [-2.60, 3.65]

Colony - Tread./rest. diet -0.13 111 18 -0.12 1.00 [-3.26,2.99]
Colony - No tread./rest. diet 1.00 1.11 18 0.90 0.80 [-2.13,4.13]
Colony - No tread./unrest. diet 0.47 116 18 041 0.98 [-2.80,3.74]
Final trial day

Group EMM SE df t p 95% CI

No tread./rest. diet - Tread./rest. diet 157 228 18 0.69 0.90 [-4.86,8.00]
No tread./unrest. diet - Tread./rest. diet ~ 1.47 239 18 0.62 0.93 [-5.28,8.22]

No tread./unrest diet — No tread./rest diet -0.10 2.39 18 -0.04 1.00 [-6.85, 6.65]

Colony - Tread./rest. diet 2.03 239 18 0.85 0.83 [-4.72,8.78]
Colony - No tread./rest. diet 046 239 18 0.19 1.00 [-6.28,7.21]
Colony - No tread./unrest. diet 056 249 18 0.23 1.00 [-6.49,7.61]
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