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Abstract

The ecological, evolutionary, and behavioural context of ultrasonic vocalizations in

flying squirrels

Sasha L. Newar

Acoustic communication is vital for mediating interactions between individuals and
their environment. From echolocating bats to isolated rodent pups, ultrasonic
vocalizations are a useful mechanism for producing localized and cryptic acoustic
signals. Flying squirrels have been demonstrated to produce almost exclusively
ultrasonic calls which is rare in both squirrels and mammals, though the significance
of this acoustic range is unknown. To investigate the context of ultrasonic calls in
these gliding mammals, I created phylogenetic comparative analyses to compare
ecological and morphological traits against call frequencies. I found that nocturnality,
a trait entangled with gliding in squirrels, was related to higher-frequency calls.
Furthermore, by comparing all gliding mammals and their non-gliding counterparts, I
found that gliding mammals produce significantly higher frequencies than these
relatives. This form of cryptic communication is likely used to avoid predation, which
was further supported by behavioural experiments wherein flying squirrels used
significantly higher frequencies when predation risk increased. While high frequency
communication was used by most gliders, I found that ultraviolet-induced
photoluminescence, another potential form of crypsis, was strongly associated with
nocturnality, with half of the tested gliding mammals showing evidence of this unique
colouration. While ultrasonic vocalizations are widespread in echolocating bats and
echonavigating mammals, I did not find evidence to support echonavigation in flying
squirrels. Instead, I found that ultrasonic vocalizations are used in a variety of social

contexts and during solitary foraging and exploration. These combined results
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demonstrate the unique ecological and evolutionary pressures acting on small-bodied,

nocturnal gliding taxa and the resulting cryptic behaviours and communication.

Keywords: communication, flying squirrels, gliding mammals, Sciuridae, ultrasound,

ultraviolet-induced photoluminescence
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Preface
This thesis is written in manuscript format, and I am the first author on each
manuscript. I am the sole author of Chapters One and Five (General Introduction and
Discussion), while Chapters Two to Four have additional co-authors, and this is
reflected in the pronouns used in each chapter. Chapters Two to Four contain
significant contributions from Jeff Bowman, while Chapter Three contains additional
contributions from Irena Schneiderova and Bryan Hughes. At the time of writing,
Chapters Two and Three have been published in peer-reviewed journals (i.e.,
Frontiers in Ecology and Evolution and PeerJ, respectively). Chapters Four has yet to

be submitted for publication but is formatted for the Journal of Mammalogy.

v



Acknowledgments

First, I extend my most sincere gratitude to my supervisor, Dr. Jeff Bowman. It has
been a pleasure to work in your lab for the last six years. I will be forever grateful for
the opportunities you have given me, from leadership roles to fulfilling my dream of
working on a Disney film set, this has been a once in a lifetime graduate experience.
You have been incredibly supportive during my transition from a M.Sc. to Ph.D. and
allowed me the freedom to pursue the topics that I found the most exciting and novel.
Above all else, you have taught me invaluable lessons about mentorship, kindness,

understanding, and the simple joy of hot coffee after a cold winter trap check.

Second, I extend my thanks to my supportive thesis committee, Dr. Christina Davy
and Dr. Gary Burness. You helped shape my broad ideas into tangible chapters and
your feedback was vital at every meeting. To Christina, thank you for being an
exceptional role model for women in our field and for extending countless invitations
to be an honorary Davy lab member. To Gary, thank you for your many leadership
roles at Trent during my time as a graduate student; I always knew we were in good

hands.

Next, I thank Dr. Sarah Pieper and Dr. Sarah Jamieson for the fantastic and fun-filled
years as your teaching assistant. I loved working for both of you — you both have a
knack for putting the students first, but always with a good sense of humour. If I could
have kept teaching for you, I would have gladly done so, and I hope we will work

together again some day.

My graduate experience would not have been complete without the exceptional lab
mates I have had along the way. I was handed a then almost twenty-year project and I

have been so lucky to follow in the footsteps of the squirrelers who came before me



and to introduce even more to the wonderful world of small mammal work. I
wouldn’t have been able to finish this thesis without the help of summer students and
interns, not to mention my fellow graduate students who came out for countless trap
nights to lend a hand. On that note, I thank the other students in the Bowman lab for
six years of friendship that I will cherish for my entire life. This was the most unique
and caring group of people I could have asked for and you all hold a special place in
my heart. Thank you to Rachel Dillon, Dr. Kirsten Solmundson, and Dr. Jenn Baici

for their exceptional friendship and unending support through everything.

I need to briefly thank all my furry friends that have made this adventure everything I
could have asked for and more. To the squirrels, thank you for putting up with my
intense adoration. To Marvin, thank you for being with me through all the highs and
lows. To Gus and Alice, thank you for starting me on this journey and for taking me

as far as you could.

Second to last, I thank my endlessly supportive family who have stood by me through
24 straight years of schooling — we’ll finally have to find something else to talk about!
Thank you for checking in on me and showing interest in all my nerdy studies and
adventures. To Ben, you have been the most supportive brother a girl could ask for
and I will forever cherish our friendship. To my parents, I am blessed every day by
your endless support and love. You got me through the darkest days and bailed me out

when I needed it most, I couldn’t have done this without you.

vi



Finally, I am dedicating this dissertation to my Aunt Debbie and Grandpa. You were
both such important supports in my life and played huge roles in shaping the person
I’ve become. Deb, I feel you with me as I set off for new adventures. Grandpa, you
are by my side when I teach; I know you’re proud that I finally got the papers. I am so

grateful that you both started me on this journey, and I will always love you.

vil



Table of Contents

ABSEFACT ...ttt ettt s ii
PFOFACE ...t iv
ACKNOWICAGIMENLS.............ooeeiiieeeeee ettt v
TADLE Of CONMLENLS ...t e e e sare e e e e viii
LIST Of FIQUF@S ...ttt ettt ettt e eenbe s xi
LIST Of TADLES ...ttt xv
Chapter 1 - General INtroOAQUCHION....................ccccoeeeueieeiiieeiiieeeie e 1
RETEICIICES ...ttt ettt ettt 8
Chapter 2 - Think before they squeak: Vocalizations of the squirrel family ............... 12
ADSETACT .ottt ettt ettt ettt et e et e e et esate e aeesnbeeteesnreens 13
Contribution t0 FI€ld.....cccueiieiiiiiiiieiiee e 14
INETOAUCTION ...ttt ettt et e 15
Squirrel Vocalizations — A Short HiStory .........ccceeiiiiiiienieiiieeicceeeeee e 18
Reviewing Frequency CharacteriStiCS.......couiieruiirriiieniiieeeiieeerieeeieeeeieeeeveeesveee e 26
PRYLOZEIY ..ttt 28
Statistical ANALYSIS ...ccuvieciiiriiieiieie ettt ettt et beeenaeennaas 28
Evaluating Correlates of Frequency CharacteristiCs .........cccuveevvreeirieeniiieeeiieeeieeens 29
BOAY MASS ...ttt ettt ettt et teeenbe e saeesaeenbeens 30
SOCTALIEY ..ttt ettt e et e e e e e e e tb e e e ta e e e bt e e e abaeeeraeeenraeenn 31
HADITAL ..ottt 33
Diel ACtiVity Pattern........ccocuiiiiiiiiciieecieceee e 34
MEthOd LAMIES ...eeeuiiiiieiieieeiteieee ettt ettt 35
SUITIMATY ..ttt ettt sae e s e b e e e saneeaees 36
Think Before They Squeak — Conclusion ...........ccceevveerieriiieniieeiienieeiee e 37
ACKNOWIEAZMENTS......coouiiiiiiiiciiece et e e e e tre e e sbee e saveeeens 38
RETETEICES ...ttt ettt et e s e e eneesneeens 39
Chapter 3 - Ultrasound and ultraviolet: Crypsis in gliding mammails........................ 56
ADSTTACT ..ttt et ettt h e ettt e e bt e st e e beesareen 57
INETOAUCTION ...ttt st et 58
IMETROAS ..ttt ettt sttt 65
VOCAIIZATIONS ...ttt ettt e et e et e e e tae e esraeeeaeeeesseeesaseeensseeeennes 65
Ultraviolet-Induced PhotoluminesCence.............eoueerierieeniiiniienieeieniceieesens 67
Dataset ASSEMDLY ......ooiiiiiiiiecee e 69
|51 (0 o453 1) PSR 69
ANALYSES. ..ottt et ettt ettt e et e et e et e e enbeebeesnreens 70
RESUILS ..ttt ettt et sttt s 71
PRYLOZEIY ..ttt 71



VOCALIZATIONS e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeeeaaaeaaaaaaaeaaaeaananas 72

Ultraviolet-Induced PhotolUmMINESCENCE. ... ..ceeeeeeeeeeeeee e e eeeees 73
DIISCUSSION . eevvveeeeeeeeeeeeeeeeeeee ettt eeeeeeeeeeeeeseeeaeeeeeeeeeeeeeeaeeseseneneneeanenennneenennnnnnnnnes 74
VOCALIZATIONS <. oot e e e e e e e e et e e e e e e eeeeeaa i aaaeeaennaes 74
Ultraviolet-Induced PhotOIUMINESCENCE. ... ..nueeeeeeeeeeeeeeeee e eeee e 79
CONCIUSIONS ettt e e e e e e e e e e e e e e e e e e e e e e e e eeeeeeereaaraaaeaeas 82
ACKNOWIEAZEMENLS ....c.iiiniiiiiieiieeie ettt ettt et esaaeebeesneaens 83
RO T EIICES oottt e e e e e e e e e e eeaaeeeeeeeeeaaaaaaaaeeaeaeaes 84

Chapter 4 - Chirps in the Dark: Effects of behavioural context on ultrasonic

vocalizations emitted by flying squirrels (Glaucomys Spp.) ......ccccceevveevieeivencieeneennn, 95
ADSTTACT ..ttt ettt ettt ettt et h e et e st e beesareen 96
INEEOAUCTION ...ttt sttt s 97
IMETROAS ...ttt sttt et b e 101

TTaAPPDING ettt et ettt ettt e et e it e eareens 101
IN-S1tu RECOTAINGS....eeiiiiieeiiieeiie ettt e e e sabee e 102
Captive RECOTAINGS. . .cuvieiieiieiiieiie ettt ettt ettt et ens 104
ACOUSEIC ANALYSES ...eeeiiiiiieeiieeiiieeeiee ettt e e et e e ere e e eeesaeessbeeesseeesnseeenns 105
StatistiCal ANALYSES...cc.uieiuieiiieiieeie ettt 106
Ethics Statement .........ocooiiiiiiiie e 109
RESUILS ..ot s e s e e e e e e aae e enree s 109
IN-Situ RECOTAINGS....eeiiiiieiiiieciie ettt aee e sbee e 109
Captive RECOTAINGS. ...cvueiuiieiieeiieiie ettt ettt st e ens 111
DISCUSSION <.ttt ettt ettt e be et st e bt et e s et e b et e saeesseebeeneens 112
ACKNOWIEAZEMENLS .......vveeeiiieciiieee ettt e rae e s e e seaee s 119
RETETEICES ...ttt ettt ettt e e e 120

Chapter 5 - General DISCUSSION ..........c.c..ccccuveeieeeeiieeeeieeee e 139
Limitations and Future DIreCtions............cccviieiuieeriieeeiiee e eeree e 142
CONCIUSIONS ...ttt ettt ettt et e et eesateeeees 144
RETETEICES ...ttt et ettt et e st e e 146

APDORAIX ... et 152
CRAPLET 2 (AL erieeeiiie ettt ettt e et e e et e e e staeeeaaeeensaaesnsaeesssaaesnsneenns 152

AT RETRICIICES. ...ttt ettt st 161
CRAPLET 3 (A2).eiiieeiiieeeiie ettt ettt e ettt e ettt e et e e e tteeestaaeesaeaenssaesnsaeensseeennsneenns 165
IMETROAS ...ttt et sttt 165
Captive Sugar GLIAETS...............ccc.occueiviiieeiieeeeee e 165
Captive SPFINGRATES. ..........c..ccceeieiiiieeie et 166
Free-Ranging MarSupials...................ccooeevveeiiiiaiiieaiieeeeiee e 166
PhotoShOp MeEthods..................cccuoveuiiiiiiiiiiiieeeee e 166
RESULLS .ttt 167
Captive SUZAr GlIETS................ccccooiiiiiiiiiiiiiii e 167
CaPLIVe SPFINGRAYES. .........cccueeeeeieeeiie e 167

X



Free-Ranging MarSupials..................cccooooeiiieiiiiaiiieeiiie e
A2 RETETEINCES. ..ttt ettt st e

Chapter 4 (A3)



List of Figures

Figure 2.1 Examples highlighting the variation of how Sciuridae calls are presented
as well as how frequency characteristics were measured on different spectrographs
and call types. Frequency characteristics measured for all call types: Fo (fundamental
frequency: the mean frequency of the primary vibrational frequency of the vocal
membrane; when the dominant frequency occurs on the fundamental harmonic, Fo =
(FmaxtFumin)/2), Fpom (dominant frequency: the frequency with the greatest energy,
power or amplitude), Fmin (minimum frequency: the minimum frequency of the
fundamental frequency), Fmax (maximum frequency: the maximum frequency of the
fundamental frequency (or of harmonic on which Fpom is measured)) and Fuarm
(frequency of highest visible harmonic: mean frequency of the highest complete
harmonic visible on the spectrograph). (A) Broadband noise produced by a female
southern flying squirrel (Glaucomys volans, Murrant et al., 2013). (B) Alarm call
(“shrill chirp”) recorded in a colony of Columbian ground squirrels (Urocitellus
columbianus; Betts 1976). (C) Alarm call (two call elements identified by the initial
researchers and therefore recorded separately, red = element 1, blue = element 2)
recorded in a population of European ground squirrels in the Ponor Mountains
(Spermophilus citellus; Koshev and Pandourski 2008). (D) Alarm call (also with two
distinct elements identified by red and blue) emitted by a female little ground squirrel
(Spermophilus pygmaeus; Nikol’skii 2019)...........cooiiiiii 47

Figure 2.2 Phylogeny of Sciuridae reduced to all species used in analysis (n = 70).
Species present represent the subfamily Callosciurinae (grey: southern Asian tree
squirrels), Sciurinae (orange: Pteromyini, flying squirrels; yellow: Sciurini, Holarctic
tree squirrels) and Xerinae (pink: tribe Xerini, African ground squirrels; Marmotini,
Holarctic ground squirrels). Marmotini is subdivided into the genera Tamias (green:
chipmunks), Marmota (light blue: marmots) and the remaining Holarctic ground
squirrels (dark blue). Edge lengths to scale; scale bar represents 5 million years from
present. Tree downloaded from VertLife.org...........coooviiiiiiiiiiiiiiiie e, 48

Figure 2.3 Frequency measurements for squirrel (n = 42) vocalizations as function of
body mass. Frequencies measured as absolute minimum (pink), fundamental (green),
dominant (orange), maximum (light blue), and highest harmonic (dark blue) (all
variables log-transformed for normality; SE of slopes represented as shaded ribbons).
Phylogenetic generalized least square (PGLS) models were used to describe the
relationships between the variables and are represented by the following linear trend
line: minimum (pink, log(Y) = -0.24*log(X) + 2.3), fundamental (green, log(Y) = -
0.17*log(X) + 3.2), dominant (orange, log(Y) = -0.19*log(X) + 3.4), maximum (light
blue, log(Y) = -0.18*log(X) + 3.6), and highest harmonic (dark blue, log(Y) =

S0, 28K L0Z(X) B 44 ) et 49

Figure 2.4 The frequency characteristics of calls produced by diurnal (orange) versus
nocturnal (blue) squirrels (species of the family Sciuridae; n = 43). Frequency
characteristics presented are the fundmanetal (Fo), dominant (Fpom), maximum (Fuax),

xi



minimum (Fuin), and maximum harmonic (Fram) frequencies and all are log-
transformed for normality............c..ooiii i 50

Figure 2.5 The recording locations of squirrel vocal repertoires published between
1966 and 2020. The year of publication is represented along a colour gradient and the
number of studies recorded at each location is represented along a size gradient. The
epicenter of each circle represents the location; circles are translucent to minimize
overlap. The USA alone has hosted 52% of all published studies; Russia, Canada, and
the Czech Republic are also notable contributors representing 18%, 11%, and 9%
each. North America, Europe, Asia, and Africa represent 61%, 30%, 13%, and 1%
respectively, with no record of South America, India, or the majority of Africa hosting
A TEPETTOITE STUAY . ..ottt e e e e e 51

Figure 3.1 The final consensus tree representing traits associated with ultraviolet-
induced photoluminescence (UVP) and vocal range limits (kHz) in gliding mammals
and their relatives (n = 92). Phylogeny estimated from mean edge lengths across 1000
trees; bootstrap values <100 represented on the right phylogeny. The left stochastic
character map represents UVP presence (purple = yes, black = no, grey = untested)
with marginal frequencies at the nodes; circles along the left tips represent dominant
UVP colouration. The right maximum likelihood map represents the character history
of the maximum frequency (kHz; [0.12-84]) with white indicating species without
vocal data (NA = 19). Gliding mammals are highlighted (marsupials = purple, colugos
= green, rodents = yellow; n = 15; Petauroides included); scale bar represents

Figure 3.2 Variation in ultraviolet-induced photoluminescence demonstrating the
variability within museum specimens and between live and preserved individuals. (A)
Live adult male Glaucomys sabrinus trapped in the Kawartha Highlands in 2023. (B)
Dry-preserved Glaucomys sabrinus from the Canadian Museum of Nature. Top left:
white light; top right: ultraviolet light; bottom left: ultraviolet light and yellow gel
filter; bottom right: ultraviolet light, yellow gel filter, and colour edit (methods
ProvIided 1N A2) .. e e 93

Figure 4.1 High-confidence vocalizations (n = 182) produced by Glaucomys spp.
during individual and paired recording trials while temporarily in captivity. (A) Calls
were classified based on similar frequency, duration, and modulation characteristics
(N =10). (B) Counts for each class (x-axis) during individual (light pink, light blue)
and paired (dark blue, dark pink, dark yellow) recording trials; colour groupings
correspond to superclasses (HF — pink, chirps — blue, barks — yellow) and apply to all
four panels. Classes: BB — Broadband, DS — Downsweep, HF — High-Frequency, HF-
DS — High-Frequency Downsweep, R-DS — Rapid Downsweep. (C) Classes from A/B
were categorized into superclasses (N = 3) based on similar frequency and duration
characteristics; colours correspond to individual/paired trials as in B. (D) All
vocalizations were categorized into superclasses based on similar frequency and
temporal characteristics. Machine learning error estimates (SVM = Support Vector

xii



Machine; RF = Random Forest) for classes and superclasses are accordingly given in
the bottom right of Aand Do 125

Figure 4.2 Vocal activity of flying squirrels (Glaucomys; N = 17) during a natural
gliding experiment in the Kawartha Highlands, ON. (A) The total number of
vocalizations produced during each trial (n = 36) relative to the lunar illumination
(proportion); model estimate for this relationship from the count portion of the zero-
inflated Poisson regression is provided in the bottom left. (B) The mean peak
frequency of each vocalization (n = 43) recorded during the gliding trials; model
estimate for this relationship from the linear mixed effects regression provided in the
bottom left. All data points were generated from predicted values from the
corresponding MOdelS. .........oouiiiiii 126

Figure 4.3 Predicted call characteristics of vocalizations (n = 12) produced by flying
squirrels (Glaucomys volans; N = 5) during a natural gliding experiment in the
Kawartha Highlands, ON. Calls are characterized by the mean peak frequency (kHz;
A) and duration (s; B) relative to the time before glide (s); the time of glide is
indicated as a vertical line. Model estimates for mixed models of the call
characteristics relative to time before glide (squirrel ID as a fixed effect) are provided
in the bottom left. Colour indicates the superclass and individual ID represented by
shape (females: Angela, Erin, Holly, Velma; male: Ryan).............................. 127

Figure 4.4: Total number of vocalizations (n = 132) produced by flying squirrels
(Glaucomys; N = 17) during 24hr passive recording sessions at Trent University
(Peterborough, ON). (A) The total number of vocalizations recorded during individual
(individual, red; n = 16) and paired (green; n= 12) recording sessions and (B) in
response to lunar illumination. Model estimates from a generalized linear model are
provided in the bottom left; all data points were generated from predicted values from
the corresponding models..........ooiiiiiii i 128

Figure 4.5 Call characteristics relative to lunar illumination for vocalizations
produced by flying squirrels (Glaucomys) during individual and paired recording
sessions at Trent University (Peterborough, ON). Calls are characterized by mean
peak frequency (kHz; A) and duration (s; B). Colour indicates the superclasses that
calls were categorized into: barks (yellow; n = 39), chirps (blue; n = 75), and high-
frequency (PINK; N=00).......c.oiiiiiii i 129

Figure 4.6 Superclass call characteristics relative to behaviour and species for
vocalization produced by flying squirrels (Glaucomys) while temporarily in captivity.
Calls are coloured by superclass (legend provided in A applies to both A and B). (A)
Shape indicates whether the vocalization was produced during an individual (n = 13)
or paired (n = 24) recording session. Chi-square results for the distribution of
superclasses among activities are provided in the bottom left. (B) Shape indicates the
species of the individual (G. sabrinus = 22; G. volans = 34) producing each call
during individual trials. Linear mixed effects model results for the relationship
between mean peak frequency and species provided in the bottom right.............. 130

xiil



Figure 5.1 Examples of high-frequency vocalizations produced by golden lion
tamarins (Leontopithecus rosalia). Common marmosets (Callithrix jacchus) were
housed nearby in connected outdoor enclosures at the Toronto Zoo (ON). (A) Chirp
(B) Suppressed Fundamental (c) Ultrasonic (D) Tonal (E & F) Short................. 149

Figure 5.2 Examples of high-frequency vocalizations produced by Vancouver Island

marmots (Marmota vancouverensis) at the Toronto Zoo (ON). (A) Ultrasonic Chirp
(B)PIp (C) Tomal. ..o e e e e 150

Figure A2.1 Examples of captive sugar glider (Petaurus breviceps) call types
recorded in Oshawa, ON, during March 2021. 20 breeding pairs and 3 juveniles were
recorded on a Song Meter SM4BAT FS. (A) Bark (B) Broadband Burst (C)
Ultrasonic (D) High Frequency (E) Whistle (F) Sniffing............................... 169

Figure A2.2 Spectrogram examples of calls from various mammals recorded with
sonic microphones. Captive springhares (Pedetes capensis) were recorded at the
Prague Zoo; all other mammals are free-ranging marsupials recorded in different
regions of Australia via drop-rig microphones. (A) Petaurus breviceps (Yap). (B)
Pseudocheirus peregrinus (Twitter). (C) Pedetes capensis (Growl). (D) Petaurus
norfolcensis (1: Nasal Grunt, 2: Belch, 3: Higher Nasal Grunt). (E) Petaurus australis
(1: Gurgle and Cry, 2: Rattle and Cry).........oooiiiiiiiiiiiiii e 170

Figure A3.1 Field T-maze used to investigate echonavigation in flying squirrels
(Glaucomys spp.). (A) Squirrels would enter at the curved T-junction (either from a
trap or bag that could be attached to the junction). (B) A trail camera (here covered in
plastic for weatherproofing) was attached to the straight portion of the curved T-
junction to record squirrel behaviour as they entered A and traveled to C. (C)
Squirrels would decide which arm to travel to from the T-junction; a hole was drilled
into the top of the junction so that an ultrasonic microphone could be inserted into the
maze. (D & E) Each arm had a 90° elbow to obscure the exits from the squirrel while
at C; a plexiglass cover (pictured here on arm D) with holes drilled into it was
randomly assigned to an arm (with two possible covers, low or high hole density, that
could be assi@Ned)......ouuinei i 198

X1v



List of Tables

Table 2.1 Summary of parameters used in the phylogenetic least square (PGLS)
analyses and how they relate to popular or novel vocal range hypotheses. The
predicted direction of the relationship to frequency is indicated as positive (+) or

1T e 1 A TR 52

Table 2.2 Summary of call functions used by all reported vocalizing squirrel genera
OF SCIUIIAAE (1= 73ttt et e ree e e e e e 53

Table 2.3 Phylogenetic generalized least square (PGLS) results for the effects of all
factors on the frequency characteristics (fundamental, dominant, minimum,
maximum, and highest harmonic frequency; kHz) of Sciuridae........................... 54

Table 2.4 Summary of slope (+SE) and phylogenetic signal (A [95% CI]) estimates
for all variables taken from phylogenetic generalized least square (PGLS) models of
the frequency characteristics (fundamental, dominant, minimum, maximum, and
highest harmonic frequency; kHz) of Sciuridae...................ooooiiiiiiiii 55

Table 3.1 Model results for the frequency range (minimum and maximum
frequencies; kHz; n = 73) and ultraviolet-induced photoluminescence (UVP; n = 82)
of gliding Mammalia and their relatives. Phylogenetic least square (PGLS) models
were conducted with the frequency ranges while a binary phylogenetic generalized
linear mixed (PGLM) model was used for the UVP dataset. Effect size (Fuzn; PGLS
only) and slopes (X £+ SE) are estimated for each variable: gliding (Y/N), diel activity
pattern (Diel A.P.; nocturnal/ diurnal), habitat openness (Habitat; Closed/Open),
sociality (solitary/social), and UVP (Y/N). The phylogenetic signal (PGLS: 4 [95%
CI], PGLM: s?; estimated from 1000 trees) and estimations of model fit (R?, PGLS: F)
are provided. Significant estimates are given inbold......................ooool, 94

Table 4.1 Model estimates for the likelihood of a Glaucomys individual making the
correct choice in a T-maze. Correct choice (1) was measured as choosing the open end
(‘Treatment’, randomized) of the maze first, regardless of whether the squirrel
eventually escaped the maze, and modelled in a generalized binomial model. The
sequence of the individual as well as the time of day (day/night), the amount of
airflow through the covered end (low/high-density hole pattern), and the total time to
exit the maze (s) are also included inthe model.........................oinn. 131

Table 4.2 Model estimates for the zero-inflated Poisson regression of the total
number of vocalizations produced by Glaucomys individuals (N = 16) during a natural
gliding experiment in the Kawartha Highlands, ON. Model estimates are provided for
the total number of vocalizations (count model) and the probability of producing any
vocalizations (zero-inflation model). Individual sex (female/male), species (G.
sabrinus/G. volans), and the number of times exposed to the experiment (sequence)
were included in the model as well as the average ambient temperature (normalized
and log-transformed) and lunar illumination of the entire trial........................... 132

Table 4.3 Model estimates for the linear mixed effects models of the mean peak
frequency (kHz) and duration (s) of calls (n = 43) produced by Glaucomys individuals
(N = 10) during a natural gliding experiment in the Kawartha Highlands, ON.

XV



Individual sex (female/male), species (G. sabrinus/G. volans), and the number of
times exposed to the experiment (sequence) were included for each squirrel. The lunar
illumination at the time of the call and the acoustic recorder that detected the call
(Echometer Touch/SM4) were also included in this model. The time before glide (s)
was modelled separately on a smaller subset of the data (n = 12). All models include
Squirrel ID as a random effect (Table 4.4)........c.ccooiiiiiiiiii i 133

Table 4.4 Random effect estimates for models estimating call characteristics of
Glaucomys individuals in varying recording contexts. Random effects (bolded in the
models) are estimated as the proportion of variance explained by the random effect
and the residuals; the accuracy of the random variance is provided as a confidence

1 01753 Y 134

Table 4.5 Model estimates for the generalized linear regression of the total number of
vocalizations produced by Glaucomys individuals (N = 17) during solitary (n = 16)
and paired (n = 12) recording sessions at Trent University (Peterborough, ON,
Canada). Squirrels from the Kawartha Highlands and Trent Oliver Property were
temporarily brought into captivity, and recordings were made in a large two-level
arena. The average lunar illumination and ambient temperature (°C) over the
recording trial are included in the model as well as the trial type (solitary/paired)...135

Table 4.6 Model estimates for the linear mixed effects models of the mean peak
frequency (kHz) and duration (s; log-transformed) of calls (n = 182) produced by
Glaucomys individuals (N = 17) during individual (n = 16) and paired (n = 12)
recording sessions at Trent University (Peterborough, ON, Canada). Calls were
modelled within their superclass, which groups similar classes together. The lunar
illumination and ambient temperature (°C), as well as the trial type
(individual/paired), were included in the model. Trial ID was included as a random
effect; random effect estimates are givenin Table 4.4..................cooiiiiiiinin 136

Table 4.7 Model estimates for the linear mixed effects models of the mean peak
frequency (kHz) and duration (s) of calls (n = 55) produced by Glaucomys individuals
(N = 12) during individual recording sessions at Trent University (Peterborough, ON,
Canada). Similar call types were grouped into larger superclasses (chirps and high-
frequency [HF] calls). Squirrel ID was included as a random effect; random effect
estimates are given in Table 4.4...... ... ..o 137

Table 4.8 Model estimates of the general linear models for the mean peak frequency
(kHz) and duration (s) of calls (n = 37) produced by Glaucomys individuals (N = 9)
during paired (n = 24) and individual (n = 13) recording sessions at Trent University
(Peterborough, ON, Canada). Calls are categorized into activities (antagonistic,
eating, exploring, perched, retreat) recorded on trail cameras mounted in temporary
EICLOSUIES. ..ottt 138

Table 5.1: Descriptions of calls from various mammals recorded with ultrasonic
microphones at the Toronto Zoo (ON). Duration (s) and frequency (kHz) estimates (X
(£SE)) of vocalizations produced by golden lion tamarins (Leontopithecus rosalia)
(common marmosets (Callithrix jacchus) were housed nearby in connected outdoor
enclosures) and Vancouver Island marmots (Marmota vancouverensis). Frequency

XVi



estimates taken from the dominant harmonic if harmonics present; peak frequencies
represent the frequency with the highestenergy................... 151

Table Al.1 Summary of all references used to build the squirrel vocal range

Table A1.2 Summary of candidate (AAICc < 2) secondary phylogenetic generalized
least square (PGLS) models of squirrel frequency characteristics (maximum,
minimum, and dominant; kHz). Model parameters are body mass (BMass), time
partitioning (BTime), sociality (BSoc), habitat openness (fOpen), and method
detection limits (BLim). The phylogenetic strength is represented by A with 95%
confidence intervals [Iower, UPPer]........ccouiiniiiiiii e, 157

Table A1.3 An account of licensing permissions for each figure or image used in
Figure 1 and 2. e e 158

Table A2.1 Summary of references used for the frequency range, ultraviolet-induced
photoluminescence, and other traits. Summary of references for the frequency ranges
(minimum (kHz; the minimum frequency of the dominant harmonic) — maximum
(kHz; the maximum frequency of the dominant harmonic)) from novel species (n = 4;
methods and complete results in Info. S1) and literature (n = 69), presence of
ultraviolet-induced photoluminescence (UVP; colours provided when possible) from
our novel investigation (n = 57; methods provided in Info. S1 (Incon. = Inconclusive,
sample sizes provided in brackets)) and previous literature (n = 25), and ecological
traits (body mass (g), sociality (social: stable or cyclical social structures of multiple
individuals (colonial, congregated single-burrow systems, monogamous, etc.);
solitary: stable solitary lifestyle), diel activity patten (Diel A.P.; diurnal: active during
the day; nocturnal: active during the night), and habitat openness (openness of
dominant habitat type; closed: closed canopy, taller vegetation; open: open canopy,
shorter vegetation) of gliding mammals (n = 15) and their close relatives (n = 77).
Bolded species indicate those that were opportunistically sampled from museum
COLLECHIONS. . .. e et e 171

Table A2.2 Binary phylogenetic generalized linear mixed (PGLM) model results for
ultraviolet-induced photoluminescence (UVP) of gliding Mammalia and their
relatives (n = 83) for all reported colours (white included). Slope estimated (X (+SE))
are given for each variable: gliding (Y/N), diel activity pattern (Diel A.P.;
nocturnal/diurnal), habitat openness (Habitat; closed/open), and sociality
(solitary/social). The phylogenetic signal (s2; estimated from 1000 trees) and model
fit (R2) estimations are provided. Significant effects are given in bold................ 185

Table A2.3 Descriptions of calls produced by captive sugar gliders (Petaurus
breviceps) recorded with an ultrasonic microphone. Duration (s) and frequency (kHz)
estimates (X (£SE)) of vocalizations produced by captive sugar gliders located in
Oshawa, ON, during March 2021. Frequency estimates taken from the dominant
harmonic, if harmonics present; peak frequencies represent the frequency with the
RIgheSt ENETEY .. .t 186

Table A2.4 Descriptions of calls from various mammals recorded with sonic
microphones. Duration (s) and frequency (kHz) estimates (X (+SE)) of vocalizations

Xvii



produced by captive springhares (Pedetes capensis) and various free-ranging
marsupials. Frequency estimates taken from the dominant harmonic, if harmonics
present; peak frequencies represent the frequency with the highest

] 1) 2 187

Table A3.1 Summary of call characteristics for 80 vocalizations emitted by
Glaucomys sabrinus (G.s.; N =5) and G. volans (G.v.; N = 12) during a gliding
experiment in the Kawartha Highlands, ON (2020). All calls were recorded with an
Echo Meter Touch Pro for Android except for one peep recorded on a Song Meter
SM4BAT Ultrasonic Recorder (equipped with an omnidirectional SMM-U1
Ultrasonic MiCTOPRONE).........viuiintiii it ee e eeaaes 199

Table A3.2 Summary of call characteristics for 55 vocalizations emitted by
Glaucomys sabrinus (G.s.; N =3) and G. volans (G.v.; N = 13) during individual
aviary trials. All calls were recorded on a Song Meter SM4ABAT Ultrasonic Recorder
(equipped with an omnidirectional SMM-U1 Ultrasonic Microphone), and squirrels
were recorded continuously for 24 hours.............cooiiiiiiiiiiii i 200

Table A3.3 Summary of call characteristics for 128 vocalizations emitted by
Glaucomys sabrinus (G.s.) and G. volans (G.v.) during paired aviary trials (G.s./G.v.
=3; Gv./G.v.=9). All calls were recorded on a Song Meter SM4BAT Ultrasonic
Recorder (equipped with an omnidirectional SMM-UT1 Ultrasonic Microphone), and
squirrels were recorded continuously for 24 hours................coooviiiiiiiiiin.. 201

XVviii



Chapter 1 - General Introduction

[Animals] do speak, but only to those who know how to listen. (Orhan Pamuk, 1998)

Communication is essential for interactions between organisms. Species can
use visual, tactile, electrical, chemical, and acoustic cues to transfer critical
information from one individual to another. The transferred information can range in
purpose, from sexual, social, territorial, familial, predatory, and so on. Without
communication, individuals wouldn’t be able to facilitate group interactions, warn
conspecifics of predators, defend territories without fighting, or properly interpret

sexual cues.

Acoustic communication is incredibly useful for transmitting information over
large distances. Unlike visual communication, acoustic communication does not
require seeing the producer or receiver. Unlike chemical cues, acoustic cues almost
instantaneously transmit across a multidimensional space and can be controlled
temporally. Acoustic communication is often used by every age-class within a vocal
species, starting with mammalian pups producing calls to attract their mothers (Blake,
1992; Blumberg et al., 1992; Zaytseva et al., 2019) and ending with fear screams used
in a last attempt to escape predation (Hogstedt, 1983). In some species, acoustic
communication has been observed at the embryonic level, with parental calls sharing
environmental information (i.e. temperature; (Mariette & Buchanan, 2016)) and
facilitating auditory development (Gottlieb, 1968) and vocal complexity (Kleindorfer
et al., 2018). Additionally, there are rare occurrences of prenatal individuals using
acoustic communication to facilitate hatching synchrony and parental care in some
reptiles (i.e. crocodiles; (Vergne et al., 2009)) and birds (Berlin & Clark, 1998; Rumpf

& Tzschentke, 2010).



The way that different species communicate acoustically is dictated by their
physical structures. Many insects rely on external structures to produce sounds which
they may vibrate, click (i.e. tymbals), percuss, or move against each other (i.e.
stridulation) to produce sounds (Neil & Holderied, 2021). In contrast, most
vertebrates produce sounds via internal structures contained in the respiratory,
phonary, and filter systems (Lattenkamp, 2020). In vocal vertebrates, sound originates
from the respiratory system when air is expelled via the lungs. The air passes through
the phonary system where the air is transformed into an auditory sound by opening
and contracting muscles either in the larynx, as in mammals, or syrinx, as in birds.
The combination of the respiratory and phonary systems creates the sound ‘source’,
resulting in the fundamental frequency (Taylor & Reby, 2010). The fundamental
frequency is then modified in the filter systems (i.e. the trachea, mouth, and nasal
cavities) to suppress or emphasize the harmonics of the fundamental frequency,
resulting in formants. The exact structures associated with the source-filter theory
may vary among species, but this is the general vocal production mechanism of all

vocal vertebrates (Taylor & Reby, 2010).

All acoustic systems, regardless of taxa, result in sound waves which vibrate
molecules in the surrounding environment to transmit the acoustic signal. The
distance between peaks in the sound wave, caused by the rate of vibration of acoustic
structures (e.g. rate of vocal folds opening and closing in mammals, rate of ear drum
vibration), define the call frequency which is measured in hertz (Hz). The faster the
acoustic structures are vibrated, the closer the distance will be between the peaks,
resulting in a higher-frequency vocalization. The physical size of the acoustic
structures dictates the maximum frequency that can be produced as more energy is

required to move larger acoustic structures at faster rates (Martin et al., 2017). This



results in a strong relationship between vocal frequency and body size in mammals,
with elephants, the largest land mammals, capable of vocalizing lower than humans
can hear (McComb et al., 2003) and small mammals, such as shrews, producing
vocalizations above the hearing range of humans (Siemers et al., 2009; Tomasi,

1979). Interestingly, this relationship is less pronounced in aquatic environments
because signals can travel more easily in water, allowing much larger animals to
produce higher frequencies in the water than similarly sized terrestrial mammals
(Martin et al., 2017). Ultimately, the anatomy of both the sender and the receiver of
acoustic information influence the evolution of signals that are ultimately employed in

communication.

In acoustics, the human hearing range defines the categorization of all
frequencies. Humans have the capacity to hear between 20Hz and 20kHz, though this
range deteriorates over a human’s life, with most older adults unable to hear above
10kHz (Masterton et al., 1969). Sounds below the human hearing range are termed
infrasonic (<20Hz) and sounds above that range are termed ultrasonic (>20kHz). As
already mentioned, elephants can use infrasonic frequencies due to their large body
size. These infrasonic sound waves have greater distance between their peaks and can
more easily move through solid structures than higher frequencies — these acoustic
characteristics allow elephants to communicate over several kilometers (McComb et
al., 2003). However, the sound wave will deteriorate as it moves through multiple
structures, meaning that the information carried becomes less specific, especially in
spatially complex environments (Hedwig et al., 2018). Over short distances, elephants
can distinguish between female social groups and levels of sexual maturation in males

(McComb et al., 2003; Stoeger & Baotic, 2016). Over longer distances, even in ideal



atmospheric and environmental conditions, information deteriorates to simply call

presence (Garstang et al., 2005; McComb et al., 2003).

In contrast, ultrasound is restricted to very short distances because the narrow
sound waves are easily attenuated by the environment around them (Smith, 1979).
This attenuation means that ultrasonic calls are limited by not only the caller’s size
(Martin et al., 2017), but also the environment and distance over which they are
communicating. Echolocation, the rapid production of mostly ultrasonic calls to locate
prey and environmental features (Jones, 2005), takes advantage of the directional
nature of ultrasonic calls. Echolocation is used by a wide variety of bats, including
one branch of Yinpterochiroptera (Rousettus (Springer et al., 2001; Yovel et al.,
2011)), but Yangochiroptera display the most precise narrowband forms of
echolocation of all mammals (Fenton, 1984). Cetaceans are also able to echolocate to
hunt and navigate, though cetaceans rely on a dense lipid structure (i.e. melon) to
amplify calls passing through the nasal passage (Tyack & Miller, 2002) and like

Rousettus, cetaceans also utilize broadband clicks.

For many years, echolocation was the main type of ultrasonic communication
that was studied, with the assumption that most mammals are unable to echolocate.
However, behavioural studies in recent decades have demonstrated that a variety of
other mammals can use simplistic echolocation to orient and travel through their
environment. This click-based echolocation is used by animals that have reduced
visual input, such as the previously mentioned Rousettus that navigate dark cave
systems (Yovel et al., 2011). Unlike the click-based echolocation of cetaceans, fruit
bats do not employ a terminal buzz (as also seen in Yangochiroptera) when nearing an
obstacle. The lack of this buzz places Rousettus in the category of ‘echonavigators’ —

a term borrowed here from Medway (1967) who described similar click-based



echolocation in cave-nesting swiftlets (4derodramus and Collocalia). Other
echonavigators include a variety of shrews (Gould et al., 1964; Siemers et al., 2009;
Tomasi, 1979), arboreal blind mice (7yphlomys; (Panyutina et al., 2017)), and even
humans with visual impairments (Thaler & Goodale, 2016). All these species have
been demonstrated to produce simple calls in sequence while navigating mazes and
complex spaces, allowing them to move through these systems without visual input.
The discovery of echonavigation in multiple, unrelated species suggests that while
complex echolocation is limited to select groups, echonavigation may be widely used
by mammals in select physical or environmental conditions, especially when visual

input is severely reduced.

Ultrasonic calls are not limited to echolocation or navigation and have been
demonstrated as useful for social communication in many mammals. Firstly, as
previously mentioned, many rodent pups rely on ultrasound to communicate with
their mothers. Ultrasonic calls are readily induced by changes in their environment
(Blake, 1992; Blumberg et al., 1992) and isolation (Arriaga & Jarvis, 2013; Branchi et
al., 2001), meaning that these pups are more likely to vocalize when alone and
vulnerable. However, the use of ultrasound acts as an acoustic camouflage as the calls
are quickly attenuated in complex environments (e.g., in areas covered in grass or
leaves) and not readily heard by many predators, including most birds (Branchi et al.,
2001; Knudsen, 1981). Other mammals, as demonstrated in the Richardson’s ground
squirrels (Spermophilus richardsonii), derive similar benefits of ultrasound when
alarm calling. These ground squirrels use ultrasonic alarm calls when predators are
farther away, taking advantage of the attenuation and localization of ultrasonic calls to
warn conspecifics when predators are less likely to eavesdrop (Wilson & Hare, 2006).

Ultrasound has also been demonstrated in a variety of other social interactions,



specifically in myomorphic rodents, including courtship (Egnor & Seagraves, 2016;
Miller & Engstrom, 2007), mating (Pasch et al., 2017), and aggressive encounters
(Corrigan & Flannelly, 1979). While ultrasonic calls have been identified in many
other mammals, such as tarsiers (7arsier spp. (Gursky, 2015; Ramsier et al., 2012)),
slow lorises (Nycticebus javanicus (Geerah et al., 2019)), hazel dormice (Muscardinus
avellanarius (Ancillotto et al., 2014)), colugos (Galeopterus variegatus (Miard et al.,
2019)), and flying squirrels (Glaucomys spp. (Diggins et al., 2020; Eisinger et al.,
2016; Gilley et al., 2019; Murrant et al., 2013)), the behaviours related to ultrasound

production are undocumented for most species.

In 2013, the first records of ultrasonic calls in North American flying squirrels
(Glaucomys) were published by two research groups (Gilley, 2013; Murrant et al.,
2013). Prior to these studies, flying squirrels were assumed to not produce many, if
any, vocalizations. However, findings reported in several publications reveal that
flying squirrels produce over 20 unique, mostly ultrasonic, vocalizations which vary
between northern (Glaucomys sabrinus) and southern (G.volans) flying squirrels
(Diggins et al., 2020; Eisinger et al., 2016; Gilley et al., 2019; Murrant et al., 2013).
Despite the numerous publications addressing the vocal production of these squirrels,
no researcher has identified why flying squirrels are signalling in the ultrasonic range
or the behaviours associated with ultrasonic calls. One researcher attempted to record
echolocation in these squirrels prior to any ultrasonic calls being reported and was

unsuccessful in their experiments (Chattin, 1969).

Ultrasound production is not the only unique phenotype expressed by flying
squirrels. Firstly, flying squirrels are the only group of squirrels that are strictly
nocturnal (Arbogast, 2007) with about 50 species of flying squirrels around the globe

which all share this trait (Jackson & Schouten, 2012). Additionally, as their name



implies, they are the only group of squirrels that have a patagium which allows them
to glide between trees and conserve energy (Scheibe et al., 2006). Gliding is shared by
only a few extant mammalian clades, all of which are also strictly nocturnal (Jackson
& Schouten, 2012). Nocturnality and gliding may be related to the use of ultrasonic
calls, due to some nocturnal predators (i.e., owls have not been shown to hear
ultrasonic calls (Brittan-Powell et al., 2005; Knudsen, 1981)) and the visual
limitations of gliding in dark conditions, which may mirror evolutionary pressures of

other visually-limited echonavigators.

In my thesis, I address the ecological and evolutionary pressures that could
explain the use of ultrasonic communication in flying squirrels and other lineages that
occupy a similar niche. In my first chapter, I explore the history of vocal production
studies in Sciuridae and the life history traits that relate to the type of frequencies
employed by all squirrels. In my second chapter, I dive into the relationship between
gliding and ultrasonic calls by comparing all gliding mammals to their non-gliding
counterparts. Interestingly, flying squirrels aren’t the only mammalian gliders to
produce ultrasonic calls and this may be a form of acoustic camouflage necessary for
social, nocturnal gliders. In my third chapter, I use behavioural studies to explore the
contexts in which ultrasonic calls are used in northern and southern flying squirrels,
investigating both social contexts and the potential for echonavigation. Finally, in my
discussion chapter, I compare vocalizations of several non-gliding mammals to
explore the prevalence of ultrasonic calls and summarize the ecological function of
ultrasound production in flying squirrels. Within this discussion, I summarize the

findings from my primary data chapters and provide avenues for future research.
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Chapter 2 - Think before they squeak: Vocalizations of the
squirrel family

A version of this chapter has been published by Frontiers in Ecology and Evolution.

Newar SL, Bowman J. 2020. Think before they squeak: Vocalizations of the squirrel
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Abstract

Squirrels (Sciuridae) are a diverse group in behaviour, morphology, and ecology. This
variation is typified by the wide range of vocalizations spanning ground squirrels
(Marmotini and Xerini), tree squirrels (Callosciurinae and Sciurini), and flying
squirrels (Pteromyini). Squirrels produce calls that range in frequency, modulation,
and function, with a complex set of social calls occurring across the family. We
review the history of recording methods used in the development of squirrel
vocalization repertoires, with emphasis on how the ecology and methodology impact
the frequency values reported. The fundamental (Fo — the mean frequency of the
fundamental harmonic), dominant (Fpom — the frequency of maximum energy or
amplitude), minimum (Fumin— the minimum frequency of the fundamental harmonic),
maximum (Fyax — the maximum frequency of the dominant harmonic), and highest
harmonic (Fuarm — the mean frequency of the highest visible harmonic) frequencies
were considered against popular hypotheses that have attempted to explain the
evolution of vocal frequency characteristics in terrestrial mammals. These hypotheses
include body size, predator avoidance, habitat type, and diel activity pattern.
Phylogenetic generalized least squares modelling revealed that body mass and the
frequency limits of the methods were strong determinants of perceived high-
frequency communication. Consistent with popular hypotheses, social squirrels
exhibited a broader range of Fo, Fpom, and Fumax than solitary squirrels while habitat
openness promoted higher Fpom and Fram. Additionally, nocturnality was significantly
associated with higher Fo, Fpom, and Fumax, suggesting that flying squirrels, the only
nocturnal squirrels, commonly use high-frequency acoustic signals, a finding that

merits further investigation. In conclusion, our review provides unique insight into the
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role of behavioural ecology on vocal repertoires and the importance of accurate

equipment selection for sampling across a diverse taxon.

Contribution to Field

We carry out the first review of determinants of vocal frequency characteristics in the
squirrel family (Sciuridae), controlling for phylogeny, and testing for effects of
technological limit such as recording equipment. We found that vocal frequency
characteristics are affected by diel activity (i.e., nocturnality), body size, habitat
openness, and sociality, though the strength and relevance of the factors vary between
the characteristics. The technological method limits (i.e., technology) also had a
significant effect on the detection of higher frequencies. Our study suggests the need
for better global coverage of vocalizations in the squirrel family and of the need to test
hypotheses about the evolution of high-frequency communication in the nocturnal
flying squirrel tribe.

Keywords: Sciuridae, squirrels, vocalizations, alarm call, ultrasonic vocalizations,
frequency characteristics
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Introduction

Mammalian bioacoustics is an expansive field in which biology, physics, and
psychology are used to study the taxonomic diversity of signalers and interpret the
complexity of vocal communication. Over the last century or so, the bioacoustic
community has seen the development, implementation, and specialization of their
research technology. Ever-improving recording devices have allowed advancements
from phonetic descriptions of non-human animal calls to the first spectrographic
visualizations to the development of software allowing quantitative analysis of calls in
minute detail (Terhune, 2011). While phonetic descriptions of the calls served an
important purpose at one point in time, the recording of calls provided the first
opportunity for a detailed comparison of the differences between species and the
evolution of vocal production in mammals through spectrographic analyses. The first
acoustic spectrograph was developed in 1946 to study human speech, though the
authors suggested that this new device could be used to study environmental sounds,
musical instruments and orchestral composition, and potentially animal sounds under

the right conditions (Koenig, Dunn & Lacy, 1946).

Spectrographs were, and continue to be, important because they allowed
researchers to study the shape and structure of the sounds being produced, but they
also allowed the visualization of calls that cannot be heard by the human ear. Humans
are limited to a hearing frequency range of about 20 Hz to a maximum of 20 kHz,
though 15-18 kHz is the cut-off for the average human (Masterton, Heffner &
Ravizza, 1969). Given that it is difficult for even the best human ears to hear sounds
near the upper limit (Masterton et al., 1969), some have argued that 15 kHz should be
the cut-off for differentiating between the audible range (what can be heard by

humans) and the ultrasonic range (calls that exceed the upper limit of human hearing).
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However, most publications describe 20 kHz, the absolute maximum of human

hearing, as the frequency at which calls can be described as ultrasonic.

Ultrasonic vocalizations (USVs), calls that completely lie in the ultrasonic
range (>20 kHz herein) were first studied in cetaceans and bats that had been
observed navigating and hunting without visual cues. USVs were first recorded with
the aid of frequency-altering heterodynes in bats (Pierce & Griffin, 1938) and were
first visualized in porpoises (Wood Jr., 1952). Bats and cetaceans largely remained the
focus of ultrasonic studies for decades, due in particular to interest in echolocation.
The intensive echolocation focus has likely overshadowed ultrasound-production in
many other wild species such as shrews (Blarina and Sorex: Gould, Negus & Novick,
1964; Sorex: Tomasi, 1979), singing mice (Baiomys and Scotinomys: Miller &
Engstrom, 2007; Scotinomys: Ferndndez-Vargas, Tang-Martinez & Phelps, 2011), and
even several species of squirrel (Urocitellus richardsonii: Wilson & Hare, 2004;
Glaucomys: Murrant et al., 2013). Additionally, the widespread availability of lab
mice and rats has led to many studies investigating the function and biomechanical
processes involved with USV production. The study of USV production in these
rodents has been quite active since the early 1970s (Corrigan & Flannelly, 1979;
Geyer, 1979; Geyer & Barfield, 1978; Geyer, Barfield & Mclntosh, 1978; Hofer &
Shair, 1978, 1980; Oswalt & Meier, 1975; Smith, 1979), leading to a wealth of
publications, but also, along with bats, a taxonomic bias in publications about
ultrasound use. While still crucial in understanding the physiological and cognitive
processes associated with USVs, captive rats and mice have been isolated from
natural processes for generations and are not known to produce well-studied wild calls
such as predator alarm calls (Blanchard et al., 1991; Hahn & Lavooy, 2005;

Kalcounis-Rueppell, Petric & Marler, 2018; Sirotin, Elias Costa & Laplagne, 2014).
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Ultrasound can be a useful communication tool because the short sound waves
are highly directional and are not readily heard by most predatory birds, reptiles, and
amphibians (Knudsen, 1981; Yamazaki et al., 2004). It has been proposed that the
main drivers of ultrasound use for all terrestrial vertebrates are body size, predator
avoidance, and increasing the signal-to-noise ratio (Arch & Narins, 2008). Several
studies support the hypothesis that body size has a strong relationship to the frequency
of vocalizing animals (avian mass: Ryan & Brenowitz, 1985; mammalian mass:
Charlton & Reby, 2016, Martin, Tucker &Rogers, 2016; mass of mole rats:
[Cryptomys, Heterocephalus, Sorex], Credner, Burda & Ludescher, 1997; length of
ground squirrels: Spermophilus, Nikol’skii, 2017). The mass-call frequency
relationship is influenced directly by the physical mechanisms of vocal production
(i.e., lung capacity, larynx size) and through indirect effects like species ecology (e.g.,
larger animals using different environments than smaller animals; Ryan & Brenowitz,
1985). In contrast, predator-avoidance is more difficult to quantify and this hypothesis
seems to be more supported by anecdotal evidence of vocal shifts toward ultrasonic
frequencies when animals are in the presence of predatory birds (Digweed & Rendall,
2009; Kotler, 1984; Tamura & Yong, 1993). Finally, the signal-to-noise ratio
hypothesis has been supported by only a few examples, such as the Kihansi spray toad
(Nectophyrynoides asperginis) which has shifted all vocal production to USVs to
reduce interference from nearby roaring, low-frequency waterfalls (Arch, Richards-
Zawaki & Feng, 2011). Similarly, the acoustic adaptation hypothesis, a version of the
signal-to-noise idea that focuses on sound propagation relative to environmental
characteristics (e.g., open versus closed) instead of ambient sound, postulates that
higher frequencies will be employed in open habitats where the shorter sound waves

are less likely to be attenuated by the environment before reaching the receiver (Ey &
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Fischer, 2009). In contrast to the acoustic adaptation hypothesis, it has also been
shown that some mammals inhabiting forested habitats have improved hearing
sensitivities to continue to use high-frequency calls in closed habitats (Charlton,

Owen & Swaisgood, 2019).

Our review will focus on literature covering the recording and reporting of the
highly vocal family, Sciuridae. With spectrographic reports of squirrel vocalizations
beginning in the 1960s, squirrel genera have been well sampled, and many vocal
libraries have been developed and updated with improving technologies. We apply
popular and novel hypotheses related to vocal characteristics (Table 2.1) to observe
which behavioural and ecological traits drive frequency use in squirrels. We also
challenge the currently established repertoires in light of new reports of USVs in
flying squirrels and call for future research to employ equipment that is intended for
non-human animals, and not subject to the limitations of equipment designed for use

with humans.

Squirrel Vocalizations — A Short History

The first published spectrographic analyses of squirrels appeared in 1966; the
authors used these visualizations to describe a variety of calls of the Uinta ground
squirrel (Urocitellus armatus; Balph & Balph, 1966) and the yellow-bellied (Marmota
flaviventris) and hoary marmots (M. caligata; Waring, 1966). While the authors
published separately, they used the same equipment to record the squirrels: a
unidirectional microphone with a relatively narrow frequency bandwidth
(Electrovoice-644 Sound Spot, frequency response of ~0.05-12kHz; Balph & Balph,
1966; Waring, 1966) attached to a relatively large portable tape recorder. Waring

(1966) used a W-610-EV battery-operated tape-recorder (weight ~7.7 kg; Amplifier
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Corporation of America, 1959) whereas Balph and Balph (1966) used an 11.8 kg
Wollensak T 1700 tape recorder (Revere-Wollsenak Division, 2010). The
fundamental frequency (Fo — the vibration frequency of the vocal folds which is
determined by the shape of the larynx as well as airflow; Charlton & Reby, 2016;
Fitch, Neubauer & Herzel, 2002; Riede, Borgard & Pasch, 2017) and the dominant
frequency (Fpom — the frequency with the maximum amplitude or energy; (Fig. 2.1))
of the calls produced by the ground squirrels and marmots were captured within this
narrow frequency range as demonstrated on the spectrographs. However, Waring
noted at least one call produced by the yellow-bellied marmot had strong harmonics
(resonant frequencies produced at intervals above Fo) exceeding 40 kHz, well beyond
the dynamic range of the microphone and only detectable with a heterodyne. The
dynamic range of the recording microphone is limited by the physical shape of the
transducer; this element vibrates when sound is produced, translating the physical
sound wave into an electronic signal (Obrist et al., 2010). Similarly, heterodynes
(handheld ultrasonic detectors that transpose USVs down to the human hearing range
so that researchers can listen to USVs in real-time) can detect a broad range of
frequencies with a specialized transducer. However, the transposer (which translates
the vibration into an audible sound) is restricted to a narrow bandwidth and the

researcher must tune the transducer to listen to different frequencies (Ahlén, 2002).

As Waring (1966) demonstrated, harmonics can lead to vocalizations that
partially exceed human hearing abilities (i.e., ultrasonic harmonics that exceed 20
kHz). Fy is produced as air exits the lungs (called the glottal flow) and without any
interruptions, this tone would only consist of Fo (Titze, 2009). However, if the glottal
flow collides with the vocal tract (vocal folds, upper larynx, tongue, mouth, etc.),

infinite harmonics will be produced, decreasing in strength as they increase in
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frequency (Monsen & Engebretson, 1977; Titze, 2009). Harmonics can be
strengthened or dampened, depending on the shape of the vocal tract (like the addition
of harmonic resonance chambers; Riede et al., 2017) and the presence of strong high-
frequency harmonics can be indicative of active manipulation of the vocal tract
(Fenton et al., 2011; Titze, 2009). Harmonics can allow animals to express a larger
bandwidth (as in bats; Fenton et al., 2011; Kingston & Rossiter, 2004) or to
communicate at a higher frequency (as in anurans and birds; Arch et al., 2011; Narins
et al., 2004), though the function of harmonics in most squirrels remains unclear. The
yellow-bellied marmot is not the only squirrel for which ultrasonic harmonics have
been described. Other genera include Callospermophilus (Eiler & Banack, 2004),
Glaucomys (Gilley, 2013; Gilley et al., 2019; Murrant et al., 2013), Sciurus (Lishak,
1982; Zelley, 1971), Spermophilus (Koshev & Pandourski, 2008; Matrosova et al.,
2011, 2012, 2016; Schneiderova, 2008, 2012; Schneiderova & Policht, 2012;
Schneiderova, Stefanska & Kratochvil, 2019), Tamias (Blake, 1992), and Urocitellus
(Manno et al., 2007; Melchior, 1971). The function of harmonics has been discussed
in the context of a few species of ground squirrel (Spermophilus). California ground
squirrels (Spermophilus beecheyi) will dampen the strength of higher harmonics to
increase the clarity of Fo and improve the ability for receivers to locate the sender
(Leger, Owings & Gelfand, 1980). As well, California ground squirrels habituating to
noisy environments have developed stronger harmonics than their counterparts
inhabiting quieter environments, improving the signal-to-noise ratio of their calls
(Rabin et al., 2003). In contrast, some ground squirrels with larger geographic ranges
or with multiple subspecies may alter the strength or number of harmonics to
accommodate different habitat or social constraints, resulting in distinct dialects (Eiler

& Banack, 2004). So, while all species would have infinite ultrasonic harmonics if
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recorded under ideal conditions (i.e., facing the recorder directly, maintaining close
proximity to reduce attenuation of higher frequencies, remove all background noises,
microphone with infinite sensitivity), we consider it of some interest that strong

ultrasonic harmonics have only been detected in a subset of free-roaming squirrels.

Since the first spectrographic publications, the calls of over 70 extant squirrel
species have been reported. There has been a strong emphasis on alarm calls (reported
in 74/89 publications), likely because these are often the highest-amplitude calls, they
are produced in response to human observers, and they are most obvious to humans
given our own sensory bias (Masterton et al., 1969). Therefore, alarm calls are likely
the easiest to record. Alarm calls function to notify conspecifics of the presence of a
predator and usually prompt a behavioural response from the receivers. Blumstein
(1999) spent over a decade looking at the role of alarm calls in marmots (Marmota
spp.), noting that several species can communicate the threat level of a predator by
modifying the speed or repetitive pattern of the alarm calls (Blumstein, 1999;
Blumstein & Armitage, 1997a). Additionally, many authors have reported that
squirrels will produce different alarm calls (distinct in structure and frequency) to
identify unique predator types and to elicit a specific behavioural response in the
receivers (Rendall, Owren & Ryan, 2009). For example, Richardson’s ground
squirrels (Urocitellus richardsonii) produce a short chirp (lasting only 75 ms and
rapidly decreasing in frequency from 8 kHz to 3.5 kHz) to warn of aerial predators
and evoke an immediate retreat response in conspecifics. In contract, a terrestrial
predator is identified by a long whistle (lasting around 400 ms with a constant
frequency of 10 kHz) which provokes conspecifics to become for alert stand erect
(Davis, 1984). Additionally, these squirrels can add a chuck syllable (only 22.5 ms

long and decreasing in frequency from about 6 kHz to 2 kHz) to the end of a whistle
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when predators are nearby, eliciting increased vigilance from receivers after their
initial behavioural response (Sloan, Wilson & Hare, 2005) and like marmots,
Richardson’s ground squirrels will increase the repetition of their calls as the threat
level increases (Warkentin, Keeley & Hare, 2001). When predator-specific alarm calls
are used in a species, the caller most often only distinguishes between terrestrial and
aerial predators (Callosciurus (Tamura, 1995; Tamura & Yong, 1993), Cynomys
(Ackers & Slobodchikoff, 1999; Loughry et al., 2019), Marmota (Blumstein, 1999;
Blumstein & Arnold, 1995; Davis, 1991; Taulman, 1977), Otospermophilus (Owings
& Leger, 1980; Owings & Virginia, 1978), and Urocitellus (Balph & Balph, 1966;
Melchior, 1971)), though some Asian tree squirrels have a third call which elicits

snake mobbing behaviour in conspecifics (Tamura & Yong, 1993).

While alarm calls have been the focus of most studies, squirrels have many
distinct call types (Table 2.2) varying in function from mating (male courtship, pre-
and postcopulatory calls, and female mating calls), territoriality, facilitating
aggressive (threat, combat) or amicable (maternal, group-cohesion) interactions, and
communicating internal states (distress). Several species of flying squirrel have also
been observed producing calls during their glides and while exploring their
environment (Glaucomys sabrinus and G. volans: Murrant et al., 2013; Petaurista
leucogenys: Ando & Kuramochi, 2008), suggesting this nocturnal tribe (Pteromyini;
Brandt, 1855) may be using echo-based orientation (Siemers et al., 2009). While this
hypothesis has been explored once (Chattin, 1969), the recent discovery of ultrasonic
vocalizations in North American flying squirrels (Eisinger, Scheibe & Flaherty, 2016;
Gilley, 2013; Gilley et al., 2019; Murrant et al., 2013) and the vast improvement in

ultrasonic recording since the 1960s warrants a re-examination of the hypothesis.
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It was not until 2004 that a USV (i.e., a call where Fy entirely exceeds 20 kHz)
was first reported in a squirrel species: the Richardson’s ground squirrel (Urocitellus
richardsonii; Wilson & Hare, 2004). Richardson’s ground squirrels are known to both
produce predator-specific calls that differentiate between terrestrial and aerial
predators (Davis, 1984) and vary the repetition and call structure to communicate
perceived risk (Sloan et al., 2005; Warkentin et al., 2001). USVs were found to be
another way for this species to convey the perceived predation risk by varying their
calls between weaker, ultrasonic vocalizations and louder, audible vocalizations as the
threat imposed by the presumptive predator increases (Wilson & Hare, 2006). When a
predator is farther aways, it is less likely to detect highly directional USVs and
therefore prey individuals can call altruistically while remaining inconspicuous. As
the predator becomes more of a threat, the colony benefits from louder, more
omnidirectional alarm calls to ensure that the maximum number of receivers are
notified. In addition to this, it was found that there is a significant increase in the
frequency of ultrasonic calls when the emerging juveniles reach their highest density,
implying that ultrasonic communication may be most beneficial for social cohesion
(Wilson & Hare, 2006). It is key to note that the authors did not use a secondary
microphone in the audible range (< 20 kHz) to confirm that the calls were not
biphonic (two unrelated fundamental frequencies are produced at the same time;
Matrosova et al., 2012) with one fundamental in the audible range and a second in the
ultrasonic range. However, the authors published a follow-up report in which they
attempted to quantify biophonic versus ultrasonic calls in the same population by
noting ultrasonic call behaviours (thoracic cavity expanding and mouth held in
communicative position, sometimes a very faint whistle can be heard by the observer)

while recording with an audible microphone and they were able to differentiate
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between ultrasonic and biphonic calls (termed ‘mixed calls’ by the authors; Wilson &

Hare, 2006).

Wilson and Hare’s (2004) publication challenges the squirrel vocal literature
because most of the published repertoires have used microphones that are not
sensitive to the ultrasonic range (85% of studies reviewed in our report did not use
equipment that encompassed ultrasonic frequencies). By constraining the
microphones to ranges that maximize human voice recording, the published
repertoires have been unintentionally biased by methodology. While the detection of
ultrasonic calls can be extremely rare even when the correct equipment is being used
(as in some Spermophilus; Matrosova et al., 2012), since 2004, three new Sciuridae
species have been observed to produce USVs. USVs have now been reported in
northern (Glaucomys sabrinus: Murrant et al., 2013) and southern flying squirrels (G.
volans: Eisinger, Scheibe & Flaherty, 2016; Murrant et al., 2013) and noted, though
rarely, in the speckled ground squirrel (Spermophilus suslicus: Matrosova et al.,
2012). Calls where Fy partially extend into the ultrasonic range have been also been
noted in both the southern (G. volans: Eisinger et al., 2016; Gilley, 2013; Gilley et al.,
2019; Murrant et al., 2013) and northern flying squirrels (G. sabrinus: Gilley, 2013;
Gilley et al., 2019) as well as the Carolina flying squirrel (G. sabrinus coloratus:

Gilley, 2013).

Despite the underrepresentation of USVs in published squirrel vocal
repertoires owing to technological limitations and difficulties associated with
recording free-ranging individuals, squirrels are a useful taxonomic group to
preliminarily evaluate factors controlling the frequency limits of mammalian vocal
signals. Squirrels have been well sampled across the taxa and represent a diverse

range of social structure, habitat use, and behaviour. We used phylogenetic methods
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to investigate the following five popular and novel hypotheses relating to different
frequency characteristics of the vocalizing members of Sciuridae (Table 2.1). (1) The
role of body size, which has been shown to drive frequencies higher as body size
decreases, will be explored (Arch & Narins, 2008; Martin et al., 2016). However, it
has already been noted in Sciuridae that body size differences attributed to age class
(pup versus adult) do not result in within-species differences in vocal characteristics
(Matrosova et al., 2007; Swan & Hare, 2008), therefore this relationship is only
expected to be significant when making cross-species comparisons. (2) To investigate
the potential role of predator avoidance (prey species will favour acoustic ranges that
exceed the detection of common predators; Arch & Narins, 2008), we used sociality
as a proxy because species that exhibit social complexity are more likely to exhibit
increased vocal complexity (Blumstein, 2007; Blumstein & Armitage, 1997b).
Primates that exhibit more complex social systems are sensitive to higher frequencies
(Ramsier et al., 2012) and mammals with complex social systems are more likely to
produce higher frequency vocalizations associated with submissiveness and
appeasement (Charlton & Reby, 2016). Additionally, Wilson and Hare (2006) suggest
that squirrel social systems in which kin are more clustered, either spatially or
temporally from juvenile emergence, are more likely to favour USV production which
is less likely to be detected at a distance by an eavesdropping predator. Therefore, we
predicted that more socially complex squirrels will vocalize at higher frequencies. (3)
We explored the acoustic-adaptation hypothesis (terrestrial animals will modify call
structure depending on their environment; Blumstein, 2007; Ey & Fischer, 2009) by
comparing the frequency limits of squirrels in open versus closed habitats, with open
habitats expected to promote the use of higher frequencies. (4) The role of diel

activity patterns is interesting as the only nocturnal squirrels are the flying squirrels
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which might be using vocalizations for echolocation as echo-based orientation (or
‘echonavigation’) is associated with reduced visual cues in other rodents (Ancillotto et
al., 2014; Panyutina et al., 2017). Therefore, we predicted that nocturnal species
would have higher frequencies than diurnal species. (5) Finally, the relevance of the
equipment used will be analyzed by incorporating the method detection limits
(defined as the limits of either the microphone or spectrographic analysis, hereinafter
‘method limits”) of the publication methods into the models defined below. We
predicted that method limits, particularly the upper-frequency limit, will constrain the

perceived vocal ranges of recorded species.

Reviewing Frequency Characteristics

We developed a database beginning with a list of publications that described
the vocalizations of squirrels up to 2019 (summarized in Table Al1.1). The minimum
requirement for each publication was the description of at least one call with either a
spectrographic analysis or numerical data, though the majority of publications
described multiple calls per species or described multiple species per publication (493
calls from 72 species represented in 89 publications; summarized in Table Al.1). The
databases used to search for these publications were Google Scholar, JSTOR, Web of
Science, and Wiley Online Library. We used the keywords acoustics, acoustic
repertoire, calls, frequency, Hz, vocalizations, and ultrasound paired with Sciuridae,
squirrel, or an exhaustive list of currently valid and invalid genera (the most updated
nomenclature was taken from the Integrated Taxonomic Information System

http://www.itis.gov/). For each call described in the selected publication, the

following characteristics were taken: the fundamental frequency (Fo: the mean

frequency of the primary vibrational frequency of the vocal membrane; kHz),
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dominant frequency (Fpom: the frequency with the greatest energy, power or
amplitude; kHz), minimum frequency (Fumin: the minimum frequency of the
fundamental frequency; kHz), maximum frequencies (Fuax: the maximum frequency
of the fundamental frequency (or of harmonic on which Fpom is measured); kHz), and
the highest visible harmonic (Fuam: mean frequency of the highest complete harmonic

visible on the spectrograph; kHz) (Fig. 2.1).

Once our review of vocalization publications was complete, we searched for
the body mass (g), diel activity pattern (diurnal or nocturnal), social complexity, and
habitat openness of the dominant habitat (open or closed) of each species from the
relevant vocalization papers. If not provided, other resources including Mammalian
Species accounts, PanTHERIA (Jones et al., 2009), and the Animal Diversity Web
(Myers et al., 2020) were reviewed. Both male and female body masses were initially
recorded, but male body size could not be found for Spermophilus taurensis. Male
and female body mass were strongly correlated (» = 0.98, p < 0.001), therefore female
body mass was chosen to represent squirrel body size. Because we could only assign
an adult female body mass to all species, calls that are exclusively produced by males
or pups were removed from the dataset before analysis. We pooled all other calls
(calls produced by both sexes or females only as well as calls produced by juveniles
and adults) as there is little evidence to suggest that juveniles and adults produce
acoustically distinct calls across the family (Matrosova et al., 2007, 2011;
Schneiderova, 2012; Volodina, Matrosova & Volodin, 2010; but see: Nikol’skii,
2007). While the initial database included a five-tiered social classification ranging
from solitary to colonial (based on the social grades of ground squirrels described by
Matéju et al., (2016)), social classes were reduced to social or solitary living to reduce

model parameters. Species that exhibit dynamic social structures, such as flying
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squirrels that engage in social nesting to a greater extent during one portion of the
year (Garroway, Bowman & Wilson, 2013), were treated as socially living. Two
subspecies (Marmota baibacina centralis and Tamias dorsalis dorsalis) could not be
used in the subsequent analyses because ecological data and body mass-specific to
each subspecies could not be found; similarly, the species Spermophilus pallidicauda
could not be included as body mass for either sex could not be found.
Phylogeny

VertLife, an online resource that allows the user to extract pruned trees from
vertebrate supertrees, was used to produce 100 pruned trees from the Mammalian
supertree (Fig. 2.2; Upham, Esselstyn & Jetz, 2019). Three subspecies had to be
incorporated under their parent species, so branch tips were broken in two and
subspecies were treated as equivalent to parent species, with branch lengths identical
between the parent and subspecies (the addition of a subspecies did not create any
polytomies in the tree). Three species are represented by subspecies only: Sciurus
aberti kaibensis, Sciurus niger rufiventer, and Callosciurus erythraeus thaiwanensis.
Statistical Analysis

Phylogenetic generalized least square (PGLS) modelling was used to account
for the variation in acoustic repertoire that may be explained by phylogenetic
relatedness. PGLS models produce a lambda parameter, 4, that represents the degree
to which the variance of traits is explained by the phylogenetic relationships in the
model. The 4 parameter varies between 0 and 1, with 0 representing no phylogenetic
trace and 1 representing absolute Brownian motion (Freckleton, Harvey & Pagel,

2002; Martin et al., 2016).

PGLS modelling restricts each species to a single observation (i.e., no

subsampling of species permitted). Therefore, the numerous data entries per species
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had to be reduced. For the fundamental, dominant, maximum, and highest harmonic
frequencies, the absolute maximum value for each characteristic reported among all
publications was chosen. Likewise, for minimum frequency, the absolute minimum
reported frequency was chosen. We use maximum and minimum values rather than

the median for a more rigorous test of our hypothesis about method limits.

Body mass and all frequency characteristics were log-transformed to achieve
normal distributions. Additive models were built for each frequency type (Po + body
mass (Bmass) T diel activity pattern (Bpiet) + sociality (Bsociatity) + habitat openness
(Bopen) + method limits (PBrim)) using the caper package in R (ver 3.6.2). We reported
the test statistics of the regression to evaluate significance and effect size (F-statistic,

p-value, and adjusted R?).

Evaluating Correlates of Frequency Characteristics

The effect of body mass and method limits were significant for all five call
descriptors (Fo, Fpom, Fmin, FMax, and Fram) whereas habitat openness only had a
significant effect for Fpom and Fuam (Table 2.3). The PGLS models fit the data well
for most frequency characteristics, with effect sizes (adjusted R?) of 0.64 (p < 0.001),
0.57, (p <0.001), 0.61 (»p <0.001), and 0.41 (» < 0.001) for Fo, Fpom, Fmax, and Fram
accordingly. The minimum frequency PGLS model did not fit the data well, yielding
an effect size of only 0.12 (p < 0.05), however it was the only model that yielded a
significant phylogenetic signal (Pagel’s A with 95% confidence intervals) of 0.65 [0,
0.88]. In contrast, the phylogenetic signal was estimated to be 0 for Fo (0 [0, 0.96]),
Fpom (0 [0, 0.32]), Fmax (0 [0, 0.95]), and Fram (0 [0, 0.43]) which suggests that these
traits are highly variable across these taxa. A summary of model parameters for

secondary candidate models (AAICc < 2; Mazerolle 2004) selected through stepwise
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regression can be found in the appendix (Table A1.2). Notably, harmonic frequency
values could only be found for 43 of the 73 species, with species reported in only one
publication being significantly less likely to have reported harmonics (Chi-square =
17.1, p < 0.001) than those appearing in multiple publications.
Body Mass

Body mass (Fig. 2.3) had a significant effect on Fo (slope = -0.22 (=SE = 0.05;
Table 2.4), F15¢=23.14, p < 0.001), Fpom (slope = -0.20 (£0.05), F160=12.37,p <
0.001), Fumin (slope = -0.19 (£0.09), F1 58 = 6.24, p < 0.05), Fumax (slope = -0.25 (£0.05),
F150=37.61, p <0.001), and Fyam (slope = -0.29 (£0.08), F;37=9.18, p<0.01).
These results are consistent with our prediction that increased body mass results in the
production of lower frequencies as already shown in mammals (Charlton & Reby,
2016) and birds (Ryan & Brenowitz, 1985). The avian mass-frequency relationship
focused on the ‘emphasized’ frequency, similar to Fpom reported here (Ryan &
Brenowitz, 1985). Our results are somewhat consistent with Martin et al., (2016) who
also found that Fumin was constrained by mammalian body mass, but the mass-Fuin
relationship reported was twice as strong as reported here (slope = 0.41). This is likely
because their dataset ranged from microbats (weighing less than 0.1 kg) to whales
(larger than 100 000 kg), representing a much larger range of body sizes and therefore
showing a stronger effect of body size on frequency types. In comparison, this dataset
covered only a range of about 36 g (Tamias alpinus) to 8.0 kg (Marmota sibirica). In
contrast to our results, Martin et al., (2016) found that Frnax was not constrained by
body size, though this was largely attributed to the interaction between environment
and body size. They suggest that because sound waves travel differently in the water,
aquatic species are freed from the constraints of body size on the maximum frequency

compared to their terrestrial relatives. Like Martin et al., (2016), Ryan and Brenowitz
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(1985) also found that there was an interaction between environment and body size in
avian song frequency, but they compared habitat openness as we did here.
Interestingly, when we also added the interaction between habitat openness and body
mass did not change the model outcome (AICc values or variable effects) for most
frequency characteristics, but it did yield a significantly better model for Fram (AAICc
= -9.78). The effect size of the model increased (adjusted R2= 0.55, p < 0.001), the
effect of habitat openness increased (slope = 3.70 (£0.91), F; 36= 6.80, p < 0.05) and
the interaction between habitat openness and body mass was significant (slope = -0.55
(£0.16), F135=12.51, p <0.01). However, the slope estimate of body mass was
reduced (slope = -0.06 (£0.12), F;36=12.04, p < 0.01) and the effect of sociality
became non-significant (slope = -0.10 (£0.19), F; 3= 1.67, p = 0.21). By observing
an interaction plot, we determined that as body size increased in the closed habitat,
there was little change in Fram, whereas there was a large decrease in Fram with
increasing body size in the open habitat.
Sociality

Sociality (social (0) or solitary (1)) had a significant effect on Fy (slope = -
0.007 (£0.13), F1,58=9.54, p <0.01), Fpom (slope = -0.04 (£0.14), F1,60= 8.60, p <
0.01), and Fmax (slope =-0.07 (£0.13), F150=8.57, p < 0.01). Notably, sociality had a
significant effect on these models while yielding a non-significant slope; investigating
the models further, there was no evidence of collinearity between sociality and other
variables. However, there was a greater variation in frequencies used by social
squirrels compared to solitary squirrels as minimum frequencies were similar and
maximum frequencies were higher in social squirrels. These results are consistent
with Blumstein and Armitage (1997) who found that social complexity was related to

increased use of alarm calls in the repertoire in marmots. In our results, we found that
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alarm calls are widespread across the taxa, appearing in 64 of the 73 vocalizing
Sciuridae species. While social squirrels might not be more likely to have alarm calls
in their vocal repertoire than solitary squirrels (Chi-Square = 3.51, p = 0.06), they
likely maintain shorter distances between the sender and receiver and increase their
production of alarm calls (ex. Urocitellus beldingi; Sherman, 1985). This reduced
distance could facilitate the incorporation of higher frequencies into the repertoire as
these frequencies are highly directional but are more likely to be attenuated over
longer distances (Smith, 1979). As well, the increased proximity not only results in
more altruistic alarm calling (Sherman, 1985) but also the production of more
vocalizations to facilitate group cohesion and maintain social hierarchies, particularly
between emerging juveniles and established adults. For example, calls in adult female
yellow-bellied marmots (Marmota flaviventris) are directly correlated with the
emergence of juveniles (Blumstein et al., 1997). Primates, another group of highly
communicative and socially variable mammals, also trend toward increased vocal
complexity and overall improved hearing sensitivities in more social species and
larger groups (Ramsier et al., 2012). To compensate for increased exposure via sound,
social animals benefit from communicating in ranges less readily heard by predatory
species (Arch & Narins, 2008). In contrast, solitary squirrels would benefit from
louder calls if they are warning surrounding conspecifics of potential danger,
especially if the species maintains relatively large home ranges. However, the
maintenance of these territories would likely lead to vocal production that maximizes
the effectiveness of territorial displays (which we only found reports of in solitary and
socially alternating species), meaning that lower frequencies would be more beneficial
to maximize amplitude over longer distances and to increase omnidirectionality. In

addition to social structure, mating systems may be complicating the results observed.
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We grouped monogamous and polygynous species. However, Charlton (2016)
suggests that Fois a sexually selected trait and is higher in polygynous species and
lower in monogamous species. While we excluded calls produced exclusively by
males, we kept calls produced by both sexes, therefore not eliminating calls produced
by both sexes that are also under sexual selection. We suggest further research into the
role of sociality and mating systems in vocal complexity across Sciuridae.
Habitat

The habitat type (open (1) or closed (0)) only had a significant effect on Fpom
(slope = 0.31 (£0.14), F1,60 = 4.22, p < 0.05) and Fuam (slope = 0.59 (£0.25), F137=
5.65, p < 0.05), with open habitats facilitating higher dominant and higher maximum
harmonic frequencies than closed habitats. We expected that the Fmax would be most
affected by habitat type because higher frequencies are attenuated more rapidly in
closed environments (Smith, 1979) resulting in a shift of vocal range (minimum to
maximum frequency). Instead, we found that squirrels in open habitats spend their
maximum acoustic energy (Fpom) on higher frequencies than squirrels in closed
habitats, with little effect on range, as Fimin and Fumax were not significantly influenced
by habitat openness (Table 2.3 and 2.4). Charlton et al., (2019) have shown that
forest-dwelling animals may not be hindered by their ability to produce or detect high
frequencies as many have been shown to co-evolve improved acoustic structures to
not lose their access to these frequencies in a closed environment. They suggest that
forest-dwelling animals may boost the amplitude and increase the frequency band of
their calls to help counteract the increased attenuation of their environment and
improve the ability of receivers to locate the sender (Charlton et al., 2019). This
hypothesis would explain why squirrels in closed habitats continue to use high

frequencies, despite the limitations. Based on this hypothesis, we would also predict
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Fuam would not be affected by habitat openness as increased harmonic strength would
improve the bandwidth of calls in closed environments and high harmonics would be
unhindered in open habitats, making them favourable in both conditions. We found
instead that higher harmonics are detected in open habitats, supporting the more
traditional acoustic adaptation hypothesis (Blumstein, 2007; Ey & Fischer, 2009).
However, we think it is important to note that the detection of the highest harmonic is
largely dependent on the recording techniques of the researcher and how the calls
have been displayed on spectrographs. It may likely be that high harmonics are easier
to record in open environments, whether because the acoustics are better for recording
(reduced attenuation of harmonics before reaching the microphone as in bats; Fenton
et al., 2011) or the individual squirrel ecology lends to better study subjects (i.e.
congregated ground squirrels allow microphones to be placed close to predictable
burrow holes compared to free-ranging tree squirrels which have many temporary
nests and retreats across a forest canopy). While not explored in this study,
environments with greater humidity transmit higher frequencies better than arid
environments where calls are attenuated faster (Nikol’skii, 1984). This was partially
shown in ground squirrels (Spermophilus; Nikol’skii, 2017) when the strength of the
relationship between the Fpom and body mass was significantly improved when
habitat aridity was incorporated as a factor into the models. Overall, our findings
suggest that higher dominant frequencies are more easily incorporated and recorded in
squirrels in open habitats, but high frequencies are not necessarily unused or
completely inhibited by closed habitats.
Diel Activity Pattern

As predicted, nocturnality resulted in significantly higher values for Fo (slope

=0.79 (+0.22), F155 = 51.22, p < 0.001), Fpom (slope = 0.96 (£0.24), F; = 40.84, p <
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0.001), and Fumax (slope = 0.61 (£0.23), F150 = 33.10, p < 0.001). Though the
frequency traits between diel activity patterns was not significant for Fumin (slope =
0.43 (£0.56), F158=1.63, p = 0.21) and Fyam (slope = 2.96 (%), 1,37 = 2.96, p = 0.09),
all frequency characteristics trend toward nocturnal species using higher frequencies
than diurnal species (Fig. 2.4). Unfortunately, the lack of behavioural observations
associated with the published flying squirrel repertoires, the only nocturnal squirrels,
means that interpretation of these results is mostly hypothetical (as nocturnal
patterning is only represented by 5 different (sub)species). Both species of Asian giant
flying squirrel (Petaurista lena and P. leucogenys) stand out as the only squirrels with
movement-associated vocalizations that were recorded while observing free-ranging
individuals (Ando & Kuramochi, 2008; Shen, 2013). Additionally, one call associated
with the exploration of a novel environment was reported in the southern flying
squirrel (Glaucomys volans; Murrant et al., 2013). While there has yet to be any direct
evidence of echo-based navigation (Siemers et al., 2009) or echolocation in flying
squirrels (Chattin, 1969), we propose that the strong effect of nocturnality on multiple
frequency characteristics, correlated to calls in higher frequencies, as well as the
recent discovery of USVs in North American flying squirrels (Gilley, 2013, Murrant
et al., 2013), warrants a re-examination of the function of USVs in these squirrels
with specific echo-based navigation experiments included in the research.
Method Limits

As we predicted, the limits of the methods (microphone or analysis ranges) did
significantly influence all the frequency characteristics as shown in the PGLS models.
As equipment limits increased, so did the Fo (slope = 0.45 (£0.08), F;5s=37.91, p <
0.001), Fpom (slope = 0.39 (£0.08), F1,60 = 23.78, p < 0.001), Fymax (slope = 0.40

(+0.08), F/.50 = 25.16, p < 0.001), and Fram (slope = 0.51 (£0.15), F137= 11.01, p <
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0.01; similarly, lower method limits were related to a lower Fumin, though this
relationship was not as strong (slope = 0.12 (£0.05), F;,37=4.63, p < 0.05)
Additionally, the AICc of all secondary PGLS models were improved by about 10%
when method limits were included (note that all secondary candidate models include
Brim; Table A1.2). We conclude that the type of equipment being used is crucial for
detecting all frequency characteristics and that using equipment with large bandwidths
(the entire range of frequencies that could be detected) is important for all squirrel
acoustics research as we continue to discover novel USV production in Sciuridae.
Summary

We predicted that body mass, sociality, habitat openness, diel activity pattern,
and method limits would influence the fundamental, dominant, minimum, maximum,
and highest harmonic frequencies (kHz; Table 2.1). We found at least some support
for all of these hypotheses. We found that across the squirrel family, there was a
significant effect of body mass with all frequency characteristics, a finding that is
mostly consistent with other literature (Arch & Narins, 2008; Charlton & Reby, 2016;
Martin et al., 2016). Social squirrels used higher fundamental, dominant, and
maximum frequencies which aligns with the predator-avoidance hypothesis (Arch &
Narins, 2008). Social squirrels also used a larger range of frequencies which can be
partially attributed to increased communication amongst kin (Blumstein & Armitage,
1997b) or sexual selection acting on vocal traits (Charlton & Reby, 2016). As
predicted by the acoustic adaptation hypothesis (Blumstein, 2007; Ey & Fischer,
2009), we found that species inhabiting open habitats used higher dominant and
harmonic frequencies than those in closed habitats where high frequencies are more
rapidly attenuated by the environment (Smith, 1979); however, the maximum

frequency was not affected by habitat type which suggests that squirrels in closed
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habitats may have co-evolved structures to maintain access to USVs despite the
environmental complications (Charlton et al., 2019). Nocturnality was associated with
higher frequencies for the fundamental, dominant, and maximum frequencies,
suggesting that nocturnal, gliding squirrels are under unique selection pressures for
using USVs. An explanation for this general pattern of higher frequencies in nocturnal
squirrels remains elusive. Finally, the significant effect of method limits on all
frequency characteristics and the presence of method limits in all candidate models
(Table A1.2) suggest that method limits are important for framing the ranges detected

during recording sessions.

Think Before They Squeak — Conclusion

Squirrels are vocally complex taxa, displaying a wide range of call frequencies
and functions. While there has been a representative sampling across the genera, there
are large gaps in the geographic sampling of squirrels (Fig. 2.5). The USA alone
accounts for over 50% of the published vocal repertoires. In contrast, only a single
study has occurred in Africa and no repertoires have been published from Central or
South America. In the face of global extinction crises and habitat loss, it is more
important than ever to archive the traits of rare and cryptic species so that we can
maximize the utility of all available monitoring and conservation tools. Bioacoustic
monitoring is an effective tool for cryptic species (Gilbert, McGregor & Tyler, 1994;
Tripp & Otter, 2006; Walker, 1964) and has been shown to improve the monitoring of
flying squirrels which are notoriously difficult to detect (Diggins et al., 2016).
Considering these analyses, we encourage researchers to record squirrel vocalizations
in under-sampled locations. We further suggest the use of recording equipment that

can resolve frequencies that extend into the ultrasonic range so that repertoires
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accurately reflect the ranges used by the species being studied. Additionally, we
caution that researchers studying the vocalizations of previously reported squirrels
should consider the accuracy of previous literature, especially when there is possible
evidence of partial USVs or ultrasonic harmonics present. Squirrels that are socially
complex or inhabiting open areas are of interest for studies focused on high-frequency
vocalizations; we also strongly encourage the examination of the role of USVs in
nocturnal, flying squirrels. We also caution that while USV research requires
specialized technology, this work also requires ideal recording conditions and
patience as USVs can be rare and difficult to detect in some Sciuridae species
(Matrosova et al., 2012). In conclusion, while rodent bioacoustic studies are typified
by controlled environments and lab animals, studying the vocalizations of free-
ranging rodents can reveal new information about the natural world, providing

informative findings and new insights that apply to real-time conservation efforts.
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Figure 2.1 Examples highlighting the variation of how Sciuridae calls are presented
as well as how frequency characteristics were measured on different spectrographs
and call types. Frequency characteristics measured for all call types: Fo (fundamental
frequency: the mean frequency of the primary vibrational frequency of the vocal
membrane; when the dominant frequency occurs on the fundamental harmonic, Fo =
(Fmax+Fwmin)/2), Fpom (dominant frequency: the frequency with the greatest energy,
power or amplitude), Fmin (minimum frequency: the minimum frequency of the
fundamental frequency), Fmax (maximum frequency: the maximum frequency of the
fundamental frequency (or of harmonic on which Fpom is measured)) and Fuarm
(frequency of highest visible harmonic: mean frequency of the highest complete
harmonic visible on the spectrograph). (A) Broadband noise produced by a female
southern flying squirrel (Glaucomys volans, Murrant et al., 2013). (B) Alarm call
(“shrill chirp”) recorded in a colony of Columbian ground squirrels (Urocitellus
columbianus; Betts 1976). (C) Alarm call (two call elements identified by the initial
researchers and therefore recorded separately, red = element 1, blue = element 2)
recorded in a population of European ground squirrels in the Ponor Mountains
(Spermophilus citellus; Koshev and Pandourski 2008). (D) Alarm call (also with two
distinct elements identified by red and blue) emitted by a female little ground squirrel
(Spermophilus pygmaeus; Nikol’skii 2019).
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Figure 2.2 Phylogeny of Sciuridae reduced to all species used in analysis (n = 70).
Species present represent the subfamily Callosciurinae (grey: southern Asian tree
squirrels), Sciurinae (orange: Pteromyini, flying squirrels; yellow: Sciurini, Holarctic
tree squirrels) and Xerinae (pink: tribe Xerini, African ground squirrels; Marmotini,
Holarctic ground squirrels). Marmotini is subdivided into the genera 7amias (green:
chipmunks), Marmota (light blue: marmots) and the remaining Holarctic ground
squirrels (dark blue). Edge lengths to scale; scale bar represents 5 million years from
present. Tree downloaded from VertLife.org.
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Figure 2.3 Frequency measurements for squirrel (n = 42) vocalizations as function of
body mass. Frequencies measured as absolute minimum (pink), fundamental (green),
dominant (orange), maximum (light blue), and highest harmonic (dark blue) (all
variables log-transformed for normality; SE of slopes represented as shaded ribbons).
Phylogenetic generalized least square (PGLS) models were used to describe the
relationships between the variables and are represented by the following linear trend
line: minimum (pink, log(Y) = -0.24*log(X) + 2.3), fundamental (green, log(Y) = -
0.17*log(X) + 3.2), dominant (orange, log(Y) = -0.19*log(X) + 3.4), maximum (light
blue, log(Y) = -0.18*log(X) + 3.6), and highest harmonic (dark blue, log(Y) = -
0.28*log(X) + 4.4).
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Figure 2.4 The frequency characteristics of calls produced by diurnal (orange) versus
nocturnal (blue) squirrels (species of the family Sciuridae; n = 43). Frequency
characteristics presented are the fundamental (Fo), dominant (Fpom), maximum (Fuax),
minimum (Fuin), and maximum harmonic (Fuam) frequencies and all are log-
transformed for normality.
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Figure 2.5 The recording locations of squirrel vocal repertoires published between 1966 and 2020. The year of publication is represented along a
colour gradient and the number of studies recorded at each location is represented along a size gradient. The epicenter of each circle represents
the location; circles are translucent to minimize overlap. The USA alone has hosted 52% of all published studies; Russia, Canada, and the Czech
Republic are also notable contributors representing 18%, 11%, and 9% each. North America, Europe, Asia, and Africa represent 61%, 30%,
13%, and 1% respectively, with no record of South America, India, or the majority of Africa hosting a repertoire study.
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Table 2.1 Summary of parameters used in the phylogenetic least square (PGLS)

analyses and how they relate to popular or novel vocal range hypotheses. The
predicted direction of the relationship to frequency is indicated as positive (+) or

negative (-).

Parameter Hypothesis Citation
Body Mass (-) Body size controls the size of vocal (Arch and Narins
producing structures; body size estimated =~ 2008; Charlton and
through body mass. Reby 2016; Martin
et al., 2016)
Sociality: Social species communicate more often (Arch and Narins
Social (+) and rely on conspecifics for predator 2008; Ramsier et
avoidance; higher frequencies are less al., 2012)
likely to detected by predatory birds,
reptiles, and amphibians.
Habitat: Acoustic adaptation hypothesis: species (Ey and Fischer
Openness (+) will alter call structure to maximize 2009)
transmission in different environments;
closed habitats attenuate high-frequency
sound waves rapidly while open habitats
do not inhibit transmission.
Diel Activity Gliding and nocturnality are intertwined Novel
Pattern: for Sciuridae; nocturnality facilitates the
Nocturnality (+) use of echolocation as visual cues are
greatly reduced.
Method Limits ~ The frequency limits of the microphone Novel
) and spectrograph restrict the detection

range of the equipment.
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Table 2.2 Summary of call functions used by all reported vocalizing squirrel genera of Sciuridae (n = 73).

Genus Alarm Territorial Distress Threat Friendly Mating Movement
Callosciurus X* X
Callospermophilus X
Cynomys X* X X X X
Glaucomys X
Ictidomys X X X X
Marmota X* X X X X
Otospermophilus X* X X
Petaurista X X X X X
Sciurus X X X X X
Spermophilus X X X
Tamias X X X X X
Tamiasciurus X X X X
Urocitellus X* X X X X
Xerospermophilus X X
Xerus X

*Indicated predator-specific vocalizations



Table 2.3 Phylogenetic generalized least square (PGLS) results for the effects of all factors on the frequency characteristics (fundamental,

dominant, minimum, maximum, and highest harmonic frequency; kHz) of Sciuridae.

Variable Fundamental Dominant Minimum Maximum Highest Harmonic
Body Mass  Fy 58 =23.14%** Fi160=1237%%% Fi58=6.24* F150=37.61%%% Fi137= 9.18%*
Sociality Fis58= 9.54%% Fi60= 8.60%* Fi5s=1.14,p=029 Fi59= 8.57** Fi37= 5.31*

Habitat Fiss= 1.87,p=0.18
Diel Fs58=51.22%%%
Activity

Pattern

Method F1s58=37.91%%%*
Limits

Fire0= 4.22%
Fr,60=40.84%%*

Fi60=23.78%%%

Fi158=0.32,p=0.57
Fi58=1.63,p=0.21

Fi58=4.63*

Fiso= 022,p=0.64 F137= 5.65*%

Fi,59=33.10%**

Fls0=25.16%%*

Fi37=2.96,p=0.09

Fir37=11.01%*

Significant effects are given in bold.

p < 0.05 **p < 0.01 ***p < 0.0001
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Table 2.4 Summary of slope (£SE) and phylogenetic signal (A [95% CI]) estimates for all variables taken from phylogenetic generalized least
square (PGLS) models of the frequency characteristics (fundamental, dominant, minimum, maximum, and highest harmonic frequency; kHz) of

Sciuridae.

Variable Fundamental Dominant Minimum Maximum Highest Harmonic
Intercept -1.33 (£0.87),p=0.13 -0.88 (x0.91), p=0.34 1.46 (£0.65)* -0.19 (£0.90), p=0.84 -1.50 (+1.87), p=10.43
Body Mass  -0.22 (£0.05)*** -0.20 (£0.05)*** -0.19 (£0.09), p = 0.05 -0.25 (£0.05)*** -0.29 (£0.08)**
Sociality -0.01 (£0.13), -0.04 (+0.14), 0.19 (£0.17), -0.07 (£0.13), -0.06 (£0.22),

p=0.96 p=0.75 p=0.26 p=0.61 p=0.78
Habitat 0.18 (£0.13),p=0.17 0.31 (£0.14)* -0.16 (£0.29), p=0.59 0.07 (#0.13),p=0.61 0.59 (£0.25)*
Diel 0.79 (£0.22)*** 0.96 (+£0.24)*** 0.43 (£0.56), 0.61 (£0.23)* 0.31 (+0.38),
Activity p=045 p=043
Pattern
Method 0.45 (£0.08)*** 0.39 (£0.08)*** 0.12 (£0.05)* 0.40 (£0.08)*** 0.51 (£0.15)**
Limits
A 0 [0, 0.96] 00, 0.32] 0.65 [0, 0.88] 0 [0, 0.95] 00, 0.43]

Significant estimates are given in bold.

*p < 0.05 **p < 0.01 ***p < 0.0001
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Chapter 3 - Ultrasound and ultraviolet: Crypsis in gliding
mammals

A version of this chapter has been published by Peer]J.

Newar SL, Schneiderova I, Hughes B, Bowman J. 2024. Ultrasound and ultraviolet:
crypsis in gliding mammals. PeerJ 12:¢17048. DOI: 10.7717/peerj.17048.
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Abstract

Gliding is only present in six extant groups of mammals — interestingly, despite
divergent evolutionary histories, all mammalian gliders are strictly nocturnal. Gliding
mammals also seem to have relatively high rates of ultrasound use and ultraviolet-
induced photoluminescence (UVP) in contrast with their close relatives. Therefore,
we hypothesized that, despite diverging lineages, gliding mammals use similar modes
of cryptic communication compared to their non-gliding counterparts. We developed
two datasets containing the vocal range (minimum-maximum of the dominant
harmonic; kHz) and UVP of 73 and 82 species, respectively; we report five novel
vocal repertoires and 57 novel observations of the presence or absence of UVP. We
complemented these datasets with information about body size, diel activity patterns,
habitat openness, and sociality to explore possible covariates related to vocal
production and UVP. We found that the maximum of the dominant harmonic was
significantly higher in gliding mammals when vocalizing than their non-gliding
relatives. Additionally, we found that nocturnality was the only significant predictor
of UVP, consistent with the previous hypothesis that luminophores primarily drive
UVP in mammal fur. In contrast, however, we did not find UVP ubiquitous in
nocturnal mammals, suggesting that some unknown process may contribute to
variation in this trait.

Keywords: mammalian phylogeny, nocturnal, photoluminescence, vocal range, vocal

repertoire
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Introduction

Gliding mammals are physically unique: their most notable shared trait, a thin
membrane (the patagium), stretches between limbs, digits, necks, and tails, allowing
them to glide between trees and other elevated features in their arboreal habitats
(Jackson & Schouten, 2012). Gliding has independently evolved at least nine times in
mammals and is represented by six extant taxa (Thorington & Heaney, 1981; Dudley
et al., 2007; Jackson & Schouten, 2012; Jackson & Thorington, 2012): colugos
(Cynocephalidae; Dermoptera), flying squirrels (Pteromyini; Rodentia), scaly-tailed
flying squirrels (Anomaluridae; Rodentia), lesser gliding possums (Petaurus;
Diprotodontia), greater gliders (Petauroides; Diprotodontia) and the feather-tailed
glider (Acrobates; Diprotodontia). Despite what some of their common names imply
(e.g., flying squirrels), gliding mammals are incapable of true flight, as exhibited by
birds or bats. Instead, these mammals extend their patagium as they jump to convert
gravitational velocity to forward momentum, allowing traversal of complex
environments farther and faster than would occur through other means (e.g., walking
and climbing; Dudley et al., 2007; Byrnes & Spence, 2011). This locomotive
advantage has been hypothesized to aid with predator avoidance (Emmons & Gentry,
1983), traversing vertical habitat structures (Emmons & Gentry, 1983; Dial, 2003),

and improved foraging efficiency (Paskins et al., 2007; Scheibe et al., 2007).

While gliding mammals all share this unique locomotive trait, it is not the only
trait they have evolved to share. All gliding mammals are strictly nocturnal
(Thorington & Heaney, 1981; Fokidis & Risch, 2008; Jackson & Schouten, 2012);
this is particularly notable in the flying squirrels, the only extant lineage of nocturnal
squirrels (Chapter 2; Newar & Bowman, 2020). Interestingly, unlike other gliders,

which share some close nocturnal relatives, phylogenetic reconstructions suggest that
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traits associated with diurnality are the ancestral state of all squirrels (Menéndez et al.,
2021), meaning that the emergence of nocturnality and gliding are entangled in flying
squirrels. Even the oldest flying squirrel fossil, which was estimated to have
originated 11.6Mya, already had well-developed wrist spurs (a key adaptation that
both keeps the patagium tucked when climbing and holds the patagium open to
increase surface area when gliding) and large orbital processes like current nocturnal
species (Casanovas-Vilar et al., 2018). For the only other group of volant mammals,
bats, it is also unclear if nocturnality evolved first, as previously assumed, or if
nocturnality emerged in tandem with flight (Anderson & Ruxton, 2020). So, while the
order in which these traits evolved in gliding mammals may be unclear, nocturnality

appears to be an important covariate of volancy in mammals.

In bats, echolocation has evolved to aid in navigating complex environments
and capturing moving prey in mid-flight. Echolocation is the (often) rapid production
of calls that echo off solid objects, allowing the caller to interact with their
environment in poor light conditions (Panyutina et al., 2017). The frequency of calls
used to echolocate can vary from auditory (within the human auditory range from
approximately 20Hz to 20kHz; Masterton et al., 1969) to ultrasonic (>20kHz). Most
echolocating mammals commonly use ultrasonic vocalizations (USVs), including
cetaceans, most bats, and small terrestrial mammals with poor eyesight, because the
shorter wavelengths of USVs allow for greater detection accuracy (Panyutina et al.,
2017). The evolutionary relationship between echolocation and volancy in bats is
complex, with at least six competing hypotheses relating to the evolutionary past of
these traits (Anderson & Ruxton, 2020). The most widely accepted of these
hypotheses is that bats began as gliders, with echolocation likely developing in

tandem as gliding evolved to the more complex behaviour of flying (Anderson &



60

Ruxton, 2020). Interestingly, several gliding mammals have also been shown to
produce USVs, including colugos (Miard et al., 2019), feather-tailed gliders (Martin,
2019), and flying squirrels (Gilley, 2013; Murrant et al., 2013; Gilley et al., 2019;
Diggins et al., 2020). While the function of these calls is still unclear, due largely to
relatively few in-situ studies of mammalian gliders, there has been some evidence that
gliders produce high-frequency (>10kHz) calls in tandem with gliding behaviours
(Miard et al., 2019). Additionally, flying squirrels produce significantly higher calls
than non-gliding squirrels, suggesting that gliding may be linked to USV production
(Chapter 2; Newar & Bowman, 2020). However, nocturnality and gliding are
entangled in Sciuridae, with all nocturnal squirrels belonging to the flying squirrel
tribe, Pteromyini, meaning that it is unclear whether nocturnality or gliding is more

closely associated with high-frequency calls.

Aside from nocturnality and gliding, higher frequencies are also commonly
associated with various other traits: smaller body sizes (Martin, Tucker & Rogers,
2017; Chapter 2, Newar & Bowman, 2020) and open and structurally uncomplicated
habitats (Boncoraglio & Saino, 2007; Ey & Fischer, 2009; Fischer, Wadewitz &
Hammerschmidt, 2017). Additionally, some primates have demonstrated increased
sensitivity to higher frequencies as social complexity increases (Ramsier et al., 2012)
and a wide range of small mammals can exploit high frequencies for social contexts
(Arch & Narins, 2008), such as alarm calling that’s undetectable by focal predators
(Wilson & Hare, 2006). These higher frequency calls are not restricted to the
ultrasonic range, with birds, anurans, and mammals all displaying frequency shifts
within the sonic ranges. While gliding mammals are relatively small-bodied and
exhibit social behaviours, they exclusively inhabit forested habitats and even the

largest gliders still need to navigate closed canopies. However, forested habitats
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should greatly restrain USVs as these environments easily attenuate high-frequency
sounds. Yet, bird songs are acoustically complex despite forested habitats
(Boncoraglio & Saino, 2007), and squirrels in open habitats only have a slightly
higher peak frequency than those in closed habitats, with no effect on the maximum
frequency of the dominant harmonic (Chapter 2; Newar & Bowman, 2020).
Additionally, bats foraging along edge habitats and within narrow spaces use higher
frequencies than bats foraging in open habitats to optimize echolocating behaviour

(Schnitzler, Moss & Denzinger, 2003).

Flying squirrels have been shown to exhibit another obscure trait: ultraviolet-
induced photoluminescence (UVP) in fur (Kohler et al., 2019; Reinhold et al., 2023;
Touissant et al., 2023). Recent interest in this topic has led to the discovery of UVP in
several species, including other gliding mammals (Reinhold, 2021) and relatives, such
as springhares (Olson et al., 2021; shared suborder with scaly-tailed flying squirrels)
and dormice (Nummert, Ritson & Nemvalts, 2023; shared suborder with flying
squirrels). UVP occurs when ultraviolet (UV) light from the environment is absorbed
and then re-emitted as visible light by excited particles, which, in the case of
mammals, can be expressed in the fur (Kohler et al., 2019; Reinhold, 2021), quills
(Hamchand et al., 2021), scales (Jeng, 2019), and teeth and bone (Levin & Flyger,
1973). It has been proposed that porphyrins and tryptophan metabolites (henceforth
luminophores), both of which are known to photoluminesce under UV light and are
ubiquitous across mammals, are the likely cause of UVP in the fur of some mammals
(Nicholls and Rienits, 1971; Olson et al., 2021; Hughes et al., 2022; Toussaint et al.,
2023). There is some evidence to suggest that most photoluminescent fur is the result
of photodegradable porphyrins (Toussaint et al., 2023). However, tryptophan

metabolites that are often associated with vivid fluorescent pigments in possums and
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some diurnal animals are not as readily photodegradable as porphyrins (Pine et al.,
1985; Schifer et al., 1997; Toussaint et al., 2023). Thus, we might expect a greater
prevalence of UVP in nocturnal species compared to diurnal species that experience
increased photodegradation of porphyrins and lack sufficient concentrations of
tryptophan metabolites within their fur. However, melanin can mask the
photoluminescent properties of luminophores found in mammal fur (Huang et al.,
2006); therefore, mammals with darker fur should exhibit weaker or no UVP
compared to mammals with lighter fur (Rebell, 1966). Notably, while the fundamental
processes associated with UVP are understood in some species, there has yet to be a
comprehensive review of which mammals exhibit (and perhaps more importantly, do

not exhibit) UVP.

While empirical evidence demonstrating the behavioural relevance of UVP in
mammals has yet to be presented in the literature, this trait has received substantial
media attention, with several hypotheses aiming to describe a behavioural function.
Marshall and Johnsen (2017) suggested the following criteria to conceptualize the
communication potential of photoluminescent colouration in any taxa: visible location
of colours, wavelengths of excitement and emission, viewer sensitivity, behavioural
changes regarding photolumination, and natural light availability. While some
mammals may exhibit UVP internally (fox squirrels exhibiting UVP in their bones
(Levin and Flyger, 1973)), UVP in fur is easily visible to potential viewers. There is a
broad excitation range for visible-spectrum photoluminescence emission, with
excitation spectra from ~320 — 650 nm (Huang et al., 2010; Hamchand et al., 2021).
While many nocturnal mammals are sensitive to the ultraviolet portion of this range
via short-wave cone sensitivity ~ 360 nm (Gerkema et al., 2013), photoluminescence

emission can occur at almost any colour in the visible spectrum. Therefore, UV
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sensitivity is not necessarily required for UVP to be biologically relevant and instead,
UVP is restricted by the availability of the environmental UV-light to excite the
photoluminescent structures. UV light drastically decreases during the night which
suggests that nocturnal mammals have a lower potential for UVP to be relevant
compared to diurnal mammals. However, UV reflectance of moonlight has been
shown to change the relevance of UVP in some nocturnal non-mammalian species
(Kloock, 2005; Marshall and Johnsen, 2017). Nocturnal species also lack the UV-
filtering lens present in diurnal mammals, potentially allowing for a larger colour
range of UVP to be used when there is enough UV light to cause UVP (Yolton et al.,

1974).

Given the strong relationship between high-frequency sound production and
gliding in squirrels and the recent discovery of UVP in flying squirrels, we wanted to
further investigate these traits across all gliding mammals. The link between
nocturnality and gliding in mammals allowed these species to exploit a particular
niche; the communication methods used by nocturnal gliders might be constrained by
the features associated with this niche. For example, gliding mammals are exposed to
fewer predators than their diurnal relatives, but their predators are specialized for
nocturnal prey detection (Jackson, 2012). Owls are common predators of North
American flying squirrels (Glaucomys) and employ large, low-light sensitive eyes to
aid in prey detection (Dice, 1945). At the same time, owl ears are adapted for
detecting low-frequencies (Knudsen, 1981), which would be advantageous for
detecting movement-related sounds. Therefore, it would be beneficial for flying
squirrels, which are socially complex species, to communicate with conspecifics at a
frequency higher than what an owl is specialized to receive. Additionally, given the

communication potential of UVP, we might expect UVP to be used either as a visual
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cue to conspecifics or as a conspicuous visual camouflage (e.g., Batesian mimicry;
Kohler et al., 2019), as owls are another known group to exhibit UVP (Weidensaul et

al., 2011).

Crypsis is the ability of an animal to avoid detection by other animals,
including visual (Vignieri, Larson & Hoekstra, 2010; Ruxton et al., 2018) and
auditory (Ruxton, 2009; Legett, Hemingway & Bernal, 2020) concealment, such as
using camouflaged signals or signals outside of the perceptual range of a predator
(Marples, Kelly & Thomas, 2005). We consider the use of high-frequency
communication and UVP as potentially cryptic traits because of evidence or
hypotheses that the traits might be camouflaged or outside of the perceptual range of
predators. Given the potential vulnerability of gliding mammals to predators and the
apparent selective pressure toward nocturnality of the gliding trait, we were interested
in the potential that crypsis was widespread among this group of species. Given their
unique ecological niches and evolutionary pressures, we hypothesized that gliding
mammals are more likely to exhibit these potentially cryptic traits than their close
phylogenetic relatives. We selected a range of squirrels (to contrast with flying
squirrels), rodents (to contrast with the scaly-tailed flying squirrels), primates (to
contrast with colugos), and marsupials (to contrast with marsupial gliders) with
similar body sizes to compare UVP and vocal ranges across gliding and non-gliding
mammals. We predicted that physical (body size), behavioural (sociality,
nocturnality), and environmental (habitat openness) traits would impact vocal range
across all species, but higher frequencies would be most associated with gliding
mammals. In contrast, given the current limited understanding of UVP, we did not
expect UVP to be strongly associated with physical or environmental variables. UVP

may also play a role in the communication of social species inhabiting visibly difficult
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or low-light environments. However, given the photodegradability of some
luminophores that accumulate in fur and the communication potential of UVP in some
nocturnal species, we also predicted that the pink-orange-red UVP would be strongly
associated with nocturnality and sociality. Additionally, while we expected to find
UVP in all gliding mammals, we predicted that UVP would be found in most
nocturnal mammals tested. Our overall aim was to investigate the relationship
between acoustic (vocal range) and visual (UVP) traits in gliding mammals in contrast

with related species.

Methods
Vocalizations

We developed a database beginning with a list of publications describing
gliding mammal vocalizations (summarized in Table A2.1). The minimum
requirement for each publication was describing at least one call with either a
spectrographic analysis or numerical data. However, most publications described
multiple call types per species or multiple species per publication (7 gliding mammals
represented across 9 publications, summarized in Table A2.1). The databases used to
search for these publications were Google Scholar, JSTOR, Web of Science, and
Wiley Online Library. We used the keywords acoustics, acoustic repertoire, calls,
frequency, Hz, vocalizations, and ultrasound paired with an exhaustive list of
currently valid and invalid genera (the most updated nomenclature was taken from the

Integrated Taxonomic Information System http:/www.itis.gov/). Across all published

calls, we took the absolute minimum and maximum frequencies (kHz) of the
dominant harmonic for the final analyses (this often corresponded to the fundamental

harmonic, if multiple harmonics were present; following Chapter 2; Newar &
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Bowman, 2020). For noisy calls, such as broadband calls, where the harmonics are
not well defined, we estimated the minimum and maximum of the loudest parts of the
call. We did not include calls produced by neonates or juveniles as there is evidence
of some frequencies and calls being different in younger individuals (Nikol’skii,

2007; Schneiderova et al., 2015).

To compare gliding mammals to closely related species, we systematically
searched for vocalization data using the same methodology described above (Fig.
3.1). Flying squirrels are unique amongst the gliders as there are many extant species
that occupy the same family (Sciuridae); therefore, we kept all relatives from the same
subfamily (Sciurinae) and a random subset of squirrels from the other subfamilies (26
squirrels across 62 publications). Other gliders have few extant relatives and we
strategically chose taxa that shared similar evolutionary histories and traits. For the
scaly-tailed gliders, we selected springhares (Pedetes capensisi), the only other extant
taxa of the Anomaluromorpha suborder, and a variety of small-bodied rodents (12
species across 16 publications) exhibiting a range of vocal frequencies (maximum
dominant frequency range: 9.86 (Sicista subtilis; Volodin et al., 2019a) - 109.8kHz
(Mus musculus; Hoffmann, Musolf & Penn, 2012)). For colugos, the only extant
members of the order Dermoptera, we selected tree shrews (Tupaia belangeri) which
form a sister clade with Dermoptera (Nie et al., 2008) and similarly sized taxa from
the order Primates (19 primates across 27 publications), which are the next closest
sister taxa (Beard, 1993). For marsupial gliders, we expanded our search to include
similarly sized taxa of the order Diprotodontia as there were few records of marsupial
vocalizations (5 marsupials across 6 publications). The vocalization data for two
marsupial gliders (Petaurus breviceps, and P. norfolcensis) and two glider relatives

(Pedetes capensis and Pseudocheirus peregrinus; Fig. 3.1) were not available in the
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literature, and we worked with co-authors and collaborators to develop novel call
descriptions for our study (methods in Article S1). We also provide vocalization data
from free-ranging Petaurus australis (methods in Articles S1) to opportunistically
contrast our recordings with previously reported calls in the literature (Kavanagh &
Rohan-Jones, 1982; Whisson et al., 2021). In the literature, four species were
represented by a single subspecies only: Otolemur garnettii lasiotis, Petaurista
alborufus lena, Sciurus aberti kaibabensis, and Sciurus niger rufiventer.
Ultraviolet-Induced Photoluminescence

To expand on our vocalization dataset, we assessed the UVP of pelage for 83
species. Previous literature accounted for 19 species in our dataset; we sampled an
additional 64 species from the mammal collections at the Canadian Museum of
Nature and the Royal Ontario Museum (one mounted specimen (Sicista subtilis),
otherwise all dry-preserved pelts; specimen and museum information available at

https://doi.org/10.5061/dryad.3n5tb2rp4). We sampled species from the vocalization

dataset preferentially. However, we opportunistically added ten species (bold type in
Table A2.1) to increase the sample size of luminescing species. We followed the same
vocalization protocol detailed above for both opportunistic and previously published
UVP species; we found vocalization data for eight additional species (four

opportunistic and four from previous UVP literature).

We used a Vansky UV flashlight (395nm wavelength) to illuminate museum
specimens (held 75 cm above the individual) and a Huawei P30 Pro phone (held
directly beside the light) to capture any luminescence. A yellow gel filter was held in
front of the camera lens to reduce the input of purple-blue light (Kohler et al., 2019;
Nummert, Ritson & Nemvalts, 2023). To minimize the additional yellow hue created

by the filter, we manually colour-corrected the photos in Photoshop (details in A2).
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We took pictures of each specimen’s ventral and dorsal sides under white-light
conditions, UV-light only, UV-light + filter, and UV-light + filter + correction
(example provided in Fig. 3.2; complete photoset available at

https://doi.org/10.5061/dryad.3n5tb2rp4). We additionally photographed a few live

Glaucomys individuals trapped in the Kawartha Highlands, Ontario, following the

same protocol (animals studied under Trent University animal care protocol 27909).

In our investigation, some species expressed visible photoluminescence in
white pelage or in some cases, the white ends of guard hairs. While “white” UVP has
been noted in some species, this “white” colouration has been reported as a bluish-
white (as seen in the striped possum (Dactylopsila trivirgata) and some marsupial
gliders; Reinhold, 2021). The underlying cause of UVP expressed as distinct colours
have been linked to porphyrins (red or pink) or tryptophan metabolites (cyan, blue,
lavender; Reinhold et al., 2023). However, the expression of exclusively “white”
colouration is not commonly reported, nor has a clear explanation been proposed for
producing UVP without a dominant colour. Furthermore, white human hair may emit
a bluish hue similar to the pelage of minks, rabbits and goats and sheep, which have
been described as being photoluminescent due to the presence of tryptophan
metabolites (Millington, 2020). Given that we could not photograph museum
specimens in complete darkness, the available visible light may have excited white
hairs that would otherwise not express UVP. Therefore, to remove the potential bias
of visible light, we removed individuals that only expressed “white”
photoluminescence (but model outputs for all species, including those with “white”
UVP, are included in Table A2.2). While UVP varied dramatically in colour (e.g.,

pink, blue/green), placement, and patterning across museum specimens and published
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literature, we reduced variability to absence/presence to increase the sample size in
each category.
Dataset Assembly

Once we had assembled our database of vocalizing mammals with UVP
records, we searched for the body mass (g), diel activity pattern (diurnal or nocturnal),
social complexity, and habitat openness of the dominant habitat (open or closed) of
each species. We preferentially took these data from the relevant vocalization or UVP
papers, though this information was rarely provided; therefore, other resources,
including articles and online databases such as Mammalian Species accounts and the
Animal Diversity Web (Myers et al., 2023), were reviewed to complete our dataset. If
a range was provided for the body mass, we took the mean of the given values; we
took a mean of male and female body masses as we were not capturing the effect of
sex on vocalization frequencies or UVP. Social variability was reduced to social or
solitary living to reduce model parameters; species that exhibit dynamic social
structures, where adult individuals will seasonally or cyclically shift between solitary
and social living (e.g., flying squirrels engaging in social nesting during the winter
only; Garroway et al., 2013), were treated as socially living.
Phylogeny

While multiple subspecies were present in the vocalization dataset, we
calculated the vocalization maxima at the species level for the final dataset and
analyses (Fig. 3.1; subspecies-specific information noted in Table A2.1). Only one
subspecies was excluded from analyses (Peromyscus maniculatus bairdii) due to a
binary variable inconsistency with the parent species — this subspecies only occurs in
open habitats (Wecker, 1963), while the parent species is most commonly found in

closed habitats. In addition, Masters et al., (2017) recently proposed that the
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Paragalago genus is a distinct clade from the Galagoides genus to which the
Paragalago species had been previously assigned; we reassigned these species

accordingly.

For the final species dataset (n= 93), we pruned 1000 node-dated completed
trees from the mammalian supertree on VertLife, an online database used to produce
pruned random distribution trees of vertebrate species (Upham, Esselstyn & Jetz,
2019). The nexus outputs were compiled into a consensus tree using the phytools
(Revell, 2012) package in R (R Core Team, 2022) (Fig. 3.1). Petaurus notatus 1s a
recently described species (previously incorporated within P. breviceps), and
therefore, it was the only species not available on Vertlife; we incorporated this
species into the final consensus tree by splitting the P. breviceps lineage at a
divergence time of 1Ma (Cremona et al., 2021).

Analyses

We built phylogenetic generalized least square (PGLS) models to account for
variation in the vocal range that could be explained by phylogenetic relatedness.
PGLS models estimate phylogenetic relatedness as lambda (4), which varies between
0 (no phylogenetic trace) and 1 (absolute Brownian motion) (Freckleton et al., 2002;
Martin, Tucker & Rogers, 2017). Full models were built for each frequency limit (Bo
+ body mass (Bmass) T diel activity pattern (Bpiet) + sociality (Bsociatity) + habitat
openness (Bopen) + UVP (Buvp)) using the caper (Orme et al., 2018) package in R (R
Core Team, 2022). We reported the regression coefficient estimates (x = SE) to

evaluate significance and effect size (F-statistic, P-value, and adjusted R?).

We also built a phylogenetic generalized linear mixed (PGLM) model for
binary data using the ape (Paradis & Schliep, 2019) package in R to assess the

presence of UVP. This binary PGLM model accounted for variation in UVP while
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dealing with the bimodal distribution that violates other tests (Ives & Garland, 2010).
The same independent variables were used (Bo + Bumass + Bpicl + Bsociatity T Bopen); PMass
was standardized to have a mean of 0 and variance of 1, while the categorical
variables were reconstructed into dummy variables (2 categories = 0, 1) for the PGLM
model. We standardized the variables to improve the interpretation of regression
coefficients as they more accurately represent the effect size of the independent
variables (Ives & Garland, 2010). The PGLM model represents the phylogenetic
signal (s) as the scalar magnitude of the phylogenetic variance across all species
comparisons (estimated from the phylogenetic variance-covariance matrix; Ives and

Garland 2010).

Results
Phylogeny

Our final phylogeny (Fig. 3.1) contained 92 species from three mammalian
lineages: primates and relatives (Dermoptera, Scandentia, and Primates), rodents
(Rodentia), and marsupials (Diprotodontia). Stochastic character mapping with
marginal frequencies of UVP and maximum likelihood of the maximum frequency
(kHz) projected onto our phylogeny (estimated from 1000 simulations each)
supported the hypothesis that high-frequency communication is species-specific (with
high-frequencies only showing up on branch tips; Fig. 3.1). This was further
supported by the weak phylogenetic signal (4 [95% CI]) detected for the minimum
frequency (0 [0, 0.40]) and variable phylogenetic signal for the maximum frequency
(0.77 [0, 0.95]). Interestingly, we found a significantly stronger phylogenetic signal
for UVP (s? = 0.39, p <0.001), suggesting that UVP is not species-specific and is,

instead, a broader taxonomic trait. This is demonstrated in the phylogeny, where
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primates rarely exhibit UVP, most rodents (except for diurnal squirrels and some
Peromyscus) exhibit UVP, and UVP is variable among marsupials. Despite this
variation among the orders, UVP appears in the marginal frequencies of all nodes for
the first ~100My, further supporting the finding that UVP is likely ancestral to some

extent in most mammals.

Vocalizations

Our final vocalization dataset consisted of 73 species, of which nine were
gliding mammals. In this chapter, we contributed call descriptions for five species
(Pedetes capensis, Petaurus australis, Petaurus breviceps, Petaurus norfolcensis, and
Pseudocheirus peregrinus), four of which have not been published previously
(Petaurus australis has been previously reported; Table A2.1). We found that our
collaborator recorded calls consistent with previous literature for Petaurus australis,
which provides confidence for our novel descriptions reported here. All five species
were recorded with microphones sensitive to the human auditory range (20Hz-
20kHz); however, we also opportunistically recorded sugar gliders (Petaurus
breviceps) with ultrasonic detectors. We found that sugar gliders produced at least one
truly ultrasonic call type along with two calls that extended into the ultrasonic range
(bark, broadband burst) and three additional high-frequency calls (>10kHz) that could
be detected on the ultrasonic microphones (high frequency, sniffing, whistle; Fig.
A2.1 & Table A2.3). The ultrasonic microphones used can distort calls in the sonic
range, therefore, the values presented in Table A2.3 should be further investigated
with sonic microphones. Additionally, given that we were unable to remove pups
from the recording space, we did not include the call type ‘ultrasonic’ in the final
analysis as they were rare and had very low amplitude; additionally, many

mammalian pups produce ultrasonic isolation calls that are lost (or decrease in
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frequency) later in life. Therefore, we conservatively removed the ultrasonic call type
from our dataset. In addition to the high-frequency calls, sugar gliders also produced a
low-frequency vocalization (yap) similar to the other marsupials recorded (Fig. A2.2
& Table A2.4). Of the four additional species recorded, non-gliding springhares
(Pedetes capensis) had the most consistent repertoire, with only one confirmed call
type (growl) recorded over 100 times (Fig. A2.2 & Table A2.4). Yellow-bellied
gliders (Petaurus australis) produced the longest vocalizations, with almost all calls

lasting longer than one second (Fig. A2.2 & Table A2.4).

Across all species in the dataset, we found that body size had a negative effect
on the minimum (Estimate: x (£SE) = -0.48 + 0.15; Effect Size: Fyr=22.071 56, p <
0.001) and maximum (-0.39 (£0.09); Fyr= 19.481 56, p < 0.001) frequencies.
Additionally, gliding was positively related to the maximum frequency (1.14 (+0.50);
Far=6.81156, p = 0.01). We also found that nocturnal mammals produced
significantly higher minimum frequencies than their diurnal counterparts (1.32
(£0.62); Fgr=5.10156, p = 0.03), as did solitary mammals (1.01 (£0.48); Fyr= 4.201 56,
p = 0.05). Additionally, we did not detect a relationship between UVP and either
frequency limit.

Ultraviolet-Induced Photoluminescence

Our final UVP dataset consisted of 82 species, of which 27 were
photoluminescent under UV conditions (16 from literature, 11 novel reports). We
found an additional 7 species which expressed strictly white UVP which were treated
as non-photoluminescent in the analysis (Fig. 3.1). Nocturnality was the only trait
with a significant relationship to UVP, with nocturnal species significantly more
likely to exhibit UVP (Estimate: 8.09 (£3.79), p = 0.03). However, despite

nocturnality being a significant covariate, we found that a similar number of nocturnal
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species did not exhibit UVP, with 23 species not exhibiting UVP compared to the 26
that did (blue-green-yellow-pink). Out of the nocturnal mammals that expressed UVP,
20 displayed pink (occasionally with orange or red) photoluminescence while 10
expressed blue or green, with 5 of these species expressing both blue and pink (Fig.
3.1). We did not find any instances of UVP in the diurnal mammals used in this study
(Fig. 3.1). We also found a weak effect for gliding, sociality, size, and habitat
openness on the absence or presence of UVP (Table 3.1). Finally, unlike the
vocalization data, we found a significant phylogenetic signal for UVP (s = 0.39, p <

0.001).

Discussion

In support of our hypothesis, we found that gliding mammals exhibited
significantly higher vocal ranges than their non-gliding counterparts. We were also
able to demonstrate for the first time high-frequency calls in sugar gliders, which
further supports our finding that high-frequency communication is common across
gliding mammals. Despite discovering UVP in several new species, we found did not
find a strong relationship between UVP and vocal limits or gliding, despite some
flying squirrels and glider relatives exhibiting both traits. However, we found a
significant relationship between nocturnality and non-white UVP, further providing
evidence for the hypothesis that nocturnal species will exhibit UVP because of the
accumulation of porphyrin luminophores (i.e. pink-orange-red photoluminescence)
without photodegradation observed in diurnal species (Toussaint et al., 2023).
Vocalizations

As predicted, we found that the capacity to emit high-frequency vocalizations

1s a common trait across gliding mammals. We recorded high-frequency vocalizations
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in sugar gliders (Fig. A2.1), which is the first record of calls reaching ultrasonic
frequencies in marsupial gliders. Notably, despite being unable to test for USVs in
other marsupial gliders (i.e., yellow-bellied or squirrel gliders), we still found that
gliding was one of only two key traits significantly associated with higher maximum
frequency use. Body size is a common predictor for vocal limits and has been
explored across various taxa (Ryan & Brenowitz, 1985; Evans et al., 2006; Pfefferle
& Fischer, 2006; Cui, 2012; Charlton & Reby, 2016; Garcia-Navas & Blumstein,
2016; Martin, Tucker & Rogers, 2017). Vocal limits are highly controlled by vocal-
producing structures that increase with body size and produce larger sound waves,
perceived as lower frequencies (Martin, Tucker & Rogers, 2017). Therefore, we
expected body size to be a significant predictor in our dataset. However, an important
limitation of our study is that we did not separate ultrasonic and audible calls in our
analysis. Ultrasonic calls are often produced via an aerodynamic whistle mechanism
in the ventral pouch on the larynx (Riede, Borgard & Pasch, 2017; Abhirami et al.,
2023), which may circumvent the negative body size relationship seen across most
mammals. However, further investigation into the role and variation of the ventral
pouch across many ultrasound-producing mammals would provide further insight into

whether purely ultrasonic calls are also limited by body size.

The positive relationship between gliding and vocal limits was previously
explored in the squirrel family (Sciuridae; Chapter 2, Newar and Bowman, 2020),
however, within Sciuridae, nocturnality and gliding are entangled traits, with gliding
squirrels also being the only extant nocturnal species. Therefore, our current
investigation, which incorporates gliding mammals and their nocturnal and diurnal
relatives, allowed us to disentangle the nocturnal and gliding traits associated with all

gliding mammals (Jackson, 2012). When we modelled this larger dataset, we found



76

nocturnality was positively related to increased minimum vocal frequencies while

gliding was positively related to increased maximum frequencies (Table 3.1).

The function of higher vocal limits in gliding mammals is likely complex,
though these functions remain unclear, with few behavioural accounts linked to vocal
recordings. USVs have been predominantly reported in echolocating mammals like
bats and cetaceans (Ahlén, 2004; Yovel et al., 2011; Parker et al., 2013; Thomas &
Hahn, 2015; Carter & Adams, 2016), with some hypothesizing that bats began as
nocturnal gliders. Our investigation into cryptic communication in non-flying
mammals supports this hypothesis, with gliding mammals producing USVs without a
clear echolocation function. The first record of USVs in gliding mammals was in the
North American flying squirrels (Glaucomys; Murrant et al., 2013), with subsequent
reporting in the feather-tailed pygmy glider (Martin, 2019) and colugo (Miard et al.,
2019) and novel USVs reported here in the sugar glider (Fig. A2.1 & Table A2.3).
While the vocal repertoire of many previously and newly reported gliding mammals
do not contain USVs (Ando & Kuramochi, 2008; Shen, 2013; Poje, 2016), these calls
require specialized recording equipment, and the frequency limits of recording
equipment are highly associated with the maximum frequency limits detected
(Chapter 2; Newar & Bowman, 2020). Given the recent reporting of USVs in multiple
gliding mammals and the strong association between higher vocal limits and gliding
reported here, we encourage researchers with access to these low-frequency gliders
(including scaly-tailed flying squirrels, most marsupial gliders, and giant flying
squirrels) to record individuals with ultrasonic equipment to determine if USVs are
also present in these species. The presence (or absence) of USVs in other gliding
mammals and any novel behavioural contexts for these calls should clarify the role of

high frequencies in gliding mammals.
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Given the currently available data, gliding mammals use significantly higher
maximum frequencies than their non-gliding relatives. It may be intuitive to assume
that these higher frequencies play an essential role in gliding, particularly given the
predominant role of USVs in bats. Bats use USVs for echolocation, wherein USVs are
rapidly produced to detect objects and often prey while both the individual and the
object are moving (Jones & Siemers, 2011). This trait is highly specialized to both the
vocal-producing structures and auditory receptors that must vibrate fast enough to
produce and detect USVs (Anderson & Ruxton, 2020). The rate of call production is
not nearly rapid enough in gliding mammals to mimic echolocation in bats (which
varies between 2-20 pulses/s; Jones and Siemers, 2011). However, the frequency and
production rate are like that of echonavigating shrews (Gould, Negus & Novick,
1964; Tomasi, 1979; Siemers et al., 2009) and blind mice (Panyutina et al., 2017,
Volodin et al., 2019b), who use USVs to navigate complex spaces (Siemers et al.,
2009; Panyutina et al., 2017). Both taxa have reduced vision perhaps as a result of
their dark environments, which may explain why acoustic signals have been selected
as a navigation tool; like echolocation, echonavigating calls are produced to help
orient an individual to their environment and do not seem to require the same physical
specializations to be produced. Given the nocturnal behaviour of all gliding mammals,
which navigate complex, arboreal environments in reduced light conditions, similar
selection pressures may have allowed for echonavigation to develop in this system.
However, experiments like those shown in other echonavigating mammals (Gustafson
& Schnitzler, 1979; Siemers et al., 2009) would be required to explore this hypothesis

further. I explore this issue further in Chapter 4.

Aside from echonavigation, many other mammals produce USVs for non-

navigating purposes. Even within our dataset, 18 species produced calls at least
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partially in the ultrasonic range. The function of USVs in other species has been
explored across several hypotheses, many of which were incorporated into our
analyses. Interestingly, we found that habitat openness, which has been shown to be
associated with higher frequency production, did not have a significant relationship
with higher frequencies in our dataset. Previous studies exploring the role of habitat
openness and attenuation of sound waves across the landscape have heavily biased
their examples to open habitat species (Koeppl, Hoffmann & Nadler, 1978;
Blumstein, 2007; Garcia-Navas & Blumstein, 2016). Indeed, many species produce
high frequencies and a variety of USVs in closed habitats despite these calls being
easily absorbed by the spatially complex habitat in which they are produced.
Furthermore, a truly subterranean rodent, the mole vole (Ellobius talpinus), has been
shown to produce ultrasonic vocalizations (Volodin et al., 2022) despite the assumed
acoustic restrictions of living underground, where acoustic signals are quickly
absorbed by the dense surrounding environment. Therefore, while other researchers
have predicted that open habitats may be more conducive to the evolution of USV
production (Boncoraglio & Saino, 2007; Ey & Fischer, 2009; Fischer, Wadewitz &
Hammerschmidt, 2017), it may be that open habitats are better for recording USVs (as
previously proposed in Chapter 2; Newar and Bowman; 2020). Sociality has also been
previously investigated as a driver of vocal behaviours in mammals (Hauser 1993;
Blumstein & Armitage 1997; Arch & Narins, 2008; Ramsier et al., 2012; Faure et al.,
2017). In our dataset, we found that solitary mammals produced significantly higher
minimum frequencies than their social counterparts; this is an interesting finding as
literature points to social mammals using higher frequencies, with high-frequency
hearing in primates increasing with vocal complexity (Ramsier et al., 2012) and

ultrasound being used in a variety of social contexts in small mammals (Arch &
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Narins, 2008). However, Hauser (1993) demonstrated that frequencies can vary with
different social encounters, particularly that frequencies decrease with aggressiveness
and increase with fearfulness. We also found that maximum frequencies were lower in
solitary species, thought this relationship was bordering non-significant (Table 3.1).
Therefore, our findings suggest that the solitary mammals in our dataset have less
frequency variability than their social counterparts due to decreased social
complexity.
Ultraviolet-Induced Photoluminescence

We did not find that ultraviolet-induced photoluminescence (UVP) was
associated with vocal limits, nor did we find that UVP was associated with gliding
(Table 3.1). While UVP has been recently described in North American flying
squirrels (Glaucomys sabrinus and G. volans), the Australian Krefft’s glider
(Petaurus notatus), the red-cheeked flying squirrel (Hylopetes spadiceus) and the
smoky flying squirrel (Pteromyscus pulverulentus) we were unable to confirm UVP in
any other gliding mammals (Fig. 3.1). However, we noticed substantial variation in
the presence of UVP in North American flying squirrel museum specimens when
confirming UVP presence in mammals known to express detectable levels of
photoluminescence. We tested four dry-preserved museum specimens from
Glaucomys sabrinus and G. volans each and observed very weak pink and blue UVP
in one individual from each species as well as considerable variation in the dorsal
UVP across all eight individuals (the dorsal UVP is weaker in both species).
Comparing UVP in dry-preserved Glaucomys specimens to live individuals, there is a
striking difference in the strength and variation of colours observed under UV light,
with live individuals producing very strong UVP colouration (Fig. 3.2). Therefore, not

observing UVP in our study may be an artifact of poor preservation or specimen age
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rather than a lack of UVP. This key finding is important for researchers considering
the use of museum specimens for UVP studies. Museum specimens are already more
likely to produce false-positives due to the use of chemicals during preservation and
mounting processes, as seen in birds (Pohland & Mullen, 2006). This is the first study
to directly compare live and dry-preserved individuals using the exact same methods
and demonstrate that false-negatives are just as likely, if not more likely, to occur
when using museum specimens. Similarly, due to the photosensitive nature of
porphyrins, reddish photoluminescence is generally not expected to be retained in
museum specimens (Hill 2010). However, pink UVP was the most common colour
detected in our museum specimens, with 12 exhibiting pink compared to only 2 cases
of blue and blue/green. Additionally, the pink UVP in the dry-preserved flying
squirrels was much more pronounced than the blue, especially when contrasted
against the live individuals (Fig. 3.2). We encourage researchers with access to other
mammalian gliders (particularly giant flying squirrels, colugos, and marsupial gliders)
to assess UVP with live specimens to either confirm a lack of UVP or to challenge our
findings (Reinhold et al., 2023). We also note that the pelt preservation processes are
unknown in the species used and there is a possibility that we have detected false
positives due to chemicals and not natural photoluminescence, particularly in the
mounted Sicista subtilis. Therefore, we further encourage other researchers to confirm
investigate UVP in live-specimens whenever possible; developing a more
comprehensive record of live-specimen UVP is crucial to understanding the

ecological importance.

Despite our limitations, we found a significant relationship between
nocturnality and the presence of UVP in our dataset. Several researchers have

proposed that porphyrin induced UVP in fur should be highly associated with
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nocturnality (Kohler et al., 2019; Olson et al., 2021; Toussaint et al., 2023).
Specifically, porphyrins and tryptophan metabolites, which readily accumulate in
mammalian fur through various physiological pathways, have been identified as the
main compounds associated with UVP in mammal pelage (Toussaint et al., 2023;
Reinhold et al., 2023). Some of these luminophores are easily degraded by UV rays
emitted by the sun (e.g., porphyrins), while others are not as photodegradable (e.g.,
tryptophans) and have been shown to cause UVP in some diurnal mammals.
Additionally, heavy melanin loads in the fur can mask UVP in any mammal,
regardless of temporality. Therefore, we had expected that there may be a greater
prevalence of UVP in nocturnal species compared to diurnal species when there are
low melanin loads in the fur. Consistent with this hypothesis, nocturnal species in our
analysis with dark fur (e.g., Aotus trivigatus, Otolemus garnettii) did not exhibit UVP.
However, we found considerable variation in UVP across nocturnal species
concerning both occurrence (26 present, 23 absent including 4 white-only species)
and colouration (from our methods: nine predominantly pink, one predominantly
blue/green, three with mixed blue and pink colouration). This variation in UVP is
greater than what we would expect if UVP is ubiquitous among nocturnal mammals
and suggests that the mechanism behind pelage UVP is likely more complicated than

luminophore degradation.

Interestingly, UVP has been proposed as a method for social communication
(Kohler et al., 2019). However, we found no evidence for UVP being associated with
social species compared to solitary species. Looking at our data, half of the UVP
species were solitary, including Didelphis virginiana, Marmosa spp., and Peromyscus
eremicus. The role of UVP as a social trait is challenging to reconcile with our finding

that several UVP species exhibit alternate social systems (Garroway, Bowman &
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Wilson, 2013), where they cyclically spend significant portions of their lives as
solitary individuals. It remains possible that UVP can be a form of crypsis by
contributing to visual camouflage (Ruxton et al., 2018; Kohler et al., 2019),
particularly in North American flying squirrels which display similar colouration to
some native owl species (Weidensaul et al., 2011). Consistent with our hypothesis
regarding predation avoidance in gliders, we found that 6 of the tested gliders exhibit
pink UVP on their ventral pelage. Including the white-only UVP shown in
Petauroides volans, seven of the 14 gliders exhibited UVP; notably, the gliders not
exhibiting UVP in this study are all dry-preserved specimens while those gliders
exhibiting UVP has been mostly confirmed in live or recently deceased individuals
(with the exception of Hylopetes spadiceus and Ptermyscus pulverulentus). This
further supports our finding that false negatives may be prolific in museum specimens
and live animals should be used whenever possible.
Conclusions

We found that gliding mammals emitted significantly higher vocal frequencies
than their non-gliding relatives. Additionally, we found strong support for the role of
body mass in reducing vocal frequencies across all taxa and no evidence for sociality,
habitat openness, or UVP as key correlates of vocal limits. We propose that habitat
openness and sociality may not be as crucial for predicting frequency limits as
previously proposed. We contributed novel vocal repertoires for five species, and
novel UVP reports for 57 species, of which 11 displayed non-white UVP. Finally, we
found that nocturnality was the only significant predictor of UVP, with half of the
nocturnal mammals tested exhibiting UVP of various colours (blue-green-yellow-
pink). While UVP was not significantly more associated with gliding mammals

compared to non-gliders, we also found that half of the gliders tested exhibited
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coloured UVP. We conclude that gliding mammals have shifted to higher vocal
frequencies to conceal themselves from potential eavesdroppers and while some
gliders may be exploiting UVP to camouflage themselves in their environment, UVP
is not as ubiquitous in gliders as high-frequency communication. While gliding
mammals can be cryptic, their cryptic traits are likely just as influenced by their

varied phylogenetic histories as they are by their convergent evolution.
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Fig. 3.1 The final consensus tree representing traits associated with ultraviolet-
induced photoluminescence (UVP) and vocal range limits (kHz) in gliding mammals
and their relatives (n = 92). Phylogeny estimated from mean edge lengths across 1000
trees; bootstrap values <100 represented on the right phylogeny. The left stochastic
character map represents UVP presence (purple = yes, black = no, grey = untested)
with marginal frequencies at the nodes; circles along the left tips represent dominant
UVP colouration. The right maximum likelithood map represents the character history
of the maximum frequency (kHz; [0.12-84]) with white indicating species without
vocal data (NA = 19). Gliding mammals are highlighted (marsupials = purple, colugos
= green, rodents = yellow; n = 15; Petauroides included); scale bar represents 75My.
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Fig. 3.2 Variation in ultraviolet-induced photoluminescence demonstrating the
variability within museum specimens and between live and preserved individuals. (A)
Live adult male Glaucomys sabrinus trapped in the Kawartha Highlands in 2023. (B)
Dry-preserved Glaucomys sabrinus from the Canadian Museum of Nature. Top left:
white light; top right: ultraviolet light; bottom left: ultraviolet light and yellow gel
filter; bottom right: ultraviolet light, yellow gel filter, and colour edit (A3).



94

Table 3.1 Model results for the frequency range (minimum and maximum frequencies; kHz; n = 73) and ultraviolet-induced photoluminescence
(UVP; n = 82) of gliding Mammalia and their relatives. Phylogenetic least square (PGLS) models were conducted with the frequency ranges
while a binary phylogenetic generalized linear mixed (PGLM) model was used for the UVP dataset. Effect size (F4:»; PGLS only) and slopes (X
+ SE) are estimated for each variable: gliding (Y/N), diel activity pattern (Diel A.P.; nocturnal/ diurnal), habitat openness (Habitat;
Closed/Open), sociality (solitary/social), and UVP (Y/N). The phylogenetic signal (PGLS: 4 [95% CI], PGLM: s2; estimated from 1000 trees)
and estimations of model fit (R?, PGLS: F) are provided. Significant estimates are given in bold.

Minimum frequency Maximum frequency uvp
X (SE) Fyr X (SE) Fyr (x£+SE)
1.60 (+1.01), - 4.56 (£0.99) - 27.77 (£3.93),
Intercept p=0.12 p <0.001 p=10.05
log(Body mass -0.48 (0.15) 2207156 -0.39 (0.09) 19.481.56 -0.66 (+0.53)
(@) p=0.002 p<0.001 p<0.001 p<0.001 =021
. 0.37 (20.77) 375156 1.14 (£0.50) 6.811,56 -1.13 (£0.96)
Gliding: Y ’
amns p=0.64 »=0.06 p=0.03 p=0.01 =024
Diel A.P.: 1.32 (£0.62) 5.101,5 -0.13 (£0.48), 0.231.56 8.09 (£3.79)
nocturnal p=0.04 p=0.03 p=0.79 p=0.63 p=0.03
. -0.23 (£0.48) 0.251,56 -0.29 (£0.29), 1.251,56 0.39 (+0.99)
Habitat: ’ ’
abtial oper »=0.63 =062 =033 p=027 »=0.70
o , 1.01 (£0.48) 4.20156 20.46 (+0.24), 3.871.56 0.72 (£0.75)
Sociality: solitary
p=0.04 p=0.05 »=0.06 »=0.05 p=034
UVP: ¥ -0.37 (£0.64) 0.34 56 20.14 (+0.35), 0.161.56
»=10.56 »=0.56 »=0.69 »=0.69
A 0.00[0.00, 0.37] 0.82 [0, 0.96] 2 0.39, p <0.001
R? 0.32 0.29 R? 0.64
F P 5.956,56, <0.001 5.306,56, <0.001




Chapter 4 - Chirps in the Dark: Effects of behavioural
context on ultrasonic vocalizations emitted by flying
squirrels (Glaucomys spp.)
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Abstract

Flying squirrels (Glaucomys sabrinus and G. volans) produce ultrasonic
vocalizations (USVs), though, unlike bats or mice, USVs have not been behaviourally
contextualized in these gliding mammals. We hypothesized that the behavioural
contexts of echonavigation, social communication, and predator avoidance would
affect call production by flying squirrels. In the field, we recorded flying squirrels
during a T-maze and natural gliding experiment; we also brought squirrels
temporarily into captivity to record them in a novel arena. Flying squirrels did not
vocalize in the T-maze or during glides which suggests USVs are not related to
echonavigation; however, we found evidence for social communication between
individuals in various contexts. We also found that lunar illumination negatively
affected the number, mean peak frequency (kHz), and duration (s) of chirps,
consistent with reducing their vulnerability to predators during periods of higher
illumination. We conclude that flying squirrels acoustically camouflage their

vocalizations to facilitate communication with familiar conspecifics.

Key Words: cryptic communication, echonavigation, gliding, high-frequency,

moonlight, T-maze
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Introduction

From echolocating bats to alarm-calling marmots, mammals demonstrate an
impressive range of high-frequency vocalizations (HFVs; >10kHz). Ultrasonic
vocalizations (USVs; >20kHz) are of particular interest to humans as our auditory
range is restricted to frequencies between 20Hz-20kHz, with considerable sensitivity
lost after 10kHz (hence HFVs; Masterton, Heffner & Ravizza, 1969). With ultrasonic
technology becoming more accessible, there has been an increase in the reporting of
novel mammalian USVs, though contextualizing these calls has been primarily
focused on echolocating and lab mammals, with comparably few studies in other

mammals.

Echolocating mammals produce highly directional, high-energy USVs to
detect moving prey and navigate complex environments (Jones, 2005). Researchers
have found several unrelated taxa however, that use a basic form of echolocation,
‘echonavigation,’ to avoid obstacles. Species that echonavigate include blind mice
(Typhlomys: Panyutina et al., 2017), several shrew species (Blarina: Tomasi, 1979;
Sorex: Gould et al., 1964; Sorex and Crocidura: Siemers et al., 2009), and even macro
bats which are genetically distant from their smaller, echolocating relatives (Eidolon:
Schoeman & Goodman, 2012; Rousettus: Yovel et al., 2011). It has been proposed by
the researchers studying these mammals that their echonavigation has developed due
to permanent or temporary reduction in visual information, facilitating the evolution
of compensatory behaviours. Significantly, while most echolocating bats and
cetaceans use USVs for echolocation signals (Jones, 2005; Ketten, 1992),
echonavigating calls range from the relatively long (8-16ms), low-frequency (4-8kHz)
twitters produced by shrews (Siemers et al., 2009) to the short (50-100ps), ultrasonic

(30kHz) clicks produced by Egyptian fruit bats (Yovel et al., 2011). These differences
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in call characteristics are mainly due to the function of the call, with echolocating
mammals using short wavelengths to reflect off small, precise surfaces (e.g., prey
items) and echonavigating mammals using longer wavelengths to detect larger

surfaces (e.g., environment).

Aside from echolocation or navigation, various mammals use USVs to
communicate socially. Again, this has been well-documented in echolocating bats,
who use social calls (Boughman & Wilkinson, 1998) and eavesdrop on echolocating
calls to gather social information (Fenton et al., 2004). There is also a wealth of
literature on calls in mice (Arriaga & Jarvis, 2013; Castellucci et al., 2018; Holy &
Guo, 2005) and rats (Blumberg et al., 2000; Corrigan & Flannelly, 1979; Oswalt &
Meier, 1975) who use USVs to attract mates, express aggression or submission, and
facilitate parental care. USVs are used as alarm calls by some ground squirrels
(Wilson & Hare, 2004) as these calls are only detectable at short distances and
therefore less likely to attract distant predators (Wilson & Hare, 2006); regardless of
distance, some predatory taxa cannot hear ultrasonic calls at all (Yamazaki et al.,

2004; Young et al., 2013).

Flying squirrels are a monophyletic group within the squirrel family,
characterized by their nocturnal behaviour and the presence of a patagium (i.e., a thin
membrane stretched between limbs) that allows them to glide through the air among
trees and other elevated structures in their habitat. Both northern (Glaucomys
sabrinus) and southern flying squirrels (G. volans) produce USVs (Gilley, 2013;
Gilley et al., 2019; Murrant et al., 2013), though the behavioural contexts associated
with these repertoires have not been studied. Flying squirrels (hereafter Glaucomys)
are strictly nocturnal (Jackson & Schouten, 2012) and use the patagium to glide

between trees, conserving energy and time (Byrnes & Spence, 2011). Flying squirrels
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are a particularly interesting group to better understand USV function as they are
potentially good candidates for echonavigation. The nocturnal habits of flying
squirrels limit visual information as ambient light is significantly reduced compared
to daytime; these visual cues are likely further limited during different stages of the
lunar cycle as reflected in the cyclical activity patterns observed in G. sabrinus
(Radvanyi, 1959). Flying squirrels have also been shown to produce several types of

USVs in isolation (Murrant et al., 2013).

Flying squirrels are socially dynamic, forming larger nesting groups to
improve thermoregulation during winter (Garroway et al., 2013; O'Brien et al., 2021).
While they often forage alone, flying squirrels can also forage with nestmates
(Murrant et al., 2014) and are anecdotally known to gather in groups to forage at sites
with abundant food (e.g., at bird feeders). Foraging squirrels reconstitute into familiar
nesting groups after a foraging bout (Murrant et al., 2014). These social aspects of
foraging and nesting make flying squirrels good candidates for social communication
as they rely on their conspecifics for survival (e.g., thermoregulation). They may be
more inclined to produce alarms (as seen in many other squirrels; (Garcia-Navas &
Blumstein, 2016; Wilson & Hare, 2004)), and acoustic signals may be required in the

reassembly of nest groups after foraging bouts (Murrant et al., 2014).

The predator-prey dynamics of flying squirrels and their primary predators,
owls, may also play a role in flying squirrel USV production. While measured in few
species, the auditory thresholds of owls are <12kHz (Brittan-Powell et al., 2005;
Knudsen, 1981; Krumm et al., 2017), suggesting that owls cannot acoustically detect
flying squirrels using most HFVs. Additionally, flying squirrels and owls rely on
visual cues from their environment, which increase in availability as moonlight

increases. In different owl species, increased moonlight has been demonstrated to
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increase hunting effectiveness (Asio flammeus; Clarke, 1983) and increased calling
behaviour (Bubo bubo; Penteriani et al., 2010). In contrast, many rodents are known
to change their behaviour in response to moonlight to reduce predation risk (Kronfeld-
Schor et al., 2013). Given that owls are important predators of flying squirrels, the
squirrels would be under selective pressure to reduce their exposure during periods
associated with increased risk. Therefore, USVs could be beneficial to communicate
with conspecifics while minimizing predation risk, especially during periods of

greater lunar illumination.

We investigated variation in call characteristics of flying squirrels
(Glaucomys) to contextualize the usage of USVs. We developed three, non-exclusive,
hypotheses: (1) flying squirrels use USVs to echonavigate, (2) flying squirrels use
USVs to communicate with conspecifics, and (3) flying squirrels use USVs to avoid
predators. We did not expect these hypotheses to be exclusive, as squirrels could be
varying frequencies in social and solitary contexts to avoid predators, or squirrels
could use USVs to both echonavigate and communicate. If flying squirrels use high
frequencies to echonavigate, we expected flying squirrels to vocalize in novel
environments and before gliding. Additionally, if flying squirrels echonavigate, we
expected high-frequency vocalizations to aid in the navigation of basic tasks, as
demonstrated for shrews (Gould et al., 1964; Tomasi, 1979). If flying squirrels use
high frequencies to communicate, we expected squirrels to produce few calls in
isolation, with squirrels producing more and higher frequencies in social contexts. If
flying squirrels use high frequencies to both echonavigate and communicate, we
expected high-frequency vocalizations to be common in both social and solitary
environments, with a variation in the type of calls produced in either context. Finally,

if flying squirrels use high frequencies to avoid predators, we expected higher
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frequencies to be used with increased lunar illumination corresponding to increased

vulnerability to predators, regardless of social context.

Methods
Trapping

We trapped flying squirrels (Glaucomys sabrinus and G. volans) either 40km
north of Peterborough, Ontario, Canada, at two long-term research stations (Kawartha
Highlands (44°41°20.3” N, 78°20°02.2” W) and James McLean Oliver Ecological
Centre (44°34°26.9” N, 78°29°23.0” W)), or in and around Algonquin Provincial
Park, Ontario (45°34°59.6” N, 78°28°04.1” W). We used Tomahawk 102 live traps
(Tomahawk Live Trap Co., Hazelhurst, Wisconsin, USA) attached to shelf brackets
mounted at a height of approximately 2m on trees in primarily mature mixed wood
forests. We baited the traps using sunflower hearts, peanut butter, bacon grease, or
nuts. If the weather was poor, we added plastic sheeting on top of the traps to keep
captured squirrels dry. We set traps before sunset and either checked them every hour
and closed them shortly after midnight or left them open all night and simultaneously
checked and closed them shortly after sunrise. If we left traps open overnight, we

added cotton (for warmth) and a slice of apple (for hydration).

Upon the initial capture of a target individual (Glaucomys), we recorded
morphological measurements (skull length and width, foot length, tail length) and
collected a small tissue sample from the tip of the ear for genetic analysis. We noted
mass, as well as sex and reproductive status, upon the initial and subsequent
recaptures. Depending on trapping location individuals were tagged with either a
unique passive integrated transponder (PIT) tag (model TX1411SST; Biomark Inc.,

Boise, Idaho, USA) or an ear tag with a unique alphanumeric combination (1005-1
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Monel ear tags; National Band and Tag Co., Newport, Kentucky, USA) so that we
could identify recaptured individuals. Before behavioural trials (detailed below), we
outfitted some individuals with radio collars (1.8 g model BD-2C; Holohil Systems
Ltd., Carp, Ontario, Canada) for another project at the Kawartha Highlands field site.
We conducted all behavioural trials after the squirrel had been measured and
identified; squirrels were temporarily held and transported alone in their initial traps.
In-Situ Recordings

We evaluated the role of USVs during navigation by introducing flying
squirrels (n = 69) to a T-maze we assembled in the field upon capture of a squirrel.
The T-maze (Figure A3.1) was made of 7.6cm black ABS piping (IPEX HomeRite
Products, Oakville, Ontario, Canada), which was large enough for squirrels to turn
around in while exploring the maze freely; each arm was 1.2m long, which made the
arena approximately 0.27 m?2. Individuals would enter at the bottom of the maze and
travel to the T-junction (we used an ABS Tee to connect all three arms), where they
would decide between either arm of the maze; we outfitted the ends of both arms with
a 90° ABS elbow which obscured the exits from the individual while at the T-
junction. The end of one arm was randomly assigned a cover, while the other was left
open for squirrels to leave and return to the surrounding habitat. The cover was made
of a transparent acrylic plate with holes drilled in either a low or high density to allow
for airflow and natural olfactory input while still creating a mostly solid surface; we
randomly selected hole density for each trial. We visually and audibly recorded
individuals with a trail camera (Ultratire XP9; Reconyx Inc., Holmen, Wisconsin,
USA) placed at the base of the maze and an ultrasonic microphone (SMM-U1
attached to Song Meter SM4BAT FS recorders; Wildlife Acoustics Inc., Maynard,

Massachusets, USA) placed through a small hole we cut into the top of the T-junction.
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We used a curved ABS tee at the base of the maze, which allowed us to attach the trap
and the camera to the outside of the maze without obscuring the camera’s view; the
curve in this junction encouraged individuals to turn toward the main maze instead of
toward the camera. Once in the maze, we allowed squirrels to explore and leave
freely; after 5 minutes, we stopped the recordings and carefully disassembled the
maze so the individual could return to the surrounding habitat if they had not yet
exited. We later reviewed the trail camera videos to determine which arm the
individual chose to explore first: if the individual chose the arm with no cover, we
assigned this as a ‘correct’ choice. We assigned every other option as an ‘incorrect’
choice, even if they eventually escaped the maze. We conducted all T-maze

experiments in the summer of 2018.

To evaluate the role of USVs during gliding, we opportunistically released
flying squirrels (n = 17) after capture on a branch (~5m long) on a hill in the middle
of the Kawartha Highlands field site (we only used squirrels from this location for
these recordings). Individuals were placed at the base of the branch by a handler. We
allowed the squirrel to explore the branch freely; ideally, as occurred in most trials,
the squirrel would glide from the distal end of the branch into the forest canopy. We
recorded throughout subsequent gliding trials with ultrasonic microphones (SMM-U1
attached to Song Meter SM4BAT FS recorders) located underneath and in front of the
supported branch. During each trial, individuals were also recorded with an Echo
Meter Touch (Wildlife Acoustics Inc.; attached to a Huawei P30 Pro) held by an
observer with the microphone pointed directly at the squirrel throughout the trial. We
also visually recorded the squirrels on three nights with a trail camera (Ultrafire XP9).

We conducted all gliding recording sessions over seven nights in the fall of 2020.
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Captive Recordings
During the summer 2018 and fall of 2019, we brought individuals from the

Kawartha Highlands and the Oliver Property into temporary captivity at Trent
University. After capture, we immediately transported the squirrels to an outdoor
aviary at the university (the same one used by Olson et al., (2018) and Stead et al.,
(2024)), where we subsequently transferred squirrels to individual holding cages (39.3
cm x 24.1 cm x 38.7cm). Squirrels were provided water and food (seeds, nuts,
commercial squirrel chow) ad libitum. We lined cages with pine wood chips and
shredded paper; we provided cotton for nest building, a short tube (3-inch ABS piping
with a cap on one end) to nest in, and a wheel for enrichment. Squirrels were held in
captivity for a maximum of two weeks before being released back at the location

where we initially trapped them.

To test for vocal behaviour in individual and social conditions, we introduced
squirrels to a 3D recording arena for 24-hour recording sessions. The arena was
outfitted from a steel mesh storage cabinet (85cm x 152cm x 165¢cm) with a middle
shelf that partially divided the arena horizontally. Two wooden nest boxes were
placed on the shelf and a variety of large wooden branches and vegetation added for
transport between the floor and the shelf. We added water and food to the enclosure at
the beginning of the recording sessions. At the beginning of the recording session,
squirrels would be transported from the holding cage to the arena via their nesting
tube (squirrels would always be sleeping in the tube during this transport period); the
tube would be placed on the floor of the arena and left undisturbed for squirrels to

emerge on their own time.

Squirrels were first introduced individually into the arena for 24 hours to

explore the novel environment. After introducing two individuals to the novel
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environment separately, we reintroduced both individuals in tandem (pairings were
opposite or same sex and either both G.v. or G.v./G.s. depending on the squirrels
currently in captivity; we were unable to record G.s./G.s. pairings due to low catch
numbers during our recording periods). For the individual and paired trials, we
recorded the squirrels with an ultrasonic microphone (SMM-U1) mounted on the
arena and two trail cameras (Ultrafire XP9) mounted outside the upper and lower
levels. During the fall of 2019, we placed a third camera inside the arena on the shelf
facing the clear acrylic side of one nest box (these sides usually allow researchers to
view inside the box without disturbing the inhabitants). In the summer of 2018, we set
the camera recording time to 10 minutes when activated; however, the large video
files resulted in the SD cards filling before many of the trials had ended. Therefore, in
the fall of 2019, recording times were changed to 10 seconds, resulting in shorter
activity videos scattered throughout the trials.
Acoustic Analyses

We first analyzed all sound files with Avisoft-SASLab Pro (Avisoft
Bioacoustics e.K., Glienicke/Nordbahn, Germany); an observer (S.N.) listened to each
file at a sample rate of 48kHz and cut-off frequencies of 5 and 125kHz to identify
potential sound events. We used Avisoft to measure the duration of the entire call and
the fundamental, peak, minimum, and maximum frequencies (kHz) taken at the start,

centre, and end and calculated for the mean of the entire duration for each call.

After identifying all the potential vocalizations, we classified them based on
classes previously established in the literature (Gilley, 2013; Gilley et al., 2019;
Murrant et al., 2013). For the captive recordings, the observer re-listened to the
potential calls at a rate of 22.05kHz to confirm that the sound was biophonic. Given

that captive squirrels created many non-vocalizing sounds by physically interacting
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with the metal arena (i.e. nails scraping on solid metal surfaces produced many high-
frequency sounds with narrow bandwidths), we wanted to be conservative with the
final dataset. Therefore, we added a confidence scale for each previously identified
sound, with 0 being sounds that the observer could not confidently assign as
biophonic (i.e. produced during lots of movement and noise), one being calls that
were possibly biophonic (produced near other noises, recorded immediately at the
beginning or end of the file so surrounding noises could not be identified, etc.), and
two being calls that were biophonic (calls produced in total isolation of other sounds,
calls that were repeated at predictable intervals, or calls in which the frequency was
heavily modulated). We filtered the captivity call dataset to only include level two

confidence calls for the remaining analyses.

Statistical Analyses
We performed all statistical analyses in R (R Core Team, 2023). For the T-

maze, we used a binomial generalized linear model to compare the likelihood of
making a correct choice relative to the amount of external light (day or night), the side
with the cover (left or right), the number of holes drilled in the cover for airflow (low
or high density), the trial number for the individual, and the total time to exit the maze
(s). We also used rptR (Stoffel et al., 2017) to estimate the individual repeatability of
making a successful exit or making a correct choice over repeated trials to estimate
habituation to the experiment. Finally, we used Fisher’s exact test (R Core Team,
2023) to compare the total number of each species or sex used in the maze and

sequence design.

For the gliding recordings, we used a zero-inflated binomial regression to look

at the relationship between the number of calls produced during the recording session
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and species, sex, and trial sequence for the individual squirrel; a zero-inflated model
was chosen as many trials did not result in any recordings. We also incorporated
proportional lunar illumination using lunar (Lazaridis, 2022) and temperature (°C)
recorded at the Trent University Climate Station, approximately 40km from the
Kawartha Highlands field site. Temperature is only taken every hour so the reading
closest to the gliding trial was used for analysis; lunar illumination is averaged over
the entire night. We included temperature as this can impact the characteristics of
acoustic signals directly (i.e. sound propagation) and indirectly (i.e. behavioural and
physiological changes). While we did not expect this to have a strong effect on flying
squirrels, very few studies have investigated the impact of ambient temperature on
vocal characteristics, with most studies focused on anurans (Gambale & Bastos, 2014;
Guerra Batista et al., 2012; Lingnau & Bastos, 2007), with a few additional studies on
the effects of temperature inversions on elephant calling behaviour (Garstang et al.,

2005; Larom et al., 1997).

We also used a linear mixed effects linear model to examine the relationship
between the calls’ mean peak frequency (kHz) and the abovementioned variables.
However, we removed temperature as it was highly correlated with lunar illumination
in this dataset (R = 0.71). We also included time before glide which was extracted
from the recordings. While we initially identified six call types (Table A3.1), warble
and broadband calls (n = 1 each) were re-categorized as chirps based on similar
frequency and temporal characteristics; we removed screams as they were rapidly
produced by one individual (female G. volans) while being handled and were not
directly related to gliding. This resulted in three final call classes which we term

‘superclasses’: chirps, high-frequency calls, and trills (described in Table A3.1).
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For the recordings of captive squirrels, we extracted individual calls and
uploaded them to R using tuneR (Ligges et al., 2023); we filtered calls with a duration
<0.01s and classes with fewer than five observations. We then used gibbonR (Clink,
2023) to calculate Mel-frequency cepstral coefficients (MFCCs) for the individual
calls. We used e/071 (Meyer et al., 2023) and randomForest (Liaw & Wiener, 2002)
accordingly to run support-vector machine (SVM) and random forest (RF) models to
assess the differentiation of call classes. Our initial classifications (n = 10; Table A3.2
& A3.3) were differentiated at an average error rate of 54.5% (SVM = 55%, RF =
54%); we subsequently grouped similar classes to improve the assignment accuracy.
Our reduced classifications (superclasses = 3) were considerably more distinct, with
an average error rate of only 23.2% (SVM = 28.6%, RF = 17.8%; Fig. 4.1), and we

used them in the remaining analyses.

Using the same methodology as the gliding experiments, we added lunar
illumination and temperature for each call. We created a poisson regression to
compare the total number of calls recorded during each trial relative to the trial type
(individual or paired) and the average lunar illumination and temperature recorded
over the entire trial. We then used linear mixed effects models (/me4 (Bates et al.,
2015)) to look at the mean peak frequency (kHz) and duration (s) for each class
relative to the variables listed above (i.e., lunar illumination, temperature, trial type)
while including the trial ID as a random effect; these were modeled independently as
barks were only recorded during paired sessions. Species, sex, and behaviour could
not be included in the primary captivity dataset as we could not identify the individual
that produced the call for most vocalizations. However, we filtered our dataset twice:
1) to only include calls that we could synchronize with an activity on the trail cameras

(n=37) to look at the relationship between behavioural categories and call types
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(which were compared with a chi-square analysis) and 2) to only include calls
produced during individual trials to compare the effects of sex and species on the
frequency and duration of the classes.
Ethics Statement

All methods were approved by the Trent University Animal Care Committee
under trapping protocols #25668 and #27909, and captivity protocol #25283. We
focused on animal welfare throughout the various procedures, building a protocol that
would allow us to temporarily bring free-ranging squirrels into captivity and freely
release them at the end of the recording sessions. All procedures were in accordance
with the Canadian Council on Animal Care and follow the ASM guidelines (Sikes &

Gannon, 2011).

Results
In-Situ Recordings

We conducted 100 T-maze trials (n) with 59 individuals (N); however, we
removed 11 trials because the individual escaped (n = 8), made it back into the trap (n
= 2), or because in one instance we terminated the trial early when a second flying
squirrel glided onto and beside the T-maze during the trial. The final dataset was
comprised of 89 trials from 56 individuals; we captured fewer individual Glaucomys
sabrinus (n =12, N= 6, F: M = 4:2) than G. volans (n= 77, N = 50, F:M = 23:27).
However, the sex ratio (OR = 2.31, p = 0.41) and sequence distribution (p = 0.54)

were not significantly different between the species.

We found no evidence of vocalizations on either the ultrasonic recorder or the
acoustic trail camera during the T-maze trials. We found the likelihood of making a

correct choice decreased during night trials compared to day trials (x (£SE) = -
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1.26(%0.55), p = 0.02) and as time to exit (s) increased (-0.07(£0.02), p < 0.001). The
sequence, airflow, and cover side were not significantly related to the likelihood of
making a correct choice, nor were species or sex (Table 4.1). We also found that exit

success (R = 8.31e-16, p = 0.46) and choice (R = 0.003, p = 0.32) were not repeatable.

We recorded 17 individuals (N) for the in situ gliding recordings over seven
nights, resulting in 37 unique gliding trials (n). Of the 37 trials, only 26 ended with a
successful glide and all other trials were not included in the final dataset (one
individual was therefore excluded from the final analysis as they never successfully
glided). Trials were terminated by squirrels either not leaving the branch over the
five-minute trial (n = 2) or leaving the branch without gliding (n = 8). As in the T-
maze, the final gliding dataset had fewer Glaucomys sabrinus (n=9, N=5F: M =
2:3) than G. volans (n =17, N= 11, F:M = 7:4), but the sex ratio (OR=0.21,p =
0.28) and sequence distribution (p = 0.19) were not significantly different between the

species.

Overall, temperature and lunar illumination were both associated with the total
number of calls being produced during the gliding trials (count model; Table 4.2),
with higher temperatures (0.10(£0.04) p = 0.005) associated with more vocalizations
and the total number of calls peaking for both species around 50% illumination (-
5.61(£1.41), p <0.001; Fig. 4.2A). We did not find a significant effect of sex, species,
and sequence on the number of calls produced. Even though there were more trials
with no vocalizations recorded (n = 23) than trials with any calls (n = 13), none of the
variables tested had a significant effect on whether squirrels produced any calls (zero-

inflated model; Table 4.2).
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Call characteristics were only influenced by the lunar illumination (mean peak
frequency: -0.97(+£0.30), p = 0.004) and superclass, with chirps being significantly
lower in frequency (-0.32 (£0.12), p = 0.02) and longer (2.56 (£0.30), p < 0.001) than
high-frequency calls (Fig. 4.2B; Table 4.3). Trills (which we only recorded from one
individual on one night (female G. volans)) were also significantly longer than high-
frequency calls (2.21 (£0.35), p < 0.001). Squirrel ID explained most of the variation
in the mean peak frequency (Var [2.5%, 97.5%] = 0.07 [0.02, 0.28], % Explained =
97.5%) and the duration (3.04 [0.84, 11.68], 98%) for calls with a known time before
glide (n = 12, Table 4.4). Additionally, time before glide was significantly related to
both call measurements, with calls becoming shorter (0.02 (+0.001), p < 0.001) and
lower in frequency (0.07 (£0.003), p < 0.001) closer to the time of glide (Fig. 4.3;
Table 4.3). Notably, all calls were recorded prior to gliding, and no calls were
recorded during any of the glides.

Captive Recordings

We brought 18 flying squirrels temporarily into captivity resulting in 16
individual trials and 12 paired trials; we did not include two individual sessions as the
SM4 malfunctioned during the trial resulting in no call data. Our initial dataset had
1707 potential vocalizations across 43 classes, but we filtered our dataset only to
include calls classified with high confidence (n = 182). We initially organized these
high confidence calls into ten classes (Fig. 4.1A); we further grouped these
classifications into three superclasses to improve sample sizes and look at general
trends across distinct groups. Barks were relatively low in frequency with longer
durations, high-frequency vocalizations were short with variable frequencies, and

chirps were mid-frequency vocalizations (Fig. 4.1D). We found that flying squirrels



112

produced chirps and high-frequency vocalizations more often than barks. Unlike the

prior two, squirrels only produced barks in social pairings (Fig. 4.1B&C).

We found that the trial type and lunar illumination had a significant effect on
the total number of calls recorded, with solitary trials (-0.82(+0.30), p = 0.01; Fig.
4.4A) and increased illumination (-1.60 (£0.64), p = 0.02; Fig. 4.4B) resulting in
fewer calls (Table 4.5). Furthermore, we found that the duration of chirps were
influenced by lunar illumination (-0.02(£0.008), p = 0.005) and temperature (-
0.0008(£0.0002), p = 0.003) and that the peak frequency of chirps trended towards
increasing with increased lunar illumination, though this relationship was not
significant (9.99(£5.30), p = 0.09). Additionally, high-frequency vocalizations and
barks were not affected by either variable (Fig. 4.5). Finally, we found that frequency
did not significantly vary between sex or species (Fig. 4.6B; Table 4.7), though high-
frequency vocalizations were significantly associated with exploring compared to
other activities (X?=23.43, p = 0.001; Fig. 4.6A) which reflects general linear models
which showed higher-frequency and shorter vocalizations during exploring (Table

4.8).

Discussion

We successfully recorded flying squirrel vocalizations in various behavioural
contexts with vocalization characteristics varying between experimental,
environmental, and social conditions. In support of our first hypothesis that flying
squirrels produce USVs to echonavigate, we found that flying squirrels produce high-
frequency vocalizations in some solitary, novel environments. However, we recorded
no vocalizations when we sequentially exposed flying squirrels to a T-maze and

minimal evidence of calling behaviour prior to and during glides in a natural gliding
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experiment, which contradicts our main prediction that if flying squirrels
echonavigate, they would rely on vocalizations in novel environments and/or while
gliding. In support of our second hypothesis that flying squirrels use USVs for social
communication, we found that flying squirrels produce significantly more
vocalizations when paired with a conspecific, and some vocalizations (i.e. barks) were
unique to social contexts. Finally, we found that lunar illumination significantly
affected the number, frequency, and duration of calls produced across multiple
contexts, with more vocalizations being produced when lunar illumination is lower
and low-frequency vocalizations shifting to higher frequencies when lunar
illumination was high. This finding supported our third hypothesis that flying

squirrels will acoustically camouflage in response to predation risk.

We did find some evidence of echonavigation that was consistent with our
predictions. Firstly, when looking at all calls that had matching video, we recorded the
highest frequency USVs while squirrels were individually exploring the novel arena
(Fig 4.6.); squirrels also produced many vocalizations in both solitary (Fig. 4.4) and
pre-gliding contexts (Fig. 4.2&4.3). However, most squirrels didn’t produce a single
vocalization during the gliding experiment, suggesting that vocalizations were not
required for this behaviour. This lack of recordings aligns with previous attempts to
observe echonavigation in flying squirrels, where squirrels forced to glide via electric
shock did not produce any vocalizations (Chattin, 1969). We had expected that
observing flying squirrels during in situ gliding behaviour with several minutes of
uninterrupted exploration would result in a higher likelihood of squirrels vocalizing
before gliding. While we did indeed find evidence of vocalizing in this context, we
did not observe any similar call types between or within individuals that preceded

gliding. Notably, when we included glide time into our models, individual ID
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explained all the variation in call frequency (100%) and duration (99%; Table 4.4).
This finding suggests that our sample sizes were too small to detect repeatable

behaviours, if any were present.

Also, contrary to our first prediction, flying squirrels produced no
vocalizations when exposed to a novel T-maze. We predicted that if flying squirrels
echonavigate, we would expect them to produce high-frequency calls to aid in
navigating this novel environment. Yet not a single T-maze trial resulted in call
production. We found that flying squirrels were less likely to make a correct choice
when there was less available light, suggesting that (1) squirrels were relying on
visual cues in the maze or (2) squirrels were less motivated to choose the open end of
the maze during the night. Aside from apparent shadows that the cover may have cast,
flying squirrels lack a UV-protective orbital lens (Yolton et al., 1974) meaning that
they may be able to detect ultraviolet cues that we cannot see. Acrylic sheets can
block ultraviolet light and has been used to protect premature infants from harmful
UV light (Siegfried et al., 1992); if flying squirrels can detect UV light, then the
covered end would likely appear different to the squirrels, especially when the
ambient light was highest during the day. Moving the T-maze to a controlled
environment where we can reduce the ambient light as much as possible may improve

the likelihood of recording vocalizations in this context.

Flying squirrels were required to walk on the ground to navigate the maze.
These are primarily arboreal species, so their perceived vulnerability is likely higher if
travelling on the ground, especially at night when owls are active, and predation risk
is high. Additionally, flying squirrels socially thermoregulate during the day
(Garroway et al., 2013; O'Brien et al., 2021), meaning that flying squirrels may be

more motivated to return to their nesting group during natural hours of inactivity. The



115

combination of these factors may lead to increased motivation to exit the maze during
the daytime and to hide in the maze during the nighttime. However, we would require

additional work on perceived predation risk in these species to explore this idea

further.

Our second hypothesis was well supported; we recorded significantly more
vocalizations when individuals were paired with a conspecific (Fig. 4.4), and while
we still recorded some vocalizations during solitary trials, no call types were unique
to the solitary sessions. This finding contradicts repertoires from other echonavigating
species that produce specific calls while exploring (Siemers et al., 2009; Yovel et al.,
2011). In contrast, we recorded one call type (barks) exclusively in paired trials
suggesting that at least a portion of the repertoire in specific to social interactions.
Additionally, the call characteristics we measured were not significantly different
between trial type and activity (Fig. 4.6) for either chirps or high-frequency calls. All
calls made during solitary trials with video were during exploration or while perched -
given that we were housing other squirrels in the same aviary as the recording arena,
we suspect these solitary calls were social calls directed at conspecifics. Flying
squirrels occasionally share resources with large aggregations anecdotally forming at
valuable resources such as bird feeders (Layne & Raymond, 1994) and nest cavities
(O'Brien et al., 2021). With one squirrel occupying a large arena with abundant food
and nesting resources, the individuals may be notifying their conspecifics of the

resources available.

Interestingly, aggregations of flying squirrels can regroup in a secondary nest
in as little as one day following disturbance to their previous nesting location (Layne
& Raymond, 1994). Similarly, flying squirrels leave social nest groups to forage

solitarily, and acoustic signalling may be required to locate nestmates among several
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potential nest locations (Murrant et al., 2014). We suspected that we might record
solitary flying squirrels producing a broadcasting call to attract conspecifics before
nesting; researchers previously tested for this kind of call at the Kawartha Highlands,
where they placed a speaker in a cavity and broadcasted recordings. However, they
found none of their recorded calls attracted any conspecifics (Murrant, 2011). Instead,
we found during our sessions that flying squirrels produce similar high-frequency
calls while in solitary and paired trials, with calls structured similarly between
activities and sexes. We further hypothesize that squirrels use these high-frequency
calls to facilitate communication with conspecifics even when they are not nearby
(e.g., in the same enclosure). These calls could allow individuals to spatially track
conspecifics without seeing them and provide an open channel for squirrels to
communicate. However, this hypothesis would require housing squirrels in separate
arenas, varying the environment in one arena, and then measuring the vocalizations

and responses of each individual.

Finally, our third hypothesis was the most strongly supported, with lunar
illumination significantly associated with vocalizations in the gliding, solitary, and
paired trials. During the temporary captive studies, we found that lunar illumination
was the most significant predictor of the total number of vocalizations produced for
either trial type and that chirps, the mid-frequency vocalization class, significantly
increased in frequency and shortened in duration as lunar illumination increased.
These findings are consistent with our assumption that predation risk increases with
lunar illumination, and therefore, flying squirrels are shifting their vocalizations to
camouflage acoustically. To further support this, we found that the high-frequency
vocalizations (which are already similar in frequency to the shifted chirps) remain

unchanged in response to lunar illumination. We also found that barks, which we only
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recorded in paired experiments, were not responsive to lunar illumination.
Furthermore, we never recorded barks during solitary trials; therefore, it seems that
flying squirrels use barks to facilitate social interactions. In ground squirrels, low-
frequency vocalizations are often used in aggressive interactions (Balph & Balph,
1966). We did not observe aggression between squirrels in our trials, but we suggest
that the large sample size of barks in our data is due to pairing unfamiliar squirrels in
a novel enclosure. We assume flying squirrels are less likely to be aggressive with
familiar conspecifics, as demonstrated in marmots who create noisier alarms when
paired with unfamiliar partners (Fuong & Blumstein, 2019). It may be that this class
of vocalizations is relatively rare in natural settings — limited to encounters with
unfamiliar conspecifics. This might imply a brief trade-off between predation risk and
addressing potential conflict as the minimum frequency of most barks dip below
10kHz which would be within the hearing range of predators such as owls (Knudsen,

1981).

To account for environmental conditions that may affect vocal activity we also
included temperature as a co-variate. We found that the peak frequency of chirps in
the social experiments increased with higher temperatures and that the total number of
calls increased with temperature during the gliding experiment. Additionally, we
found that the duration of chirps decreased with temperature. Interestingly,
temperature was only significant when lunar illumination was also significant and
temperature had a weaker impact (i.e., smaller F-value) in all models except for the
model evaluating the duration of chirps in a social context (F-values: temperature =
14.50, lunar illumination = 9.10). These findings are consistent with vocal production
in bats who increase their echolocation frequencies with increased temperatures,

likely caused by reduced atmospheric attenuation and increased vocal precision as
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temperatures increase (Ding et al., 2023; Wu et al., 2021). Furthermore, increased
precision and reduced attenuation wouldn’t require long durations as the signal can
more easily reach conspecifics, further supporting our findings. These results are also
consistent with increased movement (Nelson & Sagot, 20198) and conspecific
interactions during warmer nights, with predation risk (i.e. lunar illumination)

ultimately influencing the likelihood and characteristics of calls when used.

Considering our three main hypotheses, the trills produced during the gliding
trials are of particular interest (Fig. 4.3). These cascading trills were all produced by a
single female G. volans immediately before gliding. These calls are excellent
candidates for echonavigating calls as they were loud and within the range of
frequencies of calls in other known echolonavigating taxa (4-30kHz; Gould, Negus &
Novick, 1964; Yovel et al., 2011); they were also produced in rapid succession, which
is common in echolocating and echonavigating species (Gould, Negus & Novick,
1964; Panyutina et al., 2017; Yovel et al., 2011). Additionally, these are the only trills
that were recorded throughout all the different recording contexts, suggesting that
they might be important in the context of gliding. However, given that these trills
were produced during high lunar illumination (0.73), assigning these trills as
echonavigating calls directly contradicts two of our assumptions: (1) squirrels are not
visually limited during increased lunar illumination and (2) predation risk increases
with lunar illumination. Therefore, we would expect that the risk of producing these
relatively low-frequency calls should outweigh any echonavigating benefits.
Additionally, these calls are good candidates for signals to locate nestmates. A future
research step would be to explore this signal in the context of alarm calling, similar to
the alarm calls produced by ground squirrels (Wilson & Hare, 2004), though this

current dataset cannot accurately address this idea.
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In conclusion, we tested three hypotheses exploring the function of USVs in
flying squirrels. We did not find strong evidence for echonavigation in these species;
while we did find that squirrels produced some calls while in isolation, we
hypothesize that that these isolation calls are social calls used to facilitate interactions
with nearby conspecifics. We also found that squirrels vocalized significantly more
often when paired with a conspecific. Some call types were unique to the paired
experiment and associated behaviours, suggesting that flying squirrels use USVs to
facilitate close social interactions. Finally, we found that lunar illumination had a
significant effect on the number, frequency, and duration of vocalizations, with flying
squirrels increasing the frequency and decreasing the duration of chirps (the most
common superclass) as moonlight increased. We conclude that flying squirrels
acoustically camouflage their vocalizations to facilitate communication with familiar

conspecifics.
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Figure 4.1 High-confidence vocalizations (n = 182) produced by Glaucomys spp. during individual and paired recording trials while temporarily
in captivity. (A) Calls were classified based on similar frequency, duration, and modulation characteristics (N = 10). (B) Counts for each class
(x-axis) during individual (light pink, light blue) and paired (dark blue, dark pink, dark yellow) recording trials; colour groupings correspond to
superclasses (HF — pink, chirps — blue, barks — yellow) and apply to all four panels. Classes: BB — Broadband, DS — Downsweep, HF — High-
Frequency, HF-DS — High-Frequency Downsweep, R-DS — Rapid Downsweep. (C) Classes from A/B were categorized into superclasses (N =

3) based on similar frequency and duration characteristics; colours correspond to individual/paired trials as in B. (D) All vocalizations were
categorized into superclasses based on similar frequency and temporal characteristics. Machine learning error estimates (SVM = Support Vector
Machine; RF = Random Forest) for classes and superclasses are accordingly given in the bottom right of A and D.
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Figure 4.2 Vocal activity of flying squirrels (Glaucomys; N = 17) during a natural gliding
experiment in the Kawartha Highlands, ON. (A) The total number of vocalizations produced
during each trial (n = 36) relative to the lunar illumination (proportion); model estimate for
this relationship from the count portion of the zero-inflated Poisson regression is provided in
the bottom left. (B) The mean peak frequency of each vocalization (n = 43) recorded during
the gliding trials; model estimate for this relationship from the linear mixed effects regression
provided in the bottom left. All data points were generated from predicted values from the
corresponding models.
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Figure 4.3 Predicted call characteristics of vocalizations (n = 12) produced by flying
squirrels (Glaucomys volans; N = 5) during a natural gliding experiment in the
Kawartha Highlands, ON. Calls are characterized by the mean peak frequency (kHz;
A) and duration (s; B) relative to the time before glide (s); the time of glide is
indicated as a vertical line. Model estimates for mixed models of the call
characteristics relative to time before glide (squirrel ID as a fixed effect) are provided
in the bottom left. Colour indicates the superclass and individual ID represented by
shape (females: Angela, Erin, Holly, Velma; male: Ryan).
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Figure 4.6 Superclass call characteristics relative to behaviour and species for

vocalization produced by flying squirrels (Glaucomys) while temporarily in captivity.
Calls are coloured by superclass (legend provided in A applies to both A and B). (A)

Shape indicates whether the vocalization was produced during an individual (n = 13)
or paired (n = 24) recording session. Chi-square results for the distribution of
superclasses among activities are provided in the bottom left. (B) Shape indicates the

species of the individual (G. sabrinus = 22; G. volans = 34) producing each call

during individual trials. Linear mixed effects model results for the relationship
between mean peak frequency and species provided in the bottom right.
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Table 4.1 Model estimates for the likelihood of a Glaucomys individual making the
correct choice in a T-maze. Correct choice (1) was measured as choosing the open end
(‘Treatment’, randomized) of the maze first, regardless of whether the squirrel
eventually escaped the maze, and modelled in a generalized binomial model. The
sequence of the individual as well as the time of day (day/night), the amount of
airflow through the covered end (low/high-density hole pattern), and the total time to
exit the maze (s) are also included in the model.

X (£SE) Z- P
Value
Intercept 2.18 (£1.64) 1.32 0.19
Treatment (Right) 0.07 (£0.52) 0.14 0.89
Sequence 0.03 (+0.31) -0.10 0.92
Time (Night) -1.26 -2.29 0.02
(£0.55)
Airflow (Low) 0.84 (£1.17) 0.72 0.47
Time to Exit (s) -0.07 -3.54 <0.001

(£0.02)




132

Table 4.2 Model estimates for the zero-inflated Poisson regression of the total number of vocalizations produced by Glaucomys individuals (N =

16) during a natural gliding experiment in the Kawartha Highlands, ON. Model estimates are provided for the total number of vocalizations

(count model) and the probability of producing any vocalizations (zero-inflation model). Individual sex (female/male), species (G. sabrinus/G.
volans), and the number of times exposed to the experiment (sequence) were included in the model as well as the average ambient tem perature

and lunar illumination of the entire trial.

Count Model Zero-Inflation Model
X (=SE) Z-value p X (£SE) F-value p

Intercept 2.85 (£0.82) 3.47 <0.001 38.13 (£70.58) 0.54 0.59
Sex: Male -0.77 (£0.81) -0.94 0.35 8.70 (£61.12) 0.14 0.89
Species: G.v. -0.24 (£0.38) -0.64 0.52 -7.09 (£39.56) -0.18 0.89
Sequence 0.31 (£0.22) 1.38 0.17 -1.78 (£12.80) -0.14 0.89
Temp (°C) 0.10 (£0.04) 2.78 0.005 -2.21 (£6.62) -0.33 0.74
Lunar -5.61 (£1.41) -3.97 <0.001 -70.95 (£161.36) -0.44 0.66

Illumination
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Table 4.3 Model estimates for the linear mixed effects models of the mean peak frequency (kHz) and duration (s) of calls (n = 43) produced by
Glaucomys individuals (N = 10) during a natural gliding experiment in the Kawartha Highlands, ON. Individual sex (female/male), species (G.
sabrinus/G. volans), and the number of times exposed to the experiment (sequence) were included for each squirrel. The lunar illumination at the
time of the call and the acoustic recorder that detected the call (Echometer Touch/SM4) were also included in this model. The time before glide
(s) was modelled separately on a smaller subset of the data (n = 12). All models include Squirrel ID as a random effect (Table 4.4).

log(Peak Freq (kHz)) log(Duration (s))
X (£SE) F- P X (£SE) F-value D
value

Intercept 30.35 (+£6.49) 0.003 -0.03 (£0.05) 0.57

Sex: Male 491 (£7.12) 0.48 0.52 -0.001 (+£0.06) 0.0005 0.98

Species: G.v. -2.36 (£6.20) 0.14 0.73 0.03 (£0.03) 0.87 0.48

Sequence -0.25 (£1.25) 0.04 0.84 0.009 (£0.01) 0.59 0.48

Lunar -13.79 (£6.09) 5.12 0.04 -0.002 (£0.05) 0.002 0.96

Illumination

Superclass: Chirp  -7.40 (£2.75) 3.84 0.01 0.10 (£0.03) 5.50 0.005

Superclass: Trill -3.89 (£2.88) 0.19 0.05 (£0.04) 0.15
Intercept 10.74 (+1.67) 0.003 -2.26 (+0.79) 0.04
Time before Glide 0.07 (£0.003) 383.69 <0.001 -0.02 (£0.001) 264.13 <0.001

)
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Table 4.4 Random effect estimates for models estimating call characteristics of Glaucomys individuals in varying recording contexts. Random
effects (bolded in the models) are estimated as the proportion of variance explained by the random effect and the residuals; the accuracy of the

random variance is provided as a confidence interval.

Random Effect Variance

Recording
Context Model Random: Residual % Explained CI

Gliding Peak Freq ~ Sex + Species + Seq + Lunar + Superclass + Squirrel 1D 49.77:27.26 65% [0, 93.09]
Duration ~ Sex + Species + Seq + Lunar + Recorder + Squirrel ID 0.0004:0.006 6.9% [0, 0.002]
Peak Freq ~ Time before Glide + Squirrel ID 0.07:0.0002 97.5% [0.02, 0.28]
Duration ~ Time before Glide + Squirrel ID 3.04:0.05 98% [0.84, 11.68]

Captivity Chirps: Peak Freq ~ Lunar + Temp + Trial Type + Trial ID 19.24:17.86 52% [0, 36.13]
Chirps: Duration ~ Lunar + Temp + Trial Type + Trial ID 2.15¢7:9.77e7 18% [0, 5.27¢7]
HF:  Peak Freq ~ Lunar + Temp + Trial Type + Trial ID 14.73:115.72 11% [0, 45.60]
HF:  Duration ~ Lunar + Temp + Trial Type + Trial ID 5.04e%:1.07e* 4% [0, 2.72¢7]
Barks: Peak Freq ~ Lunar + Temp + Trial ID 7.72:3.81 67% [0, 16.45]
Barks: Duration ~ Lunar + Temp + Trial ID 6.78¢4:2.19¢+ 76% [4.79¢75, 0.001]
Peak Freq ~ Sex + Species + Superclass + Squirrel ID 20.04:58.32 26% [0, 26.94]
log(Duration) ~ Sex + Species + Superclass + Squirrel ID 0:0.0001 0% [0, 3.10e7]
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Table 4.5 Model estimates for the generalized linear regression of the total number of
vocalizations produced by Glaucomys individuals (N = 17) during solitary (n = 16)
and paired (n = 12) recording sessions at Trent University (Peterborough, ON,
Canada). Squirrels from the Kawartha Highlands and Trent Oliver Property were
temporarily brought into captivity, and recordings were made in a large two-level
arena. The average lunar illumination and ambient temperature (°C) over the
recording trial are included in the model as well as the trial type (solitary/paired).

X (£SE) t-value p

Intercept 2.85 (£0.29) 9.88 <0.001
Lunar -1.60 (£0.64) -2.50 0.02
Illumination
Temp (°C) -0.02 (+0.02)  -1.06 0.30

Type: Solitary  -0.82 (£0.30)  -2.72 0.01
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Table 4.6 Model estimates for the linear mixed effects models of the mean peak frequency (kHz) and duration (s; log-transformed) of calls (n =
182) produced by Glaucomys individuals (N = 17) during individual (n = 16) and paired (n = 12) recording sessions at Trent University
(Peterborough, ON, Canada). Calls were modelled within their superclass, which groups similar classes together. The lunar illumination and
ambient temperature (°C), as well as the trial type (individual/paired), were included in the model. Trial ID was included as a random effect;

random effect estimates are given in Table 4.4.

Peak Frequency (kHz) log(Duration (s))
Call Class X (=SE) F-value p X (=SE) F-value p
Chirps (n=75) Intercept 16.24 (£2.82) <0.001 0.05 (£0.004) <0.001
Lunar Illumination 9.99 (£5.30) 3.54 0.09 -0.02 (£0.008) 9.69 0.005
Temp (°C) 0.19 (+0.16) 1.39 0.26 -0.0008 (+0.0002) 11.27 0.003
Type: Individual -0.14 (£2.57) 0.003 0.96 0.004 (£0.004) 1.22 0.29
High-Frequency Intercept 27.43 (£3.50) <0.001 0.024 (+0.003) <0.001
(n=66) Lunar Illumination 2.24 (£6.91) 0.11 0.75 0.004 (+£0.006) 0.49 0.77
Temp (°C) -0.20 (£0.21) 0.95 0.34 -5.23e7 (£1.80%) 0.08 0.50
Type: Individual 5.71 (£3.59) 2.54 0.13 -4.81e¢* (£0.003) 0.02 0.88
Barks (n =39) Intercept 14.73 (£2.31) 0.004 0.07 (£0.02) 0.03
Lunar Illumination -0.25 (£0.14) 0.60 0.49 -0.03 (£0.04) 3.40 0.49
Temp (°C) 3.24 (+4.18) 3.15 0.16 -0.001 (£0.001) 3.93 0.49
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Table 4.7 Model estimates for the linear mixed effects models of the mean peak
frequency (kHz) and duration (s) of calls (n = 55) produced by Glaucomys individuals
(N = 12) during individual recording sessions at Trent University (Peterborough, ON,
Canada). Similar call types were grouped into larger superclasses (chirps and high-
frequency [HF] calls). Squirrel ID was included as a random effect; random effect
estimates are given in Table 4.4.

Peak Frequency (kHz) log(Duration (s))

X (£SE) F-value p X (&SE) F-value D

Intercept 18.35 0.001 0.04 <0.001
(£3.52) (£0.003)

Sex: Male -2.26 0.32 0.31 -0.004 0.92 0.34
(£3.99) (£0.004)

Species: G.v. 3.45 0.74 0.49 -0.008 5.14 0.03

(+4.01) (£0.004)

Class: HF 11.34 25.66 <0.001 -0.01 10.76 0.002

(£2.24) (0.003)
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Table 4.8 Model estimates of the general linear models for the mean peak frequency
(kHz) and duration (s) of calls (n = 37) produced by Glaucomys individuals (N = 9)
during paired (n = 24) and individual (n = 13) recording sessions at Trent University
(Peterborough, ON, Canada). Calls are categorized into activities (antagonistic,
eating, exploring, perched, retreat) recorded on trail cameras mounted in temporary

enclosures.
Peak Frequency (kHz) Duration (s)
% (&SE) p % @&SE) p
Intercept 12.22 (£3.21) <0.001 0.04 (£0.004) <0.001
Activity: Eating  7.11 (£6.42) 0.28 0.009 (£0.01) 0.36
Activity: 9.07 (£3.97) 0.03 -0.01 (£0.006) 0.04
Exploring
Activity: Perched 4.92 (+4.85) 0.32 0.0008 (£0.007) 0.92
Activity: Retreat 11.78 0.25 -0.006 (£0.02) 0.70

(£10.15)
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Chapter S - General Discussion
The overall objective of my thesis was to explore and identify the ecological and
evolutionary traits associated with ultrasonic vocalizations (USVs) in flying squirrels.
To achieve this, I compared vocal ranges and ecological traits between flying squirrels
and other mammals, contrasted USVs with the recently discovered ultraviolet-induced
photoluminescence, and contextualized USVs within flying squirrel behaviour. My
work integrated phylogenetic analyses (Chapters 2 and 3), novel vocalizations for a
variety of gliding and non-gliding mammals (Chapter 3) and includes the first detailed
account of the relationship between flying squirrel behaviour and USV production

(Chapter 4).

In Chapter 2, I compared the vocal frequency ranges of flying squirrels to those
reported in all other published records within Sciuridae. This was an important first
step in addressing whether the production of USVs is uniquely associated with flying
squirrel traits. Importantly, flying squirrels are not the only squirrels to use USVs,
with the first record of USV-producing squirrels belonging to the Richardson’s
ground squirrel (Wilson & Hare, 2004). While I did not predict that flying squirrels
would be the only squirrels to produce USVs, I hypothesized that some traits
associated with flying squirrels would have a significant association with higher
frequencies. These traits included some that have been explored previously in the
literature, such as body size (Martin et al., 2017) and sociality (Blumstein &
Armitage, 1997; Blumstein et al., 2017), but I also included novel factors:
nocturnality and recording limits of the research equipment. I compared these traits
against several call characteristics to look at the relationship between life history traits
and frequency (kHz). This approach allowed me to avoid focusing on the presence of

USVs, which are inherently anthropocentrically defined. I found that all the traits I
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analysed were related to at least one frequency characteristic, but most importantly (in
the context of this thesis), nocturnality was positively associated with higher
frequencies across several frequency measurements. Given that nocturnality and
gliding are inextricably linked traits in Sciuridae, with the only nocturnal squirrels
being flying squirrels, I was unable to identify whether gliding or nocturnality was the

trait associated with higher frequency use within this chapter.

In Chapter 3, I expanded on the results in Chapter 2, and compared gliding mammals
against their non-gliding counterparts with a key objective being to disentangle the
relationship between USV production and nocturnality and gliding. This is the first
paper to combine vocal ranges across all published gliding mammal calls, including
records from gliding marsupials (Acrobates pygmaeus (Martin, 2019); Petaurus
australis (Kavanagh & Rohan-Jones, 1982; Whisson et al., 2021), colugos
(Galeopterus variegatus (Miard et al., 2019)), and flying squirrels (Glaucomys
sabrinus (Gilley, 2013; Gilley et al., 2019; Murrant et al., 2013); Glaucomys volans
(Eisinger et al., 2016; Gilley, 2013; Gilley et al., 2019; Murrant et al., 2013); Petaurus
alborufus (Shen, 2013); Petaurus leucogenys (Ando & Kuramochi, 2008)). I also
contributed novel call descriptions for several species of gliding marsupials including
high-frequency calls from sugar gliders (Petaurus breviceps). 1 found that higher
dominant frequencies were associated with gliding, but not nocturnality, supporting
my initial hypothesis that gliding mammal ecology facilitates cryptic, high frequency
communication, given predation risk associated with the gliding trait. Crucially, I am
not suggesting that only gliding mammals produce USVs as we included many
nocturnal species that produce USVs, such as mice (Mus musculus (Grimsley et al.,
2016; Hoffmann et al., 2012; Lupanova & Egorova, 2015; Musolf et al., 2015; Nyby,

1983; Von Merten et al., 2014; White et al., 1998; Zala et al., 2017)) and tarsiers
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(Tarsier spp. (Gursky, 2015; Ramsier et al., 2012; Rehéakova-Petru et al., 2012)), but
that gliding mammals as a group produce higher frequency calls than their closest
non-gliding relatives. In this chapter, I also explored the relationship between
ultraviolet-induced photoluminescence (UVP) and gliding as another form of crypsis.
However, while some gliding mammals do exhibit striking UVP (i.e. flying squirrels
(Kohler et al., 2019)), my investigation into UVP in other gliding mammals was
inconclusive. Instead, I found that nocturnality was the only trait associated with UVP
which is consistent with the hypotheses put forth by other researchers (Kohler et al.,
2019; Olson et al., 2021), possibly reflecting the degradation of some luminophores in

sunlight (Pine et al., 1985; Schifer et al., 1997; Toussaint et al., 2023).

In Chapter 4, I contextualized flying squirrel USVs by exposing northern (Glaucomys
sabrinus) and southern (G. volans) flying squirrels to various behavioural tests. This
chapter is vital within the context of this thesis as the majority of USV behavioural
literature is focused on echolocation in known-echolocators or social interactions in
myomorphic rodents. I hypothesized that vocal frequencies could vary within
different behavioural (echonavigation and social interactions) or environmental
(temperature and lunar illumination) contexts. This is only the second piece of
literature to address echonavigation in flying squirrels and, consistent with the
previous publication (Chattin, 1969), I did not find convincing evidence for this
behaviour in these species, with no vocalizations being recorded during any glides.
However, I did find compelling evidence for different USVs being produced in a
variety of social and solitary contexts; additionally, squirrels increased their vocal
frequencies with increased lunar illumination. While the social aspect of USVs was
predicted, recording many USVs during solitary conditions was unexpected. If we

consider these calls outside of echonavigation, these calls suggest that flying squirrels
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are potentially communicating with conspecifics during solitary behaviours, such as
foraging and exploring. Additionally, the use of higher frequencies during increased
lunar illumination provides novel evidence that flying squirrels are adjusting their
vocalizations with increased risk of predation. This finding fits nicely with the results
of Chapters 2 and 3 which both suggest that nocturnal gliding mammals are under
unique pressures to vocalize at higher frequencies — decreasing predation risk is vital
for these mammals as gliding leaves them uniquely vulnerable to predation attempts.
Increasing their vocal frequencies would allow flying squirrels to still communicate

without compromising their location to potential eavesdroppers.

Limitations and Future Directions

While this dissertation unveils some interesting covariates of vocal range in gliding
mammals, there are some key limitations in these experiments. In Chapter 2, I found
that the acoustic limitations of the recording devices were one of the main predictors
of the perceived vocal range of a given species. This highlights an inherent problem
with the way acoustic devices are designed and deployed for acoustic studies.
Deployable devices, such as the SM4s used in these studies, are designed to either
record the audible (20Hz-20kHz) or ultrasonic ranges (>20kHz), which are defined by
the limits of human hearing. This anthropocentric approach means that we require
specific intention and methodology to record calls above our hearing range; as a
result, ultrasonic calls are perceived as rare when recorded. However, there could be

many magnitudes more animals that can use ultrasound to communicate.

To further explore this idea, I opportunistically deployed ultrasonic microphones
(SMM-UT1 attached to a Song Meter SM4BAT FS recorder; Wildlife Acoustics Inc.,

Maynard, Massachusets, USA) in various exhibits at the Toronto Zoo (Ontario,
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Canada) and I found evidence for USVs in several species. Golden lion tamarins
(Leontopithecus rosalia) and common marmosets (Callithrix jacchus) were housed
beside each other, and I recorded at least 5 unique high-frequency calls (Fig. 5.1) that
ranged from a minimum frequency of 13.85kHz (tonal (+SD = +1.31); Table 5.1)to a
maximum of 33.00kHz (ultrasonic (+0.00); Table 5.1) from these primates. These
calls likely originated from the golden lion tamarins as the directional microphone
was pointed towards these primates and away from the marmosets and these calls do
not match with any documented call in the small ultrasonic repertoire published for
common marmosets (Bakker et al., 2014). While much rarer, I also recorded a few
high-frequency calls in Vancouver Island marmots (Marmota vancouverensis) which
were housed in quieter conditions; these calls ranged from 9.50kHz to 39kHz (Fig.
5.2; Table 5.1). The presence of novel high-frequency and ultrasonic vocalizations in
these mammals, along with the sugar gliders recorded for Chapter 3, suggest that the
lack of sampling for USV has led to an unintentionally biased view of the variety of
mammals that produce these calls. Not having a clear idea of which animals produce
USVs means that it is difficult to construct and test robust hypotheses to explain vocal

frequencies across all mammals.

While the work I have compiled here demonstrates that gliding mammals can produce
USVs and are under selective pressures to vocalize within certain ecological
constraints, a more comprehensive sampling of their relatives might ultimately reveal
that gliding mammals do not produce significantly higher frequencies than their
counterparts. Instead, we might find that ultrasound is prolific amongst non-gliding
mammals and therefore, new hypotheses could arise in the future. Likely, smaller-
bodied mammals will produce USVs more often and in more contexts. However, we

could find that drivers such as predator type, social structure, and environment are



144

playing key roles that we do not yet understand. An interesting example of this are
subterranean mole voles (Ellobius talpinus) who use USVs to communicate (Volodin
et al., 2022); previous hypotheses suggest that open habitats are the most conducive to
USV production and attenuation of calls in underground, narrow tunnels would
prevent the evolution of USVs. Yet, these strictly closed-habitat rodents use USVs to
communicate. This contrasts with naked mole rats who have been shown to use calls
under 10kHz (Credner et al., 1997), though as far as [ am aware, naked mole rats have

not been tested for USVs and therefore, cannot be assumed to not produce them.

Truly, a researcher could spend their entire career sampling for USVs in mammals
that have not been tested. I strongly recommend to acoustic researchers, especially
those focused on smaller mammals, to sample for USVs in their subjects. While
understanding a species’ vocal range is interesting in and of itself, humans can have
direct impacts on the way animals communicate. Anthropogenic noise (i.e. noise
pollution) can directly interfere with communication (Kunc & Schmidt, 2019;
Slabbekoorn et al., 2018), preventing individuals from properly interacting and
increasing the vulnerability of populations that are already at risk. Ultrasound should
be of special consideration because of our inability to detect these frequencies which
may lead to unintentional impacts. Future research should be done on the impacts of

high-frequency noise pollution on mammals that rely on these frequencies.

Conclusions

In conclusion, the nocturnal, gliding nature of flying squirrels plays a key role in the
frequencies at which these mammals communicate. Compared to other squirrels,
flying squirrels produce significantly higher fundamental, dominant, and maximum

frequencies. Furthermore, gliding mammals in general produce significantly higher



145

dominant frequencies than their non-gliding counterparts, despite their extensive
variation in phylogenetic relatedness, location, and body sizes. The lack of extant
diurnal mammalian gliders suggests that these animals have a unique vulnerability to
predation and their communication systems have evolved to minimize detection. This
is exemplified in flying squirrels who shift to higher frequencies as lunar illumination
increases which corresponds to increased vulnerability. Despite the link between
ultrasound production and volancy in other mammals (i.e. bats), I found no evidence
for echonavigation in these mammals, further demonstrating that ultrasound
production is a form of crypsis, allowing flying squirrels to avoid predation while
continuing to communicate with conspecifics. Therefore, I conclude that ultrasonic
production is a byproduct of the unique niche occupied by flying squirrels and other

gliding mammals.
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Figure 5.1 Examples of high-frequency vocalizations produced by golden lion
tamarins (Leontopithecus rosalia). Common marmosets (Callithrix jacchus) were
housed nearby in connected outdoor enclosures at the Toronto Zoo (ON). (A) Chirp
(B) Suppressed Fundamental (c) Ultrasonic (D) Tonal (E & F) Short.
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Figure 5.2 Examples of high-frequency vocalizations produced by Vancouver Island marmots (Marmota vancouverensis) at the Toronto Zoo
(ON). (A) Ultrasonic Chirp (B) Pip (C) Tonal.
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Table 5.1: Descriptions of calls from various mammals recorded with ultrasonic microphones at the Toronto Zoo (ON). Duration (s) and
frequency (kHz) estimates (X (£SE)) of vocalizations produced by golden lion tamarins (Leontopithecus rosalia) (common marmosets (Callithrix
jacchus) were housed nearby in connected outdoor enclosures) and Vancouver Island marmots (Marmota vancouverensis). Frequency estimates
were taken from the dominant harmonic if harmonics were present; peak frequencies represent the frequency with the highest energy.

Species Call (n) Duration (s) Mzﬁilinzl)lm Mz(ll)g{n;;lm Peak (kHz) Start (kHz) End (kHz)
Leontopithecus Chirp (11) 0.13 (£0.05) 15.14 (£1.43) 20.32(+0.81) 18.91(%0.70) 17.09 (x1.58) 17.77 (£2.18)
rosalia [0.07-0.21] [13-17] [19-21.5] [18-20] [14-19.5] [13.5-19.5]
(Callithrix Suppressed 0.07 (£0.08) 14.80 (£1.61) 20.53 (£1.54) 18.73 (£1.57) 19.07 (£2.27) 15.67 (£2.08)
Jjacchus) Fundamental [0.01-0.34] [11.5-18.5] [18-22.5] [16.5-21] [14.5-21.5] [11.5-20]

(15)
Short (2) 0.02 (£0.01) 15 (x0.71)  22.00 (£2.83) 18.00 (£0.71) 21.50 (£3.54) 18.75 (+4.60)
[0.02-0.03] [14.5-15.5] [20-24] [17.5-18.5] [19-24] [15.5-22]
Tonal (17) 0.19 (£0.08) 13.85 (£1.31) 19.50 (£1.56) 17.82 (£1.49) 18.35(£1.28) 14.41 (£1.50)
[0.04-0.33] [11.5-16] [16-21.5] [15.5-20] [15-20] [11.5-16.5]
Ultrasonic 0.06 (£0.03) 30.50 (+0.41) 33.00 (+0.00) 31.50(£0.41) 32.00 (£0.00) 32.24 (+0.29)
4) [0.02-0.09] [30-31] [33-33] [31-32] [32-32] [32-32.5]
Marmota Pip 0.028 11.8 (£0.93) 15.67 (£1.76) 14.00 (£1.32) 13.83 (£1.45) 13.17 (+0.88)
vancouverensis [10-13] [13-19] [12-16.5] [11.5-16.5] [11.5-14.5]
Tonal 0.08 (£0.02) 9.5 13.5 11.5 11.5 10.5
[0.10-0.03]
Ultrasonic 0.03 25.5 39 30 29 31

Chirp
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Table Al.1 Summary of all references used to build the squirrel vocal range dataset.

Range
Species Reference Location (kHz)
Callosciurus (Tamura, 1993) Selangor, Malaysia* 1.9-4.8
caniceps (Tamura & Yong, 1.4-8.0
1993)
Callosciurus (Tamura, 1995) Kanagawa, Japan 0.09-33
erythraeus
thaiwanensis
Callosciurus (Tamura & Yong, Selangor, Malaysia 1.6 -83
nigrovittatus 1993)
Callosciurus (Tamura, 1993) Selangor, Malaysia* 0.9-8.6
notatus (Tamura & Yong, 0.8—11.1
1993)
Callospermophilus  (Eiler & Banack, (California, Nevada), 3.7 —20.1
lateralis 2004) USA
Callospermophilus  (Eiler & Banack, Washington, USA 6.3-21.2
saturatus 2004)
Cynomys gunnisoni (Waring, 1970) Colorado, USA 0.9-8
Cynomys leucurus ~ (Waring, 1970) Colorado, USA 0.1-8
Cynomys (Waring, 1970) Colorado, USA 0.1-8
ludovicianus
Glaucomys (Gilley, 2013) Missouri, USA 8.1-24.7
sabrinus (Gilley et al., 2019)  Missouri, USA 10.9 -24.9
(Murrant et al., Ontario, Canada 40 — 65
2013)
Glaucomys (Gilley, 2013) North Carolina, USA 9.3 -22.0
sabrinus coloratus
Glaucomys volans ~ (Eisinger, Scheibe & Indiana, USA 4-42
Flaherty, 2016)
(Gilley, 2013) (Alabama, Missouri, 5.8-40.0
North Carolina), USA
(Gilley et al., 2019)  North Carolina, USA  15.5-25.6
(Murrant et al., Ontario, Canada 19 - 65
2013)
Ictidomys (Matocha, 1975) Texas, USA 2.7-5.7
mexicanus
Ictidomys (Matocha, 1975) Texas, USA 1.4-6.0
tridecemlineatus
Marmota bobak (Nikol’skii, 2007) (Orenburg, Luhansk, 36-4.6
Kharkiv), Ukraine
Marmota caligata  (Blumstein, 1999) Washington, USA 1-6
(Taulman, 1973) Washington, USA 1-3.5
(Waring, 1966) Colorado, USA 25-3.5
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Range
Species Reference Location (kHz)
Marmota (Blumstein & (Colorado, Utah), USA 1-10.5
flaviventris Armitage, 1997)
(Davis, 1991) California, USA 22-4.0
(Matrosova et al., Colorado, USA 25-43
2011)
(Waring, 1966) Colorado, USA 1.5-45
Marmota monax (Lloyd, 1972) New York, USA 1.5-5
Marmota olympus  (Blumstein, 1999) Washington, USA 1-9
Marmota (Blumstein, 1999) British Columbia, USA 1-6
vancouverensis
Otospermophilus (Leger, Owings & California, USA* 3.7-14
beecheyi Gelfand, 1980)
(Owings & Leger, 3.8-8.6
1980)
(Owings & Virginia, 1-20
1978)
(Rabin et al., 2003) 3.6-6.1
Otospermophilus (Krenz, 1977) Texas, USA -7.2
variegatus
Petaurista lena (Shen, 2013) Chiayi, Taiwan, China 1.6 —12.4
Petaurista (Ando & Japan 0.8-12
leucogenys Kuramochi, 2008)
Sciurus aberti (Hall, 1981) Arizona, USA 1-4.5
kaibabensis
Sciurus (Lishak, 1982) Alabama, USA* 0.05-34
carolinensis (Lishak, 1984) 0.2-16
Sciurus niger (Zelley, 1971) Illinois, USA 0.08 — 32
rufiventer
Spermophilus (Koshev & Sofia, Bulgaria 7.1-13.7
citellus Pandourski, 2008)
(Matrosova et al., Prague, Czech Republic 0.4 —13.7
2012)
(Schneiderova & Prague, Czech Republic 7.7 —13.5
Policht, 2012)
(Schneiderova, Prague, Czech Republic 0.1 —77.8
2008)
Spermophilus (Matrosova et al., Saratov, Russia* 2.7-6.0
Sfulvus 2007)
(Matrosova et al., 1.9-5.5
2010)
(Matrosova et al., 1.6-54
2011)
(Matrosova et al., 03-53

2012)
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Range
Species Reference Location (kHz)
Spermophilus (Volodina, Saratov, Russia 3.6-54
Sfulvus (Cont.) Matrosova &
Volodin, 2011)
Spermophilus (Brandler, (Kurgan, Orenburg, 3.7-6.3
major Tukhbatullin & Samara, Chelyabinsk),
Nikol’skii, 2019) Russia; Republic of
Bashkortostan;
Republic of Tatarstan;
(Aktobe, Kostanay,
West K.), Kazakhstan
Spermophilus (Nikol’skii, 2007) Yelansky, Russia 50-5.6
pygmaeus
Spermophilus (Matrosova et al., Moscow, Russia* 63—-11.5
suslicus 2007)
(Matrosova et al., 8.9-10.0
2011)
(Matrosova et al., 04-84
2012)
(Matrosova, Volodin 04-11.0
& Volodina, 2006)
(Volodin, 2005) 9.0-9.8
(Volodin et al., 9.3-9.7
2008)
(Volodina et al., 8.7-10.0
2011)
Spermophilus (Schneiderova, Antalya, Turkey 4.8-8.1
taurensis 2008)
(Schneiderova & Karaman, Turkey 4.7-8.2
Policht, 2012)
Spermophilus (Schneiderova & Kayseri, Turkey 4.0-10.7
xanthoprymnus Policht, 2012)
Tamias alpinus (Brand, 1976) California, USA 1.5-9.5
Tamias amoenus (Brand, 1976) California, USA 1.5-11.5
Tamias merriami (Brand, 1976) California, USA 1.5-15
Tamias minimus (Bergstrom & Colorado, USA 1.5-15
Hoffmann, 1991)
(Brand, 1976) California, USA 2-10
Tamias ochrogenys (Gannon & Lawlor,  California, USA 4.0-122
1989)
Tamias palmeri (Gannon & Stanley, Nevada, USA 27-11.5
1991)
Tamias (Brand, 1976) California, USA 1.5-13.5
panamintinus
Tamias (Brand, 1976) California, USA 1.5-12.5

quadrimaculatus
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Range
Species Reference Location (kHz)
Tamias (Bergstrom & Colorado, USA 1.5-16
quadrivittatus Hoffmann, 1991)
Tamias senex (Gannon & Lawlor,  (Oregon, California), 4.6-13.0
1989) USA
Tamias siskiyou (Gannon & Lawlor,  (Oregon, Washington), 3.9 -14.5
1989) USA
Tamias sonomae (Brand, 1976) California, USA 7-12.5
Tamias speciosus (Brand, 1976) California, USA 1.5-13
Tamias striatus (Burke da Silva, Québec, Canada 0.5-8.7
Kramer &Weary,
1994)
(Dunford, 1970) New York, USA 1-11
(Elliott, 1978) New York, USA 1-3
Tamias townsendii ~ (Brand, 1976) California, USA 1.5-14.5
(Gannon & Lawlor, (Oregon, Washington), 4.5-11.1
1989) USA
Tamias umbrinus (Bergstrom & Colorado, USA 1-15.5
Hoffmann, 1991)
(Brand, 1976) California, USA 1.5-12.5
Tamiasciurus (Smith, 1978) British Columbia, 0.5-8
douglasii Canada; (Maine,
Maryland), USA
Tamiasciurus (Smith, 1978) British Columbia, 0.5-8
hudsonicus Canada; (Maine,
Maryland), USA
Urocitellus (Balph & Balph, Utah, USA 2-7.5
armatus 1966)
(Koeppl, Hoffmann =~ Montana, USA 0.5-13
& Nadler, 1978)
Urocitellus (Leger, Berney-Key  California, USA 35-5.1
beldingi & Sherman, 1984)
(Robinson, 1980) Oregon, USA 4 -7
(Robinson, 1981) Oregon, USA 59-69
Urocitellus (Betts, 1976) Montana, USA ~0-16
columbianus (Koeppl et al., 1978) Montana, USA 0.5-13
(Manno et al., 2007)  Alberta, Canada 1.6 —22.5
Urocitellus elegans (Fagerstone, 1987) (Colorado, Wyoming), 4.7-17
USA
(Koeppl et al., 1978) Montana, USA 0.5-12
Urocitellus (Fagerstone, 1987) Alberta, Canada; 48-16.9
richardsonii Montana, USA
(Koeppl et al., 1978) Montana, USA 2-12
(Sloan, Wilson & Manitoba, Canada 32-63
Hare, 2005)
(Wilson & Hare, Manitoba, Canada 22.7-77.8

2004)
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Range

Species Reference Location (kHz)
Urocitellus (Wilson & Hare, Manitoba, Canada 27.2—-56.3
richardsonii 2006)
(Cont.)
Urocitellus (Melchior, 1971) Alaska, USA 2-8
undulatus
Urocitellus (Melchior, 1971) Alaska, USA 2-8
undulatus
Xerospermophilus ~ (Matocha, 1975) Texas, USA 3.8-6.6
spilosoma
annectens
Xerospermophilus ~ (Matocha, 1975) Texas, USA 3.7-54
spilosoma
marginatus
Xerus inauris (Furrer & Manser, Benede, South Africa 5-14

2009)

*Indicates that the same location was used in all studies listed.
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characteristics (maximum, fundamental, dominant, maximum, and highest harmonic frequencies; kHz). Model parameters are body mass (Buass),

diel pattern of activity (PBpiel), sociality (Bsoc), habitat openness (Bopen), and method detection limits (BLim). The phylogenetic strength is

represented by 4 with 95% confidence intervals [lower, upper].

Frequency Model AAICc  AlCc A[95% CI] Effect Size
Weight (R?)
Minimum  Bo-+ Buies+ Prim 0 020  0.71[021,090] 0.13**
Bo+ BMass + Bsoc + Prim 0.92 0.13 0.67[0.20,0.89] 0.14**
Bo + Bmass + Poiel + Prim 1.65 0.09 0.67 [0, 0.90] 0.13*
Bo+ Bmass + Bopen + Prim 1.73 0.08 0.7110.24,0.90] 0.13*
Fundamental Bo+ Bwmass T Piel + PLim 0 0.37 0.28 [0, 0.96] 0.59%**
Bo+ BMass T Poiet + Bopen T PLim 1.79 0.15 0 [0, 0.95] 0.65%**
Dominant BO+ BMaSS+ BDiel + BOpen + BLim 0 0.56 0 [0, 032] 0.57***
Bo+ Bmass + Piet + PLim 1.98 0.21 0.18 10, 0.72] 0.5]%**
Maximum Bo+ Bmass + Poiel + Prim 0 0.28 0.30 [0, 0.94] 0.54%**
Bo + Bmass + PBrim 0.49 0.22 0.80[0.12,0.96] 0.45%**
HigheSt BO"’ BMass+ BOpen+ BLim 0 0.37 0 [O, 052] 0.43***
Harmonic Bo-i‘ BMass+ BDiel+ BOpen+ BLim 1.25 0.20 0 [O, 044] 0.42%**
Bo+ Bmass T PBsoc T Popen + PLim 1.89 0.14 00, 0.51] 0.41%***
Bo+ BMass + Brim 1.97 0.14 0.33 [0, 0.80] 0.38%#*

*p < 0.05 **p < 0.01 ***p < 0.001
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Table A1.3 An account of licensing permissions for each figure or image used in Figure 1 and 2.

Figure Original Publication Original Name Licensing Further Details Link to Original Image
Publisher [Year]
[Original
Author]

Fig. 2.1a PLoS ONE PLoS One Figure 1 Open-access Addition of red labels.  Please refer to (Murrant
[Murrant, M.,  [2013] journal under the etal., 2013) in
et al.] Creative Reference List

Commons
Attribution
License
Fig. 2.1b Elsevier Animal Figure 4 Permissions Original figure cropped Please refer to (Betts,
[Betts, B.] Behaviour purchased on to just include ‘Soft 1976) in Reference List
[1976] [2020-06-17] Chirp’ (1 of 6 calls
from Copyright reported); Addition of
Clearance Center red labels.

Fig. 2.1c Sofia: Institute  Acta Figure 2a Open-Access Original figure cropped Please refer to (Koshev
of Biodiversity Zoologica Journal from the  slightly to remove & Pandourski, 2008) in
and Ecosystem Bulgarica Bulgarian border; Addition of red  Reference List
Research [2008] Academy of and blue labels.

[Koshev, Y. & Sciences
Pandourski, I]

Fig. 2.1d Springer Doklady Figure lc-d Permissions Addition of red and Please refer to
Nature Biological purchased on blue labels. (Nikol’skii, 2019) in
[Nikol’skii, Sciences [2020-06-17] Reference List
Al [2019] from Copyright

Clearance Center
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Figure Original Publication  Original Name Licensing Further Details Link to Original Image
Publisher [Year]
[Original Author]
Fig. 2.2 Raw Pixel The Plate 28 - Creative Originates from https://www.rawpixel.co
Glaucomys [Audubon, John Viviparous  Common Flying Commons CCO Audubon’s “The m/image/321833/free-
James] Quadrupeds  Squirrel 1.0 Universal Viviparous Quadrepeds illustration-image-john-
of North of North America”; woodhouse-audubon-
America Original image squirrel-audubon
[1849] cropped.
Fig. 2.2 Getty Images iStock Several images  Standard license ~ No further modification https://www.publicdoma
Tamiasciurus [GloballP] [2008] of a red squirrel  purchased on of image. inpictures.net/en/view-
in different [2020-06-17] 1mage.php?image=1218
poses on white 1 &picture=squirrel-in-
stock photo SNOW
Fig. 2.2 Wikimedia Zoological  Sciuris Public Domain No further modification https://commons.wikime
Callosciurus ~ Commons [Smit,  Society of  quinquestriatus of the image from link  dia.org/wiki/File:Sciurus
Joseph] London provided, but the image QuinquestriatusSmit.jpg
[1971] has been modified from
the original
publication'.
Fig. 2.2 Wikimedia MUSE Marmota Creative Image was flipped https://commons.wikime
Marmota Commons Science marmota Commons 3.0 180°. dia.org/wiki/File:Marmo
[De Stefano, Museum ta_marmota_-
Matteo] [2016] _MUSE 2.JPG
Fig. 2.2 PNG ALL [2016] Squirrel Free Creative No further modification http:/www.pngall.com/s
Urocitellus [Squirrel PNG Download PNG  Commons 4.0 of image. quirrel-
Transparent BY-NC png/download/9611

Images]



https://www.rawpixel.com/image/321833/free-illustration-image-john-woodhouse-audubon-squirrel-audubon
https://www.rawpixel.com/image/321833/free-illustration-image-john-woodhouse-audubon-squirrel-audubon
https://www.rawpixel.com/image/321833/free-illustration-image-john-woodhouse-audubon-squirrel-audubon
https://www.rawpixel.com/image/321833/free-illustration-image-john-woodhouse-audubon-squirrel-audubon
https://www.rawpixel.com/image/321833/free-illustration-image-john-woodhouse-audubon-squirrel-audubon
https://www.publicdomainpictures.net/en/view-image.php?image=12181&picture=squirrel-in-snow
https://www.publicdomainpictures.net/en/view-image.php?image=12181&picture=squirrel-in-snow
https://www.publicdomainpictures.net/en/view-image.php?image=12181&picture=squirrel-in-snow
https://www.publicdomainpictures.net/en/view-image.php?image=12181&picture=squirrel-in-snow
https://www.publicdomainpictures.net/en/view-image.php?image=12181&picture=squirrel-in-snow
https://commons.wikimedia.org/wiki/File:SciurusQuinquestriatusSmit.jpg
https://commons.wikimedia.org/wiki/File:SciurusQuinquestriatusSmit.jpg
https://commons.wikimedia.org/wiki/File:SciurusQuinquestriatusSmit.jpg
https://commons.wikimedia.org/wiki/File:Marmota_marmota_-_MUSE_2.JPG
https://commons.wikimedia.org/wiki/File:Marmota_marmota_-_MUSE_2.JPG
https://commons.wikimedia.org/wiki/File:Marmota_marmota_-_MUSE_2.JPG
https://commons.wikimedia.org/wiki/File:Marmota_marmota_-_MUSE_2.JPG
http://www.pngall.com/squirrel-png/download/9611
http://www.pngall.com/squirrel-png/download/9611
http://www.pngall.com/squirrel-png/download/9611
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Figure Original Publication Original Name Licensing Further Details Link to Original Image
Publisher [Year]
[Original
Author]

Fig. 2.2 Getty Images  1Stock Side view of Standard license ~ No further modification https://www.istockphoto

Tamias [GloballP] [2010] Siberian purchased on of image. .com/ca/photo/sde-
chipmunk, [2020-06-17] view-of-siberian-
Eutamias chipmunk-euamias-
sibiricus sibiricus-gm119373509-

14258937?1rgwc=1&eso
urce=AFF IS IR TinE
ye 77643 &asid=TinEy
e&cid=[S&utm_mediu
m=affiliate&utm source
=TinEye&utm_content=
77643 &clickid=35N1io

zWkxyOTvIiwUx0Mo3

EWUkiy2LxmXTuaz80

Fig. 2.2 Xerus  Wikimedia Flickr South African Creative Image was croppedto  https://commons.wikim
Commons [2016] Ground Squirrel Commons 2.0 remove background. edia.org/wiki/File:South

[Dupont, (Xerus inauris) African_Ground Squir
Bernard] female rel (Xerus inauris) fem

ale (32469919771).ipg

tAnderson J. 1871. On three new species of squirrels from upper Burmah and the Kakhyen Kills, between Burmah and Yunan. In: Longmans,
Green, Reader, and Dyer eds. Proceedings of the Scientific Meetings of the Zoological Society of London. London: Zoological Society of
London, 139-143.


https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://www.istockphoto.com/ca/photo/sde-view-of-siberian-chipmunk-euamias-sibiricus-gm119373509-14258937?irgwc=1&esource=AFF_IS_IR_TinEye_77643_&asid=TinEye&cid=IS&utm_medium=affiliate&utm_source=TinEye&utm_content=77643&clickid=35N1iozWkxyOTv1wUx0Mo38WUkiy2LxmXTuaz80
https://commons.wikimedia.org/wiki/File:South_African_Ground_Squirrel_(Xerus_inauris)_female_(32469919771).jpg
https://commons.wikimedia.org/wiki/File:South_African_Ground_Squirrel_(Xerus_inauris)_female_(32469919771).jpg
https://commons.wikimedia.org/wiki/File:South_African_Ground_Squirrel_(Xerus_inauris)_female_(32469919771).jpg
https://commons.wikimedia.org/wiki/File:South_African_Ground_Squirrel_(Xerus_inauris)_female_(32469919771).jpg
https://commons.wikimedia.org/wiki/File:South_African_Ground_Squirrel_(Xerus_inauris)_female_(32469919771).jpg
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Chapter 3 (A2)

Methods
Captive Sugar Gliders

Recordings We recorded a group of captive sugar gliders (Petaurus breviceps) from
March 9-11t%, 2021, in Oshawa, Ontario. The group was composed of 20 breeding
pairs housed in separate enclosures within the same room; 3 pups were also present at
the time of recording (a young male and female with one breeding pair and an older
female with another pair). The group is cared for by a breeder (adhering to the
Toronto Municipal Code (City of Toronto 2023)) who provided food and water during
the recording period. We suspended an omnidirectional SMM-U1 ultrasonic
microphone (Wildlife Acoustics) above the enclosures approximately 1-4m from the
end of the microphone. We connected the microphone to a Song Meter SM4BAT FS
ultrasonic recorder (gain = 12dB, sampling rate = 192kHz, 16-bit resolution,
frequency response = 10-140kHz; Wildlife Acoustics); we set the recorder to be
armed 24hrs/day and to a minimum trigger frequency of 6kHz over a 3sec window.
Our recordings were non-invasive, aligning with the Animals Research Act
(Government of Ontario, 1990) and operating as an extension of Trent University
animal care protocol 25873.

Analyses The resulting WAV files (10, 871 total) were analyzed using Avisoft
SASLab Pro (Specht, 2017). Because of the large volume of files produced, we first
classified sounds manually in a small subset of files; we then validated these sound
classes and used them to classify the remaining files automatically. For the initial
manual classification, 432 recordings were selected from low (1900hrs = 49 files),
medium (1700hrs = 82 files, 2000hrs = 65 files, 2100hrs = 66 files), and high
(2200hrs = 170 files) activity hours: the sugar gliders were housed in the same room
as the building’s central air unit, and therefore there was a constant low-amplitude
broadband noise between 7.5 and 23.2kHz (dominant frequency = 20.2kHz) with a
harmonic between 38.2 and 45.7kHz (dominant harmonic frequency = 42.7kHz) that
was continuously recorded by the recording unit resulting in many otherwise empty
files. Therefore, we defined activity levels by the proportion of WAV files with
sounds detected by Avisoft relative to ambient noise. Low activity hours had <25%
WAV files with detectable sounds, high activity hours had >75%, and medium
activity levels were between 25% and 75%. We used Avisoft SAS Lab Pro to identify
and manually measure sound events (FFT = 512, resolution = 8Hz, overlap = 75%,
window = Hamming, resolution 8Hz/32ms). This initial dataset contained 2686 sound
events, which we manually classified into three categories: vocalizations, non-vocal
animal sounds (sniffing and eating), and environmental noises (wheel, cage noises,
unknown). We further categorized vocalizations as bark, breathing, broadband-burst,
chirp, high-frequency, ultrasonic, and whistle based on key element differences
(duration, peak frequency, etc.; Fig. A2.1). We selected representative calls from each
category for templates in the remaining steps.
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Captive Springhares

Two springhares (Pedetes capensis) were non-invasively recorded at the Prague Zoo
over 13 days from January 315t to February 27%, 2013. They were housed with a
group of Senegal bush babies (Galago senegalensis), the target acoustic species for a
previous study (Schneiderova et al., 2016). Both species were recorded with a
Marantz PMD 662 recorder (sampling rate = 44.1kHz) protected in wire mesh. An
observer would simultaneously observe the animals from the visitor’s area, and calls
of springhares could be easily identified as the animals occasionally produced them
when the researchers entered their enclosure to set up the recorder. We manually
identified springhare vocalizations (as described with captive sugar gliders above) and
characteristics were automatically measured in Avisoft SAS Lab Pro (Specht, 2017).
During our work, we adhered to the “Guidelines for the treatment of animals in
behavioural research and teaching” (Morgan and Tromborg, 2007) and the laws of the
Czech Republic, the country where the research was conducted.

Free-Ranging Marsupials

Representative recordings of free-ranging marsupials (Petarus australis, P. breviceps,
P. norfolcensis, and Pseudocheirus peregrinus) calls were provided by M. Anderson
from Wild Ambience (Anderson, 2022). Recordings were made using two Audio
Technica AT4022 omnidirectional microphones attached to a Fostex FR2-LE Field
Recorder (sampling rate = 44.1kHz), which was opportunistically deployed in various
regions of Australia. Petaurus australis and P. norfolcensis were recorded in
Benarkin State Forest, P. australis was also recorded at Twelve Mile Camp. Petaurus
breviceps and Pseudocheirus peregrinus were recorded in Dunn’s Swamp in Wollemi
State Park. Petaurus norfolcensis were recorded in the September 2018 and the other
species were recorded in November 2018. Anderson non-invasively records animals
by using drop rigs that are left out overnight over several recording days; he
opportunistically takes only the clearest calls corresponding to animals being closer to
the rig. All of Anderson’s recordings adhere to the 2014 Australian Nature
Conservation Act (Australian Capital Territory 2022). Calls were manually identified
(as described with captive sugar gliders above) and manually measured in Avisoft
SAS Lab Pro (Specht, 2017).

Photoshop Methods

Images captured under ultraviolet (UV) conditions with the gel filter were colour-
corrected to reduce the impact of visible light caused by the UV flashlight (blue-
purple) and tinted gel filter (yellow). However, the combined effect was an increase in
artificial cyan colouration that was not visible in normal UV conditions and was an
artifact of the photo methodology. To remove this superficial cyan, we used
Photoshop (Adobe Inc., 2019) to manually colour-correct the photos; we developed a
simple method that was replicable with over 100 pictures in this publication and could
be implemented as a standard in future studies focused on macro-analyses on UVP
(i.e., without spectroscopy or multispectral imaging (Toussaint et al., 2023)):



167

1. Remove Cyan: We used the Hue/Saturation function to remove all cyan by
selecting ‘Cyans’ from the Default menu and sliding the Saturation bar to the
far left.*

2. White Balance: The resulting image from step one has an over-saturation of
greys. We used the Levels function to manually correct this by selecting the
grey dropper and clicking on the gray colour card that we placed in all of the
photographs (included on the scale bar, printable at:
https://smallpond.ca/jim/scale/).**

*We acknowledge that this also removes some blue from species exhibiting
blue/green fluorescence under normal conditions; however, species with strong
blue/green photoluminescence still retain green colouration in the final image (see
Sicista subtilis). Therefore, the resulting four photographs (white light, UV, UV +
yellow, edited) should be considered as a set to minimize the bias of other visible
colours generated in this process.

Results
Captive Sugar Gliders

We recorded 275 vocalizations over three recording days; we identified six novel
vocalization types (Fig. A2.1, Table A2.3), one of which was purely ultrasonic (peak
frequency (kHz; +SE) = 37.15 (£2.76); Fig. A2.1D). Barks (16.01 (+1.77); Fig.
SA2.1A) and broadband calls (23.74 (+4.73); Fig. A2.1B) also partially extended into
the ultrasonic range while high-frequency calls (19.02 (+2.33); Fig. A2.1C), whistles
(15.30; Fig. A2.1E), and sniffing (13.10 (£2.12); Fig. A2.1F) were sonic calls. Given
that the ultrasonic microphones can distort calls under 20kHz, the data for high-
frequency calls, whistles, and sniffing may not reflect reality and therefore, their true
frequency ranges should be confirmed with sonic microphones. Additionally, the
minimum frequency for barks and broadband bursts should be confirmed with sonic
microphones. We did not include ultrasonic calls in further analyses as we could not
remove pups from the recording space and many mammalian young can produce
ultrasonic isolation calls that are lost, or modified, later in life. However, the high
amplitude of barks and broadband suggest that these were produced by adults that
were not confined to the nests as the pups were (hence, likely resulting in the very soft
amplitudes of the ultrasonic calls).

Captive Springhares

We identified 105 vocalizations produced by the pair of springhares (Table A2.4). All
calls were similar in duration (1.32s (+0.47)) and peak frequency (0.19 (£0.04)); we
assigned this call type as ‘growl’ (Fig. A2.2E). Springhares were observed producing
growls during mild arousal and growls were often paired with stomping of their
hindlimbs.


https://smallpond.ca/jim/scale/
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Free-Ranging Marsupials

We identified 8 novel call types across these four species (Table A2.4),
including yap vocalization in the sugar glider (Petaurus breviceps), which was not
detected using ultrasonic recording equipment with captive individuals (Fig. A2.2B;
Table A2.3). All calls described have low peak frequencies (<3kHz) and vary from
the relatively short belch produced by Petaurus norfolcensis (0.16s (+£0.04), Fig.
A2.2D) to the long cry of Petaurus australis (4.02s (£0.51), Fig. A2.2E).
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Figure A2.1 Examples of captive sugar glider (Petaurus breviceps) call types
recorded in Oshawa, ON, during March 2021. 20 breeding pairs and 3 juveniles were
recorded on a Song Meter SM4BAT FS. (A) Bark (B) Broadband Burst (C)
Ultrasonic (D) High Frequency (E) Whistle (F) Sniffing.
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Figure A2.2 Spectrogram examples of calls from various mammals recorded with
sonic microphones. Captive springhares (Pedetes capensis) were recorded at the
Prague Zoo; all other mammals are free-ranging marsupials recorded in different
regions of Australia via drop-rig microphones. (A) Petaurus breviceps (Yap). (B)
Pseudocheirus peregrinus (Twitter). (C) Pedetes capensis (Growl). (D) Petaurus
norfolcensis (1: Nasal Grunt, 2: Belch, 3: Higher Nasal Grunt). (E) Petaurus australis
(1: Gurgle and Cry, 2: Rattle and Cry).
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Table A2.1 Summary of references used for the frequency range, ultraviolet-induced photoluminescence, and other traits. Summary of
references for the frequency ranges (minimum (kHz; the minimum frequency of the dominant harmonic) — maximum (kHz; the maximum
frequency of the dominant harmonic)) from novel species (n = 4; methods and complete results in Info. S1) and literature (n = 69), presence of
ultraviolet-induced photoluminescence (UVP; colours provided when possible) from our novel investigation (n = 57; methods provided in Info.
S1 (Incon. = Inconclusive, sample sizes provided in brackets)) and previous literature (n = 25), and ecological traits (body mass (g), sociality
(social: stable or cyclical social structures of multiple individuals (colonial, congregated single-burrow systems, monogamous, etc.); solitary:
stable solitary lifestyle), diel activity patten (Diel A.P.; diurnal: active during the day; nocturnal: active during the night), and habitat openness
(openness of dominant habitat type; closed: closed canopy, taller vegetation; open: open canopy, shorter vegetation) of gliding mammals (n =
15) and their close relatives (n = 77). Bolded species indicate those that were opportunistically sampled from museum collections.

Min—-Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Marsupials
Acrobates pygmaeus (Martin, 2019) 0.9-39 13 Yes Social Nocturnal Closed
(Reinhold, 2023) Pink
Ailurops ursinus (Bool et al., 2021) 0.19-13.5 7000 No Social Diurnal Closed
Bettongia leuseur No (1)! 1100 No Social Nocturnal Open
Dactylopsila trivirgata (Volodin, 2002) 2-3.5 407.5 No Social Nocturnal Closed
(Reinhold, 2021) Blue/White
(Reinhold, 2023) Blue/White
Dasyurus geoffroyi White (1)! 1100 No Solitary ~ Nocturnal Closed
Dasyrus hallucatus (Dempster, 1994) 0.4-2 580 No Solitary ~ Nocturnal Closed
(Reinhold, 2023) Pink/
Orange/
Yellow/
Green
Didelphis virginiana Pink/Blue 3950 No Solitary ~ Nocturnal Closed

2)!
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Min—-Max Uvp Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Marsupials (Continued)
Didelphis virginiana (Meisner, 1983) Yes
(Cont.) (Pine et al., 1985) No
(Tumlison & Pink/Blue
Tumlison, 2021)
Marmosa mexicana Pink (1)! 67 No Solitary ~ Nocturnal Closed
(Pine et al., 1985) Orange
Marmosa murina Pink (1)! 53.862 No Solitary ~ Nocturnal Closed
(Toussaint et al., Pink/Red
2023)
Micoureus demerarae Pink (1)! 108.21 No Solitary ~ Nocturnal Closed
Perameles nasuta (Reinhold, 2021) Pink 801.52 No Solitary ~ Nocturnal Closed
(Reinhold, 2023) Pink/ Yellow/
Blue/ White
Petaroides volans (Reinhold, 2023) White/Grey 1250 Yes Solitary ~ Nocturnal Closed
Petaurus australis Supp. B 0.25-4.63  No (1)! 572.52 Yes Social Nocturnal  Closed
(Kavanagh & 0.7-6.5
Rohan-Jones, 1982)
(Whisson et al., 0.5-4.5
2021)
Petaurus breviceps Supp. B 1.18-43.76 123.38 Yes Social Nocturnal ~ Closed
Petaurus norfolcensis Supp. B 0.18-3.05 245 Yes Social Nocturnal  Closed
Petaurus notatus Incon. (1)! 128.5 Yes Social Nocturnal  Closed
(Reinhold, 2021) Blue/White
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Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Marsupials (Continued)
Petaurus notatus (Cont.)  (Reinhold, 2023) Pink/Blue/
White
Philander opossum No (1)! 437 No Solitary =~ Nocturnal Closed
(Pine et al., 1985) Pink/
Lavender/
Yellow
Pseudocheirus Supp. B 0.46-3.25 700 No Social Nocturnal Closed
peregrinus
(Reinhold, 2023) Green/White
Trichosurus vulpecula (Signal, Foster & 0.5-12 Incon. (2)! 2850 No Solitary ~ Nocturnal Closed
Temple, 2001)
(Bolliger, 1944) Pink/Blue
(Reinhold, 2023) Pink/Orange/
Blue
Primates and Relatives
Aotus trivirgatus (Moynihan, 1964) 0.2-4.2% No (1)! 11002 No Social Nocturnal Closed
Arctocebus calabarensis White (1)! 365.5 No Solitary ~ Nocturnal Closed
Avahi laniger (Stranger & 3.8-4 No (1)! 950 No Social Nocturnal Closed
Macedonia, 1994)
Callithrix jacchus (Epple, 1968) 0.5-15%* No (1)! 330 No Social Diurnal Closed
(Kato et al., 2014)  2.28-10.37
(Bezerra & Souto,  0.25-21.96
2008)
(Winter, 1978) 5.5-10.5
Callithrix penicillata (Santos et al., 2017) 5.5-10 No (2)! 380.5 No Social Diurnal Closed
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Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Primates and Relatives (Continued)
Euoticus elegantulus No (1)! 315 No Social Nocturnal Closed
Galago moholi (Anderson et al., 0.86-2.41 196.52 No Social Nocturnal Closed
2000)
Galago senegalensis (Zimmermann, 0.26-13.8 No (1)! 197.5 No Social Nocturnal Closed
1985)3
Galeopterus variegatus ~ (Miard et al., 2019)  37.4-39.2 Incon. (1)! 1450 Yes Solitary ~ Nocturnal Closed
Lagothrix lagothricha (Casamitjana, 4.45-5.41 No (1)! 73752 No Social Diurnal Closed
2002)
(Ledn etal., 2014)3 0.5-5.5
Leontocebus fuscicollis ~ (Moody & Menzel, 1.5-5.5 No (1)! 3322 No Social Diurnal Closed
1976)
(Zimmermann et 11.7-17.5
al., 2000)
Microcebus murinus (Scheumann, Linn 10-30 Pink (1)! 60 No Social Nocturnal Closed
& Zimmermann,
2017)
(Zimmermann et 12-15.6*
al., 2000)
Microcebus rufus (Zimmermann et 14.5-32.1 50 No Social Nocturnal Closed
al., 2000)
Microcebus (Hending et al., 0.93-24.5 33.25 No Social Nocturnal Closed
sambiranensis 2017)
Otolemur garnettii (Rosti et al., 2020)>  0.23-1.71 Incon. (1)! 7642 No Social ~ Nocturnal Closed
Paragalago cocos (Butynski et al., 0.77-1.2 1442 No Social Nocturnal Closed

2006)
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Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Primates and Relatives (Continued)
Paragalago granti (Butynski et al., 0.75 150.5 No Social Nocturnal Closed
2006)
Paragalago zanzibaricus  (Butynski et al., 0.75-1 145 No Social Nocturnal Closed
2006)
Plecturoebus moloch (Moynihan, 1966) 0.2-7* No (1)! 804 No Social Diurnal Closed
(Robinson, 1979) 0.14-6.15
Saimiri sciureus (Boinski & Mitchell, 0.5-2.5 No (1)! 925 No Social Diurnal Closed
1995)
(Boinski & Mitchell,  0.5-9.52
1997)
(Winter, Ploog & 0.2-18
Latta, 1966)
Tarsius syrichta (Ramsier et al., 67-79 125 No Social Nocturnal Closed
2012)
(Rehakova-Petruet  1.31-22.44
al., 2012)3
Tarsius tarsier (Burton & Nietsch, 1.2-16.6 No (1)! 1162 No Social ~ Nocturnal Closed
2010)
(Gursky, 2015) 20-80
(Nietsch, 1999) 3.4-16.9
Tupaia belangeri (Binz & 0.2-14.4 No (1)! 150 No Social Diurnal Closed
Zimmermann, 1989)
Rodents
Anomalurus derbianus No (2)! 700 Yes Social Nocturnal Closed
Callosciurus caniceps (Tamura, 1993) 1.71-5.44 No (1)! 221.12 No Solitary Diurnal Closed
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Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Rodents (Continued)
Callosciurus caniceps (Tamura & Yong, 1.43-7.96
(Cont.) 1993)
Callospermophilus (Eiler & Banack, 4.37-10.63 No (2)!3 168.82 No Social Diurnal Closed
lateralis 2004)
Cynomys gunnisoni (Ackers & 0.70-6.23 No (2)'3 7302 No Social Diurnal Open
Slobodchikoff,
1999)
(Loughry et al., 0.38-1.19
2019)
(Loughry, Oeser &  0.39-1.18
Hoogland, 2019)
(Slobodchikoff et 0.5-4
al., 2012)
(Perla & 3.6-4.6
Slobodchikoff,
2022)
(Waring, 1970) 0.1-4
Cynomys ludovicianus (Shannon et al., 1.15-1.98  Incon. (3)!3 8622 No Social Diurnal Open
2020)
(Waring, 1970) 0.1-4
(Wilson-Henjumet  2.00-4.09
al., 2019)
Eliomys quercinus (Nummert et al., Pink/Blue 82.5 No Social Nocturnal Closed

2023)
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Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Rodents (Continued)
Glaucomys sabrinus (Gilley, 2013)? 8.12-28.72  Pink (4)'3, 141.62 Yes Social Nocturnal Closed
Blue (>10)*
(Gilley et al., 2019) 10.89-
24.89
(Murrant et al., 20-80
2013)
(Kohler et al., Pink/Red,
2019) Blue
Glaucomys volans (Eisinger, Scheibe 4-42 Pink (4)!3, 55.42 Yes Social Nocturnal Closed
& Flaherty, 2016) Blue (>10)*
(Gilley, 2013) 5.84-40.05
(Gilley et al., 2019) 15.55-
25.62
(Murrant et al., 19-80
2013)
(Kohler et al., Pink/Red,
2019) Blue
Hylopetes spadiceus (Touissant et al., Pink 65 Yes Solitary ~ Nocturnal Closed
2023)
Ictidomys (Matocha, 1975) 1.40-5.93 No (2)!3 270 No Solitary Diurnal Open
tridecemlineatus (Matocha, 1977) 4.16-5.92
Marmota flaviventris (Blumstein & 1-4.25%* White (2)! 33502 No Social Diurnal Open
Armitage, 1997)
(Davis, 1991) 2.24-4.03
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Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Rodents (Continued)

Marmota flaviventris (Matrosova et al., 2.49-43
(Cont.) 2011)

(Waring, 1966) 1.5-5
Marmota vancouverensis  (Blumstein, 1999) 1-3.8 Incon. (1)! 62507 No Social Diurnal Open
Melomys cervinipes (Reinhold, 2021) Blue/White 72.9 No Solitary ~ Nocturnal Closed
Mus musculus (Grimsley et al., 12-64.6 No (5)! 21 No Social Nocturnal Open

2016)

(Hoffmann, Musolf 45.60-

& Penn, 2012)3 109.79

(Lupanova & 1.8-88

Egorova, 2015)

(Musolf et al., 69.75-

2015)3 74.69

(Nyby, 1983) 70

(Von Merten et al.,  65.3-83.6

2015)3

(White et al., 1998) 40-70

(Zalaetal., 2017)° 51.22-

69.81

(Tumlison & No

Tumlison, 2021)
Onychomys leucogaster ~ (Hafner & Hafner, 10.9-11.8 Pink (5)! 32.5 No Solitary ~ Nocturnal Open

1979)
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Table A2.1 Continued (9/14)

Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Rodents (Continued)
Onychomys torridus (Miller & 10.0-11.8
Engstrom, 2012)
(Hafner & Hafner, 12.8 Pink/White 22 No Solitary =~ Nocturnal Open
1979) 3)!
Otospermophilus (Leger, Owings & 3.29-4.11  White (2)'3 605.12 No Social Diurnal Open
beecheyi Gelfand, 1980)
(Owings & Leger, 2-13
1980)
(Owings & 2-12
Virginia, 1978)
(Rabin et al., 2003)  3.36-6.15
Otospermophilus (Krenz, 1977) 0.05-7 White (1)! 835.52 No Social Diurnal Open
variegatus
Pedetes capensis Supp. B 0.16-0.21 3500 No Social Nocturnal Open
(Olson et al., 2021) Pink/Blue
Peromyscus californicus  (Miller & 10.8-20.2 White (3)! 43.8 No Social Nocturnal Closed
Engstrom, 2012)
(Riede et al., 2022) 11.8-81
Peromyscus eremicus (Miller & 18.3-33.5 Pink (3)! 25 No Solitary ~ Nocturnal Open
Engstrom, 2012)
Peromyscus leucopus (Miller & 18.9-27.4 No (4)'3 23 No Solitary ~ Nocturnal Closed
Engstrom, 2012)
Peromyscus maniculatus (Riede et al., 2022) 6.2-79 No (1)! 17 No Social Nocturnal Closed
(Sales, 1972) 35-60
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Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Rodents (Continued)
Peromyscus polionotus  (Miller & Engstrom,  20.4-27.9 Incon. (2)! 12.5 No Social Nocturnal Open
2012)
Petaurista alborufus (Shen, 2013)3 1.51-10.3 No (1)! 1491.62 Yes Solitary ~ Nocturnal Closed
Petaurista leucogenys (Ando & Kuramochi, 0.8-12 Incon. (1)! 1178 Yes Solitary =~ Nocturnal Closed
2008)
Petaurista petaurista No (1)! 1750 Yes Solitary ~ Nocturnal Closed
Pteromyscus (Touissant et al., Pink 193 Yes Solitary ~ Nocturnal Closed
pulverulentus 2023)
Rattus fuscipes (Barnett & Stewart, 2.5-24 1302 No Social Nocturnal Closed
1975)
(Reinhold, 2023) Blue/White
Rattus rattus (Kaltwasser, 1990) 0.01-70 185 No Social Nocturnal Closed
(Reinhold, 2021) Blue/Green
(Udall et al., 1964) Blue/Green
Reithrodontomys (Miller & Engstrom, 8.24-20.12  Pink/White 14 No Solitary =~ Nocturnal Closed
mexicanus 2010) (!
Sciurus aberti (Hall, 1981)3 1-4.5 Incon. (2)! 606.22 No Social Diurnal Closed
Sciurus carolinensis (Lishak, 1982) 0.05-14 505 No Social Diurnal Closed
(Lishak, 1984) 0.25-16
(Kohler et al., 2019) No
(Tumlison & No
Tumlison, 2021)
Sciurus niger (Zelley, 1971)3 0.01-5 1361 No Social Diurnal Closed
(Kohler et al., 2019) No
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Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Rodents (Continued)
Sciurus niger (Cont.) (Tumlison & No
Tumlison, 2021)
Sicista subtilis (Volodin et al., 6.21-9.86 Blue/ 9.1 No Social Nocturnal Open
2019) Green (1)!
Spermophilus citellus (Koshev & 7.1-15.33 No (1)! 2292 No Solitary Diurnal Open
Pandourski, 2008)
(Matrosova et al., 0.28-15.76
2012)
(Schneiderova, 0.13-14.81
2008)
(Schneiderova, 7-13
2012)
(Schneiderova & 6.97-15.15
Policht, 2012a)
(Schneiderova & 5.85-15.24
Policht, 2012b)
(Schneiderova et 7.6-12
al., 2015)
(Schneiderova et 8.5-14
al., 2017)
(Schneiderova, 7.4-13.5
Stefanska &
Kratochvil, 2019)
Spermophilus suslicus (Matrosova et al., 6.32-11.8 White (2)! 220 No Social Diurnal Open

2007)
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Min—-Max Uvp Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Rodents (Continued)

Spermophilus suslicus (Matrosova et al., 8.91-10.02
(Cont.) 2011)

(Matrosova et al., 0.18-84

2012)

(Matrosova et al., 7.76-9.86

2016)

(Matrosova, 0.01-14

Volodin &

Volodina, 2006)

(Matrosova, 9.04-9.73

Volodin &

Volodina, 2009)

(Volodin, 2005) 8.97-9.76

(Volodin et al., 9.29-9.70

2008)

(Volodina, 8.72-10.37

Matrosova &

Volodin, 2010)
Tamias amoenus (Brand, 1976) 1.5-11.5 No (2)'3 50.20? No Solitary Diurnal Open
Tamias merriami (Brand, 1976) 1.5-15 No (1)! 75 No Social Diurnal Closed
Tamias minimus (Bergstrom & 1-13 No (1)! 42.592 No Solitary Diurnal Closed

Hoffmann, 1991)

(Brand, 1976) 2-10
Tamias ruficaudus No (1)! 60 No Solitary Diurnal Closed
Tamias sibiricus (Blake, 1992) 1.2-8.5 No (1)! 94.852 No Solitary Diurnal Closed
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Table A2.1 Continued (13/14)

Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Rodents (Continued)
Tamias sibiricus (Cont.)  (Lissovsky, 1-11.77
Obolenskaya &
Emelyanova, 2006)
Tamiasciurus douglasii (Smith, 1978) 0.5-8 No (1)! 203.12 No Solitary Diurnal Closed
Tamiasciurus hudsonicus (Greene & 2.4-10.1 203.52 No Solitary Diurnal Closed
Meagher, 1998)
(Smith, 1978) 0.5-7
(Kohler et al., No
2019)
Urocitellus armatus (Balph & Balph, 2-7.3 No (2)! 313 No Social Diurnal Open
1966)

(Koeppl, Hoffmann  0.05-11
& Nadler, 1978)

Urocitellus beldingi (Leger, Berney-Key  3.5-5.6 No (2)! 246.92 No Social Diurnal Open
& Sherman, 1984)
(Robinson, 1980) 4-7
(Robinson, 1981) 5.9-7.1

Urocitellus columianus ~ (Betts, 1976) 0.1-10 Incon. (3)!'7 465.7% No Social Diurnal Open

(Koeppl, Hoffmann 0.01-7
& Nadler, 1978)

(Manno et al., 1.6-5.8
2007)
Urocitellus richardsonii ~ (Davis, 1984) 3.5-11 No (1)! 667.52 No Social Diurnal Open

(Fagerstone, 1987)  0.01-8.96
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Min—Max UVP Body Gliding  Sociality Diel Habitat
Species Reference Freq Mass (g) A.P. Openness
Rodents (Continued)
Urocitellus richardsonii ~ (Koeppl, Hoffmann  0.05-8.5
(Cont.) & Nadler, 1978)
(Sloan, Wilson & 3.18-6.31
Hare, 2005)
(Wilson & Hare, 31.7-55
2004)
(Wilson & Hare, 24.4-56.3
2006)
Urocitellus undulatus (Goncharov et al., 0.05-9.8 No (1)! 742.9 No Social Diurnal Open
2021)
(Melchior, 1971) 1-8
Xerospermophilus (Matocha, 1975)3 3.70-6.57 No (2)! 89 No Solitary Diurnal Open
spilosoma

'Novel UVP observations; methods and results in Information S1

’Indicates sexual dimorphism; mass averaged between sexes

3Data taken from subspecies

4UVP observation confirmed with observation of live individuals in the Kawartha Highlands, ON

*Inferred from spectrograms
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Table A2.2 Binary phylogenetic generalized linear mixed (PGLM) model results for ultraviolet-induced photoluminescence (UVP) of gliding
Mammalia and their relatives (n = 83) for all reported colours (white included). Slope estimated (x (£SE)) are given for each variable: gliding
(Y/N), diel activity pattern (Diel A.P.; nocturnal/diurnal), habitat openness (Habitat; closed/open), and sociality (solitary/social). The
phylogenetic signal (s?; estimated from 1000 trees) and model fit (R?) estimations are provided. Significant effects are given in bold.

Variables Model Fit
Intercept  log(Body  Gliding: Diel A.P.: Habitat: Sociality: s? R?
Mass (g)) Y Nocturnal  Open Solitary
X -2.44 -0.09 -0.89 3.28 0.76 0.36 0.33 0.51
(£SE)  (+1.40) (£0.39) (£0.95) (£1.10) (£0.83)  (+0.64)
P 0.08 0.82 0.35 0.003 0.36 0.57 0.01
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Table A2.3 Descriptions of calls produced by captive sugar gliders (Petaurus

breviceps) recorded with an ultrasonic microphone. Duration (s) and frequency (kHz)

estimates (X (+SE)) of vocalizations produced by captive sugar gliders located in
Oshawa, ON, during March 2021. Frequency estimates taken from the dominant
harmonic, if harmonics present; peak frequencies represent the frequency with the

highest energy.
Call Type n  Duration (s) Minimum Maximum Peak (kHz)
(kHz) (kHz)
Bark 12 0.13 (£0.04) 9.40 (£2.38) 24.73 (£2.76) 16.01 (=1.77)
[0.062-0.19] [6.30-13.80] [18.50-28.50] [13.50-18.50]
Broadband 7 0.04 (£0.00) 9.33 (+0.70) 43.76 (= 23.74 (+4.73)
Burst [0.034-0.045]  [8.80-10.80] 3.96) [19.10-30.50]
[35.60-47.80]

High 5 0.03 (£0.00) 17.62 (£2.52) 20.20 (£2.51) 19.02 (£2.33)
Frequency [0.032-0.037] [15.00-21.00] [17.20-23.20] [16.50-22.10]
Sniffing 2 0.11 (£0.05) 9.50 (£0.28) 16.25 (£0.78) 13.10 (£2.12)
[0.017-0.14] [9.30-9.70] [15.70-16.80] [11.60-14.60]
Ultrasonic ) 0.02 (£0.00)  33.80 (+0.14) 38.15(£3.04) 37.15 (£2.76)
[0.016-0.022] [33.70-33.90] [36.00-40.30] [35.20-39.10]

Whistle 1 0.06 14.80 16.60 15.30
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Table A2.4 Descriptions of calls from various mammals recorded with sonic microphones. Duration (s) and frequency (kHz) estimates (X (+SE))
of vocalizations produced by captive springhares (Pedetes capensis) and various free-ranging marsupials. Frequency estimates taken from the
dominant harmonic if harmonics present; peak frequencies represent the frequency with the highest energy.

Species Call (n) Duration (s) Minimum (kHz) Maximum (kHz) Peak (kHz)
Pedetes capensis Growl (105) 1.32 (£0.47) 0.16 (£0.04) 0.21 (£0.04) 0.19 (£0.04)
[0.44-2.81] [0.058-0.22] [0.13-0.31] [0.085-0.27]
Petaurus australis Cry (7) 4.02 (£0.51) 0.25 (£0.27) 4.63 (x£0.69) 2.07 (x0.90)
[3.33 —4.84] [0.09 —0.27] [3.37 —5.53] [1.21 —3.56]
Gurgle (2) 4.02 (£0.18) 0.28 (+0.00) [0.28 — 3.60 (£0.21) 1.77 (£0.13)
[3.90 —4.14] 0.28] [3.46 — 3.75] [1.68 — 1.87]
Rattle (1) 2.48 0.28 4.21 0.37
Petaurus breviceps Yap (23) 0.22 (£0.04) [0.13 -  1.18 (0.36) [0.37—  2.20(%0.50) [0.93 — 2.01 (0.51)
0.29] 1.59] 2.71] [0.75 - 2.53]
Petaurus norfolcensis Belch (57) 0.16 (£0.04) 0.18 (+0.0) [0.18 — 2.59 (#0.28) [1.92 — 1.29 (£0.59)
[0.021 — 0.25] 0.18] 3.51] [0.18 —2.20]
Higher Nasal Grunt 0.19 (£0.03) [0.12—  2.39(+0.41) [0.46 —  3.05 (£0.045) [3.00 — 2.65 (£0.26)
(26) 0.27] 2.62] 3.09] [1.40 —2.81]
Nasal Grunt (107) 0.49 (+£0.18) [0.058  0.51 (£0.52) [0.18 —  2.42 (+0.23) [1.59 — 1.74 (£0.47)
—0.81] 1.78] 3.00] [0.18 —2.71]
Pseudocheirus peregrinus Twitter (9) 0.37 (£0.05) 0.46 (£0.13) 3.25 (£0.56) 1.31 (+0.32)
[0.30 — 0.43] [0.18 — 0.65] [2.53 —4.50] [0.84 — 1.78]
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Chapter 4 (A3)

Figure A3 1 Fleld T-maze used to 1nvest1gate echonaVlgatlon in flying squirrels (Glaucomys spp. ) (A) Squirrels would enter at the
curved T-junction (either from a trap or bag that could be attached to the junction). (B) A trail camera (here covered in plastic for
weatherproofing) was attached to the straight portion of the curved T-junction to record squirrel behaviour as they entered A and traveled
to C. (C) Squirrels would decide which arm to travel to from the T-junction; a hole was drilled into the top of the junction so that an
ultrasonic microphone could be inserted into the maze. (D & E) Each arm had a 90° elbow to obscure the exits from the squirrel while at
C; a plexiglass cover (pictured here on arm D) with holes drilled into it was randomly assigned to an arm (with two possible covers, low
or high hole density, that could be assigned).
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Table A3.1 Summary of call characteristics for 80 vocalizations emitted by
Glaucomys sabrinus (G.s.; individuals = 5) and G. volans (G.v.; individuals = 12)
during a gliding experiment in the Kawartha Highlands, ON (2020). All calls (n) were
recorded with an Echo Meter Touch Pro for Android except for one peep recorded on
a Song Meter SM4BAT Ultrasonic Recorder (equipped with an omnidirectional

SMM-U1 Ultrasonic Microphone).

Superclass Class Species n Duration (ms; Peak Frequency (kHz;
+SD) +SD)
[Min — Max] [Min — Max]
Chirp Broadband G.v. 1 44.5 24.4
Chirp G.s. 2 51.5 (£18.4) 22.3 (+0.7)
[38.5 —64.5] [21.9 —22.8]
G.v. 16 1223 (%115.7) 13.8 (£1.5)
[11.5—-472.5] [10.5-16.1]
Warble G.v. 1 73.0 20.0
Screech G.v. 35  216.6 (£59.7) 13.7 (£1.9)
[82.0 — 405.5] [10.1 —17.7]
High- G.s. 8 4.7 (£2.1) 14.5 (£2.8)
Frequency [3.0—8.5] [12.3 -21.0]
G.v. 10 7.1 (+4.0) 23.3 (£10.7)
[1.5-12.0] [10.5 —44]
Trill G.s. 2 19.0 (+4.9) 17.3 (£5.0)
[15.5—-22.5] [13.8 —20.9]
G.v. 5 84.7 (£40.6) 15.4 (+4.3)
[27.0 —123.0] [13.1 —23.1]
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Table A3.2 Summary of call characteristics for 55 vocalizations emitted by
Glaucomys sabrinus (G.s.; N =3) and G. volans (G.v.; N = 13) during individual
aviary trials. All calls were recorded on a Song Meter SM4ABAT Ultrasonic Recorder
(equipped with an omnidirectional SMM-U1 Ultrasonic Microphone), and squirrels
were recorded continuously for 24 hours.

Superclass Class Species n  Duration (ms; Peak Frequency
+SD) (kHz; £SD)
[Min — Max] [Min — Max]
Chirp Broadband G.v. 4 39.2 (£1.9) 25.5 (£1.3)
[37.5 —42] [24 — 27]
Chirp G.s. 2 26 (£2.1) 12.0 (£0)
[24.5 —27.5] [12-12]
G.v. 6 28.2 (+4.2) 14.0 (£5.4)
[23.5-36] [9 - 23]
Downsweep G.s. 9 50 (£14.8) 18 (+4.3)
[31.5—-70] [12 —25]
G.v. 6 24.5 (£12.7) 28.2 (£7.1)
[13.5—48.5] [16 —35]
Whistle G.s. 1 23.5 24
HF! HF G.s. 6 19.5 (£7.9) 35.3 (£5.3)
[13.5 —35] [29 —42]
G.v. 8 18.8 (+4.8) 37.1(£9.2)
[13.5 — 28] [28 — 50]
HF Downsweep  G.s. 3 38.0 (£13.9) 33 (x17.1)
[22 —47.5] [14 —47]
G.v. 4 31.4 (£8.2) 26 (+1.2)
[24 —40.5] [25-27]
Hop G.s. 1 38 18
G.v. 1 34 22
Rapid G.v. 4 19.5 (£7.0) 25.7 (£5.5)
Downsweep [11 —27.5] [21 —33]

'High-frequency
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Table A3.3 Summary of call characteristics for 128 vocalizations emitted by
Glaucomys sabrinus (G.s.) and G. volans (G.v.) during paired aviary trials (G.s./G.v.
=3; G.v./G.v.=9). All calls were recorded on a Song Meter SM4BAT Ultrasonic
Recorder (equipped with an omnidirectional SMM-UT1 Ultrasonic Microphone), and
squirrels were recorded continuously for 24 hours.

Superclass Class Species N  Duration (ms; Peak Frequency
Pairing +SD) (kHz; £SD)
[Min — Max] [Min — Max]
Bark Bark G.s./Gv. 2 39.0 (£12.0) 19.0 (+0)
[30.5-47.5] [19-19]
Gv./Gv. 26  42.2(x18.0) 11.6 (£2.1)
[20 —97.5] [8 — 18]
Chatter Gs./Gv. 2 68.7 (£56.2) 16.5 (£6.4)
[29 — 108.5] [12 —-21]
Gv./Gv. 9 33.2 (£13.8) 13.3 (£2.3)
[14.5 - 57] [12-19]
Chirp Broadband G.s./Gv. 10 34.8 (£5.5) 20.9 (£3.6)
[26.5 — 44] [16 — 28]
Gv./Gv. 17 29.4 (£5.5) 18.3 (£3.8)
[20 — 38] [12 —25]
Chirp Gv./Gv. 8 35.4 (£13.2) 18.4 (£5.4)
[15—53.5] [11-27]
Downsweep Gs./Gv. 5 39.8 (£10.7) 18.2 (£1.8)
[27 — 56] [16 —21]
Gv./Gv. 5 32.2 (£15.6) 22.2 (£6.7)
[14 —54.5] [16 —32]
Whistle Gs./Gv. 4 36.6 (£7.9) 24 (£0.8)
[28.5 —47.5] [23 — 25]
Gv./Gv. 1 30.5 24
HF! HF G.s./Gv. T 23 (+11.4) 36.9 (£10.8)
[13.5—47] [27 — 58]
Gv./Gv. 11 23.0 (£9.0) 27.4 (£14.4)
[12.5-39] [12 -61]
HF Downsweep G.s./G.v. 2 41.0 (£17.0) 28.5 (£10.6)
[29 — 53] [21 —36]
Gv./Gv. 2 31.5(£9.2) 28.5 (£21.9)
[25 —38] [13 —44]
Hop Gs./Gv. 1 38 39
Gv./Gv. 6 32.1 (+8.4) 22.0 (£9.0)
[23 —42.5] [13 —38]
Rapid Gs./Gv. 5 16.1 (£3.6) 23.4 (£7.2)
Downsweep [12-19] [13 —30]
Gv./Gv. 5 25.1 (£9.4) 16 (£7.3)
[15—40.5] [5—22]

'High-frequency



