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Abstract

Vocalizations are an integral part of anuran breeding ecology. Acoustic signals (calls) are
used to defend territories, repel competitors, attract mates, and coordinate spawning. There is a
bidirectional relationship between hormonal state and reproductive behaviour, including acoustic
signal production, where reception of conspecific calls can influence steroid hormone production
and circulating hormone concentrations can affect calling behaviour. We examine the calling
behaviour of boreal chorus frogs (Pseudacris maculata), a declining species in northeastern
North America, and determine the effects of conspecific signals on reproductive outcomes and
gonadal function. We hypothesize that conspecific acoustic signals can be used in anuran
conservation to improve captive breeding outcomes as acoustic signals are a potent modulator of
reproduction. First, we used autonomous recording units deployed at natural boreal chorus frog
breeding locations to quantify diel and seasonal pattens in calling behaviour. We then used these
acoustic recordings to produce audio playback files that were broadcasted to spawning pairs in
captivity to investigate the effect of conspecific calls on the calling activity of males,
reproductive output, and offspring quality in boreal chorus frogs. We found that broadcast of
conspecific significantly increased the proportion of viable eggs and survival of subsequent
tadpoles compared to the control. To further investigate the mechanism of reproductive
enhancement, we used RNA sequencing to examine the gonadal gene expression in groups of
male and female boreal chorus frogs exposed to conspecific calls. We found enhanced expression
of genes and gene pathways associated with steroidogenesis, gametogenesis, and gonadal
function in male boreal chorus frogs, but more limited evidence of these effects in females.
Differential gene expression of male frogs exposed to conspecific calls also parallelled

expression results of male frogs receiving hormone injections known to stimulate spawning,



suggesting similar stimulation of the hypothalamic-pituitary-gonadal axis in both treatment
groups. Based on these results, we conclude that conspecific signals are important regulator of
reproduction during the breeding season. Our research contributes to our knowledge on anuran
breeding ecology as the results provide further evidence for social facilitation of reproduction in
this taxon. These results also have implications for amphibian conservation, as recordings of
male calling behaviour could be used a tool to enhance reproductive outcomes in captive

breeding programs of declining species.



Résumé

Les vocalisations font partie intégrante de 1'écologie de la reproduction des anoures. Les
signaux acoustiques (chants) sont utilisés pour défendre les territoires, repousser les concurrents,
attirer les partenaires et coordonner la ponte. Il existe une relation bidirectionnelle entre I'état
hormonal et le comportement reproducteur, y compris la production de signaux acoustiques, ou
la réception d'appels de congénéres peut influencer la production d'hormones stéroidiennes, et les
concentrations d'hormones circulantes peuvent affecter le comportement d'appel. Nous
examinons le comportement d'appel des rainettes faux-grillon boréales (Pseudacris maculata),
une espece en déclin dans le nord-est de ' Amérique du Nord, et déterminons les effets des
signaux conspécifiques sur la reproduction et la fonction gonadique. Nous émettons 1'hypothese
que les signaux acoustiques conspécifiques peuvent étre utilisés dans la conservation des anoures
afin d'améliorer les résultats de la reproduction en captivité, car les signaux acoustiques sont un
puissant modulateur de la reproduction. Tout d'abord, nous avons utilis¢ des unités
d'enregistrement autonomes déployées sur des sites naturels de reproduction de la rainette faux-
grillon boréale pour mesurer les motifs quotidiens et saisonniers dans le comportement d'appel.
Nous avons ensuite utilisé ces enregistrements acoustiques pour produire des fichiers de lecture
audio qui ont été diffusés a des couples reproducteurs en captivité, afin d'étudier 1'effet des appels
de congéneéres sur l'activité d'appel des males, le rendement reproductif et la qualité de la
progéniture chez les rainettes faux-grillon boréales. Nous avons constaté que la diffusion
d'appels de conspécifiques augmentait significativement la proportion d'ceufs viables et la survie
des tétards subséquents par rapport au contrdle. Pour étudier les mécanismes derricre
I'amélioration de la reproduction, nous avons utilisé le séquengage de I'ARN pour examiner

l'expression des genes gonadiques dans des groupes de rainettes faux-grillon boréales males et

Vi



femelles exposées a des appels de conspécifiques. Nous avons constaté une augmentation de
l'expression des geénes et des voies génétiques associés a la stéroidogenese, a la gamétogenese et
a la fonction gonadique chez les rainettes faux-grillon boréales males, mais des preuves plus
limitées de ces effets chez les femelles. L'expression différentielle des génes des grenouilles
males exposées a des appels de congéneres est également paralléle aux résultats d'expression des
grenouilles males recevant des injections d'hormones connues pour stimuler le frai, ce qui
suggére une stimulation similaire de 1'axe hypothalamo-hypophyso-gonadique dans les deux
groupes. Sur la base de ces résultats, nous concluons que les signaux conspécifiques sont des
régulateurs importants de la reproduction pendant la saison de reproduction. Notre recherche
contribue aux connaissances sur I'écologie de la reproduction des anoures, car les résultats
fournissent des preuves supplémentaires de la facilitation sociale de la reproduction dans ce
taxon. Ces résultats ont également des implications pour la conservation des amphibiens, car les
enregistrements d'appels de males pourraient étre utilisés comme outil pour améliorer les

résultats de la reproduction dans les programmes d'élevage en captivité des especes en déclin.
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Chapter 1: General Introduction

1.9 Rationale

Amphibian species over the last half-century have declined at the highest rate compared
to all other vertebrates (Stuart et al. 2004; Beebee and Griffiths 2005). These steep declines
within amphibian populations have prompted conservation concern for the taxon across all
continents (Wake and Vredenburg 2008; Hoffmann et al. 2010). Due to multiple interacting
direct threats to amphibian populations as well as continual loss of breeding habitats, captive
breeding and reintroduction initiatives have been established for several species in Canada
(ECCC 2015a, ECCC 2015b, ECCC 2017). Amphibians are often good candidate species for
captive breeding since they tend to have higher fecundity, smaller body size, and lower
associated costs for maintenance compared to other taxa (Bloxam and Tonge 1995). However, a
lack of natural environmental cues and increased physiological stress associated with captivity
can result in a lack of spawning activity or suboptimal reproductive outcomes (Hobel 2017).
Therefore, there is increased motivation to develop new techniques to improve captive breeding
protocols.

One possible solution to improve captive breeding outcomes is to incorporate broadcasts
of conspecific signals (i.e., acoustic playbacks). In most anuran amphibians (frogs and toads),
acoustic communication is essential for reproduction (Kelley 2004). Advertisement calls
produced by males during the breeding season are used to defend territories, assess the quality of
competitors, attract mates, and coordinate reproduction (Wells and Schwartz 2007). The
reception of conspecific signals can induce significant physiological changes via the
hypothalamic-pituitary-gonadal (HPG) axis, such as stimulating the production of gonadal sex

steroids (i.e., androgens, estrogens, progesterone) in both sexes (Wilczynski et al. 2005; Woodley
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and Leary 2024). For example, after hearing calls for several consecutive days, male frogs often
have increased androgen production (Burmeister and Wilczynski 2000; Chu and Wilczynski
2001; Rodriguez et al. 2022). Conspecific calls may also have a role in maintaining gonadal
function and reproductive receptivity throughout the breeding season in both sexes (Wilczynski
et al. 2005; Woodley and Leary 2024). Among all these studies, the mechanisms accounting for
these physiological changes are poorly explained. It is unclear if the observed increases in
hormone concentration or the effects on gamete maturation have impacts on reproductive
outcomes, such as fertilization rates or viability of offspring.

Given this background and the lack of data on mechanisms accounting for physiological
changes following acoustic reception, we wanted to uncover the role of conspecific signals in the
regulation of reproduction in anuran amphibians. We aimed to determine if broadcasts of
conspecific signals stimulate gonadal processes to improve reproductive outcomes, such as
increasing fertility, which then could be used to improve captive breeding protocol and bolster
amphibian conservation. Additionally, we aimed to determine if reception of conspecific signals
affect gonadal gene expression and how these potential effects compare to a highly effective
hormonal induction technique currently utilized in captive breeding protocols. To address these
questions, we used a locally declining species, the boreal chorus frog (Pseudacris maculata),
currently being bred in captivity for the purpose of reintroduction. The hypotheses and objectives
of the research are presented below, followed by a review of relevant literature that provides the

foundation of the thesis.



1.10 Hypothesis

Conspecific acoustic stimulation enhances reproductive success by activating endocrine
pathways that upregulate genes involved in gonadal function and fertility regulation in chorus

frogs.

1.11  Objectives

The primary objective of the thesis is to describe how conspecific acoustic signals can be
utilized in the captive breeding of anurans to aid in the conservation of amphibian species. Our
secondary objective is to better understand the role of acoustic communication in reproduction,
with an emphasis on gonadal gene activation, calling activity, and reproductive output.

Our specific research goals are:

(1) To describe the breeding ecology and conservation status of frogs in the genus
Pseudacris, including the boreal chorus frog (Pseudacris maculata). This is important for
determining the applicability of results for other species in the genus.

(2) To describe the daily and seasonal calling patterns of boreal chorus frogs during the
breeding season within their natural environment. This is essential step to produce an
accurate facsimile of natural calling behaviour which then can be replicated in the captive
environment.

(3) To determine if acoustic playback of conspecific calls influence calling effort,
reproductive output, and tadpole development and survival in captivity.

(4) To determine if acoustic playback of conspecific calls influence (a) gonadal gene
activation and, if differences do occur, (b) compare results to known stimulators of the

HPG axis (i.e., hormonal induction).



1.12  Description of research

To contextualize the reproductive ecology of boreal chorus frogs (Goal 1), in Chapter 2
we provided a review of the life history traits of the 18 species of chorus frogs (genus
Pseudacris). This genus has undergone several taxonomic reclassifications within the last 20
years, prompting us to update the species distribution and current conservation status, and to
bring attention to areas of reproductive ecology research that are currently lacking. We also
highlighted that the similarities in life history traits among chorus frog species to provide an
opportunity for collaboration for the conservation of species within the genus and justify the
applicability of results for other anuran amphibians.

To quantify the daily and seasonal calling patterns of boreal chorus frogs (Goal 2), in
Chapter 3, we obtained hourly calling data across three breeding seasons (March-May). Hourly
calling data was used to construct audio files and broadcast schedules to be used in subsequent
experiments (Chapters 4 and 5). We were also interested in how abiotic factors influence calling
behaviour. Therefore, we described the phenology of calling activity of four early spring-
breeding anurans native to the Ottawa, Ontario region, including boreal chorus frogs (Pseudacris
maculata), spring peepers (Pseudacris crucifer), American toads (Anaxyrus americanus), and
wood frogs (Boreorana sylvaticus). We also determined the impact of a weather event where
temperatures exceeded 5°C for 17 consecutive days in early March of 2024 (“false spring”) on
calling behaviour among the early spring-breeding species. We used audio data collected from
automated recording units to model the influence of day of the year, time of day, temperature,
and rainfall on the calling activity of boreal chorus frogs.

In Chapter 4, we tested whether acoustic playback of conspecific calls influence the

calling effort and reproductive output of boreal chorus frogs in captivity (Goal 3). Few, if any,



captive breeding programs include vocalizations from conspecifics despite evidence that sounds
from natural and anthropogenic sources can impact the rates of disease transmission and survival
of captive animals (Clark and Dunn 2022). We were particularly interested in determining if
broadcasts would increase the number of vocalizations produced by males and affect the number
and quality of eggs produced by females, as reception of conspecific signals have been
associated with stimulation the HPG axis. We also followed the development and survival of
tadpoles hatched from eggs collected during breeding trials to determine if potential benefits of
broadcasts extend beyond the parental individuals within the spawning period (i.e., affect
offspring quality).

After noting increased in egg viability within boreal chorus frogs exposed to conspecific
calls in Chapter 4, we aimed to explore mechanisms that would impact reproductive function in
response to acoustic stimulation. RNA sequencing is an emerging technique that allows
researchers to determine the presence and quantity of all RNA within a sample and explore
patterns of gene expression using pathway analysis (Wang et al. 2009). In Chapter 5, we used
RNA sequencing to determine if acoustic playback of conspecific calls influence gonadal gene
activation (Goal 4a) in male and female boreal chorus frogs. We compared differential gene
expression patterns between sexes and determined if similar genes and pathways are affected in
frogs exposed to conspecific calls compared to frogs receiving a hormone injection known to
stimulate the HPG axis (Goal 4b).

In Chapter 6 we summarized the evidence that acoustic communication is an essential
part of anuran ecology. We stated that our fertility and gonadal gene expression results provide
some of the first evidence of the physiological changes induced by reception of conspecific

signals. We described how our results support previous literature indicating that the reception of



conspecific signals is crucial for the coordination of reproduction and the sustained stimulation
of the hypothalamic-pituitary-gonadal axis throughout the breeding season. We then incorporated
our results in the context of male-male competition, the energetics-hormone model, and the
challenge hypothesis. We concluded the chapter by stating the implications of our research for

anuran conservation and by making recommendations for future studies.

1.13  Captive breeding of amphibians and assisted reproductive technologies

The two major goals of captive breeding programs are to maintain captive populations
that cannot be safeguarded in their natural environment (Zippel et al. 2011) and to produce viable
offspring for reintroduction into populations where species are declining or extirpated (Griffiths
and Pavajeau 2008; Harding et al. 2016). Captive breeding and reintroduction programs have be
initiated for a wide variety of taxa, including amphibians, fishes, reptiles, birds, and mammals
but the success of these programs vary widely (Seddon et al. 2005; Farquharson et al. 2021).
Common issues include high operating costs, poor captive survival, high susceptibility to
disease, low genetic diversity, genetic adaptation to the captivity (i.e., domestication), and loss
natural behaviours (Snyder et al. 1996; Witzenberger and Hochkirch 2011). Regardless,
successful initiatives where reintroduction have led to self-sustaining natural populations, such as
California condor (Gymnogyps californianus) and black-footed ferret (Mustela nigripes), have
led to the increased the prevalence of captive breeding and reintroduction programs in recent

decades (McGowan et al. 2017).
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Figure 1.1: Overview of the hypothalamic-pituitary-gonadal (HPG) axis in vertebrates and the
environmental and social factors initiating reproduction in amphibians (adapted from Trudeau et
al. 2022). Solid lines indicate processes with well-supported evidence in amphibians or other
vertebrates; dotted lines indicate an assumed process based on reproductive ecology of anuran
amphibians; dashed lines indicate positive and/or negative feedback.

In theory, amphibians are good candidate species for captive breeding since they tend to
have higher fecundity, smaller body size, and lower associated costs for maintenance in
comparison with other taxa (Bloxam and Tonge 1995). Conversely, there are many species of
frogs and toads (Order: Anura), where establishing captive colonies can be challenging, costly,
and inefficient (Tapley et al. 2015; Clulow et al. 2019; Della Togna et al. 2020). Captive breeding
efforts may be further complicated as many species require complex social and environmental
cues to initiate breeding behaviour and therefore reproduce very poorly within a captive setting
in the absence of these cues (Hobel 2017). As such, assisted reproductive technologies (ART) are

often the foundation of captive breeding programs (Clulow et al. 2014; Clulow et al. 2019).



Amphibian ART encompass several techniques to increase breeding efficiency and
maintain genetic diversity, including hormone therapy to induce spawning, in vitro fertilization,
cryo-banking for the storage of gametes, and cloning (Clulow et al. 2022). Hormonal induction
of spawning is one of the most common and effective tools to overcome many of the challenges
faced in captive breeding (Silla et al. 2021). Hormonal induction methods primarily target the
hypothalamic-pituitary-gonadal (HPG) axis to stimulate reproduction. Despite small differences
among taxa, the fundamental organization and function of the HPG axis is widely conserved
across all vertebrates (Figure 1.1). Gonadotropin-releasing hormone (GnRH) is a neuropeptide
synthesized in specific neurons of the preoptic area and ventral hypothalamus (Rastogi et al.,
1998). GnRH is then axonally transported via the infundibular hypothalamus, released into the
median eminence, and then transported by the hypothalamo-hypophysial blood system to the
anterior pituitary. The GnRH binds to specific GnRH receptors on gonadotropic cells to stimulate
the synthesis and secretion of two glycoproteins, luteinizing hormone (LH) and follicle-
stimulating hormone (FSH). These glycoproteins are transported to the gonads via the vascular
system to stimulate sex steroid production (androgens, estrogens, progesterone), gametogenesis
(sperm and egg production), secondary sexual traits, and reproductive behaviour (Vu and
Trudeau 2016; Trudeau et al. 2022). Depending on the concentration and patterns of release, sex
steroids can have either negative or positive feedback on LH and FSH release from pituitary
gonadotrophs and GnRH neuron activity in the hypothalamus (Vu and Trudeau 2016; Trudeau et
al. 2022).

Hormonal induction methods commonly use human chorionic gonadotrophin (hCG) and
GnRH agonists, either alone or in combination, to stimulate spawning (Silla et al. 2021). Human

chorionic gonadotrophin is an agonist of LH and injection of hCG simulates the actions of LH in



the gonads to stimulate ovulation and sperm release. In contrast, GnRH agonists (GnRH-A) act
directly on the anterior pituitary to stimulate the production of LH and FSH. The efficacy of hCG
and GnRH-A is species-dependent. Administration of GnRH-A induces spawning in most species
(Silla et al. 2021), but hCG can have better results in toads (Bufonidae), Australian treefrogs
(Pelodryadinae), and Australian ground frogs (Limnodynastidae) (Clulow et al. 2018; Silla and
Byrne 2019). Some hormonal induction methods also incorporate an antagonist of dopamine.
There is strong evidence from studies in teleost fish, as well as other vertebrates, that dopamine
(DA) has an inhibitory effect on reproduction via DA-D2 type receptors in the brain and pituitary
(Dufour et al. 2010; Vu and Trudeau 2016). For example, the Amphiplex method, which includes
a co-injection of the DA antagonist metoclopramide in addition to GnRH-A, is an effective
means of inducing spawning in leopard frogs (Lithobates pipiens) and three Argentinian frog
species (Trudeau et al. 2010; Trudeau et al. 2013).

Challenges remain for captive breeding and amphibian conservation despite
advancements over the last few decades (Della Togna et al. 2020; Tapley et al. 2022). Many
captive breeding programs are initiated without proper understanding of the natural history of the
species and environmental parameters required for reproduction (Michaels et al. 2014). Even
with innovations in amphibian ART to induce spawning, captive breeding programs may fail to
achieve high rates of fertilization or to generate significant numbers of viable offspring (Kouba
et al. 2009). Captivity is associated with increased glucocorticoid production from the
adrenal/interrenal gland in some species (Fischer and Romero 2019), which can inhibit sex
steroid production and reduce the expression of reproductive behaviours (Carr 2024). A meta-

analysis of captive breeding programs across several invertebrate and vertebrate taxa revealed



that captive-bred animals have a 42% decrease in the odds of reproducing successfully in

captivity compared to wild-caught animals (Farquharson et al. 2018).

1.14 The role of acoustic signal reception and production in frog reproduction

Acoustic signal reception and reproduction in anurans are interconnected. The anuran
auditory system (Figure 1.2) has direct neuronal connections to brain nuclei associated with the
HPG axis, implying that conspecific signals act as important regulators of reproductive condition
and expression of reproductive behaviours by modulating plasma sex hormone concentrations
(Wilczynski et al. 2005; Woodley and Leary 2024). Acoustic signals are passed through and
filtered by the tympanum. Differing frequencies are then detected by either the sacculus,
amphibian papilla, or basilar papilla within the inner ear (Schoffelen et al. 2008). Once sorted,
acoustic information is projected to the dorsolateral nucleus of the thalamus via branches of the
8th cranial nerve (or “acoustic nerve”). Projections are then relayed from the dorsolateral nucleus
of the thalamus to the superior olivary nucleus and then to the midbrain torus semicircularis, the
main centre of auditory information processing (Endepols et al. 2003; Arch and Narins 2009).
Acoustic information via thalamic relay nuclei is then projected to and received by the preoptic
area and ventral hypothalamus nuclei, leading to activation of GnRH neurons (Allison and
Wilczynski 1991; Burmeister and Wilczynski 2005). Most inputs into the ventral hypothalamus
are received from the central thalamic and secondary isthmal nuclei whereas inputs to the
preoptic area are received primarily from the anterior thalamic and secondary isthmal nuclei
(Allison and Wilczynski 1991). The relationship between the HPG axis and auditory system may
be bidirectional, with gonadal hormones affecting the processing of auditory information and the
reception of auditory information influencing the production and secretion of gonadal hormones.

The laminar nucleus of the torus semicircularis contain cells with high concentrations of
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androgen and estrogen receptors, which are connected to premotor and motor areas of the brain,
providing a potential mechanism for how gonadal hormones affect behavioural and hormonal

responses to acoustic signals (Arch and Narins 2009; Wilczynski and Burmeister 2016).

acoustic
ViIn. <— gignal
Figure 1.2: Schematic of auditory system of anurans (sagittal view). Acoustic signals travel from
the tympanic membrane, where they are filtered and relayed to the inner ear organs, such as the
amphibian papilla (AP) and basilar papilla (BP). Information received from the AP and BP are
projected to the dorsolateral nucleus (DL) via branches of the 8th cranial nerve (VII n.).
Projections are then relayed from the DL to the superior olivary nucleus (SO), then to the torus
semicircularis (TS), followed by the secondary isthmal (SI) and central thalamus (CT) nuclei,
which both project to the ventral hypothalamus (VH). Acoustic information is also relayed from
the TS to the anterior thalamic nucleus (AN), then to the preoptic area of the hypothalamus
(POA). The POA also receives projections from CT and SI, although fewer projections are
received from these regions compared to the VH. The POA and VH are important neural centres
for the control of reproduction in amphibians via the pituitary-gonadal axis. While anatomical
data showing specific innervation of gonadotropin-releasing hormone neurons located in the
POA and/or VH by AN and CT neurons, acoustic signals likely activate these circuits. GnRH
neurons project via the infundibulum to the median eminence where GnRH is released to the
hypothalamo-hypophsial portal blood system to the pituitary (P) to stimulate the production of
luteinizing hormone and follicle stimulating hormone, which in turn regulate gonadal function.
Solid lines indicate direct neuronal connections. Dotted lines indicate neuronal connections with
fewer projections. Modified from Allison and Wilczynski (1991) and Burmeister and Wilczynski
(2005).

Production of acoustic signals is also related to HPG axis activity. Calling, a
predominately male behaviour in anurans, is significantly reduced in castrated males but can be
restored with administration of androgens (Wetzel and Kelley 1983; Burmeister and Wilczynski
2001). Several studies have indicated that increased calling behaviour is associated with

increasing plasma testosterone concentrations, such as in Dryophytes cinereus (Leary et al. 2015;
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Crocker-Buta and Leary 2018) and Lithobates grylio (Walkowski et al. 2019). In contrast, other
studies have found that androgen levels in calling males is lower (Mendonga et al. 1985) or there
is no difference in calling and non-calling males (Leary et al. 2004; Leary et al. 2006). The HPG
axis interacts with other hormonal pathways, such as glucocorticoids, the stress hormones of the
amphibian interrenal gland, which may explain theses discrepancies (Moore and Jessop 2003;
Leary 2009). Corticosterone (CORT) inhibits reproduction at many levels of the HPG axis,
including moderating the production of GnRH and gonadotropins, inhibiting steroid production
in the gonadal tissues, and altering the metabolism of androgens and estrogens (Carr 2024).
However, positive associations between CORT and androgens can be found among calling
individuals, especially in the initial stages (Woodley and Leary 2024). The energetics-hormone
vocalization model (Emerson 2001) may help to explain the interplay of CORT and androgens. It
proposes that calling induces androgen production while CORT synthesis and release increases
to meet the energy demands, eventually surpassing a threshold that triggers an acute stress
response that reduces androgen concentrations.

Another important player in moderating reproductive behaviour is the neuropeptide
arginine vasotocin (AVT). AVT-containing cells are predominantly found within the preoptic area
of the hypothalamus, with projections to the posterior pituitary (Rose and Moore 2002;
Wilczynski et al. 2017). Injections of AVT has induced calling behaviour in non-calling males
(Ten Eyck 2005) and increased calling effort by decreasing latency between calls in Dryophytes
cinerea (Burmeister et al. 2001) and Acris crepitans (Chu et al. 1998). Immunoreactive AVT
cells are also found within the torus semicircularis, which implies AVT has a role in auditory
perception as well as call production (Boyd 1997). It was previously suggested that AVT may

modulate the inhibitory effects of CORT, but this evidence is mainly garnered from studies of
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clasping behaviour in roughskin newts, Taricha granulosa (Coddington and Moore 2003).
Evidence in Dryophytes cinerea suggests AVT increases motivation to call rather than blocking
CORT secretion, as administration of AVT increased the probability of calling but CORT did not

decreased calling compared to saline-injected males (Burmeister et al. 2001).

1.8 Social facilitation of reproduction in anurans

There is empirical evidence for social facilitation of reproduction in anurans, where
calling behaviour acts as a signal to initiate or maintain physiological changes associate
reproduction. Male frogs rarely call in isolation but readily respond to calling conspecifics
(Klump and Gerhardt 1992). Broadcasts of conspecific calls in the field increased calling rate in
male Batrachyla taeniata frogs (Muiioz et al. 2020). Within the context of the energetics-
hormone vocalization model, the challenge hypothesis (Wingfield et al. 1990) states that elevated
androgen production is driven by male-male interactions and is associated with increased vocal
effort. Several studies have reported rapid effects of social interactions on plasma concentrations
of androgens in a variety of vertebrates, but evidence is limited in amphibians (Hirschenhauser
and Oliveira 2006; Moore et al. 2020). One of the few examples of the challenge hypothesis
being tested in an anuran amphibian was conducted using male Allobates femoralis, a territorial
frog species where males attend egg masses and transport tadpoles to water after 15-20 days of
development (Rodriguez et al. 2022). Consistent with the hypothesis, simulated territory
intrusions significantly increased waterborne androgen concentration, a proxy significantly

correlated with plasma testosterone, an hour post-challenge (Rodriguez et al. 2022).
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Several studies have suggested that playbacks of conspecific calls can be used to
stimulate the production of gonadal steroids in male and female frogs during the breeding
season. For example, after hearing calls for several consecutive days, male American green
treefrogs (Dryophytes cinereus) and southern leopard frogs (Rana sphenocephala) experienced
increased plasma androgen concentration (Burmeister and Wilczynski 2000; Chu and Wilczynski
2001). Conspecific calls may also have a role in maintaining reproductive status throughout the
breeding season (Wilczynski et al. 2005; Woodley and Leary 2024). Testicular regression occurs
rapidly in male grass frogs (Rana temporaria) a few days after the end of the breeding season
(Brzoska and Obert 1980). However, testis volume and size of the interstitial cells of captive
male grass frogs that were exposed to recordings of synthetic conspecific calls were comparable
to actively breeding males (Brzoska and Obert 1980). Male grass frogs exposed to no audio
stimuli or synthetic calls with a higher spectral frequency than conspecific calls decreased total
volume of testes, reduced interstitial cell size, and reduced interstitial cell number (Brzoska and
Obert 1980). In female Alytes muletensis, eggs will continue to mature when exposed to
conspecific male calls but are reabsorbed if conspecific calls cease or when exposed to
heterospecific calls (Lea et al. 2001). Similarly, male sexual behaviour (i.e., calling, amplexus)
was found to have an important role for stimulating spawning in female Bufo melanostictus by
increasing plasma estradiol and progesterone concentrations (Gramapurohit and Radder 2013).
Take together, the data strongly implies that reception of calling behaviour is a potent regulator

of reproduction and important for maintaining reproductive status during the breeding season.
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1.9 Focal species: boreal chorus frog

The boreal chorus frog (Pseudacris maculata, Agassiz 1850) is a small-bodied (mean
snout-to-vent length: 27 mm &, 30 mm @) frog species in the family Hylidae (tree frogs) that is
native to Canada and the United States (Dodd 2023). Like several other species in the genus
Pseudacris, male boreal chorus frogs produce a high-pitched trilling advertisement vocalization
during the breeding season that is reminiscent of running one’s fingernail across a plastic comb
(Conant and Collins 1998). Vocalizations are typically < 1 second in duration and contain 14—16
notes or pulses (Bee et al. 2010). Boreal chorus frogs also produce aggressive calls, or
vocalizations used to repel competitor males, that are structurally similar to advertisement calls
but are longer in duration and contain more pulses (Owen 2003). Boreal chorus frogs have a
wide, mostly contiguous distribution across North America (Figure 1.3) occurring from the
Northwest Territories and northeastern British Columbia, southwest through portions of
Montana, Idaho, Utah, Arizona, and New Mexico, across through Alberta, Saskatchewan,
Manitoba and the Midwest states, to Michigan, Illinois, Indiana and Missouri in the east (Ethier
et al. 2021). Tolerant of high elevations, boreal chorus frogs can be found > 3000 m above sea
level in several portions of their range, including Arizona, Colorado, and Utah (Stebbins 2003).
The total abundance of boreal chorus frogs is unknown but has been estimated nearly 20 years
ago to be approximately 1,000,000 individuals (Hammerson 2008). The boreal chorus frog is a
cold- and freeze-tolerant species (Dinsmore and Swanson 2008; Higgins and Swanson 2013),
and often one of the first amphibian species to emerge from hibernation and begin spawning in
late winter and early spring (Dodd 2023). The breeding season of boreal chorus frogs is
approximately 6 weeks, but in some regions may be condensed to only 2—3 weeks (Desroches

and Rodrigue 2004; Dodd 2023). Boreal chorus frogs utilize a variety of ephemeral wetlands for
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breeding and oviposition, including temporary ponds, roadside ditches, flooded meadows,
shallow bogs and marshes, buffalo wallows, furrows in plowed fields, glacial kettlepots, and
vernal pools in woodlands (Dodd 2023; Ethier et al. 2021). Preferred habitat tends to be shallow
(<35 cm deep) with abundant vegetation and relatively free of predators, such as fishes and

aquatic invertebrates (Ouellet et al. 2009; Shulse et al. 2010; Shulse et al. 2013).

Figure 1.3: Boreal chorus frog (Pseudacris maculata) distribution in North America (adapted
from Lemmon et al. 2007 and Ethier et al. 2021). Image of boreal chorus frog courtesy of Chris
Callaghan.
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Even with a widespread distribution and relatively high abundance throughout most of it
range, several boreal chorus frog populations are steeply declining. Populations in southeastern
Ontario and southwestern Quebec are listed under the Species at Risk Act (S.C. 2002, c. 29) as
“threatened” (Environmental Canada 2015), and the species is listed as “threatened” in the
province of Quebec (R.S.Q, c. E-12.01). Declines are also observed in New York (Corser et al.
2012) and the species listed as “endangered” in the Vermont (Vermont Fish and Wildlife
Department 2015b). Until recently, these populations in eastern North America were assigned to
another species, the western chorus frog (Pseudacris triseriata). Mitochondrial DNA gene
sequencing and behavioural experiments provide strong evidence that the frogs in these regions
are more likely to be boreal chorus frogs (Lemmon et al. 2007; Rogic et al. 2015). The
Government of Canada has acknowledged these findings (Bogart et al. 2015), but the species has
yet to be reassigned by the Committee of the Status of Endangered Wildlife in Canada
(COSEWIC) and remains listed as western chorus frog on the Species at Risk public registry
(Environmental Canada 2025).

Like many other North American amphibians, the primary factor contributing to declines
of boreal chorus frog populations is habitat destruction and fragmentation (Cushman 2006;
Seburn et al. 2014). Other threats include the introduction of exotic species (Bucciarelli et al.
2014), disease (Rittman et al. 2003), and climate change altering hydroperiod of temporary
wetlands where boreal chorus frogs breed (McMenamin et al. 2008; Amburgey et al. 2012). In
the Montérégie region of southeastern Québec, boreal chorus frogs were extirpated from 90% of
their historical range (Picard and Desroches 2004) and populations across the province have
declined by 37% between the 1950s and 2008 (COSEWIC 2008). Suitable habitat continues to

be destroyed and fragmented as land is converted for industrial and residential use (ECCC
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2015b). In 2018, it was estimated that only 23% of Québec boreal chorus frog populations were
viable or likely to persist if current conditions were maintained (ECCC 2021). Rapid declines
have also been observed in the Ottawa Valley (Vallée d'Outaouais) region of the Ottawa River,
including portions of eastern Ontario and southwestern Québec (St-Hilaire and Belleau 2005;
Seburn et al. 2008; Seburn and Gunson 2011). Boreal chorus frogs were once widespread east of
Ottawa, but when 184 sites of suitable habitat were surveyed in 2011 and 2012, only 5 (2.7%)
had calling boreal chorus frogs, coinciding with a significant reduction of wetland cover since
the 1950s (Seburn et al. 2014). This fragmentation of habitat has led to increased genetic
isolation and decreased genetic variability (Rogic et al. 2019).

In response to the drastic population declines, a captive-breeding and reintroduction
program was initiated in collaboration with multiple partners, including the province of Québec
(Ministere de I’Environnement, de la Lutte contre les Changements climatiques, de la Faune et
des Parcs), Université Laval, University of Ottawa, Société des établissements de plein air du
Québec (Sépaq), and the Montréal Biodome. Spawning of boreal chorus frog has been
successfully stimulated in captivity using hormonal induction methods originally developed for
other species (Trudeau et al. 2010; Trudeau et al. 2013) and protocols have been developed for
rearing viable tadpoles and metamorphs (Ethier et al. 2024). However, spawning rates and egg
viability are highly variable and often low, potentially reflecting suboptimal activation of the
HPG axis or other reproductive constraints. This variability makes boreal chorus frogs an ideal
model for investigating the role of social facilitation in reproduction in both wild and captive
populations, as well as for exploring alternative strategies to enhance reproductive success in

captivity.
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1.10  Thesis format

Each chapter of this thesis is written as manuscripts to be, or has been, submitted for
publication. As such, there is some overlap in the content presented in each chapter, though we
have attempted to keep this to a minimum, where possible. Note that Chapter 2 is a reprint of a

review published in Frontiers in Zoology with its own citation style and reference section. The

references cited in all other chapters are included in the Reference section of the thesis (p. 171).

1.11 Ethics statement

All animals were collected following permits issued by the Ontario Ministry of Natural

Resources. All experiments were approved by the University of Ottawa Protocol Review

Committee and adhered to the guidelines of the Canadian Council on Animal Care for the use of

animals in research and teaching.
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2.1 Abstract

Amphibian biodiversity is declining globally, with over 40% of species being considered
threatened to become extinct. In North America, chorus frogs (Genus: Pseudacris Fitzinger,
1843, Family: Hylidae) are common and widely distributed. While relatively abundant, several
populations have experienced significant declines in the last 60 years. Captive breeding and
reintroductions have been initiated to maintain wild populations while other efforts are taken to
identify and mitigate the sources of these declines. Crucial to the success of these initiatives is a
comprehensive understanding of life history and reproductive ecology of target species. Most
data on chorus frog species were collected prior to the 2000s. Additionally, more recent genetic
studies have modified classification of populations of chorus frog species to be reassigned. The
combination of historical data in the face of taxonomic reclassification poses challenges to
summarizing information on chorus frogs. Here we provide an overview of the Pseudacris
genus, including breeding behaviour, reproduction, development, survival and longevity. We
present an updated distribution map of the 18 species found throughout North America. We also
summarize the conservation status at the national and subnational (state, provincial, and
territorial) levels, in Canada, USA, and Mexico, to evaluate the relationship between life history
traits and extinction risk. Results show a remarkable consistency in the life history traits of
Pseudacris species considering their relative diversity and wide distribution in North America.
However, data are lacking for several species, particularly in the Fat Frog and West Coast clades,
causing some uncertainties and discrepancies in the literature. We also found that the most
threatened populations of chorus frog were located in the east coast of the USA, potentially as a

result of increased levels of anthropogenic disturbance. We suggest that the similarities in life
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history traits among chorus frog species provides an opportunity for collaboration and united

efforts for the conservation of the genus.

Key words: chorus frogs; life history; distribution; conservation; population management

2.2 Introduction

The biodiversity of wildlife is declining globally (1,2). These declines are related to
several factors including habitat destruction, introduced pathogens, and climate change (1,2), and
are associated with a loss of ecosystem function (3,4). Amphibian species appear to be affected
disproportionately to other taxa (5,6) with over 40% of amphibians considered threatened to
become extinct worldwide (6-9). North America is no exception, as amphibian species have
experienced drastic declines since the 1960s (10). In the USA, 56 amphibian species are
threatened to become extirpated (2), and the average rate of decline of local amphibian
populations is almost 4% annually (10). In Canada, 22 amphibian species are listed as
“endangered”, “threatened”, or of “special concern” (11). Mexico supports the greatest number
of amphibian species in North America (~372 species), many of which are endemic (12,13).
According to Pasquali (14), 220 amphibian species (~60%) are considered at risk of extinction in
Mexico. These declines are concerning because amphibians have life stages in both aquatic and
terrestrial habitats and hold an important ecological role through supporting services for primary
production, decomposition, and nutrient cycling (15,16). Amphibians also act as bioindicators
that provide an early warning system to degradations in ecosystem health and environmental

change (7,8,17).

Conservation actions such as captive breeding and reintroductions have been initiated to

maintain some wild populations, while other efforts are taken to mitigate the sources of
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population declines (18,19). The Amphibian Conservation Action Plan was created in 2007 with
the goal to preserve amphibian biodiversity worldwide by providing an overview on how to
expand knowledge, monitor and document diversity, and respond to threats to amphibian species
and their habitats (20,21). Since the Amphibian Conservation Action Plan has been established,
amphibian reproduction ex situ in zoos has been prioritized in many regions (19). Specimens are
collected and kept in captivity to maintain the genetic diversity of extant populations and to
increase population abundance through captive breeding or translocation to new or historical
habitats (22). Amphibians are often good candidates for captive breeding because they tend to
have higher fecundity, smaller body size, and lower associated costs for husbandry compared to
other taxa (18,23). Captive populations are currently maintained in zoos and academic
institutions for several North American amphibian species, including northern leopard frogs
(Lithobates pipiens) (24,25), dusky gopher frogs (Lithobates sevosus) (26,27), Wyoming toads
(Anaxyrus baxteri) (28,29), axolotls (Ambystoma mexicanum) (30) and hellbenders

(Cryptobranchus alleganiensis) (31), amongst others.

Gathering knowledge on natural population dynamics is a crucial initial step before
conducting a captive breeding program, because the evaluation of success will be based on
parameter values in wild populations. Although every aspect of population ecology has potential
to inform recovery strategies, reintroduction success is often evaluated using indicators such as
survival rates, demography, and fecundity (32). Therefore, a comprehensive understanding of the
life history traits of species of interest is essential for their recovery. This information is ideally
gathered when species are abundant or when population declines are first detected before species

become imperilled.
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Chorus frogs (genus Pseudacris: Hylidae) are an example of a clade that is relatively
abundant but with several populations that have experienced significant declines (33—-36). This
species group occurs in North America and is distributed widely across Canada, the United
States and Mexico. These frogs are of cultural significance, as a symbol of fertility and renewal
(37) and a source of food for indigenous peoples of North Americans (38). The call of groups of
male chorus frogs is a familiar sound of spring for people living in suburban areas (39).
Curiously, the frog calls heard in many movies and television shows as ambient noise in
nighttime scenes is that of the Pacific chorus frog (P. regilla) (40). Chorus frogs have also been
used as flagship species, representing conservation initiatives. For example, the boreal chorus
frog (P. maculata) is a symbol for the protection of threatened species in Québec, Canada (41).
Chorus frogs play an important role in North American food webs. Larvae consume algae and
adults consume insects, while chorus frogs are prey items for birds, fishes, and other animals,
thus cycling nutrients between aquatic and terrestrial ecosystems (42). Despite the significance
of chorus frogs, there is very limited knowledge on the physiology and ecology of several
species. The majority of information for many of the chorus frog species was collected in the
first half of the 20th century and requires updating. Significantly, revisions in the nomenclature
and phylogenetic assignment make historical accounts confusing and challenging to interpret

(43,44), prompting this review of existing information.

Our objectives are to summarize the ecology, life history strategies, and conservation
status of North American chorus frogs. First, we present a map of the distribution of the 18
species using the most up to date taxonomic classifications. Second, we present a summary of
the general ecology of these species, with a focus on breeding behaviour, reproduction, and

development. Third, we review the life history strategies of chorus frogs. We searched databases
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(Web of Science and Google Scholar) for articles pertaining to chorus frog species. We highlight
the differences among species and taxonomic clades as well as gaps in current knowledge. We
also compare the current conservation status of chorus frog species to explore if patterns of

distribution and reproductive strategies are associated with extinction risk.

2.3 Methods

2.3.1 Taxonomic note

The taxonomy of the members in the genus Pseudacris is widely debated. The
nomenclature and species status of many animals within this genus has changed repeatedly over
the last 70-80 years (45—48). As such, it is often difficult to determine which species is being
described in studies published throughout this time period. To avoid confusion, some authors
group closely related species or subspecies into species complexes (i.e., Pseudacris triseriata
complex) or reinstate historical classification in separate genera (i.e., Hyliola for P. regilla and P.
cadaverina) (49-51). Others have split species concepts based on geographic distribution (48).
However, recent advancements in genetic sequencing have yielded some insight into this
problem with taxonomic classification. Studies from the past 20 years (43,44,52,53) indicate that
there are at least 16 species within the genus, which can be separated into four clades of related
species: (1) the West Coast clade containing P. regilla and P. cadaverina, (2) the Fat Frog clade
containing P. ornata, P. streckeri, and P. illinoensis, (3) the Crucifer clade containing P. crucifer
and P. ocularis, and (4) the Trilling Frog clade containing P. brimleyi, P. brachyphona, P. clarkii,
P. feriarum, P. fouquettei, P. kalmi, P. maculata, P. nigrita, and P. triseriata. These distinctions
are based on a combination of nuclear and mitochondrial DNA analyses, and morphological and
behavioural data. More recent genetic studies and updates to nomenclature have listed two

additional species in the West Coast clade, which are closely related to P. regilla; the Sierran
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chorus frog (P. sierra) and the Baja California chorus frog (P. hypochondriaca) (51,54,55).
However, these nomenclatural updates are still debated (44) and information regarding life
history and reproductive ecology is very limited for these two species. Some authors favour the
re-establishment of the genus Hyliola for the species within the West Coast clade based on
geographic separation from the other species (51). Finally, recent genetic, acoustic, and
ecological research on P. brachyphona by Ospina et al. (56) suggests that northern and southern
populations in this species are distinct. Ospina et al. (56) propose that the southern populations
be considered as a separate species, the Collinses’ Mountain Chorus Frog (P. collinsorum). For
the purpose of this review, we have chosen to retain the Pseudacris nomenclature, and include P,
sierra and P. hypochondriaca in the West Coast clade, but not include P. collinsorum in the
Trilling Frog clade given it is not currently recognized by the Society for the Study of
Amphibians and Reptiles (57). We will discuss these 18 species (see Supplementary Table S2.1)
as they are described by Barrow et al (44), and use descriptions of species’ distributions to

determine the likely identity of the species when considering articles published prior to 2010s.

2.3.2 Mapping distributions

To map the distributions of the 18 species of North American chorus frog, we
downloaded all Pseudacris occurrence data recorded on the basis of preserved specimens,
material samples, and human or machine observation from the Global Biodiversity Information
Facility (GBIF; 61). We removed data that did not contain spatial coordinates or information on
the year they were recorded. We also removed records that were not identified to species, and
records where the GBIF indicated the spatial coordinate uncertainty was potentially invalid. We
also cross-referenced all occurrence points for species with their known distributions according

to experts (i.e., Table 2.1 and Table 2.3). Recent genetic studies revealed that the distribution of
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P. triseriata in Canada is largely confined to southern Ontario (43,44). Populations of chorus
frogs north of Wellington County (Ontario), which were previously believed to be P. triseriata,
are now known to be P. maculata. Therefore, we excluded any P. triseriata observations in
Canada north of 44 degrees latitude. This resulted in a dataset of 72,199 species observations,
collected between 1812-2021. For each species, we created concave hull polygons around the
occurrence records, and created buffers around these polygons equivalent to the highest recorded
measure of coordinate uncertainty for that species, to a maximum of 100 km. These final
polygons represent the best-known distribution of each species according to all available
occurrence data. All data were processed using R (version 3.6.1), using the packages tidyverse
(59), raster (60), and rgbif (61). Mapping and visualization of spatial data was done in ArcGIS

Pro (version 2.5.1).

2.3.3 Life history literature review

We compiled empirical data on the life cycle and population dynamics of the 18
Pseudacris species of the genus (43,44,52,62), considering all life stages, from the egg to the
adult stage. We employed advanced searches with keywords in Web of Science and Google
Scholar (Supplementary Table S2.2) performed between October 2020 and January 2021. We
selected these reference databases as they produced more results (number of articles, books, and
dissertations included), compared to BioOne, BioRxiv and Science Direct. We did not restrict
results by languages or period. After reading the abstract, we retained relevant articles, books,
and dissertations that dealt with the survival and the reproductive cycle of wild populations or
from lab experiments of the target group. We extracted information pertaining to geographic
distribution, breeding season length, fecundity (total number of eggs, number of eggs per

cluster), development (time to eggs hatching, time to metamorphosis), stage-specific survival

27



(eggs, larvae, juveniles, adults), age of maturity, and longevity. We excluded any document that
did not clearly present an estimate (i.e., count, proportion, percentage) in the main body of the
text, including tables and figures. When estimates of a given parameter were found in several
sources, we presented the range of values. We did not distinguish between data obtained under
controlled conditions (mesocosm or laboratory) and data from observational field studies, or

between different methodologies of data collection.

2.3.4 Conservation status

Global status and population trends were assessed using the Red List of Threatened
Species database of the International Union for Conservation of Nature (2). To determine the
national and subnational (i.e., provincial or state level) conservation status and distribution of the
Pseudacris species, we utilized the NatureServe Explorer database (63). Status ranks are given
the prefix code “N” for national status and “S” for subnational status, and a numerical suffix
ordered from 1 (critically imperilled) to 5 (stable). Combinations of codes can be used to indicate
uncertainty, such as S2S3 representing a status being either imperilled or vulnerable. There are
also a series of unique codes (i.e., SH = possibly extinct at the subnational level, SNR =
unranked or not assessed at the subnational level). See supplementary materials for a full
explanation of status ranks and a list of abbreviations (Supplementary Table S2.3). NatureServe
databases primarily contain conservation status and distribution information in the United States
of America, Canada, and Latin America. For species that are known to be extant in Mexico, we
supplemented the distribution data with information from the USGS Nonindigenous Aquatic
Species database (64) and AmphibiaWeb (65). Ranking was then compared to the conversation
status as stated by the threatened species legislation of each North American country: Canada

(Species at Risk Act, S.C. 2002, c. 29), United States of America (US Endangered Species Act,
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1973, 16 U.S.C.), and Mexico (Norma Oficial Mexicana, NOM-059-ECOL-2001, Secretaria de

Medio Ambiente y Recursos Naturales 2002).

2.4 Results

Our initial search of life history data using Web of Science and Google Scholar produced
a total of 15,464 results, and we retained a total of 109 documents published between 1924 and
2020 for our review. Of these, over two-thirds (67.9%) were published prior to 2000, and nearly
a third (31.2%) were published prior to 1970. The most widely distributed Pseudacris species
were the most represented in the search; namely P. crucifer, P. maculata, P. triseriata, and the
three species originally classified as P. regilla. The majority of the information was collected
from regions along the coast of eastern USA (24.8% of documents; Florida, Georgia, Maryland,
Pennsylvania, New York, New Jersey, North Carolina, South Carolina), in midwestern USA
(18.3%; Illinois, lowa, Michigan, Minnesota, Kansas, Wisconsin), and in California (11.0%).
Only two documents (1.8%) featured data from species that occur in Mexico, and five (4.6%)

from species in Canada.

2.4.1 Distribution map

Chorus frogs are found throughout Canada, USA and the Baja California peninsula of
Mexico (Figure 2.1). West Coast clade frogs are distributed throughout the Pacific coast and
western Canada and USA, including British Columbia, Alberta, Washington, Oregon, California,
Nevada, and Arizona. Within Crucifer clade frogs, P. crucifer is widespread throughout eastern
Canada and USA, whereas P. ocularis is confined to the southeastern coast of the USA, in
Virginia, Georgia, North Carolina, South Carolina, and Florida. Species from the Fat Frog clade
are found across central to southern USA, as far north as Illinois (P. illinoensis), west throughout

Oklahoma, Missouri and eastern portions of Texas (P. streckeri), and south and eastward into
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northern Florida and the southeastern seaboard. The Trilling Frog clade is the most extensively
distributed. In particular, P. maculata are a widespread species found throughout central Canada
and northeastern USA, from the Northwest Territories in the north, British Columbia, Idaho,
Utah and Arizona in the west, to Quebec, Michigan, Indiana, Missouri, and Louisiana in the east.
P. nigrita and P. feriarum occur in the southern and northern portions of the east coast of the
USA, respectively. In the southwest of the USA, P. clarkii are found in Texas, Oklahoma, Kansas
and Tlaxcala (Mexico), whereas P. fouquettei are found in Texas, Oklahoma, Alabama, Arkansas,
and Mississippi. The most restricted species within the Trilling Frog clade is P. kalmi, which are

found in small portions of Delaware, Maryland, New Jersey, Pennsylvania, and Virginia.

2.4.2 General ecology and life history traits

Morphology

Chorus frogs are small-bodied (approximately 2—4 cm, 1-5 g as adults), often heard but
rarely seen (41,49). They tend to be slender with a slim waist and long limbs (Figure 2.2). Toe
discs are small with minimal webbing between digits (49,66,67). Most species have a light line
on the upper lip (49,66,67). Males possess a single, round vocal patch, which is yellow, grey or
brown over a lighter background colour. Bellies tend to be free of pigmentation. Both sexes often
have dorsal patterns with rows of dark spots, stripes, or a cross (“X”) over a brown, green, or
cream body coloration. However, coloration may be highly variable, even within populations of
the same species (67,68). Some species, such as P. regilla and P. sierra, may be able to change
colour within a season (68—70). Albinism (lack of pigment) and erythrism (red pigmentation)
have also been recorded in chorus frogs (71-73). Lemmon et al. (53) provide an excellent

comparison of morphology among several species in the Trilling Frog clade.
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Figure 2.1: Distribution of the 18 species of North American chorus frogs (genus Pseudacris:
Hylidae), separated by phylogenetic clade. Distribution is based on occurrence data from the
Global Biodiversity Information Facility website (58).
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Figure 2.2: Adult male boreal chorus frog (Pseudacris maculata), Great Lakes/St. Lawrence —
Canadian Shield population, reared in captivity. Age = 10 months. Snout-vent length = 29.9
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Table 2.1: Summary of life history traits of Pseudacris species in North America, separated by clade. See supplementary materials (Table S2.3) for

list of abbreviations

No. eggs
Breeding No. of per Time to Time to
Clade Species Distribution Season eggs cluster hatch metamorphose References
. Us: CA
P. cadaverina MEX: BCN Feb-Oct - 1-2 eggs - 40-75 days (50)
. US: AZ, CA, NV, UT 400- 9-80
P. hypochondriaca MEX: BCN, BCS Nov-July 250 eggs 2-9 days 60-75 days (50,100,198)
. 400- 9-80
West P. sierra US: CA, ID, MT, NV, OR, UT Nov-July - 60-65 days (50,100,199)
750 eggs
Coast
. US: AK, CA, MT, OR, WA 400- 9-80
P. regilla CAN: BC Nov-July 250 eggs 7-21 days 52-70 days (66,92,100,200-204)
P illinoensis US: AR, IL, MO Feb-March 200~ 8-79 - - (205-209)
1000 eggs
Fat Frog
P. ornata US: AL, FL, GA, LA, MS, NC, SC Nov-March 10-106 20-40 ~7 days ~90 days (76,210,211)
P. streckeri US: AR, IL, KS, LA, MO, OK, TX Nov-March <600 - 2-5 days ~60 days (66,212,213)
US: AL, AR, CT, DE, FL, GA, IA,
IL, IN, KS, KY, LA, MA, MD, ME,
Ml, MN, MO, MS, NC, NH, NJ,
P. crucifer NY, NY, OH, OK, PA, RI, SC, TN, Nov-June ~700 2-3 eggs 6-15 days ~90 days (66,127,214-218)
Crucifer TX, VA, VT, WI, WV
CAN: MB, NB, NL, NS, ON, PE,
QC
P. ocularis US: AL, FL, GA, NC, SC, VA Jan-Sept <200 1-25 eggs 1-2 days 7-70 days (66,88,216,219)

Note: 2-letter state/province codes for USA and Canada, and 3-letter state codes for Mexico as per ISO 3166-2 (i.e., BCN = Baja California, BCS = Baja California Sur, TLA

= Tlaxcala)

33




Table 2.1 (continued): Summary of life history traits of Pseudacris species in North America, separated by clade. See supplementary materials
(Table S2.3) for list of abbreviations.

No. eggs
Breeding No. of per Time to Time to
Clade Species Distribution Season eggs cluster hatch metamorphose References
300- 4-144
P. brachyphona US: KY, MD, OH, PA, TN, VA, WV Feb-June 1500 eggs 7-10 days 30-64 days (129,132,155,217,220)
P. brimleyi US: GA, NC, SC, VA Feb-April < 300 - - 30-60 days (221)
" US: KS, OK, TX
P. clarkii MEX: TLA Jan-June 1000 3-60 eggs 2-3 days 30-45 days (66,82,153,222)
US: AL, DC, FL, GA, IL, KY, MD, 40-60
P. feriarum MO, MS, NC, NJ, PA, SC, TN, VA, Feb-May <1000 coos 7-14 days 40-90 days (217,223)
. 500-
P. fouquettei US: AR, LA, MO, MS, OK, TX Jan-May 1500 - 2-3 days - (53,67,81,224,225)
- . . 500-
Trilling P. kalmi US: DE, MD, NJ, PA, VA Feb-April 1500 6-20eggs | 7-14days 40-90 days (126,226)
Frog
US: AZ, CO, IA, ID, IL, IN, KS, Ml,
MN, MO, MT, ND, NE, NM, NY, 137- 5-100
P. maculata OK, SD, UT, VT, WI, WY Feb-April 793 eggs 10-14 days ~60 days (67,78,227-229)
CAN: AB, BC, MB, NT, ON, QC, gg
SK, YK
P. nigrita US: AL FL, GA;/:A’ MS, NC, SC, Dec-Sept <180 6‘;;;36 2-3 days 40-120 days (66,76,89,90,125,126,131,222)
L US: IL, IN, KY, MI, NY, OH, PA 440- 20-70
P. triseriata CAN: ON Jan-June 1500 eggs 3-27 days 40-90 days (66,71,168,230)

Note: 2-letter state/province codes for USA and Canada, and 3-letter state codes for Mexico as per ISO 3166-2 (i.e., BCN = Baja California, BCS = Baja California Sur, TLA

= Tlaxcala)
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Timing of breeding

Like most anurans, chorus frogs are described as polygynous, or “lekking” species
(74,75). Chorus frogs are also iteroparous, although mortality is very high in the first year, so
many individuals only participate in a single breeding season during their lifetime (76—78). More
recent studies suggest that the proportion of chorus frog that breed more than once is greater than
previously thought (79,80). Thus, long-term studies are required to evaluate the contribution of
individuals to the reproductive effort across several breeding seasons. Although most chorus
frogs reach sexual maturity by the end of the first summer, individuals generally do not breed
during the first year (71). Species in this genus apparently capitalize on “cold weather breeding”
in late winter and early spring to avoid competition with other hylid frogs (52). The timing of
reproduction and calling behaviour is influenced by rainfall and temperature (81-83). However,
environmental variables are not the sole determinants of reproduction and calling behaviour, as
indicated by the asynchrony of timing of reproduction of sympatric species (66,71,75,76,84).
Breeding seasons are highly variable (Table 2.1), generally reaching its peak in March—April in
eastern regions, December—February in southern and western regions, and can occur over a
prolonged period (74,75,82,85). For example, several species with southerly distributions can be
observed breeding almost year-round, beginning as early as October and extending into the
summer of the following year (P. cadaverina: (86,87); P. ocularis: (88); P. ornata: (66); P.

nigrita: (89,90); P. regilla: (91,92); P. streckeri: (84,93,94)).

At the beginning of the breeding season, males gather in large groups shortly after
emerging from hibernation, and remain within the breeding habitat for four to ten weeks
(71,76,95). Conversely, females are often present in the breeding habitat for only a few nights for

up to two weeks (71,76). Sex ratios on breeding grounds are generally biased towards males
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(36,76,96,97). After spawning concludes, males will continue to call to attract more mates,
whereas females will return to terrestrial habitat after oviposition. Both males and females are
capable of mating with multiple individuals, but for the majority of species usually only one
clutch of eggs will be produced per breeding season (75,98). However, multiple clutches have
been observed in P. triseriata (99), and P. regilla (and potentially P. sierra and P.
hypochondriaca) may produce as many as three egg clutches in a season (100). Recently,
Goldberg (85) reported that chorus frogs can spawn twice in the same breeding season. Indeed,
female P. streckeri specimens collected in Oklahoma had both mature and post-ovulatory
follicles in the same ovary, indicating multiple spawning events within a single breeding season

(85).

Breeding habitat

Reproduction is aquatic in all species in the Pseudacris genus. A wide variety of shallow
water habitats, both natural and artificial, are utilized for breeding (67). The majority of species
use temporary or semi-permanent water bodies that are relatively free of predators and
heterospecific competitors (101,102). Breeding habitats include temporary ponds, roadside
ditches, flooded meadows, shallow bogs and marshes, buffalo wallows, furrows in plowed fields,
glacial kettlepots, as well as ephemeral pools and vernal pools in woodlands (49,66,71,103,104).
Most breeding sites are lentic freshwater systems, but Pacific chorus frogs (P. regilla) and

California tree frogs (P. cadavernia) also breed in small, slow-moving streams (66,86,87).

Calling behaviour

Reproductive behaviour is initiated by males vocalizing, and long periods of calling
likely have a role on circulating reproductive hormone concentrations and in maintaining sexual
arousal in females (95,105). Chorus frogs get their common name from their calling behaviour
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(66,106). When a sufficient number of males have gathered and are calling, a chorus of near
continuously calling individuals is established (95,107). These aggregations of calling males
allow females to assess the relative quality of potential mates, and for males to assess the quality
and competitive abilities of other males (95). In several species (i.e., P. crucifer, P. regilla, P.
triseriata), males produce a variety of calls, including advertisement calls and courtship calls
(95,108). Advertisement calls are long-range vocalizations that signal the position of a male to
other males, and to attract females. Courtship calls are short-range vocalizations produced by

males that are directed towards nearby females to indicate an “eagerness” to mate (95,108).

Male Pseudacris frogs produce either a series of repeated single notes, whistles, or a long
trill (95). The advertisement call of male boreal chorus frogs (P. maculata) is described as a
series of pulses, 750-905 ms in duration, produced at a rate of approximately 16 pulses s-1
(109). Calls are similar among species within the Trilling Frog clade, but see Cocroft and Ryan
(110) for comparisons of temporal and spectral properties of calls among species within the
Trilling Frog clade. The call of P. brachyphona is more rapid and high pitched, and described as
“quack like” rather than a trill (111). Within the West Coast clade, calls consist of a one- or two-
phase “rib-bit”, which contains a series of pulses, approximately 232-245 ms in duration,
delivered at a rate of 86—90 pulses s-1 (112). Species in the Fat Frog clade produce very short

whistles (30—60 ms) repeated in quick succession (P. ornata and P. streckeri) (93).

Pulse rate and call duration are important properties for species recognition in mixed
species assemblages (98,109,113). However, there is plasticity in calling behaviour, with the
properties of calls influenced by environmental conditions, temperature being predominant
(95,110,114). Patterns in acoustic signals are also influenced by the social context. For example,

male spring peepers (P. crucifer) produce tone-like “peeps” when calling in a chorus
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(advertisement call), but produce trill-like calls of short pulses (aggressive call) when in close
proximity to a competing male (115). Males also increase the duration and intensity of their
advertisement calls as the spacing between males decreases (116). Similar patterns have been

noted in other Pseudacris species (117).

Some male individuals may adopt a non-calling strategy (118). These silent males are
often referred to as satellites and associate closely with a calling male (95). Unlike in other
anuran species, this behaviour is apparently not size specific nor associate with “inferior” males
that cannot effectively compete (119). Individual males may switch between the calling or non-
calling strategy within a single night (99,120—122). Presumably, this strategy is used to intercept
females as they approach a calling male (123). However, an alternative hypothesis is that these
males remain silent to conserve energy while waiting for calling territories to become available

(99).

Amplexus

Consistent with other genera in the Hylidae family, Pseudacris species perform axillary
amplexus. The male mounts the female, grasps her directly behind the forelimbs, with the male
cloaca positioned above the female cloaca (75,95,124). This behaviour is initiated by female
contact, indicating receptivity. Males that attempt to mount an unreceptive female are quickly
dissuaded by the female moving away, although this avoidance behaviour is not always
successful (99,125). Amplexus usually only occurs at night, but P. kalmi have been observed in
amplexus during the day (126). Observations of P. crucifer (127) and P. triseriata (126) suggests
that ovulation precedes amplexus. Mates remain in amplexus between a few hours up to 40
hours, as observed in P. regilla (128). Amplexus behaviour is concurrent with oviposition. Prior

to oviposition, P, nigrita females perform “spasmodic” abdominal contractions (125).
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Oviposition

As the Pseudacris female releases her eggs, she will arch her back bringing her cloaca in
close proximity to the male cloaca (105,125). For the majority of species, this behavior occurs as
the female straddles some form of submerged vegetation to which the eggs are attached
(71,125,129). The duration of oviposition is variable and often occurs in several successive
events over the course of 2—3 hours, with the female and male in amplexus moving between
locations (67,95,125). Eggs are laid singly or in small clusters, depending on the species (Table
2.1). Whitaker (71) noted that egg-laying in P. triseriata occurred at temperatures > 10°C, and
often after rainfall. Clutch size, or the full complement of eggs deposited as one to several
masses, is relatively small in comparison to related taxa, such as treefrogs in the genus
Dryophytes (=Hyla) that can have clutches of 2,000 to 4,000 eggs (130). For example, Southern
chorus frogs (P. nigrita) lay < 160 eggs in a series of masses of approximately 15 eggs (125,131).
At the other extreme, several species of the former “P. triseriata complex” including P. feriarum,
P. kalmi, P. maculata, and P. triseriata deposit up to 1500 eggs in masses of approximately 10—
80 eggs (104). Similarly, large clutches (1479 eggs) have also been observed in P. brachyphona
(132). Oviposition behaviour can be altered in response to predators and competition (133—135).
Buxton et al. (136) found that female P. triseriata lay fewer eggs in experimental ponds that
contained western mosquitofish (Gambusia affinis) than females in ponds that were fish-free.
Ouellet et al. (101) observed that P. maculata breeding sites in Québec (Canada) were generally
devoid of predatory fish. Reproductive investment and fecundity are associated with body size in
several frog species, including those in the families Hylidae, Leptodactylidae, Microhylidae,
Ranidae and Rhacophoridae (137-140). Duffitt and Finkler (141) found that, prior to

reproduction, larger males and females of P. crucifer and P. triseriata allocate more energy to

39



courtship activity and gamete production, respectively, than smaller individuals. Ovarian mass is
positively correlated with body size in both species, and the gonadal-somatic index is positively

correlated with body size in P. crucifer (141).

Development

Eggs generally hatch within two weeks of being deposited, but can range from 2 to 27
days (104,142). As with many amphibian species, egg and tadpole development depends on
water temperature, hydroperiod and other environmental conditions (71,143—145). At
metamorphic emergence, P. brachyphona and P. crucifer have a balanced sex ratio (127,132).
Larvae are generalist feeders, indiscriminately consuming a variety of items including detritus,
algae, and other periphyton associated with submerged vegetation (104,142), as well as small
quantities of pollen and invertebrates (146—148). The larval period is short in most species, with
metamorphosis (Gosner stage 46) occurring 30 to 90 days after hatching (104). To assess the
influence of hydroperiod on tadpole development, Amburgey et al. (145) collected boreal chorus
frog (P. maculata) tadpoles from permanent and temporary ponds (Gosner stage 24-31) and then
subjected tadpoles to one of three hydroperiod regimes. Whereas the hydroperiod treatment did
not influence development rate, tadpoles collected from permanent ponds matured and
metamorphosed faster than those collected from temporary ponds. The authors hypothesized that
developmental rates are influenced by predation level as a wider variety of predators are more

likely to be found in larger and more permanent water bodies (145).

Migration and hibernation

After reaching metamorphosis, juvenile frogs remain near natal ponds for several weeks
and then migrate a short distance (< 500 m) into more terrestrial habitats close to water

(50,67,78). Migration distance varies between populations and depends on the distribution of
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suitable habitats (149,150). The majority of pond-breeding amphibians are highly philopatric
(150). Since most Pseudacris species utilize temporary bodies of water, individuals may be
philopatric to a general area rather than a specific water body and regularly switch ponds. This
pattern is especially common in regions where stochastic environmental or anthropogenic
conditions result in ponds regularly being created or drying up (150,151). Juvenile habitat is

largely similar to adult habitat, but has not been extensively studied in any species (50).

Based on observations of P. clarkii, P. crucifer, and P. ocularis, adult chorus frogs are
primarily terrestrial, only found in aquatic environments during breeding, and will migrate short
distances away from ponds and pools after spawning (152,153). Adults generally remain within
100 m of breeding ponds during the spring and summer and rarely migrate >200 m within a
single generation (P. triseriata: (154); Trilling Frog clade: (62)). Conversely, Green (132)
observed migrations of up to 610 m within a single breeding season and up to 1219 m between

breeding seasons in mountain chorus frogs (P. brachyphona).

Most populations of chorus frogs enter torpor and overwinter in terrestrial habitats, either
underground or under logs, rocks, and leaf litter (50,155,156). Chorus frogs may migrate short
distances to hibernation sites but are generally found emerging from locations close to breeding
sites (71,154). Spring peepers (P. crucifer), Pacific tree frog (P. regilla), Western chorus frogs (P,
triseriata), and boreal chorus frogs (P. maculata) tolerate temperatures below 0°C. These species
produce a glucose-based cryoprotectant limiting cell volume reduction and preventing
intracellular freezing during sub-zero temperatures. (157—163). It is unclear whether Pseudacris
species with southern distributions have the ability to utilize similar freeze tolerance or freeze

avoidance mechanisms. Indeed, not all species are thought to hibernate. Some populations of the
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ornate chorus frog (P. ornata) and little grass frog (P. ocularis) are active during the winter

months and may even breed during this time (88,164,165).

2.4.3 Stage-specific survival probability

Eggs and larvae

Mean survival probability was highly variable among species and published studies
(Table 2.2). The majority of data on egg and larval survival probability have been collected with
species in the Trilling Frog clade, and we did not find any survival estimates on several species,
including P. cadaverina, P. brachyphona and P. brimleyi. Development and survival probabilities
in the aquatic stages depend on several abiotic and biotic factors, such as predation and
competition rates, hydroperiod, and water quality (145,166). In general, survival probabilities are
higher in controlled settings compared to natural conditions as eggs and larvae are able to
develop without predation pressures and risks of desiccation, and with more stable
environmental conditions (167). In a natural population, Whiting (78) reported a mean survival
probability of only 0.05 (P. maculata). Most studies reviewed measured the hatching success by
transferring eggs or larvae into a controlled environment (129,168—171). Even when major
threats are eliminated in controlled environments, Pseudacris species can experience high rates
of mortality between hatching and the end of the larval period. For example, survival probability
of eggs was estimated to be 0.39 for P. clarkii (171). Survival probabilities can also be relatively
high in natural settings. In P, triseriata reared in natural ponds, Kramer (172) reported a mean
survival probability of approximately 0.62 for eggs, and Smith (173) reported a survival
probability from larvae to metamorphosis between 0.25 and 0.90. Due to the lack of data,

comparisons among species and clades during the aquatic stages are very limited.
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Table 2.2: Summary of survival probabilities (¢) and longevity in frog species in the genus Pseudacris, separated by clade. To simplify the table,
male and female survival parameters have been grouped.

Clade Species ¢ eggs ¢ larvae ¢ juveniles | ¢ adults | Lifespan Age a.t References
maturity
P. cadaverina - - - - - - -
P. hypochondriaca | 0.85-0.95 - - 0.01-0.3 - 1year (92,231)
WestCoast | 5, .o - 0.90-0.95 - - - - (199)
; 1-3
P. regilla - - - - years 1-3year | (198,232,233)
P.illinoensis - - 0.03-0.04 0.28 yi;?s 1year (36,177,185,206,209,234)
Fat Frog P. ornata - 0.94-0.97 0.32-0.85 0.52 - - (76,143,235)
P. streckeri - - - - -3 - (85,236)
years
P. crucifer 0.52 0.5-0.9 0.25 0.25 4 years 2 years (67,130,170,184,226,233,237-242)
Crucifer
P. ocularis - 0.1 - - - - (219)
P. brachyphona - - - - - - -
P. brimleyi - - - - - - -
P. clarkii 0.39 0.22-0.84 - - -2 - (171,236,243,244)
years
P. feriarum 0.77 0.10-0.89 - - - - (169,245)
. P. fouquettei - - - - - - -
Trilling Frog
P. kalmi - - - - - - -
0.14- 2-7
P. maculata 0.4-0.9 0.3-0.9 0.09-0.13 0.49 years 1year (67,78-80,145,168,170,176,186,228,229,246,247)
P. nigrita - - - 0.28 -3 - (76)
- nig ) years
P 1-3 1-2
P. triseriata 0.37-0.87 0.9 0.06-0.13 0.19 (71,76,77,172,238)
years years
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Table 2.3: Summary of the national and subnational status of frog species in the genus Pseudacris, separated by clade.

Clade Species Dir:ta:illg:t?;n IUCN Status IUCN Trend NatureServe Subnational Status Rank (CAN & USA)
P. cadaverina USA, MEX Least Concern Stable CA: SNR
West Coast P. hypochondriaca* USA, MEX Least Concern* | Stable* CA, NV: SNR; UT: SU; AZ: S3
P. sierra* USA Least Concern* | Stable* CA, OR: SNR; UT: SH; MT: S4; ID, NV: S5
P. regilla USA, CAN Least Concern | Stable AK, CA: SNR; MT: S4; BC, OR, WA: S5
P. illinoensis' USA Least Concern’ Unknown? AR: S1; MO: S2; IL: S2S3
Fat Frog P. ornata USA Least Concern Stable LA: SH; MS: S1; NC: S2; FL: S2S3; SC: S354; AL, GA: S5
P. streckeri USA Least Concern Unknown IL, MO, OK: SNR; LA: S1; AR, KS: S2; TX: S3
FL, IN, OH, OK, SC: SNR; NL: S1S2; KS: S3; DC, IA, MN: S4;
P crucifer MB, NB, NS, ON, PE, QC, AL, AR, CT, DE, GA, IL, KY, LA, ME,
Crucifer MD, MI, MS, MO, NH, NJ, NY, NC, PA, RI, TN, TX, VT, VA, WV,
USA, CAN Least Concern Stable WI: S5
P. ocularis USA Least Concern Stable SC: SU; FL: SNR; AL: S1; VA: S3; GA: S4S5; NC: S5
P. brachyphona OH: SNR; MD: S1; GA, NC, PA: S2; MS: S3; TN, VA, WV: S4; KY:
USA Least Concern Unknown S5
P. brimleyi USA Least Concern Stable SC: SNR; GA: S1; NC, VA: S4
P. clarkii USA, MEX Least Concern Stable OK: SNR; KS, TX: S5
P feriarum NJ: SU; FL: SNR; PA: S1; DC, WV: S3; IL: S4; AL, GA, KY, MD,
USA Least Concern Stable MS, MO, NC, SC, TN, VA: S5
Trilling Frog | P. fouquettei USA Least Concern Stable TX: SU; MS, MO: SNR; OK: S3; AR, LA: S5
P. kalmi USA Least Concern Stable VA: SNR; PA: S1; NJ: S3; DE, MD: S4
ND, OK: SNR; MI, VT: S1; YT: S1S2; QC, IN: S2; NY: S2S3;
P. maculata USA, CAN Least Concern Stable NM: S3; ID, IA, ON, UT: S4; BC, NT: S4S5; AB, MB, ON, SA, AZ,
CO, IL, KS, MN, MO, MT, NE, SD, WI, WY: S5
P. nigrita USA Least Concern Stable FL, LA, SC: SNR; NC: S2; VA: S3; AL, GA, MS: S5
P. triseriata USA, CAN Least Concern Decreasing QG, IL, OH: SNR; PA: S1; NY: S2S3; ON, IN: S4; KY, MI: S5

NatureServe subnational ranks range from most at risk of extinction (critically imperilled; S1) to least at risk of extinction (stable; S5), and include ranks for
species that are unrankable (SU), currently unranked (SNR), or presumed to be extirpated (SH). Multiple ranks combined (i.e., S2S3) indicate uncertainty of
conservation status. See Supplementary materials (Table S2.3-S2.4) for a more detailed descriptions of ranking and a full list of abbreviations. * = species
considered a subspecies of P. regilla by IUCN. 1 = species considered a subspecies of P. streckeri by IUCN.
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Juveniles

There is considerable uncertainty in survival probabilities of juvenile chorus frogs, a
pattern that is observed for many amphibians (174,175). The complexity of marking and
recapturing metamorphic and juvenile anurans make estimating survival very difficult (176). For
many chorus frog species, data are lacking. Studies that estimated juvenile survival probabilities
in natural environments found that only a small proportion of froglets reach the adult stage. For
example, in a study on P, illoniensis, Tucker (177) estimated a survival probability from
metamorphosis to sexual maturity to be only 0.03. Whiting (78) estimated juvenile survival
probability to be approximately 0.09-0.13 (P. maculata), whereas Smith (77) found survival
probability of juveniles to adulthood was approximately 0.19 (P. triseriata). However, these three
authors did not correct for imperfect detection probabilities, so actual survival could be very
different from the reported estimates (178,179). Advancements in mark and recapture
technology, such as small, light-weight visible implant elastomer tags (180,181) and alpha tags

(182) ofter the possibility of improved juvenile population estimations.

Adults

We found survival estimates for seven (38%) of the 18 Pseudacris species. For these
species, the probability of survival varied between 0.01 and 0.52. Studies on the same species
report conflicting adult survival rates. For example, Muths et al. (79) estimated that mean adult
survival probability in P maculata was approximately 0.51 (both sexes combined), whereas
survival estimates from Whiting (78) ranged from 0.25 to 0.27 in males and 0.36 to 0.50 in
females. These discrepancies could be due to different analytical approaches: Muths et al. (79)
used a formal capture-mark-recapture model, whereas Whiting (78) used an ad hoc estimate of

survival that did not account for recapture probability. Most studies on Pseudacris are relatively
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short in duration, spanning only 2-3 years, and may not accurately capture variability of survival
among years. Notable exceptions are the 30-year studies on two populations of P. maculata in
Colorado, USA by Muths et al. (79) and Kissel, Tenan and Muths (80). Between years, Muths et
al. (79) observed highly variable survival probabilities ranging from 0.19 to 0.76. Therefore,
studies on adult survival probability should extend several years to capture variation in

environmental conditions (hydroperiod, temperature, predation) and their impact.

2.4.4 Longevity and iteroparity

The majority of studies indicate that Pseudacris species have a lifespan between 1-3
years (71,76,78,92,183). However, several studies suggest longevity in chorus frogs is
underestimated. Using skeletochronology, Lykens and Forester (184) estimated that P. crucifer
could live for 4 years (n = 3 individuals, out of 43 studied). Using capture-mark-recapture
methods, Tucker et al. (185) reported that some adults of P. illinoensis reached 6 years (mean 2—3
years). Using a similar approach, Muths et al. (79,186) recaptured tagged female P. maculata that
were 7 years old. Together, this indicates that chorus frogs have a lifespan beyond the previously
believed 1-3 years, but that individuals experience low survival between breeding seasons.
Longevity estimates may be male-biased, as males are captured more easily during reproduction
than females (79). Conversely, if females occur close to a breeding site during several
consecutive years, it may be assumed that females attempt breeding at least twice within their

lifespan (Muths E., pers. com.).

2.4.5 Conservation status

All 18 species in the genus of Pseudacris are currently classified as “least concern” by
the International Union for the Conservation of Nature (2). Global population trends are

considered “stable” for the majority of species (Table 2.3). However, the [IUCN states that
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population trends are unknown for P. brachyphona, P. illinoensis, and P. streckeri, and
considered decreasing for P. triseriata. Currently, [IUCN considers P. hypochondriaca and P.
sierra as subspecies of P. regilla, and P. illinoensis as a subspecies of P. streckeri. It is possible
that the rankings and population trends of these species could change if assessed separately.
According to Recuero et al. (48), even if the three members of the P. regilla complex were
considered separate species by the IUCN, they would still likely be classified as “least concern”.
The patterns reported by the IUCN concur with the status designated by the governments of
Canada, USA, and Mexico. All three species that occur in Mexico (P. cadaverina, P.
hypochondriaca, P. clarkii) have a status of “least concern” despite observed declines and
persistent threats to populations of P. hypochondriaca (187). In Canada, the Great Lakes/St.
Lawrence — Canadian Shield population of P. maculata (distributed in Ontario and Québec) is
designated as threatened and is listed under the Species at Risk Act (188). Sub-nationally in
Québec, P. maculata is listed as vulnerable (high risk of extirpation) under the Act Respecting
Threatened or Vulnerable Species (R.S.Q., c. E-12.01), as the species is estimated to occupy only
10% of its historical range (189,190). The population was previously designated as P. triseriata
(191,192), which may contribute to why the [IUCN now considers the species populations to be
declining. None of the species that occur in the USA are listed under the Endangered Species Act
(193), but the status of P. illinoensis is currently under review by the US Fish and Wildlife
Service (194). According to NatureServe (63) databases, all species are “secure” at the national
level, with the exception of P, illinoensis (N3 = Vulnerable), P. kalmi (N4 = Apparently Secure),
and P. cadaverina (N4 = Apparently Secure). However, several populations are considered
critically imperiled, or at a very high risk of being extirpated, at the subnational level, including

P. streckeri (in Louisiana), P. ocularis (in Alabama), P. brachyphona (in Maryland), P. brimleyi
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(in Georgia), P. feriarum (in Pennsylvania), P. kalmi (in Pennsylvania), P. maculata (in Michigan
and Vermont), and P. triseriata (in Pennsylvania). Populations of P. illinoensis in Illinois are

classified as threatened (195) and the species has a very restricted distribution in Arkansas (183).

2.5 Conclusion

The current state of knowledge on the ecology, life history strategies and conservation
status of North American chorus frogs has been reviewed. We found that there is a remarkable
consistency in the life history traits of Pseudacris species, considering their relative diversity and
wide distribution in North America. Whereas no major differences in life history traits emerge
among species, the distribution of the populations appears to impact clutch size and
development. Within a species, females in warmer, more southern populations tend to have
smaller clutches of eggs, but the extended breeding season allows for multiple clutches within a
single season. Therefore, total annual egg production amongst species is very similar. Eggs of
populations in warmer climates also hatch sooner and develop more quickly than those in more
temperate climates. No clear associations between conservation status and life history strategies
were detected. While many populations of species within the Trilling Frog clade are considered
critically imperilled at the subnational level (Table 2.3), we speculate that this is likely a result of
restricted distribution and increased local threats in distal portions of the species’ range. The
majority of the populations in decline occur in the east coast of the USA. For example, three
species (P. feriarum, P. kalmi, and P. triseriata) are at a high level of risk of extinction in
Pennsylvania. The factors contributing to this extinction risk in Pennsylvania may be related to
the spread of disease, the high human population density (9th highest of the 50 US states), and

increased levels of anthropogenic disturbance (196), but this should be investigated extensively.

48



The most striking finding in our review is the scarcity of data on the egg, larval, and
juvenile life stages. For many species there are no data available on the number of eggs laid or
the length of the embryonic period, particularly in the West Coast and Fat Frog clades (see P
cadaverina and P. illinoensis in Table 2.1). Data are lacking for estimates of stage-specific
survival rates and longevity for most chorus frog species (Table 2.2). More than two-thirds of
data that have been collected prior to the 2000s, highlighting the need for a reassessment
addressing the recent updates to phylogeny (43,44,52,53). The focus should shift to species that
have been historically underrepresented or have been conflated with other species, including
those recently elevated to species status (i.e., P. fouquettei, P. hypochondriaca, P. illinoensis, P.

sierra).

Information on life history traits is critical for understanding the ecology of chorus frogs
and will improve our understanding of how environmental threats impact populations. Empirical
data are also required for species conservation and mitigation efforts, to prevent further declines
in regions where populations appear relatively stable or unaffected, maintaining common species
common (197). We have found that there are many similarities in life history traits among
species in the Pseudacris genus. Chorus frogs may therefore be generally susceptible to the same
anthropogenic disturbance and changing climate patterns due to their characteristic cold weather
breeding strategy and reliance on temporary wetlands. More promising is that the strong
similarities in life histories and reproductive ecology of the 18 identified Pseudacris species
suggests that recovery strategies we can develop for one species could be more broadly
applicable. Thus, the data collected on species (or populations) that are currently stable can

inform and benefit conservation efforts on species and populations declining elsewhere in North
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America. There is great potential for meaningful and impactful collaboration among research and

conservation groups throughout the continent.
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3.1 Abstract

Changes in phenological patterns in breeding behaviour are useful for determining the
effect of climate change on amphibian communities, many of which are declining and at risk of
extinction. However, most of the climate change research focuses on long-term warming trends

while giving less consideration to the increasing frequency of extreme weather events. We

determined the phenology of calling activity of four early spring-breeding anurans in eastern
Ontario using autonomous recording units from 2022-2024. There were the boreal chorus frog
(Pseudacris maculata), spring peeper (Pseudacris crucifer), wood frog (Boreorana sylvatica),
and American toad (4naxyrus americanus) were assessed. An unusually warm March in 2024
(“false spring”) followed by freezing temperatures allowed us to assess the impact of a weather
event on this amphibian community. Calling activity of all four species was associated with
increasing temperature and wood frog calling activity was associated with decreasing rainfall.
Coinciding with the warmer temperatures in March, the first date of calling was advanced by 11
days for American toads, 15 days for wood frog and 18 days for spring peepers and boreal chorus
frogs in 2024 compared to 2022. However, the probability of calling activity was significantly
reduced in 2024 for all species except spring peeper, which had the highest probability of calling
activity in that year. The probability of calling in boreal chorus frogs decreased from 93% in
2022 to 54% in 2024, which may lead to negative fitness consequences for this declining species.
This study exemplifies the species-specific response of spring-breeding anurans to seasonal and
environmental variables are species-specific, highlighting the potential impact of the atypical
weather events on calling activity. Shifts in phenological patterns can create mismatches between
the timing of reproduction and the availability of resources important for the survival of

offspring, thus negatively impacting recruitment and persistence of local anuran populations.
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3.2 Introduction

Biotic and abiotic environmental conditions greatly influence the timing of animal
behaviours (i.e., their phenology) (Macphie and Phillimore 2024). Indeed, life history strategies
of animals are often adapted to local weather, species composition, and physical structure of
habitat (Benard and Greenwald 2023). The unprecedented rapid changes in climate caused by
anthropogenic activities therefore represent potential threats to animal fitness (Mantyka-Pringle
et al. 2012; Urban 2015; Soroye et al. 2020). Climate change can have negative impacts across
several trophic levels (i.e., individual to ecosystem-wide), leading to “phenological mismatches”
between interacting species (Miller-Rushing et al. 2010; Thackeray et al. 2016). These changes
contribute to population declines in insects (Scranton and Amarasekare 2017; Halsch et al.
2021), birds (Saino et al. 2011), amphibians (Daszak et al. 2005), and reptiles (Sinervo et al.
2010; Griffis-Kyle et al. 2018). Evidence in migrating birds suggests that species that have the
greatest phenological mismatches, or those that fail to adjust their behaviour in response to
changes in weather and climate, display the largest population declines (Saino et al. 2011; Gilroy
et al. 2016). Most research on the impact of climate change on wildlife focuses on long-term
changes occurring gradually over many years or decades (Shriver 2025). Importantly, climate
change is also associated with increases in the frequency of extreme weather events (e.g., heat
waves, hurricanes, floods) which predominately have negative ecological outcomes and thus are

equally important to consider (Maxwell et al. 2019).

Climate change contributes to population declines in many amphibian species as the
changes are often too extreme or rare for adaptation to occur, such are increasing temperature
above thermal tolerances or decreasing the hydroperiod length of breeding ponds (Pottier et al.

2025). It is widely recognized that amphibians are at the highest risk of extinction among all
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vertebrate taxa (Wake and Vredenburg 2008; Munstermann et al. 2022). Amphibians may be
more susceptible to the direct and indirect negative effects of climate change due to their
physiology, biphasic life cycle dependent on both terrestrial and aquatic ecosystems, limited
dispersal ability, and high site fidelity (Blaustein et al. 2011; Lopez-Alcaide et al. 2011; Li et al.
2013). Changes to climatic factors could also affect survival and reproduction of amphibians by
altering hydroperiods, prey-predator relationships, vegetation composition, and the spread of
disease (Corn 2005; Blaustein et al. 2011; Li et al. 2013). While milder winters and earlier
springs could promote population viability by increasing breeding opportunities for amphibians
in temperate zones (McCaffery and Maxell 2010), it may also increase the risk of freezing and
elevate physiological demands throughout hibernation (Benard 2015; Bison et al. 2021). Species
in temperate zones and at higher latitudes experience broader variations in temperature and
precipitation throughout the year and are more tolerant of gradual climate changes compared to
tropical species (Deutsch et al. 2008; While and Uller 2014). However, the impacts of extreme
weather events on amphibians, as well as potential differences among species and populations

remain largely unknown (Maxwell et al. 2019).

For many anuran (frog, toad, and treefrog) species, vocalizations can be used to track the
occurrence, activity patterns, and trends in populations (Dorcas et al. 2010). Males gather at
breeding sites and produce vocalizations used to assess the quality of competitors, attract
females, and coordinate spawning (Wells and Schwartz 2007). Calling activity occurs primarily
during the breeding season, but is influenced by several abiotic and biotic factors, including
habitat, hydrology, and interspecific interactions (Klaus and Lougheed 2013; Ospina et al. 2013;
Davis et al. 2017). Previous studies on amphibian communities in North America have reported

that winter- and spring-breeding species tend to respond similarly to changes in temperature and
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precipitation, but that the magnitude of responses may be influenced by breeding strategy (i.e.,
prolonged versus explosive) and can be species-specific (Gibbs and Breisch 2001; Todd et al.
2010; Walpole et al. 2013). Thus, estimating the relationship between abiotic factors and calling
phenology is important for understanding the impacts of climate change and extreme weather on

anuran communities to better inform conservation and management efforts.

In this study, our primary objective was to determine how an uncommon weather
anomaly associated with climate change influenced the calling activity of early spring-breeding
anuran communities. In 2024, there was an unusually warm March in eastern Ontario, during
which temperatures exceeded 5°C for 17 consecutive days when temperatures are typically
below freezing at this time of year in this region (2014-2021 average = -4.68°C). This weather
anomaly (“false spring”) provided the opportunity to evaluate the effect of a weather event on the
anuran community. Because patterns in calling activity of spring-breeding anurans should be
highly responsive to changes in weather conditions, we predicted that frog species would
advance their calling activity in response to increasing seasonal temperature associated with the
false spring. We hypothesized that responses of anuran species to the false spring would be
species-specific and may be related to breeding strategy and population status. To test this, we
studied four early spring-breeding anurans: boreal chorus frogs (Pseudacris maculata), spring
peepers (Pseudacris crucifer), American toads (Anaxyrus americanus), and wood frogs
(Boreorana sylvatica). Boreal chorus frogs are a species with a widespread distribution, but local
population declines have been pronounced and rapid in recent years in Eastern Canada (Seburn et
al. 2014). Boreal chorus frogs are provincially listed as “threatened” in Québec (R.S.Q.,
chapter E-12.01), and the Great Lakes / St. Lawrence — Canadian Shield (GLSLCS) population is

"threatened” in Canada under the species at risk act (Environment Canada 2015). In comparison
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to boreal chorus frogs, spring peepers, American toads, and wood frogs are widespread and their
populations in eastern Canada have remained relatively stable over the last decade (Lacroix et al.
2024). The breeding strategies of the four species fall along a gradient, with spring peepers and
American toads having prolonged breeding seasons (April-June), wood frogs having a short,
explosive breeding season that lasts 2—3 weeks, and boreal chorus frogs being somewhere in
between (Dodd 2023). Therefore, this amphibian community provides an ideal system to

examine how anuran calling activity varies in response to changing weather conditions.

3.3 Methods

3.3.1 Study area

Acoustic sampling occurred at four boreal chorus frog sites in Leeds and Grenville
County (approx. 1 h south of Ottawa, Ontario) during three breeding seasons (2022—-2024). The
“Limerick Forest” site is a small, shallow pond (approx. 5 m width x 20 m length x 0.3 m depth)
in a forested area adjacent to the Wolford Bog Complex. The surrounding forest is primarily
eastern white pine (Pinus strobus), eastern white-cedar (Thuja occidentalis), and American beech
(Fagus grandifolia), with smaller components of sugar maple (Acer saccharum), red maple
(Acer rubrum), eastern hemlock (T3uga canadensis), northern red oak (Quercus rubra), black
cherry (Prunus serotina), and yellow birch (Betula alleghaniensis). The “County Rd 15” site is
comprised of two long roadside ditches (approx. 3 m width x 115 m length x 0.5 m depth) south
of Merrickville-Wolford, ON. The ditches and verges contain a mix of grasses (Poa sp.) and
sedges (Carex sp.). Swamps occur east and west of this section of County Rd 15, containing
European buckthorn (Rhamnus cathartica), white birch (Betula papyrifera), trembling aspen
(Populus tremuloides), elms (Ulmus sp.), and dead ashes (Fraxinus sp.). The “Bolton Rd” site is

a flooded field (approx. 20 m width x 30 m length x 0.2 m depth) off a dirt road next to a wooded
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area dominated by white spruce (Picea glauca), eastern white-cedar, white birch, and tamarack
(Larix laricina). The “Hare’s Hill” site is a small marsh (approx. 20 m width x 24 m length x 0.7
m depth) containing cattails (7ypha sp.) and willow (Salix sp.), adjacent to a dirt road, and
surrounded by European buckthorn, white spruce, eastern white-cedar, white birch, and

tamarack.

3.3.2 Recording schedule

We deployed autonomous recording units (model: AudioMoth 1.2.0; Open Acoustic
Devices; Hill et al. 2018) at three sites in 2022, two in 2023, and four in 2024. At each site, a
single AudioMoth was placed 1.5 m above the ground and set to record 5 minutes at the
beginning of each hour. AudioMoths were deployed from March 30" to May 16™ in 2022 and
2023, and from March 12" to May 17" in 2024. Sampling produced a total of 5364 audio files
equaling 463 hours of recordings after exclusion of corrupted files. We listened to and visually
inspected each 5-min file in the Audacity software (version 3.7.0), noting the calling activity of
boreal chorus frog, spring peeper, American toad, and wood frog. Visually inspecting the
spectrograms of recordings was essential as large choruses of some species (particularly spring
peepers) can mask the signals of other anurans. We initially scored the files using the standard
three-point North American Amphibian Monitoring Program (NAAMP) index for each species
(Weir and Mossman 2005): (0) absence of calling activity; (1) up to two or three distinct
individuals, with mostly non-overlapping calls, (2) overlapping calls but still allowing to
distinguish individuals, and (3) full chorus consisting of overlapping calls with non-
distinguishable individuals. This index was then converted into a binary value (0 = no calling, 1

= calling) for each species.
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3.3.3 Weather data

We obtained hourly temperature and rainfall data from the Environment and Climate
Change Canada historical data website for Kemptville CS station (Climate ID: 6104027; mean
distance to study sites = 16.1 km) to provide a general overview of the weather conditions in the
study area in which all sites are located. We compared mean daily temperature among years for
the entire three-month recording period (March—May). For comparison to years of the current
study (2022-2024), we also provided the mean monthly temperature and rainfall data averaged
across 2014-2021. We presented the mean daily temperature and the number of hours above 5°C
for each day during the “early calling initiation period” (1 March to 10 April), during which
many anuran species begin calling and often reach the peak of their calling behaviour in this
region (De Solla et al. 2007; Brinley Buckley et al. 2021). We used a threshold of 5°C because
air and water temperature are among the strongest predictors of anuran calling activity in this
region and calling is often initiated when temperatures exceed 5°C (Oseen and Wassersug 2002;
Ospina et al. 2013). The 5°C temperature threshold also closely approximates the minimum air
temperature of 5.6°C (42°F) used for the first survey following the NAAMP survey protocol
(Weir and Mossman 2005) and thus allows for comparisons to other North American studies on

early spring calling in anuran amphibians.

3.3.4 Phenology of calling activity

We determine the first day of calling for each species, defined as the first day in the
calendar year where vocalizations were detected in > 4 of the 24 audio files. We calculated the
relative calling activity level (CAL) as the mean proportion of hours in a day that contained at
least one individual calling (i.e., CAL value of 0.50 = 12 out of 24 hrs contained calls) among all

sites. This metric provides a comparative measure of the date when each species begins calling

69



as well as the increases and decreases in calling activity throughout the breeding season. As
acoustic recorders had been deployed approximately two weeks earlier in 2024 than in 2022 and
2023, we restricted the dataset for all three years to overlapping deployment dates (March 30 to

May 15).

3.3.5 Statistical analyses

We evaluated the relationship between the calling activity of all four species and abiotic
factors using generalized linear models and generalized linear mixed models with a binomial
distribution and logit link function (Gelman and Hill 2007). For spring peepers and American
toads, we modelled the relationship between the binary response variable (0 = no calling, 1 =
calling) and seven predictor variables, including time of day, day of the year (linear and
quadratic), year type, the interaction between day of the year and year type, air temperature (°C),
and rainfall (mm) using the “glmer” function in the R package “Ilme4” (Bates et al. 2015). Year
type was defined as either “average”, reflecting the weather conditions typically observed in the
region (i.e., 2022 and 2023 were similar to the average of 2014-2021 weather conditions), or
“false spring”, reflecting weather conditions in 2024 when temperatures were warmer than usual
in early March followed by freezing temperatures. For the boreal chorus frog model, we also
included the calling activity (binary: 0/1) of wood frogs, American toad, and spring peeper in
addition to the above predictor variables. Study site was included as a random variable in the
boreal chorus frog, spring peeper, American toad models, whereas site was included as a fixed
effect in the wood frog model because the species occurred only at two sites (“Hare’s Hill” and
“Limerick Forest”). We opted to prioritize study site being treated as a random variable as they
represent a random sample of locations within the region where anurans occur. We also expect

responses (i.e., calling probabilities) within sites to be clustered. It is generally recommended to
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have > 5 levels to a random variable and often multilevel models with only 2 levels provide little
to no additional information compared to classical regression model (Gelman and Hill 2007).
American toads were absent from the Hare’s Hill site, so data from that study site was removed
from the American toad model. Additionally, wood frogs were rarely detected at the Bolton Rd
and County Rd 15 sites (< 1% of audio files). We removed these study sites from the dataset and
used a generalized linear model for wood frog calling activity. We used the air temperature from
an internal sensor within the AudioMoth recording units, rather than the local weather station, to
account for any differences in temperature among locations. Day of the year (DOY), air
temperature, and rainfall were standardized to mean 0 and unit variance before analyses. Time of
day was converted into four 6-hr time blocks (Morning = 06:00—-11:59:59, Afternoon = 12:00—
17:59:59, Evening = 18:00-23:59:59, Night = 00:00-05:59:59) to circumvent the circular nature

of the 24-h clock.

34 Results

3.4.1 Weather patterns

The mean temperature and mean rainfall accumulation across March—May in 2024
differed from 2022 and 2023 (Figure 3.1). While rainfall was largely comparable among years,
daily temperatures were warmer in 2024. Notably, there was an early thaw, or false spring, in
March of 2024 (DOY 61-78). Temperatures in this region, based on local weather records from
2014-2021, are typically below freezing (average = -4.68°C, range = -8.84°C —-1.03°C) during
early- to mid-March (Figure 3.1). Mean daily temperature during 2022 and 2024 were
comparable to the 2014-2021 average. In contrast, temperatures in 2024 were consistently above
0°C (Figure 3.2), with at least one hour per day above 5°C for 17 days, followed by 7 days with

temperatures < 0°C (Figure 3.3); a pattern not observed in the previous two years (2022 and
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2023) or during 2014-2021. Temperature differences were particularly pronounced during the
early calling initiation period (DOY 60-100). Mean daily temperature (+ standard deviation)
during this period was 0.53°C (£ 5.52), 0.05°C (£ 3.02), and 3.02°C (£ 4.55) in 2022, 2023, and
2024, respectively. The mean number of hours above 5°C per day was 5.4 hours (% 6.5), 2.6

hours (£ 4.4), and 8.5 hours (+ 7.1) in 2022, 2023, and 2024, respectively.

3.4.2 Phenology of calling activity

There was considerable variation in the phenology of calling activity among species and
years (Figure 3.4; Table 3.1). The breeding season of the boreal chorus frog in eastern Ontario
typically extends from late March to early May, with most of the activity occurring in early April
(Figure 3.4). Ponds were frozen until early April in 2022 and 2023 but were free of ice by mid-
March in 2024. Boreal chorus frog calling activity began on April 1 (DOY 91) and March 31
(DOY 90) in 2022 and 2023, respectively, and ended on May 13 (DOY 133) in 2022 and 2023
(Figure 3.5). In contrast, boreal chorus frog calling activity in 2024 began on March 15 (DOY

73), more than two weeks earlier than in 2022 and 2023.
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Figure 3.1: Weather conditions by month within the 2022—-2024 anuran breeding seasons in
Leeds and Grenville County, Ontario, Canada. Historical conditions (2014-2021) are provided
for comparison. Mean daily temperature (A) and mean rainfall accumulation (B). Standard
boxplots with 25" and 75™ percentiles. Median values indicated by thick black line. Whiskers are
minimum and maximum values with outliers indicated by black dots. Empty circles in boxplots
indicate the mean values.
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Based on the same periods in the three years, mean CAL for boreal chorus frogs was >
0.50 for 68.8% (33/48) of days in 2022 compared to 58.3% (28/48) and 37.5% (18/48) of days in
2023 and 2024, respectively. Calling activity in 2022 and 2023 was characterized by a rapid rise
in boreal chorus frog calling activity around DOY 90, then a relatively consistent and
consecutive 30-day period with CAL > 0.50 (approx. DOY 100-130), followed by a rapid
decline in calling activity. Conversely, boreal chorus frog calling activity in 2024 was less
consistent, included several rises and falls, and had only a 10-day period where CAL was
consecutively > 0.50 (Figure 3.5). While the overall mean CAL differed across years, the peak of
boreal chorus frog calling activity (CAL > 0.95) occurred between DOY 101-104 in all three
years, and there were a comparable number of days (~ 40 days) where at least one individual was

calling between DOY 89-135 (Supplementary Table S3.1).

Like the boreal chorus frog, the calling onset of spring peepers, wood frogs, and
American toads began several days sooner in 2024 (Figure 3.4; Table 3.1). Compared to 2022,
the first day of calling in 2024 advanced by 18 days, 15 days, and 11 days for spring peepers,
wood frogs, and American toads, respectively. Calling activity levels of these species throughout
the breeding season were more consistent among years compared to the boreal chorus frog. CAL
of spring peepers was relatively consistent throughout the breeding season with small increases
generally occurring around DOY 100 and then again around DOY 120. Calling activity for wood
frogs peaked between DOY 90-110 and was generally very low for the remainder of the
breeding season. Calling activity for American toads was more punctuated with rapid increases
in CAL occurring 2—3 times during the breeding season and was greatest between DOY 115—
130. However, there was a peak in American toad calling around DOY 105-107 in 2022, and the

increase in calling activity was more gradual in 2024 compared to the two previous years.
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Figure 3.4: A comparison of the mean calling activity level (CAL) of boreal chorus frog
(Pseudacris maculata), spring peeper (Pseudacris crucifer), wood frog (Boreorana sylvatica)
and American toad (4naxyrus americanus) during the 2022-2024 breeding seasons in Leeds and
Grenville County. CAL is the mean proportion of hours for each day of the year that a species
was recorded calling using AudioMoth autonomous recording units.
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Figure 3.5: Mean calling activity level (CAL) of boreal chorus frog (Pseudacris maculata)
during the 2022-2024 breeding seasons (March to May) in Leeds and Grenville County. CAL is
the mean proportion of hours for each day of the year (+ standard error band) that chorus frogs
were recorded calling using AudioMoth autonomous recording units. The dotted line represents a
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Recordings of calling activity began later in the season in 2022 and 2023 as breeding ponds were
frozen.

78



3.4.3 Calling activity models

The probability of boreal chorus frog calling activity decreased over time (z =-13.17, p <
0.001), but these effects varied across years (Figure 3.5). Calling activity was positively
correlated with increasing temperatures (z = 23.33, p < 0.001) but did not vary with rainfall (z = -
0.85, p = 0.392). Although calling was observed throughout the day, calling was higher at night
than at any other time (Table 3.2; Figure 3.6). Finally, calling activity of boreal chorus frogs was

positively associated with the calling activity of all three sympatric species (Table 3.2).

There were several broad similarities in the effects of abiotic conditions on calling
activity between boreal chorus frogs and the three sympatric species (Table 3.3-3.5). The
probability of calling activity of spring peepers, wood frogs, and American toads decreased with
time, but these effects varied across year types (Figure 3.7). Calling activity was significantly
greater in average years than during the false spring year for wood frogs (z = 3.76, p <0.001)
and American toads (z =4.12, p <0.001). Conversely, probability of calling activity for spring
peepers increased during the false spring (z = -4.93, p < 0.001). Probability of calling varied
during the day, with the greatest calling probability occurring at night for all species. For wood
frogs, the probability of calling was significantly lower in the morning (z =-9.20, p <0.001) and
the afternoon (z = 5.20, p <0.001) but did not differ between the evening and the night (z = -
0.90, p = 0.367). Calling activity increased with increasing temperature (Figure 3.8) but did not

vary with rainfall.
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Table 3.1: First and last date (day of the year) of calling activity of four sympatric anuran
species, 2022-2024.

2022 2023 2024
First Last First Last First Last
Boreal chorus frog
(Pseudacris maculata) o1 133 20 133 73 136
Wood frog 95 115 91 129 80 125
(Boreorana sylvatica)
American toad 1 133 104 129 100 136
(Anaxyrus americanus)
Spring peeper
(Pseudacris crucifer) 95 136 100 132 7 136
Note: 2024 was a leap year
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Figure 3.6: The effect of year type (A), time of day (B), mean temperature (C) and mean rainfall
(D) on the predicted probability of boreal chorus frog (Pseudacris maculata) calling activity
during the 2022-2024 breeding seasons in Leeds and Grenville County. Probabilities are based
on a generalized linear mixed effects model. Error bars and bands denote 95% confidence

intervals.
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Table 3.2: Summary of generalized linear mixed effects model of the fixed and random effects of
abiotic and biotic factors influencing boreal chorus frog (Pseudacris maculata) calling activity
during the 2022-2024 breeding seasons in Leeds and Grenville County. DOY = day of the year;
LISY = presence (1) or absence (0) of wood frog (Boreorana sylvatica); ANAM = presence (1)

or absence (0) of American toad (Anaxyrus americanus); PSCR = presence (1) or absence (0) of
spring peeper (Pseudacris crucifer). 100 = between-subjects; ICC = intraclass correlation

coefficient.
Fixed Effects Estimate SE z value p
(Intercept) -0.13 0.23 -0.56 0.573
DOY (Linear) -1.88 0.07 -27.14 <0.001
DOY (Quadratic) -0.84 0.06 -13.17 <0.001
Year Type (=false
spring)
Average year 2.17 0.10 22.37 <0.001
Time of Day (=Night)
Morning -0.58 0.09 -6.39 <0.001
Afternoon -0.37 0.11 -3.41 0.001
Evening -0.26 0.09 -3.00 0.003
Temperature 1.108 0.05 23.33 <0.001
Rainfall -0.02 0.03 -0.85 0.393
LISY (=0) 1.71 0.17 10.09 <0.001
ANAM (=0) 1.25 0.14 9.14 <0.001
PSCR (=0) 1.06 0.08 13.16 <0.001
DOY (Linear):Year
Type (=false spring)
Average year 1.64 0.07 22.46 <0.001
DOY (Quadratic): Year
Type (=false spring)
Average year -1.03 0.08 -12.62 <0.001
Random Effects (Site) Value
o’ 3.29
T00 Site 0.16
ICC 0.05
N site 4
Observations 9198
Marginal R? / Conditional R? 0.600/0.618
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Table 3.3: Summary of generalized linear mixed effects model of the fixed and random effects of
abiotic and biotic factors influencing spring peeper (Pseudacris crucifer) calling activity during

the 2022-2024 breeding seasons in Leeds and Grenville County. DOY = day of the year. 100 =
between-subjects; ICC = intraclass correlation coefficient.

Fixed Effects Estimate SE z value p
(Intercept) 1.78 0.38 4.66 <0.001
DOY (Linear) 0.09 0.05 1.97 0.049
DOY (Quadratic) -0.47 0.05 --9.54 <0.001
Year (=false spring)
Average year -0.47 0.09 -4.93 <0.001
Time of Day (=Night)
Morning -3.38 0.10 -35.57 <0.001
Afternoon -4.38 0.13 -34.75 <0.001
Evening -0.95 0.08 -12.54 <0.001
Temperature 0.48 0.04 11.30 <0.001
Rainfall -0.01 0.03 -0.42 0.794
DOY (Linear):Year
Type (=false spring)
Average year 0.82 0.07 11.54 <0.001
DOY
(Quadratic): Year Type
(=false spring)
Average year -0.59 0.07 -8.06 <0.001
Random Effects (Site) Value
o’ 3.29
T00 Site 0.55
ICC 0.14
N site 3
Observations 9198
Marginal R? / Conditional R? 0.521/0.590
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Table 3.4: Summary of generalized linear mixed eftfects model of the fixed abiotic and biotic
factors influencing wood frog (Boreorana sylvatica) calling activity during the 20222024

breeding seasons in Leeds and Grenville County. DOY = day of the year. Pseudo R? = Tjur’s
coefficient of discrimination (Tjur 2009). Note that site was treated as a fixed effect because the

species occurred on only two sites.

Fixed Effects Estimate SE z value p
(Intercept) -3.13 0.20 -15.95 <0.001
DOY (Linear) -2.47 0.24 -10.43 <0.001
DOY (Quadratic) -0.03 0.16 -0.18 0.855
Year (=false spring)

Average year 0.93 0.24 3.76 <0.001
Time of Day (=Night)

Morning -1.70 0.18 -9.20 <0.001

Afternoon -0.91 0.18 -5.20 <0.001

Evening -0.13 0.15 -0.90 0.367
Site (=Hare’s Hill)

Limerick 0.25 0.11 2.30 0.022
Temperature 0.98 0.08 12.37 <0.001
Rainfall -0.07 0.06 -1.16 0.246
DOY (Linear):Year
Type (=false spring)

Average year -6.16 0.65 -9.53 <0.001
DOY
(Quadratic): Year Type
(=false spring)

Average year -6.64 0.49 -13.57 <0.001

Observations 5429
pseudo R? 0.386
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Table 3.5: Summary of generalized linear mixed effects model of the fixed and random effects of
abiotic and biotic factors influencing American toad (Anaxyrus americanus) calling activity
during the 2022-2024 breeding seasons in Leeds and Grenville County. DOY = day of the year.
100 = between-subjects; ICC = intraclass correlation coefficient.

Fixed Effects Estimate SE z value p
(Intercept) -1.20 0.27 -4.47 <0.001
DOY (Linear) 1.16 0.16 7.08 <0.001
DOY (Quadratic) -0.86 0.14 -6.27 <0.001
Year Type (=false
spring)
average 0.77 0.19 4.12 <0.001
Time of Day (=Night)
Morning -3.07 0.20 -15.42 <0.001
Afternoon -3.24 0.19 -17.14 <0.001
Evening -1.07 0.12 -8.86 <0.001
Temperature 1.13 0.07 15.48 <0.001
Rainfall 0.01 0.05 0.29 0.774

DOY (Linear):Year
Type (=false spring)

average 1.58 0.27 5.80 <0.001
DOY
(Quadratic): Year Type
(=false spring)
average -1.44 0.21 -6.96 <0.001
Random Effects (Site) Value
o’ 3.29
T00 Site 0.16
ICC 0.05
N site 3
Observations 7151
Marginal R? / Conditional R? 0.764/0.775
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Figure 3.7: The interaction of day of year and year type on the predicted probability of anuran
calling activity during the 2022-2024 breeding seasons in Leeds and Grenville County, including
boreal chorus frog (A), spring peeper (B), wood frog (C), and American toad (D) Probabilities
are based on generalized linear mixed effects models (A, B, D) or generalized linear model (C)
which included the linear and quadratic effects of day of the year (DOY). Year type: average =
typical seasonal temperatures (2022 and 2023); false spring = warm March temperatures
followed by a period of freezing temperatures (2024). In a non-leap year DOY 95 = April 5 and
DOY 135 =May 15. Error bands denote 95% confidence intervals.

85



1.00 A 1.00 B

o
~
a

e
]
a

Probability of Calling
o o
& 2
Probability of Calling
o
(1)
o

0.00 0.00
-10 0 10 20 30 -10 0 10 20 30
Temperature (°C) Temperature (°C)

1.00 C 1.00 D

Probability of Calling
o o
3 o

Probability of Calling
o o
3 a

<
)
[}
<
)
3

0.00! 0.00
-10 0 10 20 30 10 0 10 20 30
Temperature (°C) Temperature (°C)

Figure 3.8: The effect of air temperature (°C) on the predicted probability of anuran calling
activity during the 2022-2024 breeding seasons in Leeds and Grenville County, including boreal
chorus frog (A), spring peeper (B), wood frog (C), and American toad (D) Probabilities are based
on generalized linear mixed effects models (A, B, D) or generalized linear model (C). Error
bands denote 95% confidence intervals.

3.5 Discussion

Using data from 2022-2024, we modeled the relationship between calling activity and
abiotic factors of four spring-breeding anurans in a temperate region of North America. As
predicted, calling activity was positively associated with increasing temperature for all species.
In response to the false spring of 2024, frogs began calling 11-18 days earlier than the previous

two years, with the greatest shift in calling phenology occurring in the two Pseudacris species
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(i.e., boreal chorus frog and spring peeper). Additionally, the impact of false spring on frogs
appeared to extend beyond the two-week period of unseasonably warm temperatures. Although
there was a positive association between calling activity and temperature in the models for all
species, the probability of calling declined significantly in 2024 for three of the four species
compared to the other years. Of the species studied, boreal chorus frogs were the most affected
by the false spring. Overall calling activity level (CAL) across the 2024 breeding season was
reduced and there were half as many days in 2024 that had CAL > 0.50 compared to 2022.
Boreal chorus frog calling activity was also more sporadic in 2024, with several sharp peaks and
falls in calling, compared to the single consistently high level of calling activity from DOY 100—

130 observed in previous years.

3.5.1 Comparison of responses to abiotic variables among species

Abiotic variables associated with temperature and precipitation are often the best
predictors for calling activity in anurans (Ospina et al. 2013; Walpole et al. 2013). Temperature
thresholds that initiate calling activity can be species- and population-specific but calling
generally occurs when temperatures are > 5°C in temperate regions of eastern North America
(Oseen and Wassersug 2002; Saenz et al. 2006) and the United Kingdom (Scott et al. 2008). In
our study, increases in temperature were associated with higher predicted probability of calling
activity for all species. While precipitation may be important for emergence from hibernation
(Green et al. 2016; Green 2017) and the initiating calling behaviour in many temperate anurans
(Beebee 1995; Todd et al. 2010), we found that hourly rainfall was not a significant predictor of
calling activity for any of the species considered in our study. Brinley Buckley et al. (2021)
observed that calling was not related to daily precipitation, but boreal chorus frog calling activity

was positively associated with 7-day total precipitation accumulation. Klaus and Lougheed
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(2013) found calling activity in wood frogs increases with monthly rainfall. However, mean daily
rainfall and total monthly precipitation accumulation in our study were similar among years
(Figure 3.1; Supplementary Table S3.2), and for this reason, we did not include these variables in

the models.

The magnitude of effects on phenology caused by changes in weather and climate can
depend on the breeding strategy of anurans. Oseen and Wassersug (2002) and Saenz et al. (2006)
observed that the calling activity of prolonged breeders was more affected by temperature and
precipitation compared to explosive breeders. They argued that prolonged breeders must
maintain energy stores for an extended period, whereas explosive breeders must capitalize on a
short and intense breeding period. As a result, explosive breeders would be less responsive to
changes in abiotic conditions once calling begins than prolonged breeders. Conversely, several
studies conducted on anuran communities in North America (Walpole et al. 2012; Klaus and
Lougheed 2013), South America (Schalk and Saenz 2016), and Australia (Plenderleith et al.
2018) have shown negligible differences in species responses to temperature among breeding
strategies or provide evidence that prolonged breeders are less affected by abiotic conditions. In
our study, the positive relationship between calling activity and air temperature was stronger for

wood frogs and American toads (explosive breeders), than spring peepers (prolonged breeders).

Calling activity was strongly associated with day of the year for all species studied, but
this relationship varied with year type. In response to the false spring in 2024, all species in our
study advanced their first date of calling by 11-18 days compared to 2022. All species except the
spring peeper experienced significant decreases in the probability of calling in the false spring
year (2024) compared to the previous two years. Conversely, the probability of calling for spring

peepers was greater during the false spring year than the other years. High probabilities of spring
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peepers calling were predicted throughout the sampling period in the false spring year. Day of
the year is strongly related to environment variables that are known to influence calling
behaviour, such as temperature and rainfall (Ficetola and Maiorano 2016). Day of the year is also
related to photoperiod, which may be more influential on call phenology of amphibians than
previously thought (Canavero and Arim 2009). For example, day of the year was the strongest
predictor of frog calling for the majority (67%) of 100 species in Australia when controlling for

variation in temperature and rainfall (Thompson et al. 2022).

Time of day was a significant predictor of calling activity for all species investigated.
There may be phylogenetic differences in calling activity among temperate frogs, with species in
the Ranidae family (e.g., wood frog) having the highest levels of calling after midnight and
species in the Hylidae family (e.g., spring peeper, boreal chorus frog) calling more often before
midnight (Bridges and Dorcas 2000). We found that calling activity occurred mostly during the
evening (18:00-23:59) or night (00:00-05:59) for spring peepers, wood frogs, and American
toads. Similar effects of time of day were observed for spring peepers, wood frogs, and American
toads in an anuran community in New Brunswick, Canada where calling activity for all three
species was significantly reduced during the day (sunrise—sunset) compared to evening (sunset—
midnight) and night (midnight—sunrise) (Oseen and Wassersug 2002). In contrast, boreal chorus
frog in our study called at all times of day but had the highest calling probability at night. Most
anuran species are assumed to be predominantly nocturnal (Duellman and Trueb 1994; Anderson
and Wiens 2017). Diurnal calling is observed in some Ranidae species, such as Lithobates
clamitans and L. catesbeiana, but calling activity during the daytime is often significantly less
than at night (Bridges and Dorcas 2000). These species that call during the day often have

adaptations to withstand desiccation or avoid predation (Callaghan and Rowley 2020). For
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example, boreal chorus frogs are small-bodied, cryptic species that call from densely vegetated

positions within breeding ponds, which reduces visual detection from potential predators.

Other factors not considered in this study likely also influenced calling activity. Social
factors influence the onset of calling behaviour (Wells and Schwartz 2007) and relationships may
differ depending on the scale at which it is observed. For example, Brooke et al. (2000) found
that abiotic variables (i.e., temperature, rainfall, moon illumination/visibility, humidity,
barometric pressure) accounted for relatively little of the variation (10% at most per variable) in
the number of calls by male ornate nursery-frogs (Cophixalus ornatus) after removing the effects
of site and day of the year. These abiotic factors may shape when frogs begin calling across a
population but have relatively less influence on the time an individual frog begins to call at a
breeding pond. Anthropogenic noise, such as vehicle traffic, can also influence the timing and
intensity of calling behaviour in anurans (Simmon and Narins 2018; Zaffaroni-Caorsi et al.
2023). In the current study, traffic volume was relatively high (23 vehicles/min) during the day
at the County Rd 15 location potentially affecting calling activity. Anuran species that produce
low frequency calls (i.e., bullfrog, green frog) may reduced calling rate to avoid calling during
times of heavy traffic, as vehicles produce noise in a similar frequency band that potentially
mask signals of callers (Vargas-Salinas et al. 2014). Affected species may also alter the acoustic
properties of their calls, such as decreasing amplitude and increasing dominant frequency, to
maximize the signal-to-noise ratio and increase the likelihood of signals are received by
conspecific competitors and mates (Cunnington and Fahrig 2010). In contrast, anurans species
with high frequency calls (i.e., American toad, grey treefrog) appear to be less affected by

vehicle noise and may call independent of traffic volume (Vargas-Salinas et al. 2014).
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3.5.2 Boreal chorus frogs and the response to the false spring

The calling activity of boreal chorus frog appeared to be uniquely impacted by the 2024
false spring. The warm weather in March of 2024 extended the number of days that at least one
individual was calling but reduced the overall calling effort throughout the breeding season. The
probability of calling decreased from 0.89 in the average years to 0.47 in 2024, when all other
predictors of fixed effects were held at their mean values. Even with the full inclusion of all the
days during which boreal chorus frogs were observed calling in 2024 (i.e., DOY 72-135) into the
model, there was a significant decrease in the probability of boreal chorus frog calling activity
during the false spring compared to all other years combined (Supplementary Table S3.3). High
levels of calling (CAL > 0.5) of boreal chorus frogs were condensed to an approximately 30-day
period in the average years (i.e., 2022 and 2023). While the calling period spanned a similar
number of days in each year, calling activity in 2024 was more sporadically distributed
throughout March—May with several rapid increases and declines in calling. Together these
results imply that there was a reduction in the number of boreal chorus frog individuals that were
calling among years, caused by either a decline in the metapopulation, conflicting environmental
cues associated with calling activity during the breeding season caused by the false spring, or a
combination of both. It may also indicate that only a portion of the individuals within the boreal
chorus frog population are shifting their calling behaviour in response to the warming
temperatures, but in the absence of tracking individuals throughout the breeding season, this is

impossible to definitively conclude.

Disruptions to calling phenology may have important negative consequences for
populations of declining species. Boreal chorus frogs are declining in many eastern portions of

its range (Corser et al. 2012; Seburn et al. 2014) and therefore are likely less resilient to any
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negative impacts on reproduction and recruitment due to their shrinking population size. Boreal
chorus frogs displayed a mixed response to the false spring. Despite differences in overall calling
activity among years, and an advancement in the onset of calling during the false spring, the peak
of boreal chorus frog calling activity (CAL > 0.95) occurred at approximately the same time
(early-April; DOY 101-104) in all three years. Previous evidence suggests that the breeding
phenology of boreal chorus frogs is not shifting to match long-term changes in climate. Klaus
and Lougheed (2013) found that there was no significant trend in the date of the first day of
calling of Pseudacris spp. (P. maculata and P. triseriata combined) in southeastern Ontario
between 1970-2010 despite an estimated increase of 2.7-2.8°C in annual spring temperature.
Within the same period, wood frogs and American toads advanced their first date of calling by an
average of 19.2 days (Klaus and Lougheed 2013). Although evidence is lacking in amphibians,
multiple studies on migratory bird species report that species that fail to adjust their migration
dates in relation to long-term climate trends and seasonal variation in weather were more likely

to experience population declines (Mgller et al. 2008; Saino et al. 2011; Gilroy et al. 2016).

3.5.3 Climate change, false springs, and amphibian conservation

The World Meteorological Organization (WMO) reported that 2024 was the warmest
year ever recorded since the 1850s. Temperatures were 1.55°C above the 1850—1900 pre-
industrial global mean and are expected to continue to increase in the coming decades (WMO
2025). The impact of climate change on amphibians in Canada is expected to be “moderate”,
with 34.5% (10/29) of species listed as being currently affected or projected to be affected by
climate change (Woo-Durand et al. 2020). We propose that the impact of the increased frequency
of extreme weather events on wildlife as well as the long-term global warming trends need to be

considered. Accumulating evidence indicates that extreme weather can have long-term
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consequences for wildlife beyond the initial impacts linked to the event (Harris et al. 2018;
Maxwell et al. 2019). Minor weather events, such as a false spring, can impose higher daily
energy expenditures (Schmidt et al. 2024), reduce immune system functioning and fecundity
(Liu et al. 2018), thereby potentially exacerbating population declines. Our study provides
indicative evidence that the false spring phenomenon resulted in significant advances in the first
date of calling but a reduction in calling activity throughout the spring breeding season. Warmer
winter and spring temperatures in temperate regions could potentially be beneficial to
amphibians by reducing the risk of mortality during hibernation (Uveges et al. 2016), allowing
for earlier breeding opportunities, and expediating larval development and metamorphosis
(Tasker et al. 2022). However, multiple cycles of freeze-thaw likely exert greater pressures on
the physiology of individuals leading to injuries compared to a single uninterrupted hibernation
period (Storey and Storey 1996; Yokum et al. 2023). Lab-based hibernation experiments found
that common toads (Bufo bufo) held at temperatures 4°C warmer than typical winter conditions
had increased metabolic rates, higher daily energy demands, and reduced cold tolerance when
exposed to a simulated frost (Schmidt et al. 2024). This is consistent with the false spring
hypothesis that states that advancements in the phenological patterns can accrue fitness
consequences for plants and animals (Yermokhin and Tabachishin 2022; Baker et al. 2024).
Warm temperatures in late-winter and early-spring are often followed by a frost or a period of
freezing temperatures, as we witnessed in our study. While we did not estimate mortality in the
current study, earlier spawning increases the risk of adults and offspring being exposed to lethal
freezing temperatures (Frisbie et al. 2000; Bison et al. 2021). Baker et al. (2024) noted that the
number of days wood frogs, spring peepers, and spotted salamanders are active but exposed to

freezing temperatures during the breeding season has nearly tripled in recent years (2016-2024)
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compared to historical data (1900-1911). Many amphibian populations are relatively resilient to
occasional mortality events (Green et al. 2003; Moss et al. 2021). However, for species or
populations that are already declining, such as boreal chorus frogs in our study area, mortality in
consecutive years would reduce the probability of survival for metapopulations and overall
persistence in the region. While indicative, but not conclusive, reductions in calling activity may

be an indicator of amphibian population declines (Dorcas et al. 2010; Lassandro et al. 2025).

94



Chapter 4: The effect of conspecific cues on calling activity, reproductive
output, and offspring quality in the captive-bred boreal chorus frogs

(Pseudacris maculata)

Formatted as a manuscript in preparation for submission

Ethier JP, Trudeau VL. The effect of conspecific cues on calling activity, reproductive output,

and offspring quality in the captive-bred boreal chorus frogs (Pseudacris maculata)

Study contributions: JPE contributed through conceptualization, investigation, methodology, data
curation, and writing. VLT contributed through conceptualization, methodology, reviewing,

editing, supervision, and funding.

95



4.1 Abstract

There is considerable variation in the quantity and quality of gametes obtained, spawning
rates, and fertilization success in hormone-induced captive amphibians, indicating that activation
of reproductive pathways may be suboptimal. The general lack of appropriate social stimuli, such
as conspecific male calls during the spawning season may, in captive settings, explain the
variable success. In anurans (frogs and toads), the regions of the brain associated with acoustic
reception have neural projections to the hypothalamic nuclei that regulate reproduction and
calling behaviour. Therefore, incorporating acoustic stimuli is likely to be important for anurans,
many of which defend territories, attract mates, and coordinate reproduction via vocalizations. In
this study, we investigate the effect of playbacks of conspecific calls on the calling activity,
reproductive output, and offspring quality in boreal chorus frogs (Pseudacris maculata) during
two spawning seasons (2022-2023). Male and female frogs were injected with a mixture of a
gonadotropin-releasing hormone agonist and dopamine antagonist to induce spawning and
exposed to a 6h broadcast of either conspecific calls (playback group) or natural sounds (e.g.,
wind, rain, insects and birds; control group) for 6 days. We found that playbacks of conspecific
calls increased duration of calls by 186% and number of calling bouts by 145% compared to the
control. Playback did not affect the number of spawning females or the number of eggs per
female but significantly increased the proportion of viable eggs by 13%. Survival of tadpoles 46
days post-hatching was significant increased in the playback group but the proportion of tadpoles
reaching metamorphosis was comparable to the control group. These results provide further
evidence of the role of social stimulation regulating reproduction in anurans. Our findings are
insightful for frogs and toads as well as any other species that use acoustic signals to announce

receptivity and locate mates (i.e., insects, birds).
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4.2 Introduction

Captive breeding and relocation programs have been initiated in response to declining
amphibian populations (Carrillo et al. 2015; Harding et al. 2016; Della Togna et al. 2020) as well
as conservation programs that address direct threats to populations, such as habitat
loss/degradation, disease, and overexploitation (Luedtke et al. 2023). Amphibians are good
candidates for captive breeding programs (Bloxam and Tonge 1995; Griffiths and Pavajeau
2008), producing large numbers of offspring, and requiring less space and maintenance relative
to other taxa (e.g., mammals, birds). However, establishing captive colonies can also be
challenging for many species (Clulow et al. 2019). Most anurans (frog and toad species) require
complex social and environmental cues to initiate reproductive behaviour and produce viable
offspring (Kouba et al. 2009). Time in captivity, even for short periods, is associated with
reductions in sex steroid hormone production and reproductive performance in several taxa,
including amphibians (Fischer and Romero 2019). As a result, most amphibians will not
reproduce easily, or at all, within a captive setting without the application of artificial
reproductive technologies (ARTs), such as hormonal induction of spermiation and ovulation
(Clulow et al. 2019). Even with advancements in ARTs, the process remains imperfect and high

degrees of variation in spawning and fertilization rates are observed (Silla et al. 2021).

The acoustic environment, or soundscape, can influence the health and behaviour of
animals held in captivity, which may negatively impact reproductive output (Clark and Dunn
2022). Much of the research into captive soundscapes aim to measure acoustic parameters from
anthropogenic sources, such as overall noise or sound pressure levels (i.e., decibels or dBa) in
specific frequency bands (i.e., low frequency vs. high frequency sound), as anthropogenic noise

often has a negative impact on captive animals (Sherwen and Hemsworth 2019). Alternatively,
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sound and other sources of sensory stimulation can be used as enrichment within captivity
(reviewed in (Wells 2009). Auditory enrichment techniques have shown positive effects (e.g.,
reduced stereotypic behaviours, reduced hormone concentrations related to stress) for a variety
of captive animals, including birds (Robbins and Margulis 2016), monkeys and primates
(Robbins and Margulis 2014; De Franga Santos et al. 2022), leopards (Markowitz et al. 1995),
pigs (Palermo Mendes et al. 2023), and elephants (Wells and Irwin 2008). While many of these
studies compared control conditions to broadcasts anthropogenic sounds (e.g., classic and rock
music, human conversation), some studies have incorporated more biologically relevant sounds,
such as vocalizations from prey species (Markowitz et al. 1995) and noises recorded from the

species natural environment (Robbins and Margulis 2016).

In most anurans, vocal communication is essential for reproduction (Wells and Schwartz
2007). Vocalizations (“calls) are almost exclusively produced by males and are the primary
method in which individuals can identify conspecifics, defend territories, assess the quality of
potential competitors, and attract mates (Wells and Schwartz 2007). Furthermore, anurans
possess an extraordinarily complex ear (Bell 2016) and there is building evidence that the
regions of the brain associated with acoustic reception (e.g., torus semicircularis) in both males
and females are neurally connected to the hypothalamus that in turn regulates the pituitary-
gonadal function, and thus reproduction (Burmeister and Wilczynski 2005; Wilczynski et al.
2005; Arch and Narins 2009; Maruska and Fernald 2011; Woodley and Leary 2024). Acoustic
information is transduced by the preoptic area and ventral hypothalamus, which leads to
activation of gonadotropin-releasing hormone (GnRH) neurons (Narins et al. 2007). The GnRH
peptide is released from nerve terminals into the median eminence portal blood system and then

bind to receptors on gonadotrophs in the anterior pituitary, initiating the release of luteinizing
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hormone (LH) and follicle-stimulating hormone (FSH) into the blood stream. These hormones
act on the gonads to stimulate oogenesis in females, spermatogenesis in males, and
steroidogenesis in both sexes (Vu and Trudeau 2016; Silla and Byrne 2019, Trudeau et al. 2022).
Additionally, gonadal steroids act on specific neurons to modulate sensitivity and spectral

filtering of the anuran auditory system (Arch and Narins 2009).

The captive setting is associated with reduced androgens and increased corticosterone
levels which may cause some species to reduce calling or cease calling all together (Burmeister
et al. 2001; Fischer and Romero 2019). Calling behaviour can be induced by broadcasts of
conspecific calls and playback experiments have frequently been conducted in the field and in
laboratories to study competition (Reichert 2014), mate choice (Gerhardt 1991; Gerhardt 1995;
Schwartz et al. 2001), and other aspects of acoustic communication in anurans (Erdtmann and
Lima 2013; King 2015). Together, this suggests that broadcasts of conspecific calls are a
potentially useful tool to increase natural calling behaviour and improve reproductive

performance in captivity.

In our study, we evaluated the effect of broadcasts of conspecific calls on calling activity,
reproductive output, and offspring survival and development of boreal chorus frogs (Pseudacris
maculata), a declining species in eastern Ontario and southern Québec currently being bred in
captivity for the conservation of the species (Environment Canada 2015). We hypothesize that
the social and acoustic conditions, namely the presence of vocal cues in the form of conspecific
calls, are important for the initiation and maintenance of spawning behaviour during the breeding
season. The general lack of conspecific calls in captive settings may be linked to the highly
variable reproductive success. We hypothesized that reception of conspecific acoustic signals

stimulates increased gonadal function to improve fertility. First, we predicted that broadcasts of
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conspecific calls will promote increased calling activity and reproductive output during
spawning in a captive setting. Second, we predicted that broadcasts of conspecific calls will
reduce the high levels of variation in fertilization by providing an additional stimulus for
reproduction. Evidence in amphibians suggests that parental investment (e.g., oocyte size, sperm
motility), which are influenced by circulation gonadal steroids concentrations, can affect metrics
of offspring quality, such as tadpole growth, development, and survival (Cheron et al. 2021;
Renoirt et al. 2023). Therefore, we also monitored tadpole development and survival to
determine if broadcasts of conspecific calls have an impact on the offspring produced in
spawning experiments. Our study provides insight into the role of acoustic behaviour in
reproductive ecology of anurans. We also present evidence for the use of acoustic enrichment not
only for welfare considerations but also to improve the effectiveness of amphibian captivity

breeding and reintroduction programs.

4.3 Methods

Mature boreal chorus frogs were collected from the local population from ponds and
ditches in the united counties of Leeds and Grenville, Ontario, Canada (44° 50" 0" N, 75° 40’ 0"
W) during the first full week of April (April 03—09 in 2022 and April 02-08 in 2023). The frogs
were held at 4°C for no more than 7 days prior to experiments. To determine if female frogs were
gravid, we used body shape (Figure S4.1) in both years and ultrasound (Fujifilm Vevo F2 LT
with UHF71x transducer probe; bandwidth: 71-30 MHz, scan depth: 10 mm) in 2023 (Figure
S4.2). Additionally, if females weighed less than 0.80 g, they were not used in the experiment.
All males with conspicuous yellow-to-brown colouration of the vocal sac were assumed to be
sexually mature. Mean body weight (+ standard deviation) for females and males was 1.37 g (+

0.32) and 1.01 g ( 0.12), respectively (Supplementary Table S4.1).

100



4.3.1 Experimental setup

To determine if broadcasts of conspecific calls influence male calling activity,
reproductive output, and offspring survival and development, we performed a breeding trial
experiment. Frogs were placed into two groups; a treatment group (“playback’”) where chorus
frogs are exposed to a broadcast of conspecific males calling and a group (“control””) where
chorus frogs are exposed to a playback of ambient sound recorded at a natural breeding pond. We
chose included a control recording of ambient pond sounds (i.e., wind, rain, crickets, trees
swaying) to ensure that the observed responses were due to the broadcast of conspecific calls
rather than those elicited by the reception of any source of sound. The breeding trial experiments
were conducted over four 7-day trial periods (Figure 4.1). To avoid any possibility of cross-
communication, trial periods of the experiment were conducted sequentially rather than
simultaneously. In 2022, the playback trial was performed before the control trial. To account for
the impact of the order of trials on calling activity and reproductive variables, we reversed the
order in 2023 (e.g., control trial was performed before the playback trial). The playback
treatment trials occurring from April 13—19 in 2022 (n =4) and April 23-30 in 2023 (n =5), and

the control trials occurring from April 20-26 in 2022 (n =4) and April 1622 in 2023 (n =5).

Previous work with several frog species, including the boreal chorus frog, has indicated
that spawning in a captive setting is improved by administering a low dose of a gonadotropin-
releasing hormone (GnRH) agonist 24-hrs prior to the main hormone injection (Trudeau et al.
2010; Trudeau et al. 2013; Vu and Trudeau 2016). Therefore, to induce spawning, on Day 1 frogs
were given an injection of 0.04 pg/g body weight of an GnRH agonist (des-Gly10, D-Ala6, Pro-
LHRH; Bachem H4070.0005; GnRHa) in a 10 pL saline vehicle with a disposable 31-gauge

needle attached to a 0.3 mL syringe. Twenty-four hours later, on Day 2, an injection of a
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hormone mixture (AMPHIPLEX method; Trudeau et al. 2010) containing the GnRHa (0.4 pg/g
body weight) and a dopamine antagonist, metoclopramide (Sigma; 10 pg/g body weight; MET).
All injections occurred between 16:00—18:00. In between Day 1 and Day 2 injections, male and

female frogs were held separately in small 750 mL containers placed in a cooler with ice (4—

6°C).

n
h Control: Natural pond sounds « Playback: Male chorus frogs
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Each container: 49 + 6 50cm

Figure 4.1: The setup of boreal chorus frog (Pseudacris maculata) spawning experiment. In each
120L breeding container (blue boxes), four female and six male frogs are placed with 100 L of
dechlorinated water and green garden fencing to use as an oviposition substrate. Breeding
containers were spaced 50 cm apart from each other. A condenser microphone (APEX 185B) was
placed 15 cm above the lid of each of the breeding containers, which are connected to a central
multichannel A/D converter interface device attached to a laptop to record vocalizations. In the
middle of the breeding containers were two speakers, so the distance from the microphone on top
of each breeding container to the speaker was 80 cm. In the control group of frogs (April 20-26,
2022 and April 23-30, 2023) were exposed for 6 hr from 18:00-24:00 each day for five days to
ambient sounds from a local breeding pond just prior to chorus frog breeding season (April—
May) and prior to any calling behaviour. The playback group of frogs (April 13—19, 2022 and
April 23-30, 2023) were exposed to a recording of conspecific frogs calling for 6 hr from 18:00—
24:00 each day for five days.
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After Day 2 injections, four female and six male frogs were placed in 114-L breeding
container (Sterilite; 43.8 cm H x 82.9 cm L x 50.2 cm W) filled with 100 L of dechlorinated
water. Breeding containers were placed 50 cm from each other. The frogs were provided with
green garden fencing weighed down with rocks as the oviposition substrate. To simulate
fluctuations in temperature in natural breeding pools, we allowed water temperature to vary
throughout the day (Figure S4.3). Every morning at 9:00 from Day 3-7, breeding containers
were surveyed for the general health of frogs, the number of couples in amplexus, and the

number of egg clusters laid.

A 6-hr composite audio file of approximately 10—12 male chorus frogs calling was used
as the treatment playback. The audio file was produced using recordings of chorus frogs calling
the field during the boreal chorus frog breeding season (April-May) with a direction shotgun
microphone (RODE NTG4) attached to a portable multi-track audio recorder (ZOOM H6). To
simulate the rising and falling in calling intensity, the audio file began with a calling rate of 43
calls/min for 1 hour, increased to 68 calls/min for 4 hours, and then decreased to 43 calls/min for
1 hour. For the control, a 6-hr audio file containing ambient pond sounds (i.e., wind, rain, trees
swaying) from one of the frog collection sites recorded just prior to boreal chorus frog calling
activity was used. Both the playback and control audio files were normalized in Audacity
(version 3.0.2) to -1.0 dB. The audio files were broadcasted at 85 dB (at 1 m) daily for five days
(Day 2—6) from 18:00 until 24:00 from speakers placed an equal distance (80 cm) from each
breeding container. On Day 7, frogs were removed from the breeding containers, and the eggs
were collected. The eggs were transferred to rearing trays (14.1 cm H x 38.3 cm L x 24.1 cm W)

filled with 6 L of dechlorinated water held at 17—19°C.
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4.3.2 Calling effort

We recorded the vocalizations of male chorus frogs to estimate calling effort using a
condenser microphone (APEX 185B) placed 15 cm above the center of the lid of each of the
breeding containers. We connected microphones to a central multichannel A/D converter
interface device (Behringer UMC404HD). As estimates of calling effort, the mean cumulative
duration of calls and the mean number of calling bouts were determined in the playback and
control groups. Cumulative duration was defined as the total sum of the duration in minutes of
all calls produced within a breeding container within the first 12 hours. A calling bout was
defined as a series of calls produced with less than 2 seconds between calls. Water and air
temperature were recorded every 10 mins using waterproof temperature loggers (Onset HOBO

8K Pendant).

4.3.3 Reproductive parameters

Egg numbers were determined by photographing egg trays from above and manually
counting eggs by two observers. The average number of eggs of the counts were rounded to the
nearest whole integer. Eggs per female was calculated by dividing the number of number of eggs
in a breeding container by the number of spawning females in a breeding container. To estimate
fertilization rate, we determined the proportion of viable eggs four days post-oviposition. Egg
viability was estimated by photographing the eggs in trays from above (40 cm from base of tray
to camera lens) and counting viable and non-viable eggs, which can be easily differentiated from
each other as tadpoles begin to develop (Figure S4.4). Photographs of eggs were divided into 32
cells of equal area, and the number of viable and non-viable eggs were counted in five of the
cells selected randomly using a random number generator. The proportion of viable eggs was

therefore the number of viable eggs in the five cells divided by the total number of eggs counted
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in the five cells. Spawning was confirmed at the end of each experimental trial via dissection.
After humane sacrifice by overdose of tricaine methanesulfonate (Syndel USA Syncaine, Catalog
No. NC0872873), the spinal cord of each female was transected, and the body cavity opened and

visually inspected for the presence of eggs.

4.3.4 Tadpole survival and metamorphosis

To estimate the quality of offspring produced in each treatment, we determined the mean
proportion of tadpoles that survived to 46 days post-hatching, the mean proportion of tadpoles
reaching metamorphosis, and the length of the larval period. The post-hatch age of tadpoles was
approximate as hatching occurs 5—7 days post-oviposition and it is extremely difficult to track
individuals. Two weeks after hatching, tadpoles from the control group and playback group were
separated on May 11 in 2022 (Control: 5 replicates, Playback:10 replicates) and May 18 in 2023
(6 replicates per group) and reared at densities of 610 tadpoles/L. Gosner stage (Gs; Gosner
1960) of the tadpoles ranged from Gs 27—Gs 31 and tadpoles of different stages equally divided
between groups. Every other day between 10:00h—14:00h tadpoles were fed mixture of
phytoplankton, algae, boiled spinach, and frog brittle (Supplementary Table S4.2). Three times a
week, excess food was removed and 80% of the water was replaced to prevent water fouling.
Tadpole survival was based on the number of tadpoles survived from May 01 until June 15 in
2022 and May 05 until June 20 in 2023. Tadpole survival was expressed as a proportion to
account for uneven number of tadpoles in each replicate (although reared at similar densities of
6-10 tadpoles/L). We chose mid-June (46 days post-hatching) because chorus frog tadpoles
begin to reach metamorphic climax starting in early July, thus approximating survival during the
larval period (Ethier et al. 2021). Mean proportion of tadpoles reaching metamorphosis was the

proportion of 60 tadpoles reaching metamorphic climax (Gs 42) from May 11 in 2022 (4
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replicates per group) and May 18 in 2023 (6 replicates per group) until September 01 in both
years (approx. four months). Length of larval period was the mean number of days elapsed
between the hatch date and data of metamorphic climax. Both environmental (i.e., food
availability, space) and neuroendocrinological factors affect time to metamorphosis (Wassersug
1986; Rose 2005; Denver 2013), and not all tadpoles will metamorphose. Since environmental
factors such food, water quality, and space were comparable between groups and years, the
proportion of tadpoles that emerge as metamorphs and the length of the larval period

approximates the differences in development affected by the playback treatment.

4.3.5 Statistical analysis

All statistical analysis were performed in R (Version 4.3.3). We produced a series of
models with treatment and year as independent variables. First, linear regression models were
produced to compare the mean number of eggs per female, mean calling bouts, mean cumulative
duration of calling, and mean length of larval period. We evaluated the assumptions of linear
models via the regression diagnostic plots using the R base “plot” function. Second, we
conducted a beta regression to test differences in mean proportion of egg viability, proportion of
surviving tadpoles, and proportion of emerging metamorphs between years and groups using the
“betareg” function within the R package “betareg” (Zeileis et al. 2024). We attempted to use a
binomial regression models weighted by the total number of eggs or tadpoles to evaluate
differences in the means, but variance inflation factor tests for estimating dispersion (“c_hat"
function in the “AICcmodavg” package; Mazerolle 2023) indicated overdispersion and a lack-of-
fit (c-hat value > 4). Beta regression is a statistical test appropriate for modelling continuous data
that are distributed within the standard interval (values between 0 and 1) and is more flexible

than the more traditionally used binomial regression model (Ferrari and Cribari-Neto 2004). We
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refrained from applying a p-value adjustment for multiple comparisons (e.g., Bonferroni
correction) to balance the risks of Type I errors (false positives) against the risks of Type II errors
(false negatives) and instead report effect sizes using Cohen’s d for all significant comparisons
(Cohen 1988). We define effect sizes to be low, medium, and large if Cohen’s d > 0.2, 0.5, and
0.80, respectively (Cohen 1988; Nakagawa 2004). All descriptive statistics are expressed as

mean values (£ standard deviation) unless stated otherwise.
4.4 Results

4.4.1 Calling effort

Calling effort was highly variable in both the control and playback groups (Figure 4.2).
The overall model was not significant for cumulative duration of calling (£2,13=2.01, p =0.173,
adjusted R? = 0.119) nor the number of calling bouts (F»,13= 2.46, p = 0.124, adjusted R? =
0.163). However, the mean cumulative duration of calling was nearly two times (186%) longer in
the playback group than the control group with frogs calling for 149.7 min (+ 62.3 min) and 80.6
min (+ 74.1 min), respectively, despite the difference not being significant in the model (df = 13,
t =1.96, p =0.072). The mean cumulative duration of calling also did not differ between 2022
and 2023 (df =13, t=-0.43, p = 0.676). There was a 145% increase in the number of calling
bouts in the playback group (243.6 = 135.4 bouts) compared to the control group (168.1 = 143.6
bouts), but the difference was not statistically significant in the model (df=13,7=1.18, p =
0.261). The number of calling bouts also did not differ between 2022 and 2023 (df =13, ¢=1.88,

p=0.083).
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4.4.2 Reproductive parameters

Spawning rates ranged from 50—100% (2—4 of 4 females per breeding container) in both
the control and playback groups. Furthermore, an equal number of females spawned in the
control and playback groups (3.2 + 0.7 females in both groups) and there was no significant
difference in the spawning rate between years (df = 15, t =-0.15, p = 0.880). The mean number
of eggs was 851.7 (+478.4) and 813.3 (+£246.1) in the control and playback groups, respectively,
with a mean of 250.7 (£98.3) eggs per female in the control group and 261.8 (£92.7) eggs in the
playback group (Figure 4.3). While the overall model was significant (F2,15=9.64, p = 0.002,
adjusted R? = 0.504) and there were significantly more eggs laid per female in 2022 compared to
2023 (df =15, t=-4.38, p <0.001), acoustic playback did not influence the number of eggs per
female (df = 15, t = 0.36, p = 0.722). Viability was significantly higher in the playback group
compared to the control group (df =5, z=2.13, p = 0.033). The mean proportion of viable eggs
in the playback group was 0.797 (£0.129) compared to 0.663 (£0.143) in the control group
(Figure 4.3), a 13.3% increase in egg viability (Cohen’s d = 0.978). There was no difference in

the viability of eggs between years (df =5, z=0.79, p = 0.427).

4.4.3 Tadpole survival and metamorphosis

Tadpole survival (Figure 4.4) was significantly correlated with treatment group (df =5, z
=2.02, p=0.043) and year (df =5, z=5.20, p <0.001). While the mean proportion of surviving
tadpoles was 0.815 (£0.119) in the playback group compared to 0.778 (£0.140) in the control
group, the effect size was small (Cohen’s d = 0.279). Tadpole survival was 0.896 (+0.066) in
2023 compared to 0.723 (£0.115) in 2022 (Cohen’s d = 1.433). In contrast, metamorph
emergence was not related to treatment group (df =5, z =-0.64, p = 0.525) nor year (df =5,z = -

0.40, p = 0.690). The mean proportion of tadpoles emerging as metamorphs was 0.445 (£0.145)
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and 0.414 (£0.133) in the control group and playback group, respectively. The overall model for
mean length of the larval period was significant (F2.17= 8.69, p = 0.002, adjusted R> = 0.455).
The length of the larval period was comparable between groups (df =17, t =-0.31, p = 0.764)
with a mean length of 97.4 (£10.6) and 96.3 (+10.6) days in the control group and playback
group, respectively. However, length of the larval period was significantly different between
years (df =17, t=-4.22, p <0.001), lasting 105.7 (£4.4) days in 2022 compared to 91.0 (£8.9)

days in 2023 (Cohen’s d = 1.978).

4.5 Discussion

Our results provide evidence that broadcasts of conspecific calls may have positive effect
on reproductive behaviours and outcomes of anurans in captivity. The playback group was
associated with increases in calling behaviour and a 13% increase in the proportion of viable
eggs compared to the control group. Our results provide evidence that reception of conspecific
calls could enhance pituitary-gonadal function in anurans as calling behaviour in males and
gamete production in both sexes are both strongly associated with gonadal sex steroid production
(Wilczynski and Burmeister 2016; Woodley and Leary 2024). Tadpoles produced from eggs in
the playback group had increased survival 46 days post-hatching, while the length of larval
period was comparable between the playback and control groups. This is consistent with the
hypothesis that effects on pituitary-gonadal function induced by conspecific signal reception may

enhance fertility and leads to improved offspring quality.
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Figure 4.2: Comparison of calling behaviour of male boreal chorus frogs (Pseudacris maculata),

including (A) mean cumulative duration and (B) mean number of calling bouts between two
acoustic treatments. Control = control playback (April 20-26, 2022 and April 1622, 2023)
where the audio file contained ambient sounds (i.e., wind, rain, trees swaying). Playback =
acoustic playback treatment (April 13—19, 2022 and April 23-30, 2023) where the audio file
contained 10—12 chorus frogs calling. Mean values are indicated by diamonds with standard

error bars. Statistically significant differences (o = 0.05) are indicated by dissimilar lower-case

letters.
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Figure 4.3: Comparison of reproductive output of spawning boreal chorus frogs (Pseudacris
maculata) including (A) mean proportion of viable eggs and (B) mean number of eggs per
female between two acoustic treatments. Control = control playback (April 20-26, 2022 and
April 16-22, 2023) where the audio file contained ambient sounds (i.e., wind, rain, trees
swaying). Playback = acoustic playback treatment (April 13—19, 2022 and April 23-30, 2023)
where the audio file contained 10—12 chorus frogs calling. Mean values are indicated by
diamonds with standard error bars. Statistically significant differences (a = 0.05) are indicated by
dissimilar lower-case letters.
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Figure 4.4: Comparison of tadpole quality of spawning boreal chorus frogs (Pseudacris
maculata) including (A) mean proportion surviving tadpoles 46 days post-hatching and (B) mean
proportion of tadpoles emerging as metamorphs (B) between two acoustic treatments. Control =
control playback (April 20-26, 2022 and April 16-22, 2023) where the audio file contained
ambient sounds (i.e., wind, rain, trees swaying). Playback = acoustic playback treatment (April
13-19, 2022 and April 23-30, 2023) where the audio file contained 10—12 chorus frogs calling.
Mean values are indicated by diamonds with standard error bars. Statistically significant
differences (o = 0.05) are indicated by dissimilar lower-case letters.
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4.5.1 Calling effort

Our observation that male chorus frogs in the playback group increased the cumulative
calling duration by 186% and the number of calling bouts by 145% compared to the control
group, while not statistically significant, does suggest that acoustic playbacks of conspecific calls
might have increased the motivation to call in chorus frogs. This is in concordance with previous
studies that have shown that anurans readily respond to playbacks of conspecific calls (Gerhardt
1991; Wells and Schwartz 2007). An increase calling behaviour in response to conspecific
signals has been observed in many other anuran species, including Johnstone’s whistling frog,
Eleutherodactylus johnstonei (Térano and Fuenmayor 2009; Tarano and Fuenmayor 2014), two
species of midwife toads, Alytes obstetricans and Alytes cisternasii (Bosch and Marquez 1996),
small torrent frog, Micrixalus saxicola (Preininger et al. 2013), Iberian parsley frog, Pelodytes
ibericus (Marquez et al. 2001), Andean frog, Colostethus subpunctatus (Liiddecke 2002), and
spring peeper, Pseudacris crucifer (Forester and Harrison 1987). We observed a large degree of
variation in calling activity within treatments. Cumulative calling duration ranged from 90.5—
11537.2 mins and 2931.4-14607.8 mins in the control and playback group, respectively, while
number of calling bouts ranged from 8—406 bouts and 70-416 bouts in the control and playback
group, respectively. Like many anurans, chorus frogs are capable of remarkable plasticity in their
calling behaviour, altering their calls in response to their physical condition, the social context,
and environmental conditions (Wells and Schwartz 2007; Snell-Rood 2013; Kuczynski et al.
2016; Neelon and Hobel 2019). In large choruses, males may decrease the duration or repetition
rate of their calls to have the signals placed into gaps between the calls of competing conspecific
males to maximize the likelihood of their call being received by a female (Klump and Gerhardt

1992; Martinez-Rivera and Gerhardt 2008). However, some studies suggest that female anurans
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tend to have a behavioural sensory bias towards males that possess calls of longer duration,
produced at lower fundamental frequencies (pitch), higher repetition and pulse rates, and that

have a greater complexity of notes (Ryan and Keddy-Hector 1992; Gerhardt and Huber 2002).

4.5.2 Reproductive parameters

To our knowledge, our study is the first to find an increase in egg viability in an anuran in
correlation with acoustic playback of conspecific calls during spawning. Most captive boreal
chorus frogs do not breed without hormonal induction and those that do produce small egg
clutches with low viability. Previous boreal chorus frog captive breeding trials using hormonal
induction but without any playback had a mean egg viability of 67.5% (Ethier, unpublished data;
Supplementary Table S3.4), similar to the control group in the current study. The 13% increase in
egg viability to nearly 80% is a notable improvement over what can be induced by hormone
injections alone. There is some evidence that broadcasts of conspecific calls can increase
reproductive investment in birds. Playback of either their mate’s song or recordings from
conspecific colonies led to zebra finches (Taeniopygia guttata) laying larger clutches compared
to the absence of an acoustic treatment (Waas et al. 2005). Similarly, female canaries (Serinus
canaria) exposed to male conspecific calls produce more eggs compared to those that heard no
songs and playbacks of synthetic sounds mimicking highly attractive mates resulted in larger
eggs being produced (Leitner et al. 2006). Additionally, in captive brown-headed cowbirds
(Molothrus ater) the number of eggs produced/day was significantly correlated with the number
of counter-singing interactions among males (White et al. 2010). We also observed that there
were no apparent negative effects on reproduction associated with the broadcast of the control
treatment, which included sounds of wind, crickets, and trees swaying. Environmental noise can

have impacts on the neuroendocrine system, increasing circulating hormones associated with the
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stress response and leading to reduced reproduction and development (Barber et al. 2010; Kight
and Swaddle 2011). Effects of environmental noise are particularly understudied in amphibians

and warrant further investigation (Kight and Swaddle 2011).

There is strong evidence that the regions of the brain associated with acoustic reception
have neural projections to nuclei that regulate reproduction in vertebrates (Burmeister and
Wilczynski 2005; Wilczynski et al. 2005; Arch and Narins 2009; Wilczynski and Ryan 2010;
Wilczynski and Burmeister 2016). For example, after hearing calls for several consecutive days,
male green treefrogs (Dryophytes [Hyla] cinerea) exhibited a significant 25% increase in the
number of immunoreactive GnRH neurons accompanied by increased plasma androgen
production (Burmeister and Wilczynski 2005). Similarly, male grass frogs (Rana temporaria)
maintain mature testes longer (i.e., increased testis volume and interstitial tissue size) when
exposed to a synthetic signal that resembled conspecific calls (Brzoska and Obert 1980). In
female midwife toads (Alytes muletensis), eggs will continue to mature when exposed to
conspecific male calls but are reabsorbed if conspecific calls cease or when exposed to
heterospecific calls (Lea et al. 2001). The relationship between sex steroid hormone
concentrations and gamete quality/quantity is well established in anuran amphibians (Iimori et al.
2005; Evaul et al. 2007; Deng et al. 2009) as well as fish (Zohar and Mylonas 2001; Cabrita et al.
2014). Therefore, increases in circulating concentrations of androgens and estrogens induced by
exposure to biologically relevant social cues are likely to maintain higher quality and quantity of
gametes which then increase the likelihood of successful fertilization of eggs. Optimal sperm
concentrations for fertilization of eggs in artificial fertilization protocols have been established
for several frog and toad species (see Kouba et al. 2009; Browne et al. 2015; Clulow et al. 2018).

Our results are indicative that playback of conspecific cues affect gamete maturation but are not
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conclusive. Direct experimentation establishing the relationship among exposure to playback of
conspecific cues, gamete quality/quantity, and fertilization rates within the chorus frog study
system would be beneficial to confirm this proposed method for increasing reproductive

outcomes.

4.5.3 Tadpole survival and metamorphosis

Tadpole survival 46 days after hatching was 77.8% in the control group and 81.5% in the
playback group with 44.5% and 41.4% of tadpoles emerging as metamorphs within four months
in the control group and playback group, respectively. Previously, our research group conducted
a rearing density experiment with boreal chorus frogs in laboratory (Ethier et al. 2024) and
outdoor mesocosm settings (Fayard 2022), both without any form of acoustic playback. In the
laboratory experiment, we found that tadpole survival to metamorphosis (Gs 42) was 75-92% for
tadpoles reared at densities of 0.5-2 tadpoles/L in small 6-L aquaria (Ethier et al. 2024). In the
current study, rearing densities that were up to 20 times higher (i.e., 610 tadpoles/L) than Ethier
et al. (2024) and we observed approximately half as many individuals underwent metamorphosis
(i.e., 41.4-44.5%). This suggests that the increased rearing density greatly impacted tadpole
survival and development. However, in the mesocosm study, we reared tadpoles in 380-L water
tanks and found that lower tadpole densities (0.1 vs. 1.0 tadpole/L) increased metamorph body
size and weight but did not affect survival to metamorphosis, which was 46% across all

treatments, comparable to the current study (Fayard 2022).

In general, higher conspecific densities are associated with reduced growth, longer
developmental period, lower mass at metamorphosis and decreased survival during the larval
period (Wilbur and Collins 1973; Weber et al. 2024). Chorus frog tadpole densities are usually

between 0.01 and 5.25 tadpoles/L in natural ponds, but there are observations of up to
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11.03 tadpoles/L on Isle Royale, Michigan (Smith 1990; Smith and Van Buskirk 1995). Survival
of Pseudacris species in natural settings is highly variable and can range from <10-90% during
the larval stage (Smith and Van Buskirk 1995; Ethier et al. 2021). For example, boreal chorus
frog tadpoles had a mean 46-day survival of 72% in North Dakota (Hossack et al. 2017) while
survival during the entire larval period was estimated to be only 3—6% in a Québec population
(Whiting 2004). Survival tends to be much higher and more consistent in captive and
experimental populations, with reports of >80% survival when reared singly in 1.5L tanks
(Amburgey et al. 2012; Earl et . 2012) or at very low densities of 0.001-0.16 tadpoles/L (Sours
and Petranka 2007). However, spring peeper (Pseudacris crucifer) survival was only 52—-63%
when reared in 40-L aquariums at 0.225 tadpoles/L (Van Allen et al. 2010). This exemplifies the
differences in survival rates that are often observed between field and laboratory settings (Melvin
and Houlahan 2012) as well as differences that can occur among populations within the same

species independent of density (Skelly 1996; Ethier et al. 2021).

We found that the length of the larval period, or time to metamorphosis, was not affected
by the broadcast, with tadpoles reaching metamorphosis at 97.4 days and 96.3 days in the control
and playback groups, respectively. However, larval period was almost two weeks longer in 2022
(105.7 days) compared to 2023 (91.0 days) despite temperature during the larval being
comparable between years. The average larval period of boreal chorus frogs is reported to be
approximately 60 days (Smith 1990; Ethier et al. 2021) but varies from as short as 43 days in an
Arizona population (Sredl and Collins 1991) up to 160 days in a montane population in northern
Colorado (Pettus and Angleton 1967). The drivers for differences in larval period among years in
the current study are unknown. Several environmental factors have been reported to affect the

length of the larval period in chorus frogs, including rearing density and food availability (Ethier
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et al. 2024), air and water temperature (Whitaker 1971; Shadle et al. 2023), length of
hydroperiod (Amburgey et al. 2012), and presence of predators (Skelly 1995; Lading and
Wilcoxen 2021). In addition to environmental factors, reproductive success and quality of
subsequent offspring is dependent on the quality of the parental male and female (Ratikainen et
al. 2018). Both genetic and physiological (i.e., body condition) factors influence the quality and
quantity of gametes that a male and female contribute to each reproductive output (Ratikainen et
al. 2018; Salles et al. 2020). While there is relatively little research linking how gamete and
offspring quality affect developmental periods in anurans, some evidence in Bufonids suggests
that maternal phenotype (e.g., size, weight, body condition) affect clutch quality (e.g., initial
tadpole size, survival) which in turn affect the duration of developmental periods (Cheron et al.
2021; Renoirt et al. 2023). Furthermore, parental factors can also interact with the environmental
factors affecting growth and development. In Bombina orientalis, initial tadpole size, a proxy for
maternal investment, had a significant effect on metamorph size and length of the larval period
when reared in low quality conditions where food was limited but there were no such
relationships when tadpoles were fed ad libitum (Kaplan 1987; Parichy and Kaplan 1992). We
maintained consistency in both the adult spawning and tadpole rearing conditions, largely
controlling for the effects of environmental factors, suggesting that variations in the length of the
larval period are due to either the intrinsic differences in the tadpoles produced or the conditions
that the parental males and females experienced prior to collection. Therefore, the relative
contributions of environmental and parental factors in chorus frogs, and how they may influence

larval development, remain to be tested.
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4.5.4 Conclusions

The increases in calling activity (i.e., cumulative calling duration and number of bouts),
reproductive output (i.e., viability), and offspring survival (i.e., 46-day survival) in response to
the playback of conspecific calls provide preliminary evidence that broadcast of biologically
relevant sounds can improve outcomes in captive breeding programs. In particular, the over 13%
increase in mean egg viability is compelling and warrants further consideration and
corroboration. While the proposed hormonal mechanisms leading to our results are tentative and
require formal testing, our study imply that social cues have positive impacts on reproductive
behaviour and spawning. This study also provides a framework to be used in the captive
breeding of other anurans or any other species that use acoustic communication as a regulator of
reproductive behaviour. This research is especially pertinent in amphibians as populations have
declined over the last 60 years and many amphibians at high risk of extinction (Wake and
Vredenburg 2008; Hoffmann et al. 2010). Further declines of amphibian species will likely
necessitate the creation of more captive breeding, reintroduction, and translocation programs to
conserve species (Carrillo et al. 2015; Harding et al. 2016; Della Togna et al. 2020). Therefore,
investigations into the factors affecting reproduction and survival in both the captive and natural

settings will be crucial for the conservation of amphibians into the future.
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5.1 Abstract

Acoustic communication is essential for the coordination of reproduction in most anuran
amphibians (toads and frogs). Several points of evidence suggest that the reception of
biologically relevant acoustic signals, such as conspecific calls, can influence the gonad function
and reproductive state via the hypothalamic-pituitary-gonadal axis in both sexes. In this study,
we sampled testes and ovaries for RNA sequencing (RNAseq) to test for expected gene
expression patterns in boreal chorus frogs (Pseudacris maculata) following exposure to
broadcasts of one of two levels of conspecific males calling or an injection of a hormone mixture
containing a gonadotropin-releasing hormone agonist and a dopamine antagonist that induces
spawning. Pathway analysis of the RN Aseq results indicated that several Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways related to
mitochondrial function were upregulated in male chorus frogs exposed to a broadcast of a large
chorus of approximately 100 males (“High Chorus”) and in males injected with the hormone
mixture compared to control treatments. A systematic search of GO terms and KEGG pathways
also revealed that genes associated with gonadal development, steroidogenesis, and
spermatogenesis were upregulated in High Chorus and hormonal induction treatments in males.
In contrast, in a parallel experiment in females subjected to the “High Chorus” or hormone
injections revealed only 16 differentially expressed genes in the ovarian transcriptome. These
results provide evidence for the reciprocal interaction between the endocrine control of
reproduction and the acoustic reception of conspecific signals and implies that male-male
acoustic communication has a role in initiating and maintaining reproductive behaviours. Our
findings are consistent with the breeding ecology of anuran amphibians and have implications

for the understanding of the molecular mechanisms that regulate reproduction. Practical
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applications for species conservation, such as maintaining reproductive condition and inducing

spawning in captive breeding programs can be enhanced by application of acoustics.

5.2 Introduction

In anuran amphibians (toads and frogs), acoustic communication plays a critical role in
coordinating reproduction and spawning behaviour. For many species, males aggregate in large
numbers at breeding sites and produce vocalizations to attract females and interact with potential
competitors (Wells and Schwartz 2007; Wilczynski and Ryan 2010). Females orient toward
sexually active calling males (i.e., phonotaxis) and assess potential mates based on acoustics
parameters of the calls. By aggregating in high densities, males benefit by reducing the rate of
individual energy expenditure per hour, allowing longer stays at breeding sites, and increased

mating chances by increasing female participation rates (Ryan et al. 1981; Grafe 2005).

Aside from sexual selection associated with female preference (Ryan and Rand 1993;
Ptacek 2000), acoustic signals have a role in the regulation of hormones associated with the
sexually active reproductive state (Wilczynski and Burmeister 2016; Woodley and Leary 2024).
In frogs there is neural connectivity between the acoustic signal reception centres within the
brain and the nuclei associated with the control of reproduction via stimulation of the
hypothalamic-pituitary-gonadal (HPG) axis (Arch and Narins 2009; Hall and Kelley 2021).
Environmental and social signals trigger the release of gonadotropin-releasing hormone (GnRH)
from the hypothalamus, which acts on the pituitary to release gonadotropins (Trudeau et al.
2022). The gonadotropins are transported through the bloodstream to the gonads and stimulate
the release of sex steroids, impacting gametogenesis, secondary sexual traits, and behaviour
(Trudeau et al. 2022). Growing evidence from anurans suggests a bidirectional relationship

between the endocrine control of reproduction and the acoustic reception (Burmeister and
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Wilczynski 2000; Wilczynski et al. 2005; Crocker-Buta and Leary 2018). Sex steroid hormones
can impact sensitivity of hearing in both sexes, and the reception of acoustic signals can affect
hormone synthesis and secretion within the gonads (Wilczynski and Burmeister 2016; Woodley
and Leary 2024). Many of these gonadal steroids are important for the maintenance of calling
behaviour in anurans (Arch and Narins 2009; Hall and Kelley 2021). Reception of conspecific
calls in many species is sufficient to stimulate other males in producing calls themselves (Wells
and Schwartz 2007) implying feedback mechanisms associated with call production, acoustic

reception, and reproductive state.

Underlying the relationship between reproduction and acoustic reception are
physiological processes controlled by the expression of genes within cells. Gene expression
varies with developmental stage, physiological condition, and external environment. Reception
of conspecific calls can modulate the expression of immediate early genes within the torus
semicircularis, the primary region of the brain associated with auditory processing in frogs
(Burmeister et al. 2008) and several nuclei of the pallidum, which are associated with processing
and integration of sensory signals (Mangiamele and Burmeister 2008). Similarly, RNA
sequencing has been used to investigate whole brain gene expression of female frogs following
exposure to visual and auditory cues from conspecific males, finding significant upregulation of
genes and transcriptional networks associated with energy metabolism (Zhao et al. 2021). Gene
expression in the ovary and testis following exposure to reproductive behaviours has yet to be
studied in detail. Prolonged exposure to chorusing behaviour can increase circulating androgen
concentration (Burmeister and Wilczynski 2000; Chu and Wilczynski 2001) and testes mass
(Brzoska and Obert 1980) in male frogs, but there have been no attempts to understand the

mechanisms underlying testicular responses.
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This study reports the effect of conspecific acoustic signals on the gonadal gene
expression profile in boreal chorus frogs (Pseudacris maculata), a diploid species in the family
Hylidae. This small-bodied frog is widely distributed but declining in several portions of eastern
North America (Gibbs et al. 2005; Seburn et al. 2014). We used a dynamic playback broadcast
design that simulates the natural rising and falling of calling activity across a 30-hour period and
sampled gonadal tissues at three timepoints (6 hrs, 24 hrs, 30 hrs). Male frogs were exposed to
one of three intensities of conspecific calling: a low intensity chorus of a small group of 10—12
males, a high intensity chorus of a large group of approximately 100 males, and broadcast of
naturally occurring sounds without calling of any anuran species (i.e., a noise control). Although
we focused the effect of chorusing activity on testicular gene expression in male frogs, we also
investigated the effect of conspecific calls on ovarian gene expression in females, as well as
changes in gonadal gene expression after administration of a gonadotropin-releasing hormone
plus dopamine antagonist mixture for both sexes. As the genome of the boreal chorus frog has
yet to be assembled (Chen et al., 2024), we described broad functional expression patterns and
conducted gene pathway analyses. We hypothesized that reception of conspecific signals trigger
endocrine responses that influence gonadal function and fertility. A previous study conducted
with boreal chorus frogs (Ethier et al. unpublished) suggested that broadcasts of conspecific
signals during the spawning period could increase the percentage of viable eggs and survival of
tadpoles, suggesting reception of conspecific signals is important for gamete maturation and
fertilization. Therefore, we predicted that differential gene expression analysis and pathway
mapping would detect significant upregulation of genes and transcriptional networks associated
with steroidogenesis, gonadal development, and gametogenesis in frogs exposed to conspecific

signals. We also predicted that gene expression patterns should be similar among frogs injected
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with an agonist of gonadotropin-releasing hormone and frogs exposed to broadcasts of

conspecific signals, reflecting stimulation of the HPG axis.

5.3 Methods

5.3.1 Animal collection

Wild boreal chorus frogs were collected during the early amphibian breeding season from
ponds in the United Counties of Leeds and Grenville, Ontario, Canada (44.904440, -75.831694).
Males were collected between April 06—April 11 in 2023 and females were collected between
March 26—April 01 in 2024. Male and female frogs were held separately in groups of 8
individuals in 1.7-L plastic terraria (18.3 x 8.5 x 10.8 cm) with damp moss and fed pinhead
crickets every two days. Frogs were held at 4°C in a refrigerator for 10—14 days until the start of
the experiments. All frogs were collected as per the Wildlife Scientific Collector's Authorization
issued by the Ontario Ministry of Natural Resources. All the experimental procedures involving
the handling and treatment of the frogs used in this study were approved by the University of

Ottawa Animal Care and Veterinary Service prior to initiation of experiments.

5.3.2 Description of treatments

We investigated gonadal gene activation in response to the natural chorusing behaviour of
wild male chorus frogs at three time points across a 30-hour period using a dynamic playback
broadcast design. Our previous research (Chapter 2) indicated that calling activity of boreal
chorus frogs fluctuates but has a predictable diel pattern (Figure 5.1; dotted line). The “Low
Chorus” treatment simulated a small population of 10—12 chorus frogs (Figure 5.1; yellow line).
The low chorus broadcast began at 10:00 with 2 hours of silence until 12:00, followed by 2 hours

of two males calling from 12:00 to 14:00, then 7 hours of ten males calling from 14:00 to 21:00,
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and then 7 hours of two males calling from 21:00 to 4:00 the next morning. From 4:00 to 10:00
there were 6 hours of silence. The “High Chorus” treatment simulated a large population of 80—
100 chorus frogs (Figure 5.1; blue line). The broadcast began at 10:00 with 2 hours of two males
calling until 12:00, followed by 2 hours of ten males calling from 12:00 to 14:00, then 7 hours of
approximately 80—100 males calling from 14:00 to 21:00, and then 7 hours of ten males calling
from 21:00 to 4:00 the next morning. From 4:00 to 10:00 there are 6 hours of two males calling.
The “Wind” treatment simulated natural sounds (i.e., wind, rain, insects, and trees swaying) that
were recorded at breeding locations prior to the anuran breeding season and therefore do not
contain calling behaviour of any frog or toad species. The 6-hour file was repeated five times to
encompass the 30-hour period. Spectrograms of the different levels of calling activity can be

seen in Supplementary Figure S5.1.

As a positive control, we recorded gonadal gene expression profiles in response to a
hormonal treatment following a gonadotropin-releasing hormone (GnRH) priming protocol
(Trudeau et al. 2010; 2013). This “Amphiplex” method has been shown to be an effective
spawning induction protocol for numerous frog species (Trudeau et al. 2010; 2013). First, we
intraperitoneally injected a group of frogs (8 males in 2023, 6 females in 2024) with a low
priming dose of a GnRH agonist (GnRH-A; 0.04 pg/g body weight des-Gly10, D-Ala6, Pro-
LHRH; Bachem H4070.0005) followed 24 h later with an injection of a mixture of GnRH-A (0.4
pg/g) and the type 2 dopamine receptor antagonist metoclopramide (10 pg/g) (Trudeau et al.
2013). In the negative control treatment (“Saline”), we injected frogs (8 males in 2023, 6 females

in 2024) with a 0.7% saline solution.
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5.3.3 Experimental playback procedure

Testis samples were collected in April 2023, and ovary samples were collected in April
2024. The evening before the first day of the experiment, three groups of 68 frogs were placed
in small containers (946 mL; 14 cm H x 11 cm W) and gradually warmed overnight to 18°C in a
cooler. At 8:30 the following morning, frogs were transferred to 114-L containers (Sterilite; 43.8
cm H x 82.9 cm L x 50.2 cm W) with 100 L of dechlorinated water and plastic platforms for
perching. Frogs were allowed to acclimate to the conditions of the room (i.e., light, temperature,
disturbance from being moved) for 1.5 hours. The photoperiod reflected sunset/sunrise patterns
of the region (lights on at 6:00, lights off at 20:00) and water temperature within 114-L
containers ranged from 17.8 to 19.1°C across the entire experimental period. All 114-L
containers were a standard distance of 1 m from the playback speaker. At 10:00, one of three
treatments (“Wind”, “Low Chorus”, “High Chorus”) was broadcasted at sound pressure level of
85 dB detected at 1 m. The first container was removed at 16:00 (Timepoint 1 = 6 hrs), the
second was removed at 10:00 the next day (Timepoint 2 = 24 hrs) and the third was removed at
16:00 of the second day (Timepoint 3 = 30 hrs). At each timepoint, frogs were removed from the
114-L containers, humanely euthanized with an overdose of buffered 0.5% tricaine solution
(Syndel Syncaine, Thermo Fisher Scientific, Waltham, MA, USA), and the spinal cord was cut.
The testes or ovaries were removed for RNA extraction. Based on the gene expression results in
2023 with testes samples, all ovary samples were collected after 6 hours (Timepoint 1) and were
restricted to the “High Chorus” and “Wind” treatments. For “Amphiplex” and “Saline”
treatments, gonads were sampled for RNA extraction at Timepoint 1 only for both sexes. The
order of treatments in each year was randomized and then ran consecutively to minimize time

difference between treatments and thus time that the frogs were held before they were exposed.
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Figure 5.1: Comparison of natural calling behaviour of boreal chorus frogs (Pseudacris maculata) and simulated number of calling
individuals. Primary Y-axis: Dashed grey line; the call index follows the standard call index of the North American Amphibian
Monitoring Program-- (0) absence of calling activity; (1) up to two or three unique individuals, with mostly non-overlapping calls, (2)
overlapping calls but still allowing to distinguish individuals, and (3) full chorus consisting of overlapping calls with non-
distinguishable individuals. Secondary Y-axis: Solid yellow and blue lines; simulated number of calling individuals (logarithmic scale)
-- (0) absence of calling activity; (2); two or three calling individuals with occasional but minimal overlap; (10) three or four
individuals calling in the spectral foreground of recording with several individuals in the spectral background, approximately 10
individuals in total, with a lot of overlap of calls; (100) full chorus consisting of overlapping calls with non-distinguishable
individuals, approximately 80—100 individuals in total.
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5.3.4 RNA extraction and sequencing

After dissection, testis (n = 40) and ovary (n = 22) samples were stored in RNA later®
(Thermo Fisher Scientific, Waltham, MA, USA), kept at 4°C for 24 hours, and then frozen to -
80°C. Upon thawing, the samples were homogenized using a VWR 4-Place Mini Bead Mill
Homogenizer (VWR®, Atlanta, GA, USA), and total RNA was purified from the homogenates
using NucleoZOL reagents with NucleoSpin RNA columns (Macherey-Nagel, Germany). RNA
concentrations were measured with a Qubit 4 Fluorometer (Invitrogen™, Thermo Fisher
Scientific, Waltham, MA, USA), and RNA integrity (RIN) was assessed using an Agilent 4150
TapeStation system (Agilent Technologies, Inc., Santa Clara, CA, USA). All samples were of
high quality (average RIN: testis = 9.8; ovary = 9.4) and yield (average concentration: testis =
0.057 pg/uL; ovary = 0.973 pg/uL). rPoly(A) RNA sequencing library was performed by LC
Sciences Inc. (https://Icsciences.com, Houston, TX, USA) and was prepared following Illumina’s
TruSeq-stranded-mRNA sample preparation protocol. Paired-ended sequencing was performed

on [llumina’s NovaSeq 6000 sequencing system.

Sequencing services, including a de novo assembly of the boreal chorus frog
transcriptome, were provided by LC Sciences Inc. Cutadapt (Martin 2011) and custom Perl
scripts (https://www.perl.org/about.html) were used to remove the reads that contained adaptor
contamination, low quality bases, and undetermined bases. Sequence quality was then verified
using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). All downstream
analyses were based on these clean data of high quality. De novo assembly of the transcriptome
was performed with Trinity 2.4.0 (Grabherr et al. 2011). Trinity groups transcripts into clusters,

loosely defined as a ‘gene’, based on shared sequence content. Statistical significance of fold-
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change of genes among comparisons were adjusted for multiple comparisons using the false

discovery rate (FDR) correction (Benjamini and Hochberg 1995).

5.3.5 RNA sequencing data analysis and pathway mapping

All assembled transcripts were aligned against the National Center for Biotechnology
Information non-redundant (Nr) protein database (http://www.ncbi.nlm.nih.gov), Gene ontology
(GO) (http://www.geneontology.org), SwissProt (http://www.expasy.ch/sprot), Kyoto
Encyclopedia of Genes and Genomes (KEGQG) (http://www.kegg.jp/kegg) and eggNOG
(http://eggnogdb.embl.de) databases using the DIAMOND algorithm (Buchfink et al. 2015) with
a threshold of E-value < 0.00001. Different expression analysis of genes was performed using
Salmon (Patro et al. 2017) based on normalized transcript per million (TPM) values (Mortazavi
et al. 2008). The differentially expressed genes (DEGs) were selected as the transcripts that were
annotated in at least one of the six databases with a log2 fold change of >1 or <-1 and with
statistical significance (FDR p-value < 0.05) using the R package “edgeR” (Robinson et al.
2010). Enrichment analysis was performed for genes expressed at Timepoint 1 (6 hrs), mapping
DEGs to GO terms (https://www.geneontology.org/docs/ontology-documentation) and KEGG
pathways (https://www.genome.jp/kegg/mapper/search.html), with significance based on the

hypergeometric equation:

(%]

2 (D) (2t

= (1)

where TB gene number = number of total genes in the comparison; TS gene number = number of
differentially expressed genes in total genes in the comparison; B gene number = total number of

genes in the GO term/KEGG pathway; S gene number = number of differentially expressed
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genes in the GO term/KEGG pathway. GO terms/KEGG pathways with p-value < 0.05 were
considered significantly enhanced. Significantly enhanced genes within terms/pathways are
noted in parentheses in the Results section. Note that the naming of genes, GO terms, and KEGG
pathways are largely based on previous genomic and transcriptomic research in mice and
humans. In some cases, the gene, term, or pathway name may appear to have limited relevance to
the organism or structure being discussed, such as the KEGG pathway “ovarian steroidogenesis”
being enhanced in testis samples. When necessary, we further explain the importance of genes

within terms/pathways in the Discussion section.

The top 10 GO terms and top 10 KEGG pathways were reported for pairwise
comparisons (i.e., Amphiplex x Saline, High Chorus x Wind) based on a combination of number
of DEGs expressed within the term/pathway and level of significance (i.e., adjusted p-values). To
test our hypothesis that exposure to conspecific calls affects gonadal function, results of the
enrichment analysis were systematically searched for significant terms/pathways associated with
sex hormone steroidogenesis, gonadal development, and gametogenesis. Search terms included

the following: “testis”, “ovary”, “gonad”, “sperm”, “oocyte”, “hormone”, “steroid”, and

“GNRH”.

54 Results

5.4.1 Differential gene expression at Timepoint 1

Male

The testicular transcriptome analysis identified 25,727 transcripts that were annotated in
at least one of the six databases, representing 13,988 genes. Within the Amphiplex x Saline

comparison at Timepoint 1 (6 hrs), 1605 and 483 annotated transcripts were unique to the

131



Amphiplex and Saline treatments, respectively. Within the High Chorus x Low Chorus x Wind
comparison at Timepoint 1, there were 3979, 97, and 374 annotated transcripts unique to the

High Chorus, Low Chorus, and Wind treatments, respectively.

There were 4096 significant DEGs (3453 upregulated, 643 downregulated) in the
Amphiplex x Saline comparison at Timepoint 1 (Figure 5.2A). When comparing Low Chorus to
Wind, we observed that there were only 16 DEGs (Supplementary Table S5.1). Inspection of the
z-scores among High Chorus, Low Chorus, and Wind treatments confirm that gene expression
was very similar between Low Chorus and Wind treatments (Supplementary Figure S5.2). There
were 3570 significant DEGs (3283 upregulated, 287 downregulated) in the High Chorus x Wind

comparison at Timepoint 1 (Figure 5.2B).

Amphiplex

3338 up 3048 up
115 627 down 287 down

4096 (3453 up, 643 down) 3570 (3283 up, 287 down)

Figure 5.2: Venn diagrams of shared and unique differential expressed genes (DEGs) related to
testis samples of boreal chorus frogs (Pseudacris maculata). In the first comparison (A) male
chorus frogs were injected with a hormone mixture (“Amphiplex”) or 7% saline solution
(“Saline™). In the second comparison (B) male chorus frogs were exposed to 6-h broadcasts of a
large chorus of 100 conspecific males calling (“High Chorus”) or natural sounds recorded within
the breeding environment lacking frog calls (“Wind”). Values below Venn diagrams represent the
total number of DEGs upregulated (red) and down regulated (blue) in each comparison.
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Female

The ovarian transcriptome analysis identified 15170 transcripts that were annotated in at
least one of the six databases. Within the Amphiplex x Saline comparison at Timepoint 1, there
were 14827 annotated transcripts identified, of which 441 and 317 genes were unique to the
Amphiplex and Saline treatments, respectively. Within the High Chorus x Wind comparison at
Timepoint 1 (6 hrs), there were 14745 genes identified, of which 181 and 222 annotated
transcripts were unique to the High Chorus and Wind treatments, respectively. There were 41
significant DEGs (21 upregulated, 20 downregulated) in the Amphiplex x Saline comparison
(Figure 5.3A) and there were 14 significant DEGs (6 upregulated, 8 downregulated) in the High
Chorus x Wind comparison (Figure 5.3B). Two genes were upregulated in both comparisons

(Figure 5.3C), RPL21 (ribosomal protein L21) and SPAG7 (sperm associated antigen 7).

5.4.2 GO and KEGG enrichment analyses

Male

Within the Amphiplex x Saline comparison at Timepoint 1 (6 hrs), 2178 terms and 147
pathways were enhanced in the GO (Table 5.1) and KEGG (Table 5.2) enrichment analyses,
respectively. The DEGs in the Amphiplex treatment were associated with GO terms “male gonad
development” (i.e., NASP, nuclear autoantigenic sperm protein; /NSL3; insulin like 3), “cellular
response to gonadotropin-releasing hormone” (i.e., GNRHR?2, gonadotropin releasing hormone
receptor-2; ANXAS, annexin AS), “cellular response to hormone stimulus™ (i.e., signal transducer
and activator of transcription isoforms; transcription factor isoforms; serine/threonine-protein

kinases), and “steroid hormone binding” (i.e., sodium/potassium-transporting ATPase subunits).
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Amphiplex
5up
1 8 down
41 (21 up, 20 down) 14 (6 up, 8 down)

A2ML1 CHSY1
aldob CXorf57
ARID3B adit4
aspdh DNAH5
CBX1 donson

exoc3l1
fbxo43

gag-pol
HES1 39 12
Hook2 PDC stil C8b LMOD3
klh(30 RASGRF1 tbpl1 DOK2 mab21L3
LRRN2 rpousd1  TNFSF10 EGBL/S3 ; ggf; g ,
MRPS10 Rtn4r TRPM7
GNRHR2 SULT3A1
noto SEMA4C ttc36 apro6a Wik

Olfm2 Sic16a1 UGDH

PAN2 SLC25A34 VIL1
SNTB1 Vstm4

St6égalnac2 wnt4

Amphiplex vs Saline High Chorus vs Wind

Figure 5.3: Venn diagrams of shared and unique genes related to ovary samples of boreal chorus
frogs (Pseudacris maculata). In the first comparison (A) female chorus frogs were injected with
a hormone mixture (Amphiplex) or 7% saline solution (Saline). In the second comparison (B)
chorus frogs were exposed to 6-h broadcasts of a large chorus of 100 conspecific males calling
(“High Chorus”) or natural sounds recorded within the breeding environment lacking frog calls
(“Wind”). Values below Venn diagrams A & B represent the total number of DEGs upregulated
(red) and down regulated (blue) in each comparison. Gene names in the Venn diagram C are the
DEGs upregulated (red) and down regulated (blue) in each comparison.
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KEGG pathways significantly enriched by DEGs in the Amphiplex treatment potentially
associated with reproduction and calling behaviour included “ovarian steroidogenesis” (STAR,
steroidogenic acute regulatory protein; PRKACA, protein kinase cAMP-activated catalytic
subunit alpha), a pathway that includes genes also important for testicular steroidogenesis and
androgen signalling. Other important KEGG pathways included “estrogen signalling pathway”
(heat shock protein 90 alpha family genes; GNAS, GNAS complex locus; FKBP4, FKBP prolyl
isomerase 4), “prolactin signalling pathway” (prolactin isoforms; signal transducer and activator
of transcription isoforms), and “oxytocin signalling pathway” (PLCB3, phospholipase C beta 3;

MYL6, myosin light chain 6; EEF2, eukaryotic translation elongation factor 2).

Within the High Chorus x Wind comparison at Timepoint 1, 2142 terms and 174
pathways were enhanced in the GO (Table 5.3) and KEGG (Table 5.4) enrichment analyses,
respectively. Notably, the High Chorus treatment and the Amphiplex treatment had several
enhanced GO terms in common that were associated with spermatogenesis and response to
steroid hormones (Table 5.5). The High Chorus treatment had significantly enhanced genes
associated with GO terms “male gonad development” (i.e., NASP, nuclear autoantigenic sperm
protein; /NSL3; insulin like 3), “spermatoproteasome complex” (i.e., proteasome subunits),
“spermatogenesis” (i.e., spermatogenesis-associated proteins; testis-specific serine/threonine-
protein kinases), and “follicle-stimulating hormone signaling pathway” (i.e., ADRM1, 26S
proteasome ubiquitin receptor; ARRB?2, arrestin beta 2; GRK2, G protein-coupled receptor kinase
2). KEGG pathways significantly enriched by DEGs in the High Chorus treatment included
“prolactin signaling pathway” (CYP17A1, cytochrome P450 family 17 subfamily A member 1;
prolactin precursors; prolactin-like proteins), “oxytocin signaling pathway” (serine/threonine-

protein phosphatases; myosin light polypeptides), “cortisol synthesis and secretion” (cCAMP
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responsive element binding protein 3-like proteins; cyclic AMP-dependent transcription factors),
and “estrogen signaling pathway” (MMP, matrix metalloproteinase-2; type I keratins; heat shock

proteins).

Timepoint comparisons among High Chorus and Low Chorus treatments

We described how gene expression changed between timepoints in the Low Chorus and
High Chorus treatments using genes within the GO terms “steroid biosynthetic process”,
“response to hormone”, and “male gonad development” to test the hypothesis that broadcasts
affected testicular function in male frogs. Most of the genes within the GO terms that were
upregulated in the High Chorus treatment at Timepoint 1 (6 hrs) remained significantly
upregulated at Timepoint 2 (24 hrs) and at Timepoint 3 (30 hrs) when compared to the Wind
Treatment at the same timepoints (Table 5.6). However, many genes that were upregulated at
Timepoint 1 were significantly downregulated at Timepoint 2 when comparing within the High
Chorus treatment and there were little to no significant DEGs between Timepoint 2 and
Timepoint 3 (Supplementary Table S5.2). This pattern was repeatedly observed even when
considering GO terms that contained several dozen or hundreds of genes. For example, for the
“spermatogenesis’ term, 119/163 (73%) genes were significantly upregulated (log2FC > 1.5, p <
0.05) in the High Chorus treatment compared to the Wind treatment. When comparing High
Chorus at Timepoint 1 to High Chorus at Timepoint 2, we found 92/163 (56%) genes were
significantly downregulated (log2FC < -1.5, p <0.05). Only 2/163 (1.2%) genes showed
differential expression when comparing Timepoint 2 to Timepoint 3, and 37/163 (23%) genes
that were expressed at Timepoint 1 were not detected at Timepoint 2 or Timepoint 3
(Supplementary Table S5.3). Gene expression in the Low Chorus treatment between timepoints

differed from the High Chorus treatment. Very few or no DEGs were found in the Low Chorus x
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Wind at Timepoint 1 and Timepoint 3, but several genes associated with GO terms “steroid
biosynthetic process”, “response to hormone”, and “male gonad development” were upregulated
at Timepoint 2 (Supplementary Table S5.2). Additionally, the expression of genes in the Low

Chorus x Wind comparison at Timepoint 2 was very similar to the expression of genes in the

High Chorus x Wind comparison at Timepoint 1 (Table 5.7).

Female

Compared to the testicular transcriptome, fewer GO terms and KEGG pathways were
enhanced in the ovarian transcriptome. There were 65 GO terms and 3 KEGG pathways
enhanced in the Amphiplex x Saline comparison and 50 GO terms and 11 KEGG pathways
enhanced in the High Chorus x Wind comparison. However, in most cases, only a single
significant DEG characterized the enhancement. GO terms and KEGG pathways were therefore
only used to identify potentially noteworthy genes contributing to ovarian function,
steroidogenesis, and gametogenesis rather than considering the terms/pathways themselves

significantly enhanced.

The Amphiplex treatment had significant up- and down-regulation of genes associated
with GO terms “mitogen-activated protein (MAP) kinase activity” (i.e., ALDOB,
aldolase/fructose-bisphosphate B), “embryo development” (i.e., TBPLI, TATA-box binding
protein like 1), and “regulation of mitotic nuclear division” (i.e., FBXO43, F-box protein 43).
Significant downregulation of KEGG pathways “apoptosis” and “necroptosis” were related to
the upregulation TRPM7 (transient receptor potential cation channel subfamily M member 7) and
downregulation of TNFSF10 (TNF superfamily member 10), respectively. Another notable

KEGG pathway in the Amphiplex treatment was “glycosaminoglycan biosynthesis - chondroitin
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sulfate / dermatan sulfate”, which was associated with the upregulation of CHSY ! (chondroitin

sulfate synthase 1), a gene related to cell proliferation and morphogenesis.

Several GO terms were associated with the downregulation of GNRHR2 (gonadotropin
releasing hormone receptor 2) in the High Chorus treatment, including “gonadotropin-releasing
hormone receptor activity”, “cellular response to gonadotropin-releasing hormone”, and “peptide
binding”. KEGG pathways enhanced in the High Chorus treatment included “il-17 signaling
pathway” and “parathyroid hormone synthesis, secretion and action” (i.e., MMP13, matrix
metallopeptidase 13). Other notable KEGG pathways included “negative regulation of DNA
binding” and “negative regulation of protein binding” both of which were associated with

downregulation of WFIKKNI (WAP, follistatin/kazal, immunoglobulin, kunitz and netrin domain

containing 1).
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Table 5.1: Top 10 (of 147) significantly enhanced Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways — Amphiplex x
Saline testicular samples. DEG = differentially expressed gene.

Genes in DEG - DEG - DEG -
Pathway Entry Pathway Definition pathway total up down
map05200 Pathways in cancer 302 126 125 1
map05012 Parkinson disease 192 116 116 0
map04714 Thermogenesis 237 125 123 2
map05010 Alzheimer disease 218 114 114 0
map05016 Huntington disease 220 114 114 0
map04932 Non-alcoholic fatty liver disease (NAFLD) 157 84 84 0
map05418 Fluid shear stress and atherosclerosis 141 69 69 0
map05205 Proteoglycans in cancer 209 92 92 1
map04151 PI3K-Akt signaling pathway 250 116 113 3
map05165 Human papillomavirus infection 255 122 121 1

Table 5.2: Top 10 (of 2176) significantly enhanced Gene Ontology (GO) terms — Amphiplex vs Saline testicular samples. DEG =
differentially expressed gene.

DEG- DEG- DEG-

GO ID GO Term GO Function Genes in pathway total up down
GO:0043066  negative regulation of apoptotic process  Biological process 453 176 165 11
GO0:0005525  GTP binding Molecular function 568 162 151 11
GO0:0042493  response to drug Biological process 178 74 74 0
GO0:0042802  identical protein binding Molecular function 771 253 235 18
GO0:0016020 membrane Cellular component 3427 984 929 55
GO0:0005615  extracellular space Cellular component 1611 397 356 41
GO:0005515  protein binding Molecular function 3391 1101 1045 56
GO0:0005654  nucleoplasm Cellular component 1856 416 396 20
GO0:0005829  cytosol Cellular component 2666 802 752 50
GO0:0043209  myelin sheath Cellular component 325 140 138 2
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Table 5.3: Top 10 (of 174) significantly enhanced Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways — High Chorus x
Wind testicular samples. DEG = differentially expressed gene.

Genes in DEG - DEG - DEG -
Pathway Entry Pathway Definition pathway total up down
map05200 Pathways in cancer 302 145 142 3
map05165 Human papillomavirus infection 255 122 122 0
map05010 Alzheimer disease 218 127 126 1
map05016 Huntington disease 220 123 122 1
map04714 Thermogenesis 237 125 122 3
map05012 Parkinson disease 192 108 106 2
map04151 PI3K-Akt signaling pathway 250 127 127 0
map05418 Fluid shear stress and atherosclerosis 141 82 81 1
map04932 Non-alcoholic fatty liver disease (NAFLD) 157 88 87 1
map05163 Human cytomegalovirus infection 151 83 83 0

Table 5.4: Top 10 (of 2141) significantly enhanced Gene Ontology (GO) terms — High Chorus x Wind testicular samples. DEG =
differentially expressed gene.

Genes in DEG - DEG - DEG -

GO ID GO Term GO Function pathway total up down
GO:0006915  apoptotic process Biological process 327 145 139 6
GO:0015031  protein transport Biological process 349 145 142 3
GO:0016740  transferase activity Molecular function 516 197 192 5
GO0:0007275  multicellular organism development Biological process 482 173 161 12
GO0:0007049  cell cycle Biological process 239 117 115 2
GO0:0005886  plasma membrane Cellular component 2722 785 725 60
GO0:0007283  spermatogenesis Biological process 383 163 150 13
GO0:0042995  cell projection Cellular component 363 164 158 6
GO:0005829  cytosol Cellular component 2666 948 915 33
GO:0070062  extracellular exosome Cellular component 2577 675 630 45
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Table 5.5: Comparison of ten enhanced Gene Ontology (GO) pathways related to spermatogenesis and hormone secretion observed in
the Amphiplex x Saline and the High Chorus x Wind comparisons in testicular samples. DEG = differentially expressed gene. All
reported p-values are adjusted for false discovery rate (FDR) using the Benjamini and Hochberg (1995) correction.

Amphiplex x High Chorus x
Saline Wind
Genes in DEG - DEG - DEG - DEG- DEG- DEG-
GO ID GO Term pathway total up down p-value total up down  p-value
G0O:0009725 response to hormone 32 16 15 1 <0.01 14 14 0 <0.01
GO0:0005179 hormone activity 73 22 20 2 <0.01 25 22 3 <0.01
GO:0071375  cellular response to peptide 15 7 7 0 <001 8 7 1 <001
hormone stimulus

G0:0006694 steroid biosynthetic process 34 16 14 2 <0.01 14 14 0 <0.01
G0:0007286 spermatid development 104 9 8 1 0.98 41 34 7 <0.01
G0:0007339 binding of sperm to zona pellucida 68 16 10 6 0.04 42 41 1 <0.01
GO0O:0007283 spermatogenesis 383 61 55 6 0.30 163 150 13 <0.01
G0:0008584 male gonad development 66 16 15 1 0.03 25 24 1 <0.01
G0:0008202 steroid metabolic process 38 11 11 0 0.02 14 14 0 0.01
G0:0048545 response to steroid hormone 21 5 4 1 0.01 8 8 0 0.04
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Table 5.6: Summary of testicular gene expression within High Chorus treatment in comparison
to Wind treatment at three timepoints (6—30 hrs). Coloured nodes (red) indicate upregulation of
gene based on log2 fold change (1.5 > log2FC < -1.5) and adjusted p-value (< 0.05).

steroid biosynthetic process (GO:0006694)

High 6h x High 24h x High 30h x

ID Gene Wind 6h Wind 24h Wind 30h
log2FC  P(adj) | log2FC  P(adj) | 1og2FC  P(adj)

TRINITY DN111256 cl g3 Dhcr24 0.009 0.85 0.982 0.000
TRINITY DN113871 ¢0 g2 FDFTI 0.038 0.002 0.000
TRINITY DN116674 c2 g3 Ispo 0.000 0.000 0.000
TRINITY DN131188 c0 gl Scp2d1 0.475 - -
TRINITY DN19878 c0 gl Cypl7al 0.002 2.19 1.000 1.000
TRINITY DN54102 c0 gl Hsdl17b11 0.000 0.012 0.000
TRINITY DN65460 c2 g2 Hsdl7b12 0.000 0.200 0.000
TRINITY DN74172 ¢4 gl Cyb5rl 0.435 0.008 0.000
TRINITY DN78062 ¢2 g2 Sc5d 0.000 0.027 0.000
TRINITY DN78735 0 gl Scp2 0.000 0.032 0.000
TRINITY DN83670 c0 gl Cyb5r3 0.000 0.029 0.000
TRINITY DN90946 c0 g2 Tecr 0.000 3.03 0.084 0.000
TRINITY DN91956 c2 gl Hmgesl 0.000 1.97 0.326 0.000
TRINITY DN95069 c3 gl Msmol 0.025 1.98 0.242 0.000
response to hormone (GO:0009725)

High 6h x High 24h x High 30h x
ID Gene Wind 6h Wind 24h Wind 30h

log2FC  P(adj) | log2FC P(adj) | log2FC P(adj

TRINITY DN110262_c3_g5 Timp2 2.07 0.278 2.51 0.067 0.005

TRINITY DN118595 c0 gl Mmpl4 1.49 0.535 0.005 0.000
TRINITY DN118956 c0 g3 Lox 2.26 0.235 0.152 3.53 0.505
TRINITY DN130422 c0 gl Mb 0.000 0.043 6.37 0.187
TRINITY_DN130843 c0 gl GPXI 0.50 1.000 - — _

TRINITY DN64833 c0 g2 Cox5b 0.000 0.079 0.000
TRINITY DN65559 ¢0 gl1 Mtnd3 0.000 0.876 0.002
TRINITY DN68843 c3 gl HCLS1 0.000 0.025 0.002
TRINITY _DN76207 ¢c0 gl SORD 0.008 0.082 0.000
TRINITY DN80017 c0 gl NCOA4 0.000 0.011 0.000
TRINITY DN84281 ¢3 g2 Timpl 0.075 0.004 0.000
TRINITY DN84747 c0 gl Mel 0.000 0.002 0.000
TRINITY DN87262 c0 g4 Agpl 0.000 0.866 0.046
TRINITY DN97922 c2 gl Por 0.000 0.007 0.000
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Table 5.6 (continued): Summary of gene expression within High Chorus treatment in
comparison to Wind treatment at three timepoints (6—30 hrs). Coloured nodes (red) indicate
upregulation of gene based on log2 fold change (1.5 > log2FC < -1.5) and adjusted p-value (<
0.05).

male gonad development (GO:0008584)

High 6h x High 24h x High 30h x

ID Gene Wind 6h Wind 24h Wind 30h

log2FC  P(adj) | log2FC P(adj) log2FC P(adj)
TRINITY DN100710 c0 g3 Insl6 0.018 1.04 1.000 2.06 1.000
TRINITY DN106049 c0 g2 ~ BCL2LI 0.001 0.000 0.000
TRINITY DN106744 ¢l gl Cited?2 0.006 0.000 0.000
TRINITY DN107686 c0 gl Ybx3 0.000 1.80 0.355 0.000
TRINITY DN109406 ¢2 gl Kdr 0.000 1.86 0.892 0.017
TRINITY_DN109503 ¢2 g2 Eif2s2 0.032 0.008 0.000
TRINITY DN112537 ¢3 g2 1bcld20 0.000 1.95 0.090 0.002
TRINITY DN112800 c0 gl Wdr48 0.000 2.25 0.081 0.000
TRINITY DN115851 cl g4  PRPSI 0.635 — —
TRINITY DN123522 c0 gl CSDE1] 0.007 0.022 0.000
TRINITY DN130557 c0 g1 KIhl10 0.000 - -
TRINITY_DN1311_c0_gl ANKRD7 0.543 - —
TRINITY DNI31297 ¢0 gl Spink2 0.380 - _
TRINITY DN56774 c0 gl Nuprl 0.297 2.72 0.206 0.000
TRINITY DN64913 0 g2 Rbp4 0.000 0.000
TRINITY DN66237 2 g2 Insi3 0.002 -0.04 1.000 1.000
TRINITY _DN69790 ¢0 gl Prdx4 2.31 0.090 1.73 0.453 0.000
TRINITY DN69790 0 g3 PRDX4 5.50 0.453 - - -
TRINITY DN73303_c4 g4 Fdps 2.53 0.079 0.000
TRINITY DN74726 c4 gl Bax _ 0.006 0.000
TRINITY DNB86395 cl g2 Hmgb2 2.59 0.073 1.44 0.404 0.000
TRINITY DN86973 ¢c0 gl SFRP2 2.46 0.158 0.660
TRINITY_DN94714 c3_g4 Six4 -0.30 0.220 -0.07 1.000 1.000
TRINITY DN95226 c4 g4 CITED? 0.000 0.000
TRINITY_DN96193_¢2 gl NASP 1.96 0.419 0.028
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Table 5.7: Summary of gene expression within High Chorus and Low Chorus treatments in
comparison to Wind treatment. Coloured nodes (red) indicate upregulation of gene based on log2
fold change (1.5 > log2FC < -1.5) and adjusted p-value (< 0.05).

steroid biosynthetic process (GO:0006694)

Low 6h x High 6h x Low 24h x

ID Gene Wind 6h Wind 6h Wind 24h
log2FC  P(adj) | log2FC  P(adj) | 1og2FC  P(adj)

TRINITY DN111256 cl g3 Dhcr24 -0.06 0.999 0.009 2.82 0.182
TRINITY DN113871 ¢0 g2 FDFTI -1.87 0.760 0.038 0.000
TRINITY DN116674 ¢2 g3 Tspo -0.33 1.000 0.000 0.003
TRINITY DNI31188 c0 gl Scp2dl - - 0.475 -
TRINITY DN19878 c0 gl Cypl7al -0.56 1.000 0.002 1.000
TRINITY DN54102 c0 gl Hsdl7b11 -1.57 1.000 0.000 0.000
TRINITY DN65460 c2 g2 Hsdl7b12 -0.47 0.998 0.000 0.080
TRINITY DN74172 c4 gl Cyb5rl -3.58 0.356 0.435 0.000
TRINITY DN78062 c2 g2 Scsd -3.01 1.000 0.000 0.001
TRINITY DN78735 c0 gl Sep?2 -0.40 0.998 0.000 0.032
TRINITY DN83670 c0 gl Cyb5r3 -1.86 0.942 0.000 0.030
TRINITY DN90946 c0 g2 Tecr -0.09 0.998 0.000 0.012
TRINITY DN91956 c2 gl Hmgesl -1.22 0.977 0.000 0.007
TRINITY DN95069 c3 gl Msmol -1.89 0.846 0.025 0.005
response to hormone (GO:0009725)

Low 6h x High 6h x Low 24h x
ID Gene Wind 6h Wind 6h Wind 24h

log2FC  P(adj) | log2FC P(adj) | log2FC

TRINITY_DN110262_c3_g5 Timp2 -2.32 0.854 2.07 0.278
TRINITY_DN118595 c0 gl Mmpl4 -2.23 0.769 1.49 0.535
TRINITY _DN118956 c0 g3 Lox -4.15 0.648 2.26 0.235
TRINITY DN130422 c0 gl Mb 2.93 1.000 0.000
TRINITY _DN130843 ¢c0 gl GPXI — - 0.50 1.000
TRINITY DN64833 c0 g2 Cox5b 0.03 1.000 0.000
TRINITY_DNG65559_c0_gll Mtnd3 1.72 0.914 0.000
TRINITY DN68843 ¢3 gl HCLS1 -0.03 0.999 0.000
TRINITY_DN76207_c0_gl SORD -1.55 0.902 0.008
TRINITY DN80017 ¢0 gl NCOA4 -1.05 0.993 0.000
TRINITY_DN84281 c3_g2 Timpl -5.57 0.142 0.075
TRINITY DN84747 c0_gl Mel -0.39 0.998 0.000
TRINITY DNB87262 c0 g4 Agpl 4.04 1.000 0.000
TRINITY _DN97922 ¢2 gl Por -0.83 0.956 0.000
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Table 5.7 (continued): Summary of gene expression within High Chorus and Low Chorus
treatments in comparison to Wind treatment. Coloured nodes (red) indicate upregulation of gene
based on log2 fold change (1.5 > 1og2FC < -1.5) and adjusted p-value (< 0.05).

male gonad development (GO:0008584)

Low 6h x High 6h x Low 24h x
ID Gene Wind 6h Wind 6h Wind 24h
log2FC  P(adj) | log2FC P(adj) log2FC P(adj)
TRINITY DN100710 ¢0 g3 Insl6 - - 0.018 3.43 1.000
TRINITY DN106049 c0 g2 BCL2LI | -2.38  0.658 0.001 - 0.000
TRINITY DN106744 cl gl Cited?2 -1.65 0.910 0.006 0.000
TRINITY DN107686 c0 gl Ybx3 0.66 0.995 0.000 2.79 0.106
TRINITY DN109406 c2 gl Kdr -0.58 1.000 0.000 2.67 0.643
TRINITY DN109503 ¢2 g2 Eif2s2 -1.38 0.925 0.032 0.000
TRINITY DN112537 o3 @@ Theld20 | -1.69  0.799 0.000 0.000
TRINITY DN112800 c0 gl Wdr48 -2.22 1.000 0.000 0.011
TRINITY DN115851 cl g4  PRPSI - - 3.91 0.635 - -
TRINITY DN123522 ¢0 gl CSDE1] -1.43 0.836 0.007 0.001
TRINITY DN130557 c0 gl KIhl10 - - 0.000 - -
TRINITY DN1311 ¢0 gl ANKRD7 — — 493 0.543 — -
TRINITY DNI131297 c0 gl Spink2 - - 5.95 0.380 - -
TRINITY DNs6774 0 gt Nuprl | 227 0885 | 177 0297 |N448IN 0.013
TRINITY DN64913 c0 g2 Rbp4 0.52 - 0.000 2.59 1.000
TRINITY DN66237 ¢2 g2 Insi3 - - 0.002 0.30 1.000
TRINITY DN69790 c0 gl Prdx4 -2.11 0.759 2.31 0.090 0.013
TRINITY DN69790 c0_g3 PRDX4 - - 5.50 0.453 -
TRINITY DN73303 c4 g4 deS -2.09 0.924 2.53 0.079 0.000
TRINITY _DN74726_c4 gl Bax 203 0.699 - 0.006 0.000
TRINITY DN86395 cl g2 ngb2 -2.18 0.720 0.073 0.011
TRINITY DN86973 c0 gl SFRP2 -3.09 1.000 2.46 0.158 0.008
TRINITY DN94714 c3 g4 Six4 0.27 0.720 -0.30 0.220 0.962
TRINITY DN95226 ¢4 g4 CITED2 | -1.09  1.000 - 0.000 0.001
NASP -2.31 0.708 0.419 0.009

TRINITY DN96193 ¢2 gl
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5.5 Discussion

5.5.1 Testicular gene expression

There was considerable overlap in the groups of genes that were differentially expressed
in Amphiplex x Saline and High Chorus x Wind comparisons, including several GO terms (Table
5.5), strongly indicating a shared hormonal response to the co-administration of GnRH and
metoclopramine and reception of conspecific male calls. GO terms “response to hormone”,
“male gonad development”, and “steroid biosynthetic process” were significantly upregulated in
both Amphiplex x Saline and High Chorus x Wind comparisons. Notable genes within these GO
terms that were upregulated in both comparisons included Ins/3, Klhl10, Cypl7al, Tspo,

Hsdl17b11, Hsd17b12, and Agp1.

Insulin-like peptide 3 (INSL3) has a role in spermatogenesis and germ cell survival,
stimulating the differentiation of spermatogonia in zebrafish (Assis et al. 2016). INSL3 is also a
biomarker for testicular function in humans and rodents, with its concentration reflecting
differentiation status and number of the Leydig cells present in the testes (Ivell et al. 2013;
Facondo et al. 2020). Kelch-like family member 10 (K1hl10) is exclusively produced in testes
within developing spermatids and knockout of K/A4/10 allele led to the disruption of

spermiogenesis and complete male infertility in mice (Yan et al. 2004; Wu et al. 2010).

Cytochrome P450 family 17 subfamily A member 1 (CYP17A1) is an important enzyme
in synthesis of glucocorticoids and sex hormones, particularly for the conversion of
pregnenolone (P5) to 17-hydroxypregnenolone and progesterone (P4) to 17-hydroxyprogesterone
is 17a-hydroxylase activity and production of androgens via 17,20-lyase activity (Burris-Hiday

and Scott 2021). CYP17A1 also has a role in sexual behaviour and secondary sexual
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characteristics in males. CypI7al knockout leads to infertility and absence of sexual behaviours
in mice (Liu et al. 2005). In frogs, Cyp17al is highly expressed in the gonads before and after
sexual differentiation in males and likely important for testis development (Maruo et al. 2008;

Roco et al. 2021).

Translocator protein (TSPO) is abundant in steroidogenic cells, including Leydig cells,
and important for the transport of cholesterol into mitochondria to initiate steroid hormone
synthesis (Manku and Culty 2016; Papadopoulos et al. 2018). The functions of 17 beta-
hydroxysteroid dehydrogenases (e.g., Hsd17b11, Hsd17b12) have been inferred for amphibians
as all vertebrates appear to express some form of the enzyme (Mindnich et al. 2004). Hsd17b12
is highly expressed in meiotic and post-meiotic germ cells in mice and rats (Culty et al. 2015)
and in Leydig cells of mice (Yu et al. 2018). In mice, aquaporin (Aqp1) is mainly involved in
regulation of water homeostasis in male reproductive organs (i.e., testis, efferent ducts, seminal
vesicles), which is essential for reproductive health by maintaining proper ionic conditions for

maturation and storage of spermatozoa (Lu et al. 2008; Carrageta et al. 2020).

We observed significant upregulation of KEGG pathways “ovarian steroidogenesis” (i.e.,
STAR, PRKACA) and “estrogen signaling pathway” (i.e., heat shock protein 90 alpha family
genes, FKBP4) in both Amphiplex x Saline and High Chorus x Wind comparisons. Despite their
naming conventions, these genes are also associated with steroidogenesis, androgen signalling,
sperm maturation, and sexual development in males. Steroidogenic acute regulatory protein
(STAR) is essential for the regulation of steroid hormone synthesis by mediating the conversion
of cholesterol into pregnenolone (Clark and Stocco 2014) and is involved in the transport of
cholesterol into the mitochondrial matrix (Stocco et al. 2017; Manna 2025). Protein kinase

cAMP-activated catalytic subunit alpha (PRKACA) is associated with sperm maturation and
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motility in mammals, potentially modulating cAMP activity and protein stability within the
sperm cell (Nolan et al. 2004; Hereng et al. 2012). Heat shock protein 90 alpha family genes
(HSP90AAI, HSP90AB1, HSP90BI) and FKBP prolyl isomerase 4 (FKBP4) are genes coding
for proteins that have diverse functions including interacting with androgen receptors to
influence signaling within the cell via androgen receptor-mediated transcription in mammals
(Cheung-Flynn et al. 2005), are associated with proper formation of genitalia (Ilaslan et al.
2020), and act as chaperones that mediate the binding of sperm to zona pellucida (Dun et al.

2012).

Broadcasts of conspecific calls stimulated spermatogenesis as well as steroidogenic
activity in male frogs. Numerous groups of genes that are associated with spermatogenesis were
upregulated in the High Chorus treatment. Notably, the GO term “spermatogenesis” was
significantly enhanced with differential expression of 163 of 383 genes in the pathway, including
nine genes encoding for spermatogenesis associated proteins (Spata6, Spata9, Spatal$§, etc.) and
four genes encoding for testis-specific serine/threonine-protein kinases (7ssk1b, Tssk3, Tssk4,
Issk6). Spermatogenesis associated proteins are required for several functions in the maturation
of germ cells and proper formation of sperm. For example, Spatal9 appears to be related to germ
cell development/differentiation and mitochondrial architecture in sperm (Nourashrafeddin et al.
2014; Mi et al. 2015) and defects in the Spatal 6/SPATA 16 gene are associated with
globozoospermia (round-headed sperm cells that lack an acrosome) in humans and
spermatogenic arrest in mice (Fujihara et al. 2016). In mouse models, Tssk3 and Tssk6 are
essential for male fertility. Tssk6 is required for the regulation of actin polymerization and
changes in the localization of the Izumo protein, which enables the binding activity of sperm to

the zona pellucida of egg cells (Sosnik et al. 2009). Mice lacking Tssk3 experience
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spermatogenic arrest where spermatogenesis is blocked at the stage VII/VIII spermatids, the
penultimate stage of sperm maturation, and sperm is not released into the lumen of seminiferous

tubules causing the mice to be sterile (Nayyab et al. 2021).

Within the GO term “binding of sperm to zona pellucida”, two zona pellucida binding
protein genes (Zpbp, Zpbp?2), three zona pellucida glycoprotein genes (ZP2, ZP3, ZP4) and five
genes coding for subunits of the chaperonin containing TCP1 complex (Cct2, Cct4, Cct5, Cct7,
Cct8) were upregulated in the High Chorus treatment. All these genes are critical during
spermatogenesis for the proper binding of sperm to oocytes and fertilization. Mice lacking ZPBP
and ZPBP2 were sterile and subfertile, respectively, possessing abnormal sperm morphology,
with little to no forward motility, and limited ability to penetrate the zona pellucida (Yatsenko et
al. 2010). Zona pellucida (ZP) glycoproteins are found on the extracellular matrix surrounding
oocytes (Gupta 2021) but ZP3 is also expressed in spermatogonia, spermatocytes and spermatids
within the testes of humans and mice (Pulawska et al. 2022). Chaperonin containing TCP1
complex subunits (CCTs) are important for mediating the binding of sperm to zona pellucida

through remodelling of the sperm surface (Dun et al. 2011; Dun et al. 2012).

Effects on mitochondrial function in males

Several of the enhanced KEGG pathways in the Amphiplex x Saline and High Chorus x
Wind comparisons, including “Non-alcoholic fatty liver disease (NAFLD)”, “Thermogenesis”,
“Pathways in cancer”, “Alzheimer disease”, “Huntington disease” and “Parkinson disease”, are
associated with upregulation of genes coding for subunits of the series of four protein complexes
(CI-CIV) within the electron transport chain of the mitochondria. These enzymes and protein
complexes, such as NADH:ubiquinone oxidoreductase, cytochrome ¢ oxidase, and ubiquinol-

cytochrome c reductase, are related to mitochondrial function and include processes such as
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generating electrochemical potential across the mitochondrial membrane, oxidative
phosphorylation, and adenosine triphosphate (ATP) production (Smeitink et al. 2001; Ludwig et
al. 2001; Whitehouse et al. 2019). Energy production via electron transport chain of the
mitochondria is vital for proper cellular function and disruptions can have system wide effects on
the organism. For instance, deficiencies in cytochrome ¢ oxidase are related to several
mitochondrial disorders that vary widely in severity, from relatively benign affects to skeletal
muscles to severe diseases such as Leigh syndrome, a condition which affects the central nervous

system and often leads to fatal encephalopathy (Brischigliaro and Zeviani 2021).

Disruptions to mitochondrial function within the gonad due to abnormal gene expression
can have adverse effects on several levels of reproduction, from steroid production to gamete
viability (Ramalho-Santos et al. 2009; Park and Pang 2021). As an example, knockdown of
COXS5B expression, a gene coding for a subunit of cytochrome c oxidase, in the Leydig cells of
mice led to an increase in apoptotic activity (Wang et al. 2024). Increases of apoptosis was
related to decreased intracellular ATP levels, decreased mitochondrial membrane potential, and
increased reactive oxygen species levels, thus reducing the proliferative function of Leydig cells
and impacting androgen production (Wang et al. 2024). Ubiquinol-cytochrome ¢ reductase hinge
protein (UQCRH) is one of 11 subunits in the ubiquinol-cytochrome ¢ oxidoreductase complex
(CIII) and mutations within the CIII-coding genes are associated with mitochondrial disorders
(Fernandez-Vizarra and Zeviani 2015). For example, 2.2 kb homozygous deletion of exons 2 and
3 of UOCRH/Ugcrh resulted in severe cases of lactic acidosis, hyperammonaemia, and impaired

glucose homeostasis in humans and mice (Vidali et al. 2021).

The upregulation of “PI3K-Akt signaling pathway” was associated with genes coding for

prolactin isoforms, 14-3-3 family proteins (i.e., YWHAE), type IV collagen alpha proteins, and

150



heat shock protein 90 family proteins. The PI3K/Akt/mTOR (PAM) pathway is highly conserved
among species and essential for cell growth, survival, and metabolism. PAM signalling is
important for many aspects of male reproduction, especially the proliferation and differentiation
of spermatogonia and somatic cells during spermatogenesis (Ni et al. 2019; Deng et al. 2021).
The 14-3-3 proteins (YWHA or Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase
Activation protein) are implicated in several signalling processes related to gametogenesis and
reproduction (De 2021). For example, knockout of the 14-3-3 epsilon (YWHAE) in male mice
caused infertility related to significantly reduced phosphorylation of several signal enzymes
within spermatozoa, reduced sperm count and sperm motility, and a higher percentage of

abnormal spermatozoa (Eisa et al. 2021).

Changes in gene expression between timepoints in males

Initial comparison of gene expression at the first timepoint (6 hrs) among Low Chorus,
High Chorus and Wind treatments indicated that there were broad similarities between Low
Chorus and Wind treatments with only 16 genes differentially expressed in the Low Chorus
treatment. However, gene expression comparisons between Low Chorus and Wind treatments
were significantly different at the second timepoint (24 hrs) and several genes that were
upregulated at 24 hrs in the Low Chorus x Wind comparison were also upregulated in the High
Chorus x Wind comparison at 6 hrs (Table 5.7). These results suggest that similar pathways or
groups of genes associated with steroidogenesis and spermatogenesis are being activated in the
Low Chorus and High Chorus treatments, but it takes longer to occur in the Low Chorus

treatment.
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As the Low Chorus broadcast simulated a small, low-intensity chorus of about 10
individuals and the High Chorus broadcast simulated a large, high-intensity chorus of about 100
individuals, chorus size appears to have influenced the rate of response in testicular gene
expression. After prolonged exposure to chorus activity for 7—11 nights (5—12 hours per night),
male frogs have elevated androgen concentrations (Burmeister and Wilczynski 2000; Chu and
Wilczynski 2001) and increased testis mass (Brzoska and Obert 1980). Acoustic reception of
conspecific calls also increases the probability of calling activity and overall calling effort in
male frogs (Solis and Penna 1997; Burmeister and Wilczynski 2000; Emerson 2001) and calling
males tend to have higher androgen levels than non-calling males (Woodley and Leary 2024).
This strongly implies that both the reception of calls and the production of calls by an individual
elicit a hormonal response that maintains elevated gonadal activity for a longer period
(Wilczynski et al. 2005). This also implies that some minimal chorus size, or threshold amount of
calling, is necessary to initiate and sustain sufficient calling effort at breeding locations. We
suspect that the Low Chorus treatment met this proposed minimal size requirement but does not
far exceed it, resulting in the delayed response in gene activation in comparison to the High

Chorus treatment.

5.5.2 Ovarian gene expression

Compared to the testicular transcriptome, there were far fewer DEGs in the ovarian
transcriptome. Furthermore, opposed to genes being primarily upregulated in the testicular
transcriptome, there was a comparable number of genes that were upregulated and
downregulated in ovaries. As a result, there were fewer enhanced GO terms and KEGG pathways
when performing pathway analyses. There was also very little overlap in the genes that were

upregulated in both the High Chorus x Wind comparison and the Amphiplex x Saline
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comparison. The only exceptions were sperm associated antigen 7 (SPAG7) and ribosomal
protein L21 (RPL21). The SPAG7 gene was initially inferred to affect sperm production and
maturation (Beaton et al. 1994), and decreases in expression are associated with male infertility
(Abu-Halima et al. 2023). However, this gene is expressed in every tissue and cell type in
humans and mice (Noguchi et al. 2017) and is highly expressed in multiple tissues in Xenopus
frogs (Fu et al. 2021). In primates, Wang et al. (2020) documented groups of genes that are
related to each stage of oocyte development in primates and found that SPAG7 expression was
associated with oocytes transitioning from primary to secondary follicles. Knockout of SPAG7
results in decreased energy expenditure in mice, leading to obesity and glucose intolerance in
adulthood, indicating that SPAG7 has a role in metabolism (Flaherty et al. 2024). RPL21 is a
component of the 60S subunit of a ribosome and are thus important for protein synthesis.
Expression of RPL21 is implicated in cell proliferation and cell cycle arrest (Sun et al. 2017; Zhu
et al. 2023) and may assist with proper ovarian development (Ma et al. 2024). Upregulation of
these two genes may be additional evidence that the reception of conspecific advertisement
signals has a role in oocyte development and maintenance of reproductive condition in female

frogs during the breeding season (Lea et al. 2001).

It is not entirely clear why such striking evidence for effects of the playback of
conspecific calls were observed within the testicular transcriptome but were largely absent within
the ovarian transcriptome. In both the Amphiplex and High Chorus treatments there were
relatively few DEGs compared to the respective controls (i.e., Saline, Wind) despite known
effects of GnRH administration on gamete maturation in frogs (Browne et al. 2006; Trudeau et
al. 2013). One possible explanation is that 6 hrs post-injection is not enough time to observe

changes in ovarian gene expression. The exact timing of ovulation post-injection of GnRH-
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agonist is unknown, but oviposition can take up to 120 hrs in boreal chorus frogs (Ethier and
Trudeau, personal observation), 24—72 hrs in Panamanian golden frogs, Atelopus zeteki
(Bronson et al. 2021), approximately 24 hours in three Argentinian frog species, Ceratophrys
ornata, Ceratophrys cranwelli, and Odontophrynus americanus (Trudeau et al. 2010), 24-96 hrs
in northern leopard frogs, Lithobates pipiens (Trudeau et al. 2013), and up to 96 hrs in boreal
toads, Anaxyrus boreas boreas (Calatayud et al. 2015). It is therefore plausible that multiple days

are required to induce ovulation post-injection.

Effect of hormone injection in females

Downregulation of KEGG pathways “apoptosis” and “necroptosis”, processes which are
critical to maintaining oocyte quality by removing damaged follicles (Chaudhary et al. 2019;
Stringer et al. 2023), were observed in the Amphiplex x Saline. Specifically, there was
downregulation of TNFSF'10, a gene associated with regulating cell apoptosis (Kuang et al.
2014), and upregulation of TRPM?7, which has been implicated in oocyte and embryo
development (Carvacho et al. 2016). Together this suggests that apoptosis and/or necroptosis
pathways were suppressed in hormone-injected females, which may have roles in the

maintenance of ovarian status or continuation of the development of oocytes.

We also observed significant upregulation of CHSY! in the hormone-injected females,
one of several glycosyltransferases that catalyze the biosynthesis of chondroitin sulfate
proteoglycans (CSPGs). Studies in mouse models suggest that CHSY 1 regulates cell division
and differentiation and has a role in follicle development (Li et al. 2020). We also observed
upregulation of FBX043, a gene associated with the regulation of oocyte meiosis, specifically
maintenance of metaphase II arrest (Ma et al. 2019), and the post-meiotic process in embryos

(Tischer et al. 2012). Furthermore, downregulation of fructose-1,6-bisphosphate aldolase
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(ALDOB) and the upregulation of TATA-box binding protein like 1 (TBPL1) suggests altered cell
proliferation and differentiation within the Amphiplex treatment, which may be related to

activation of genes necessary for germ cell differentiation (Shimada et al. 2003; Zehavi et al.

2015).

Effect of chorus playback in females

Ovarian GNRHR?2 expression was downregulated in High Chorus compared to Wind.
While GNRHR? expression has been identified in several female reproductive tissues in
mammals, including the ovary, granulosa cells, uterus (Desaulniers et al. 2017), there is limited
evidence of ovarian expression in amphibian species. In zebrafish, gnrhr2 receptors are co-
localized with Gnrh (gnrh2 and gnrh3) within early-stage oocytes suggesting an
autocrine/paracrine role in oocyte maturation (Corchuelo et al. 2017). Further supporting this,
female pigs with reduced GNRHR?2 levels via gene knockdown produced fewer oocytes and
corpora lutea steroidogenic cells had reduced progesterone concentration which reduced
ovulatory rate (Desaulniers et al. 2024). Matrix metalloproteinase 13 (MMP13), which is
involved in the breakdown of the extracellular matrix, was upregulated in the High Chorus
treatment. In chickens, MMP13 expression tends to decline throughout follicle maturation
(Wolak and Hrabia 2020) but expression increases in the granulosa layer but decreases in theca
layer in response to gonadotropin injection (Wolak et al. 2021). When tracking matrix
metalloproteinases changes during folliculogenesis in domestic cats, MMP 13 mRNA expression
peaked in primary follicles and then steeply declined in later stages (Fujihara et al. 2016). In
parallel with the enhanced SPAG?7 expression observed in the High Chorus treatment mentioned
above, upregulation of MMP13 may represent the stage in folliculogenesis where primary

follicles are transitioning to secondary follicles (Wang et al. 2020). We also observed
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downregulation of WFIKKNI1 in the High Chorus treatment. When expressed in the ovary,
WFIKKN1 (WAP, follistatin/kazal, immunoglobulin, kunitz and netrin domain containing 1) is a
multidomain protein associated with binding of mature growth factors but may have a role in
folliculogenesis and ovulation (Harris et al. 2014; Monestier and Blanquet 2016). Taken together,
these findings suggest that the exposure to conspecific calls affect the ovulatory cycle of female

chorus frogs by potentially increasing cell proliferation and oocyte maturation.

5.5.3 Conclusion

In the current study, we provide evidence that (1) playback of conspecific calls alter
testicular gene expression, particularly genes associated with spermatogenesis, and (2) there is
significant overlap in differential genes expression patterns induced by playback of conspecific
calls and injection of a hormone mixture (i.e., Amphiplex treatment). Exposure to recordings of
chorusing behaviour also affected gene pathways related to mitochondrial function and energy
production, and these effects are also likely related to steroidogenesis and spermatogenesis.
Playback of conspecific calls may also elicit changes in gene expression within the ovary, but the
effects are less pronounced than those within the testis after a 6-hr exposure. This aspect requires
additional experimentation across a longer time series to fully elucidate. Our results provide
strong evidence for the reciprocal interaction between endocrine control of reproduction and
acoustic reception of conspecific signals (Wilczynski and Burmeister 2016). Relationships
between these regions are likely important for many anurans and possibly other taxa which
utilize acoustic communication to coordinate reproductive activities during the breeding season,
such as birds (Ball and Dufty 1998; Gall et al. 2021), some fishes (Maruska and Fernald 2011;

Maruska and Sisneros 2015), and many mammals (Reby and McComb 2003).
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Acoustic communication may also be important in coordinating reproduction for proper
fertilization of gametes. In Chapter 4, we exposed groups of 10 spawning chorus frogs (6 males,
4 females) to a broadcast of conspecific calls using the same audio files as the Low Chorus
treatment and received the two-dose hormonal induction as the Amphiplex treatment in the
current study. After broadcasting for 6 hours/day for 7 days, we collected eggs from groups of
spawning frogs and observed that the viability of eggs increased by over 13% compared to a
control playback treatment. Tadpoles in the broadcast treatment also had a higher survival to 46
days post-hatch and comparable survival to metamorphosis compared to the control. Combined
with the results of the current study, this indicates that reception of acoustic signals have
regulatory effects on the hypothalamus-pituitary-gonadal axis, promoting optimal gonadal

function leading to positive impacts on gamete maturation and fertility.

Identification of the gene expression pathways and mechanisms that initiate or maintain
reproductive condition during the breeding season has ramifications for not only the ecology of
amphibians but also the conservation of species. Many amphibian species are declining across
the globe, which has led to an increase in the prevalence of captive breeding programs for
population reinforcement and reintroduction (Wake and Vredenburg 2008; Grant et al. 2020).
However, many amphibian species fail to spawn in captivity or have reduced reproductive output
(Clulow et al. 2019). Compared to other vertebrates, relatively little is known in amphibians
about the hormones and other physiological processes associated with the final stages of gamete
maturation and the coordination of ovulation in females and spermiation in males (Trudeau et al.
2022). Further investigation, using approaches such as transcriptomics, may help address
shortcomings and support in developing techniques for assisted reproduction to improve the

success of population management and conservation efforts.
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Chapter 6: Conclusions and recommendations

6.1 Thesis summary

Acoustic communication is an essential part of anuran ecology and important to consider
at all levels of observations; from gene activation within individuals to population ecology of
species (Figure 6.1). To our knowledge, our results are the first to provide evidence in an
amphibian that social signals can cause rapid molecular changes in the gonads (i.e., differential
gene expression), similar to such changes found among teleost fishes (Maruska and Fernald
2011; Maruska et al. 2022). We found that exposure to broadcasts of conspecific chorus
behaviour increased the expression of genes associated with steroidogenesis, spermatogenesis,
and gonadal development in male chorus frogs within 6—24 hours (Chapter 5). We also observed
increased male calling activity after prolonged exposure to playbacks observed during spawning
(Chapter 4), strongly implying that there is a positive feedback relationship among reception of

calls, testicular activity, and call production in boreal chorus frogs.

In captive individuals, shortly after entering the captive setting, boreal chorus frogs do
not display reproductive behaviour (i.e., amplexus, calling) and will not spawn without hormonal
induction procedures (Ethier and Trudeau, personal observation). The lack of reproductive
behaviour is likely related to inadequate environmental or social cues necessary to maintain
neuroendocrine processes associated with spawning condition within captivity (Wilczynski et.
2005; Woodley and Leary 2024), increased glucocorticoid production which inhibits the
secretion of gonadotropins and sex steroids, or a combination of both (Fischer and Romero
2019). Exposure to conspecific signals induced changes to gonadal gene expression that are

broadly similar to gene expression changes produced by co-injection of an agonist of
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gonadotropin-releasing hormone and the dopamine antagonist metoclopramide (Chapter 5),
indicating conspecific signals induce similar physiological changes as known methods that
stimulate the hypothalamic-pituitary-gonadal (HPG) axis and spawning in frogs. Furthermore,
our results are the first study to provide evidence in an amphibian that reception of conspecific
signals might result in positive impacts on fertility and recruitment. We found that prolonged
exposure to broadcasts of chorus behaviour prior to spawning increased egg viability in
spawning pairs of boreal chorus frogs and was associated with increased the survival rate of
tadpoles 46 days post-hatching (Chapter 4). We provide evidence that confirms previous studies
suggesting that the reception of conspecific signals maintains the production of steroidal sex
hormones in both males and females throughout the breeding season and extends the period
where reproduction can occur (Wilczynski et al. 2005). Our 3-year study monitoring the calling
activity of four anuran species (Chapter 3), including boreal chorus frogs, provide evidence that
weather events possibly associated with climate change can disrupt calling phenology. Calling
activity was advanced in all species during the false spring year but resulted in a decline in
overall calling activity in 3 of the 4 species monitored, which could have potential repercussions
for recruitment. Our review of the genus (Chapter 2) updated the distribution of the 18
Pseudacris species, indicated that broad similarities in life history traits exist among species, and

highlighted that population declines of greatest concern occur in eastern North America.

6.2 Evidence for the social facilitation of reproduction

We provide empirical evidence demonstrating that acoustic social interactions among
boreal chorus frogs result in stimulation of the HPG-axis and increased gonadal function. This is
consistent with our hypothesis that reproduction in anurans is, at least in part, mediated by

reception of conspecific acoustic signals. Previous research has established that there is neural
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connectivity between brain regions associated with acoustic signal reception and the HPG axis
(Arch and Narins 2009) and that prolonged broadcasts of conspecific signals can induce
increases in circulating sex steroids (Burmeister and Wilczynski 2000; Chu and Wilczynski
2001; Rodriguez et al. 2022). Our results corroborate these findings and provide strong evidence
that reception of conspecific signals can induce rapid physiological responses (within a few
hours) within the gonads of both sexes (Chapter 5), which can positively impact egg viability

(Chapter 4).

Our results support current theories on the relationship between hormones and
reproductive behaviour in amphibians. Calling of male boreal chorus frogs, an androgen-
dependent behaviour (Woodley and Leary 2024), increased following prolonged exposure to
conspecific signals (Chapter 4). We found that males responded to playbacks of conspecific calls
by increasing the duration of calls by 186% and increasing the number of calling bouts by 145%
compared to the control group (i.e., ambient sounds recorded at a natural breeding pond). This
observation is consistent with the energetics-hormone model (Emerson 2001) which states that
calling behaviour is initiated by an increase in circulating androgen levels (i.e., testosterone,
dihydrotestosterone), which continue to increase after reception of conspecific signals. In
association with the energetics-hormone model, the challenge hypothesis (Wingfield et al. 1990)
states that social interactions between competing males, usually associated with aggressive or
territorial behaviour, elicit rapid increases in circulating androgen levels. The energetics-
hormone model and the challenge hypothesis are rooted in the positive feedback and
bidirectional relationship between gonadal sex steroids and acoustic signals, whereby androgens
increase reproductive behaviours (i.e., calling) and reception of conspecific signals can lead to

increases in androgens (Wilczynski and Burmeister 2016).
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Our results provide evidence that reception of advertisement calls, a behaviour primarily
produced for mate attraction, can generate similar physiological responses as antagonistic
behaviours are predicted to produce by the challenge hypothesis. While we neither directly tested
the challenge hypothesis nor measured circulating androgen concentrations in boreal chorus
frogs, our testicular gene expression results (Chapter 5) indicate that male-male interactions elicit
rapid physiological changes in males consistent with increased androgen production, such as
upregulation of genes associated with steroidogenesis. Several notable genes included STAR
(steroidogenic acute regulatory protein), Cypl7al (cytochrome P450 family 17 subfamily A
member 1), and the 14 upregulated genes within the Gene Ontology term “steroid biosynthetic

process”.

We also provide evidence that conspecific signals maintain gonadal state and receptivity.
Genes within the spermatogenesis, steroidogenesis, and gonadal development pathways
remained significantly upregulated at all three time points (6 hrs, 24 hrs, 30 hrs) compared to the
control treatment. Our ovarian gene expression results (Chapter 5), including the upregulation of
the genes SPAG7 (sperm associated antigen 7) and RPL21 (ribosomal protein L21), provide
evidence that conspecific signals likely positively regulate oocyte development in female boreal
chorus frogs. This is consistent with findings in female Majorcan midwife toads (4/ytes
muletensis), where eggs will continue to mature when exposed to conspecific male calls but are

reabsorbed if conspecific calls cease or when exposed to heterospecific calls (Lea et al. 2001).

6.3  Conservation considerations and implications

A greater consideration and appreciation for the role of acoustic communication in
reproduction is essential for the conservation of anuran amphibians. The first application is that

broadcasts of conspecific signals may be used to attract individuals to newly created or restored
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habitat. Models produced from our field recordings of the chorusing behaviour allowed us to
produce audio files that accurately simulate hourly changes in calling activity of boreal chorus
frog and calling phenology of four anuran species throughout the breeding season (Chapter 3).
Several taxa, including amphibians, select habitat based on the presence of conspecifics (Buxton
et al. 2020) and display a strong phonotactic response to conspecific signals (Wells 1977; Bee
2007). Therefore, broadcasts of chorusing behaviour could be used to attract male and female
boreal chorus frogs to restored breeding habitat or locations that have yet to be occupied, as has
been indicated in other anuran species (Bee 2007; Buxton et al. 2015; Pizzatto et al. 2016).
Evidence from our research strongly implies that these broadcasts can also be used to induce
reproductive behaviour and increase fertility (Chapters 4 and 5), especially in captive breeding
scenarios where the housing of large numbers of individuals would be unfeasible or impractical
and where stress associated with confinement can impair reproductive behaviour (Fischer and
Romero 2019). The egg viability of boreal chorus frogs bred in captivity is usually 60—65% with
hormonal induction methods (Supplementary Materials; Table S3.4). Inclusion of the conspecific
signal broadcast during the breeding period, in addition to hormone injections, further increased
egg viability by an average of 13% and often resulted in overall egg viability being > 75%
(Chapter 4). This would represent a significant increase in tadpole numbers for a captive

breeding and reintroduction program.

Our research also presents a potential conservation concern that is applicable to all
declining anuran populations but is currently underappreciated. We observed an overall reduction
of calling activity of boreal chorus frogs among years (Chapter 3), representing either a decline
in the number of calling individuals within the population or decrease calling effort. The

evidence from the study indicates that the reduced calling was related to a “false spring” weather
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event. A reduction in calling activity among years is often one of the first indicators that a frog or
toad population is declining. While there are limitations to using acoustic monitoring data to
infer population trends (Dorcas et al. 2010; McClintock et al. 2010), several studies including
our own have used audio surveys to provide evidence of population declines, local extinctions of
metapopulations, and disruptions to reproduction behaviour (De Solla et al. 2007; Weir et al.
2009; Seburn et al. 2014). It is unknown if there were any negative impacts to reproduction and
recruitment associated with the reduction of calling activity observed in our study. However,
since production of advertisement calls during the breeding season is tied to spawning activity in
anuran species (Dorcas et al. 2010; Lassandro et al. 2025), there are potential impacts to the

population either directly related due to mortality or indirectly due to a reduction in recruitment.

We found that a broadcast simulating a large chorus of approximately 100 individuals
caused an upregulation of genes associated with steroidogenesis and gametogenesis at 6 hours
post-exposure in male chorus frogs, but a broadcast simulating a small chorus of approximately
10 individuals was ineffective in eliciting a similar gene expression response within the same
period (Chapter 5). These findings may be preliminary evidence of a component Allee effect; a
positive relationship between individual fitness and population density (Allee 1931; Stephens et
al. 1999). As populations decline, there is an increased probability of negative effects to
individual fitness accumulating due to reduced density of individuals, ultimately threatening the
persistence of the species in the local ecosystem. Allee effects in amphibians are not well
documented but are likely to be present (Kramer et al. 2009). Allee effects are predominantly
observed in species that occur at low population densities, particularly in those that historically
occurred in large densities, and in species that require group coordination of reproduction for

survival (Courchamp et al. 2008). Widespread amphibian declines have led to reductions in
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population densities and local extinctions in many regions where species were once highly
abundant (Wake and Vredenburg 2008). The propensity of anurans to aggregate in high densities
during the breeding season where reproduction is socially facilitated through pheromonal or
acoustic signals make amphibians prone to Allee effects (Angulo et al. 2018; Woodley and Leary
2024). For example, locations with larger choruses of Houston toads (Anaxyrus houstonensis)
had a greater probability of reproductive success as mean chorus size at breeding ponds was
significantly higher at ponds exhibiting signs of reproduction (i.e., eggs, tadpoles, post-
metamorphic individuals) than those with no evidence of reproduction (Gaston et al. 2010). A
correlation between calling behaviour and reproductive success may seem intuitive, but the
presence of calling individuals does not necessarily equate to successful reproduction (Blaustein
et al. 2004). The proportion of ponds with at least one calling male far exceeded the proportion
of ponds with evidence of reproduction in the Gaston et al. (2010) study. Female attendance is
correlated with chorus size, suggesting larger congregations of males have a greater mate
attraction effect (Ryan et al. 1981; Schwartz 1994). The acoustic signals produced by large
choruses of calling males may also have more cryptic benefits. Perceived chorus size may
influence circulating steroid hormone concentrations and other fertility metrics (i.e., sperm
concentration and motility). Reception of conspecific signals that is above certain intensity
threshold maybe necessary to optimize reproductive success. If true, broadcasts of conspecific
calls used in field settings might compensate for any potential inadequate hormonal stimulation

associated with small metapopulations.
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6.4 Future directions in research on social facilitation of reproduction

We provide evidence that conspecific calls can enhance fertility (Chapter 4) and alter
gonadal function by the expression of increasing genes associated with steroidogenesis and
gametogenesis (Chapter 5). We recommend further investigation into the genes associated with
the acoustic and hormonal induction groups in our gene expression study. The most promising
gene targets for females are SPAG7 and RPL21, as both were significantly upregulated and have
previously been associated with oocyte maturation in other vertebrates (Wang et al. 2020; Zhu et
al. 2023). Several gene pathways related to gametogenesis and steroidogenesis were enhanced in
male chorus frogs, and we recommend that follow up studies focus on the genes within the Gene
Ontology terms “steroid biosynthetic process” (GO:0006694), “male gonad development”

(GO:0008584), and “spermatogenesis” (GO:0007283).

We also provided evidence that chorus size can influence these physiological responses,
as a larger, high-intensity chorus evokes a change in gene expression within 6 hours compared to
a small, lower-intensity chorus which required 24 hours to elicit a similar response in gene
expression as the large chorus (Chapter 5). However, it is unknown how quickly these
physiological responses are initiated and how long they are maintained. Additional time points (<
6 hrs and > 30 hrs) should be included in future acoustic exposure studies. Furthermore, several
acoustic properties of male calls could influence female choice and likely impact reproduction in
both male and female boreal chorus frogs. However, we focused on call duration and number of
calling bouts because these variables are associated with female choice (Schwartz 1994; Sullivan
et al. 1995) Females tend to prefer calls produced by males that are lower in frequency, longer in
duration, and have a shorter latency between consecutive calls (Gerhardt and Huber 2002; Leary

et al. 2021). Sound pressure level, or loudness, is also important for female mate choice, as
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females display preference for louder conspecific signals even when given alternatives with more
attractive qualities (i.e., lower frequency, shorter latency) broadcasted at lower sound pressure
levels (Sullivan et al. 1995). By using recordings of natural choruses of boreal chorus frogs to
create audio playback files which were broadcasted at a constant sound pressure level, we aimed
to sample a variety of individuals with differences in vocal qualities along the natural spectrum
of acoustic properties. It is unknown what proportion of high quality or “attractive” males were
featured in these recordings. Future studies should alter acoustic parameters (i.e., frequency,
duration, latency) of broadcasts to determine the effect of these metrics on gene expression in

receivers.

The response of females to playback in the gene expression experiment was less
pronounced than the response of males to the recordings (Chapter 5). This result suggests that the
increased egg viability after prolonged exposure to chorus activity (Chapter 4) was due to
physiological changes in males that enhanced their fertility. On the other hand, it is important to
consider that the ovary sample comparisons in our study were restricted to the first time point (6
hrs). Changes in ovarian gene expression may require more time to be observed. This is
somewhat expected as males are required to rapidly respond to other competing males within a
breeding location, including adjusting their vocalizations. In contrast, females of some anuran
species are known to attend breeding locations with active chorusing activity for several days
before spawning activity is observed (Iwai 2018; Buxton et al. 2015). Laboratory studies using
hormone injections to stimulate spawning found that males will often begin to call and produce
spermic urine within 30-90 mins of receiving a hormone injection (Della Togna et al. 2017;
Clulow et al. 2018; Silla et al. 2019). In some species, females oviposit 24—96 hrs post-injection

(Calatayud et al. 2015; Bronson et al. 2021), providing further support that endocrine responses

166



in females occur over a longer time sequence compared to males. Additional timepoints would
greatly benefit our understanding whether conspecific calls affect ovarian gene expression and

subsequent fertility of oocytes.

Female anurans may require a visual or tactile stimulus in addition to acoustic signal
reception to induce hormonal responses, increase receptivity, and trigger oocyte development,
similar to observations made with urodeles (Wilczynski and Lynch 2011). Male-female pairs can
remain in amplexus for several hours and up to multiple days before oviposition occurs (ref).
Amplexus may have a role in synchronizing optimal gamete production and fertility. In some
species, males in amplexus have higher plasma gonadotropin concentrations than solitary males
(Mendonga et al. 1985; Itoh and Ishii 1990; Ishii and Itoh 1992). The hormonal responses of
females appear to be relatively understudied. Female edible frog (Pelophylax esculentus) in
amplexus had higher estradiol and lower testosterone concentrations than solitary females
(Gobbetti and Zerani 1999). Increased gonadal estradiol concentration is associated with
vitellogenesis, the production of egg-yolk proteins, which is important for larval development
post-fertilization (Trudeau et al. 2022). Future studies should include multiple stimuli, alone and
in combination, to further elucidate relationships between social signals and factors associated

with gonadal function and fertility.

An alternative explanation is that the observed chorusing activity may be indicative of
cooperative behaviour among male chorus frogs. This proposal combines the observations of the
rapid changes in key testicular genes expressed in specific pathways (e.g., steroidogenesis and
fertility-related), and the relative lack of differential gene expression in ovaries after 6 hrs of
exposure of the females to the male conspecific cues (Chapter 5). Prevailing anuran

communication theory states that males produce advertisement calls to signal receptivity, size,
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position and species identity, and that females then select males based on the attributes of these
calls (Huber and Gerhardt 2002; Wells and Schwartz 2007). However, there is growing evidence
that female choice and selection on acoustic parameters of male calls (i.e., dominant frequency,
pulse rate) is context dependent and influenced by hormonal, social, and environmental factors
(Lynch et al. 2006; Cayuela et al. 2017; Caldwell et al. 2022). Additionally, if female choice is
strongly linked to calling attributes, one would expect that selection would act on males that have
developed methods to suppress calling behaviour of competitors or reduce the “attractiveness” of
the competitors calls. Conversely, reception of conspecific calls often increases rates of calling,
and has positive effects on sex steroid secretion and gonadal condition (Burmeister and
Wilczynski 2000; Chu and Wilczynski 2001; Rodriguez et al. 2022). These effects on
steroidogenesis and gonadal function are counterintuitive if males are competing for mates. We
suspect that, rather than selection favouring individuals that inhibit calling behaviour of
competitors, there is a selective advantage of males that cooperate and coordinate their calling
effort to increase the probability of attracting females to breeding ponds. We hypothesize that
locations with larger choruses or increased calling activity are associated with increased rates of
successful reproduction, similar to what has been observed in Houston toads, Anaxyrus
houstonensis (Gaston et al. 2010). Further research into the potential cooperation among chorus
frog males and Allee effects related to calling activity would greatly benefit our understanding of
social facilitation of reproduction in anurans. The relationship between calling activity and
reproduction is also largely an assumption and requires empirical testing, potentially with
artificial modifications to chorus size or translocation of individuals. This is particularly pertinent
to small, remnant populations or locations where metapopulations are isolated, such as the boreal

chorus frog metapopulations found in southern Québec.
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6.5 Concluding remarks

We postulate that acoustic signals can be used as a tool, one based on the fundamental
role of acoustic communication in anuran reproduction, to aid in the captive breeding of frogs
and toads. We build upon the hormone and reproductive behaviour literature, providing
convincing evidence that reproduction in boreal chorus frogs is mediated by social factors.
Broadcasts of conspecific signals increased egg viability during captive breeding trials (Chapter
4) and upregulated genes and gene pathways related to gametogenesis, steroidogenesis, and
gonad development (Chapter 5). Our gene activation and fertility results will directly apply to
these Pseudacris species to benefit both local and national conservation programs as
reproductive ecology is consistent among species in the genus (Chapter 2). Our contributions to
understanding the role of acoustic communication in reproductive biology will also benefit the
amphibian taxon in general as most anuran amphibians rely on acoustic signals to attract mates
and coordinate reproduction (Wells and Schwartz 2007). Prompted by a conservation concern of
declining amphibian populations observed at the landscape level, we provide meaningful insights
into anuran reproduction garnered from gene expression that can be used to improve
reproductive outcomes in captive breeding initiatives, increasing the number of individuals that
can be reintroduced, and thereby enhancing native populations (Figure 6.1). Our findings also
provide a starting point for further discovery in the realm of HPG axis stimulation and regulation
of reproduction not just in anurans but all vertebrates that use vocalizations to coordinate

breeding.
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1. Declining boreal chorus frog

populations in eastern portions of their

range has prompted investigation into
improving reproductive outcome in
captive and wild populations.
Similarities in life history traits exist
among species in genus Pseudacris
(Chapter 2).

2. Reproduction in anurans is

and coordinate spawning.
Strong connection between
acoustic reception and
regulation of sex hormones.
Broadcasts of conspecific cues
are a potential tool for
conservation.

socially facilitated, where 0 ) . resulted in significant _
conspecific calls attract mates I ] upregulation of genes associated
- with steroidogenesis,

3. Recordings of natural chorusing
behaviour from a local population
across 3 breeding seasons allowed us
to produce audio files that accurately
simulate hourly changes in calling
activity. Calling phenology can be
altered by weather events, suchasa
false spring (Chapter 3).

7. Targeted genes can be used to
improve reproductive outcomes in
captive breeding initiatives, increasing
the number of individuals than can be
reintroduced and bolstering native
populations. Broadcasts of
conspecific cues can attract
individuals to restored habitat.

6. Broadcast of chorus frog calls

gametogenesis, and gonad
development. There were broad
similarities in gene expression
patterns in acoustic playback and
hormonal induction treatments
(Chapter 5).

5. Improved fertility supports previous
findings in anurans that conspecific
signals can enhance reproductive
condition. This led to the investigation
into the physiological mechanism,
focusing on changes in gonadal gene
expression using RNA sequencing.

4. Broadcast of conspecific signals for 7 days during
spawning significantly increased calling behaviour of male
frogs, increased the proportion of viable eggs and improved
survival of tadpoles 46 days post-hatching (Chapter 4).

Figure 6.1: Overview of social facilitation of reproduction in captive and wild boreal chorus frogs (Pseudacris maculata).
Conservation concern for boreal chorus frog populations in eastern Ontario and southern Québec led to the establishment of a captive
breeding and reintroduction program. This novel research indicates that conspecific signals can be broadcasted to induce physiological
responses that stimulate the hypothalamic-pituitary-gonadal axis to enhance gonadal function and improve fertility. Investigation using
RNA sequencing of testicular and ovarian samples revealed that reception of conspecific signals resulted in the upregulation of genes
associated steroidogenesis, gametogenesis, and gonadal development. Similar gonadal gene expression patterns were observed in male
and female receiving hormone injections that are proven to induce spawning in anuran amphibians. These results can be used to guide
future research in reproduction in amphibians and further improve captive breeding and reintroduction initiatives.
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Appendix A: Supplementary Material

Table S2.1: List of official common names and scientific names of chorus frogs (genus
Pseudacris: Hylidae), Society for the Study of Amphibians and Reptiles (57)

Common Name

Scientific Name

Mountain Chorus Frog
Brimley's Chorus Frog
California Chorus Frog
Spotted Chorus Frog

Collinses’ Mountain Chorus

Frog
Spring Peeper
Upland Chorus Frog

Cajun Chorus Frog

Baja California Treefrog
[llinois Chorus Frog
New Jersey Chorus Frog
Boreal Chorus Frog
Southern Chorus Frog
Little Grass Frog

Ornate Chorus Frog
Northern Pacific Treefrog
Sierran Treefrog
Strecker's Chorus Frog
Western Chorus Frog

Pseudacris brachyphona (Cope, 1889)
Pseudacris brimleyi (Brandt and Walker, 1933)
Pseudacris cadaverina (Cope, 1866)

Pseudacris clarkii (Baird, 1854)
Pseudacris collinsorum (Ospina, Tieu, Apodaca, and Lemmon,
2020)

Pseudacris crucifer (Wied-Neuwied, 1838)

Pseudacris feriarum (Baird, 1854)
Pseudacris fouquettei (Lemmon, Lemmon, Collins, and
Cannatella, 2008)

Pseudacris hypochondriaca (Hallowell, 1854)
Pseudacris illinoensis (Smith, 1951)
Pseudacris kalmi (Harper, 1955)

Pseudacris maculate (Agassiz, 1850)
Pseudacris nigrita (LeConte, 1825)

Pseudacris ocularis (Holbrook, 1838)
Pseudacris ornate (Holbrook, 1836)
Pseudacris regilla (Baird and Girard, 1852)
Pseudacris sierra (Jameson, Mackey, and Richmond, 1966)
Pseudacris streckeri (Wright and Wright, 1933)
Pseudacris triseriata (Wied-Neuwied, 1838)
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Table S2.2: List of key words used in Google Scholar and Web of Science databases to retrieve articles on life history traits, survival rates, and
longevity of Pseudacris species in North America. For Web of Science searches, “TS” is used to search terms within article topics and “TI” is used to

search for terms in article titles.

Database

Acronym Used

Web of Science

TS=(chorus frog* OR Pseudacris OR Trilling frog*) AND TS=(survival OR survivorship OR fertility OR demography OR longevity OR
lifespan OR dynamic OR growth OR reproductive success OR life history)

TI=(chorus frog* OR Pseudacris OR Trilling frog*) AND TS= (survival OR survivorship OR recruitment* OR population size

OR demography OR longevity OR lifespan OR population dynamic OR growth rate OR reproductive success OR life history)

TI=(chorus frog* OR Pseudacris OR Trilling frog*) AND TI=(survival OR survivorship OR fertility OR demography OR longevity OR
lifespan OR dynamic OR growth OR reproductive success OR life history)

TI=(chorus frog* OR Pseudacris maculata OR boreal chorus frog OR Pseudacris triseriata OR Pseudacris crucifer) AND TI =(survival OR
survivorship OR fertility OR demography OR longevity OR lifespan OR dynamic OR growth OR reproductive success)

TS=(chorus frog* OR Pseudacris maculata OR boreal chorus frog OR Pseudacris triseriata OR Pseudacris crucifer) AND TI =(survival OR
survivorship OR fertility OR demography OR longevity OR lifespan OR dynamic OR growth OR reproductive success)

TI=(chorus frog* OR Pseudacris maculata OR boreal chorus frog OR Pseudacris triseriata OR Pseudacris crucifer) AND TI=(survival OR
survivorship OR fertility OR demography OR longevity OR lifespan OR dynamic OR growth OR reproductive success OR life history)

TS=(egg OR larvae OR tadpole OR clutch OR life history) AND TS=(chorus frog OR Pseudacris)

TS=(eggs OR larvae OR tadpole OR fertility OR oviposition OR life-history) AND TI=(chorus frog OR Pseudacris)

Google Scholar

Survival OR survivorship OR fertility OR demography OR longevity OR lifespan OR dynamic OR growth OR reproductive OR success
OR life history "chorus frog* OR Pseudacris OR Trilling frog*”

(chorus frog* OR Pseudacris maculata OR boreal chorus frog OR Pseudacris triseriata OR Pseudacris crucifer) AND (survival OR
survivorship OR fertility OR demography OR longevity OR lifespan OR dynamic OR growth OR reproductive success OR life history)
(chorus frog* OR Pseudacris maculata OR boreal chorus frog OR Pseudacris triseriata OR Pseudacris crucifer) AND (survival OR
survivorship OR fertility OR demography OR longevity OR lifespan OR dynamic OR growth OR reproductive success)

(egg* OR larva* OR tadpole OR clutch OR reproductive OR life history) AND ("chorus frog*" OR Pseudacris OR "Trilling frog*")

nn

Pseudacris eggs OR larva OR tadpole OR fertility OR oviposition OR "life history" "chorus frog"
("Hyla cadaverina") AND (clutch OR "life history" OR reproduction OR oviposition OR development)
("Hyla californiae") AND (clutch OR "life history" OR reproduction OR oviposition OR development)
("Hyla crucifer") AND (clutch OR "life history" OR reproduction OR oviposition OR development)
("Hyla ocularis") AND (clutch OR "life history" OR reproduction OR oviposition OR development)
("Hyla regilla") AND (clutch OR "life history" OR reproduction OR oviposition OR development)

("Hyliola cadaverina™) AND (clutch OR "life history" OR reproduction OR oviposition OR development)

("Hyliola regilla") AND (clutch OR "life history" OR reproduction OR oviposition OR development)
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Table S2.3: List of abbreviations of the countries, and their provinces, states and territories, of
North America using the 2-letter state/province/territory codes for USA and Canada and the 3-
letter state codes for Mexico (ISO 3166-2)

Country State/Province/Territory Code

Canada (CAN) Alberta AB
British Columbia BC
Manitoba MB
New Brunswick NB
Newfoundland and Labrador NL
Northwest Territories NT
Nova Scotia NS
Nunavut NU
Ontario ON
Prince Edward Island PE
Quebec QC
Saskatchewan SK
Yukon YT

United States of America (USA) Alabama AL
Alaska AK
Arizona AZ
Arkansas AR
California CA
Colorado (6{0)
Connecticut CT
Delaware DE
District of Columbia DC
Florida FL
Georgia GA
Hawaii HI
Idaho ID
Illinois IL
Indiana IN
Iowa 1A
Kansas KS
Kentucky KY
Louisiana LA
Maine ME
Maryland MD
Massachusetts MA
Michigan MI
Minnesota MN
Mississippi MS
Missouri MO
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Table S2.3 (continued): List of abbreviations of the countries, and their provinces, states and

territories, of North America using the 2-letter state/province/territory codes for USA and Canada
and the 3-letter state codes for Mexico (ISO 3166-2)

Country State/Province/Territory Code

United States of America (USA) Montana MT
Nebraska NE
Nevada NV
New Hampshire NH
New Jersey NJ
New Mexico NM
New York NY
North Carolina NC
North Dakota ND
Ohio OH
Oklahoma OK
Oregon OR
Pennsylvania PA
Rhode Island RI
South Carolina SC
South Dakota SD
Tennessee TN
Texas TX
Utah UT
Vermont VT
Virginia VA
Washington WA
West Virginia wVv
Wisconsin WI
Wyoming WY

Mexico (MEX) Aguascalientes AGU
Baja California BCN
Baja California Sur BCS
Campeche CAM
Chiapas CHP
Chihuahua CHH
Coahuila COA
Colima COL
Mexico City CMX
Durango DUR
Guanajuato GUA
Guerrero GRO
Hidalgo HID
Jalisco JAL
M¢éxico MEX
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Table S2.3 (continued): List of abbreviations of the countries, and their provinces, states and

territories, of North America using the 2-letter state/province/territory codes for USA and Canada

and the 3-letter state codes for Mexico (ISO 3166-2)

Country State/Province/Territory Code

Mexico (MEX) Michoacan MIC
Morelos MOR
Nayarit NAY
Nuevo Leon NLE
Oaxaca OAX
Puebla PUE
Querétaro QUE
Quintana Roo ROO
San Luis Potosi SLP
Sinaloa SIN
Sonora SON
Tabasco TAB
Tamaulipas TAM
Tlaxcala TLA
Veracruz VER
Yucatan YUC
Zacatecas ZAC
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Table S2.4: Explanation of the NatureServe status rank codes. NatureServes status ranks are

based on species rarity, severity of threats, and population trends. These three broad categories
are individually scaled and weighted based on their overall impact on the risk of extirpation. The

scores for each category are combined to give an overall ranking, which is reviewed and then

accepted (NatureServe 2021). As an example, we use the subnational (S) prefix.

SX | Presumed Extirpated — no evidence of species being extant despite extensive
searches and very low likelihood of the species being rediscovered.

SH | Possibly Extirpated — historical records exist but has not been recently
documented (20-40 years) but there is uncertainty about this assessment as
thorough searches have not been performed.

S1 Critically Imperiled — very high risk of extirpation due to restricted range, low
abundance, recent and widespread declines, threats, or other factors.

S2 Imperiled — high risk of extirpation due to restricted range, low abundance,
recent and widespread declines, threats, or other factors.

S3 Vulnerable — moderate risk of extirpation due to restricted range, low abundance,
recent and widespread declines, threats, or other factors.

S4 Apparently Secure — relatively low risk of extirpation but certain populations
may be a risk of local declines, threats, or other factors.

S5 Secure — very low or no risk of extirpation.

SNR | Unranked — status not yet assessed.

SU | Unrankable — unable to rank due to a lack of information or due to conflicting
information.

S#S# | Range Rank — used to indicate uncertainty
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Table S3.1: Number of days between March 30th—May 15th (DOY 89-135) with at least one
individual calling during the 2022-2024 anuran breeding seasons in Leeds and Grenville County

tallied by species. DOY = day of the year.

Pseudacris Boreorana Anaxyrus Pseudacris
Year maculata sylvatica americanus crucifer
2022 43 19 21 41
2023 40 20 16 33
2024 38 19 28 45

Table S3.2: Total monthly rain accumulation (mm) and mean daily accumulation per month by
year (2022— 2024). Values in brackets are the standard deviation. Precipitation data obtained
from Environment and Climate Change Canada — Meteorological Service Canada.

2022 2023 2024
Total Monthly March 70.7 76.3 62.2
Accumulation
April 87.5 138.3 127.8
May 134.5 63.8 80.8
Total 292.7 278.4 270.8
Mean daily
Accumulation March 2.3(3.6) 2.5(4.8) 2.03.4)
April 2.9 (6.7) 4.6 (12.6) 4.3 (6.4)
May 4.3 (10.5) 2.1(5.4) 2.6(5.4)
Total 3.2(7.5) 3.0 (8.4) 2.9(5.3)
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Table S3.3: Summary of generalized linear mixed effects model of the fixed and random effects
of abiotic and biotic factors influencing boreal chorus frog (Pseudacris maculata) calling activity
which includes the days of the year sampled in 2024 that were not sampled in 2022 and 2023
(i.e., DOY 72-88). This demonstrates that the inclusion of the additional 16 days does not impact
the conclusions regarding fixed effects (Table 3.2) DOY = day of the year; LISY = presence (1)
or absence (0) of wood frog (Boreorana sylvatica); ANAM = presence (1) or absence (0) of
American toad (4Anaxyrus americanus); PSCR = presence (1) or absence (0) of spring peeper
(Pseudacris crucifer); 100 = between-subjects; ICC = intraclass correlation coefficient.

Fixed Effects Estimate SE z value p
(Intercept) 0.00 0.23 0.02 0.988
DOY (Linear) -1.78 0.06 -27.35 <0.001
DOY (Quadratic) -1.01 0.04 -23.00 <0.001
Year (=false spring)

Average year 2.04 0.09 23.29 <0.001
Time of Day (=Night)

Morning -0.64 0.09 -7.53 <0.001

Afternoon -0.43 0.10 -4.30 <0.001

Evening -0.26 0.08 -3.26 0.001
Temperature 1.22 0.05 27.14 <0.001
Rainfall (=0) -0.01 0.03 -0.31 0.760
LISY (=0) 1.58 0.15 10.65 <0.001
ANAM (=0) 1.19 0.13 8.90 <0.001
PSCR (=0) 1.08 0.08 13.91 <0.001
DOY (Linear):Year
Type

DOY:Year Type

(average) 2.30 0.08 2849 <0001
DOY (Quadratic): Year
Type

DOY:Year Type

(average) P 178 0.08 2008 <0001
Random Effects (Site) Value
o’ 3.29
T00 Site 0.17
ICC 0.05
N site 4
Observations 10558
Marginal R? / Conditional R? 0.609 /0.628
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Table S3.4: Comparison of boreal chorus frog (Pseudacris maculata) reproductive output and animal husbandry metrics between Montréal Biodome
and University of Ottawa (uOttawa) facilities, 2021-2023.

Biodome 2021 Biodome 2022 Biodome 2023 uOttawa 2021 uOttawa 2022 uOttawa 2023
# Eggs 3076 3557 — 988 9283 8870
# Tadpoles Hatched 2397 2152 4081 632 6540 5195
% Tadpoles Hatched 77.90% 60.50% — 64.00% 70.50% 58.60%*
Min 02-Apr 20-Apr 21-Apr 13-Apr 25-Apr 28-Apr
Hatch Date
Max 17-Apr 28-Apr 30-Apr 25-Apr 03-May 05-May
Min 64 — — 35 74 27
Length of Larval  Max 130 — — 125 119 123
Stage (days)
Mean 89.9 — — 77.5 100.4 86.9
# Metamorphs Emerged 395/1207 103/293 748/1013 210/632 277/865 281/676
% Metamorphs Emerged 32.70% 35.15% 73.84% 33.20% 32.00% 41.60%
Date of Min 11-Jun — — 28-May 13-Jul 01-Jun
E
mergence Max 16-Aug — — 16-Aug 28-Aug 05-Sep
Mean 59 — — 2.6 59 2.9
Emergence Rate .
(#/day) Median 2 — — 2 6 2
Max 30 — — 15 24 14

*NOTE: 7 of 39 females were larger and presumed to be declining in reproductive condition as the eggs from these females had a markedly lower viability (mean = 23.3%,
range = 21.4-25.1%) compared to the eggs from the other 32 females (mean = 75.0%, range = 46.9-93.1%).
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Figure S4.1: Ventral view of the body shape of a gravid (left) and a non-gravid (right) female
boreal chorus frog (Pseudacris maculata). Gravid females are considerably rounder in body
shape (both in dorsal-ventral and lateral view) with the width of the body greater than the width
of the head. Note the eggs (black dots indicated by arrows) which are visible through the
stretched skin of the gravid female. In non-gravid females, the width of body is equal to or less
than the width of the head.
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Figure S4.2: Ultrasound imaging of a gravid (top) and non-gravid (bottom) female boreal chorus
frog (Pseudacris maculata). In ultrasound images, black areas indicate fluids while grey to white
areas indicate tissues and bones. Note the ventral surface (A) of the frog where the texture of the
skin is visible. Eggs are primary imaged as dark areas within the body cavity since eggs are
mostly aqueous, with the upper and lower surface of eggs occasionally being visible as curved
grey lines (B). The dorsal surface (C) of the frog is often visible as well but tends to be less
apparent when imagining gravid females. Bottom image is a non-gravid female for comparison,
including a cross-section of the heart (D) and a portion of liver (E). The ventral and dorsal
surfaces are more visible. Without eggs, contents of body cavity (F) tend to be imagined as light
to dark grey.
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Figure S4.3: Water temperature (°C) of breeding containers during boreal chorus frog
(Pseudacris maculata) spawning experiment. In the control group (April 20-26, 2022 and April
23-30, 2023) male and female frogs were exposed for 6 hr from 18:00-24:00 each day to
ambient sounds from a local breeding pond recorded just prior to chorus frog breeding season
(April-May) and prior to any calling behaviour of any frog species. In the playback group (April
13-19, 2022 and April 23-30, 2023) male and female frogs were exposed to a recording of a
chorus of conspecific frogs calling for 6 hr from 18:00-24:00 each day. Day 1 frogs were
injected with a priming dose of GnRHa (0.04 pg/g body weight) and then held at 4°C in a cooler.
On Day 2 frogs were injected with a dose of Amphiplex hormone mixture (0.4 pg/g body weight
GnRHa and 10 0.4 pg/g body weight MET) and placed into the breeding containers. Broadcasts
of control or playback audio occurred during the evenings of Day 2 to Day 6. Frogs were
removed from breeding containers on morning of Day 7.
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Figure S4.4: Example of the image analysis to determine the viability of boreal chorus frog
(Pseudacris maculata) eggs in an acoustic playback experiment. Egg trays were photographed
four days after being laid from a fixed distance of 40 cm. Images were then overlayed with a 32-
cell grid. All eggs and developing tadpoles were counted in five randomly selected cells. Viable
eggs/embryos (solid arrows) black, irregular shaped, and begun to develop, having often reached
Gosner stage 15—19. Non-viable eggs (dashed arrows) are circular and white-to-yellowish in
appearance with no obvious development.

Table S4.1: Mean body weights (g) of male and female boreal chorus frogs (Pseudacris
maculata) in an acoustic playback experiment. In brackets are the standard deviation of weights.

Breeding container  Female Weight (g) Male Weight (g) Treatment Year
01 1.80 (0.47) 1.24 (0.30) Playback 2022
02 1.41 (0.26) 1.21(0.24) Playback 2022
03 1.67 (0.21) 1.10 (0.19) Playback 2022
04 1.65 (0.20) 1.13 (0.22) Playback 2022
05 1.64 (0.20) 0.98 (0.11) Control 2022
06 1.87 (0.28 1.02 (0.17) Control 2022
07 1.67 (0.13) 1.02 (0.14) Control 2022
08 1.42 (0.13) 1.08 (0.27) Control 2022
09 1.58 (0.18) 1.06 (0.07) Control 2023
10 1.27 (0.03) 1.02 (0.06) Control 2023
11 1.15 (0.09) 0.93 (0.04) Control 2023
12 1.05 (0.06) 0.90 (0.04) Control 2023
13 0.97 (0.05) 0.86 (0.07) Control 2023
14 1.55(0.16) 1.06 (0.07) Playback 2023
15 1.14 (0.10) 0.93 (0.06) Playback 2023
16 0.96 (0.09) 0.93 (0.05) Playback 2023
17 0.92 (0.07) 0.86 (0.05) Playback 2023
18 0.90 (0.03) 0.81 (0.03) Playback 2023
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Table S4.2: Food type, volumes, and nutritional information of the food fed to boreal chorus frog
(Pseudacris maculata) tadpoles in experiment to determine the effect of broadcast of conspecific
calls on the reproductive output and offspring quality.

Every 2 days
e 90 g of Sera Micron Nature
e 4 mL of Seachem Reef Phytoplankton

e 20 mL of rotifers (supplied by uOttawa ACVS facility)

e 6 g of ground Nasco Adult Frog Brittle

Every 7 days
e (.6 g of boiled spinach

Sera Micron Nature
(SKU: 00720)

Ingredients:

spirulina (51%), krill (18%), brine shrimps, fish
meal, wheat flour, stinging nettle, herbs, alfalfa,
brewers yeast, parsley, sea algae, paprika, Ca-
caseinate, gammarus, cod-liver oil (containing
34% omega fatty acids), spinach, carrots, mannan
oligosaccharides, Haematococcus algae, green-
lipped mussel, garlic.

Guaranteed Analysis:

Protein (min): 55.6%

Crude Fat (min): 6.2%

Crude Fiber (max): 11.4%

Moisture (max): 7.0%

Ash (max): 11.3%

Additives:

Vitamins and provitamins: Vit. A 2,800 [U/lb., Vit.
D3 135 [U/Ib., Vit. E (D, L-a-tocopheryl acetate)
9 IU/Ib., Vit. B1 2.7 mg/lb., Vit. B2 6.8 mg/Ib.,
Stabilized Vit. C (L-ascorbyl monophosphate) 41
mg/Ib.

Seachem Reef Phytoplankton
(SKU: 20343)

Ingredients:
Water, Sodium chloride, Thalassiosira weissflogii,

Acetic Acid, Isochrysis sp, Ascorbic Acid, Citric
Acid, Nannochloropsis, Astaxanthin
Guaranteed Analysis:

Protein (min): 0.40%

Crude Fat (min): 0.15%

Crude Fiber (max): 0.5%

Moisture (max): 96.8%

Ash (max): 3.0%
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Table S4.2 (continued): Food type, volumes, and nutritional information of the food fed to
boreal chorus frog (Pseudacris maculata) tadpoles in experiment to determine the effect of
broadcast of conspecific calls on the reproductive output and offspring quality.

Nasco Adult Frog Brittle
(SKU: SA05961[LM])

Ingredients:
Fish meal, porcine meat and bone meal, dehulled

soybean meal, ground corn, wheat flour, brewers
dried yeast, dried egg

product, glyceryl monostearate, corn distillers
dried grains with solubles, whey, wheat germ, salt,
choline chloride, pyridoxine

hydrochloride, 1-ascorbyl-2-polyphosphate
(stabilized vitamin C), dl-alpha tocopheryl acetate
(form of vitamin E), biotin,

cholecalciferol (form of vitamin D3), vitamin A
acetate, calcium carbonate, calcium pantothenate,
menadione sodium bisulfite

complex (source of vitamin K), ethoxyquin (a
preservative), thiamine mononitrate, folic acid,
riboflavin supplement, nicotinic acid, vitamin B12
supplement, manganous oxide, zinc oxide, ferrous
carbonate, copper sulfate, zinc sulfate, calcium
iodate, cobalt carbonate, sodium selenite.
Guaranteed Analysis:

Protein (min): 44.0%

Crude Fat (min): 6.0%

Crude Fiber (max): 5.0%

Moisture (max): 12.0%

Ash (max): 15%
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Table S5.1: Differentially expressed genes in the Low Chorus x Wind comparison at Timepoint 1
(6 hrs) of testicular samples. Gene symbol and name based on description within the Swiss-Prot
database (https://www.sib.swiss/swiss-prot).

Gene Name log2FC P(adj)
Symbol (species)
Tnnt3 troponin T3 7.14 <0.0001
(Mus musculus)
METTLIIB methyltransferase 1B -5.25 0.0027
(Xenopus tropicalis)
cenf cyclin-F 5.25 0.0027
(Nanorana parkeri)
Rab3ill guanine nucleotide exchange factor for Rab-3A isoform | -5.17 0.0028
X4 (Nanorana parkeri)
Pde4dip phosphodiesterase 4D interacting protein 5.17 0.0028
(Xenopus tropicalis)
AOX2 aldehyde oxidase-like -5.04 0.0047
(Nanorana parkeri)
RRNADI ribosomal RNA adenine dimethylase domain -4.76 0.0105
containing 1 (Xenopus tropicalis)
TMEMSC transmembrane protein 8C 4.72 0.0109
(Xenopus laevis)
RGS19 regulator of G-protein signaling 19 S homeolog 4.64 0.0137
isoform X2 (Xenopus laevis)
cat catalase -4.55 0.0153
(Nanorana parkeri)
CRYAB Alpha-crystallin B chain -4.53 0.0160
(Lithobates catesbeiana)
ADGRF3 adhesion G-protein coupled receptor F3 -4.45 0.0205
(Terrapene mexicana triunguis)
Sppl osteopontin isoform 2 -4.36 0.0296
(Mus musculus)
Abcc8 ATP-binding cassette sub-family C member 8-like 4.33 0.0328
(Xenopus laevis)
SLC34A2 solute carrier family 34 member 2 -4.29 0.0385
(Rana catesbeiana)
CMAS N-acylneuraminate cytidylyltransferase 4.21 0.0487
(Nanorana parkeri)
ZCCHCI1I zinc finger CCHC-type containing 11 4.20 0.0494
(Nanorana parkeri)
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Table S5.2: Summary of testicular gene expression at 6, 24, and 30 hrs within High Chorus and Low Chorus treatments. For each treatment the
differential gene expression in comparison to the Wind treatment (6 hrs) is provided as reference. Colour indicates upregulation (red) or

downregulation (blue) of gene based on log2 fold change (1.5 > log2FC < -1.5) and adjusted p-value (< 0.05).

steroid biosynthetic process (GO:0006694
High 6h vs High 24h vs High 30h vs Low 6h vs Low 24h vs ‘ Low 30h vs

D Gene Wind 6h High 6h High 24h Wind 6h Low 6h Low 24h

log2FC  P(adj) | log2FC  P(adj) | log2FC  P(adj) | log2FC  P(adj) | log2FC  P(adj) | log2FC  P(adj)
TRINITY DN111256 cl g3 Dhcr24 0.000 1.56 0.393 -0.06 0.999 2.07 0.398 0.041
TRINITY DN113871 c0 g2  FDFTI 0.000 1.86 0.146 -1.87 0.760 0.003 0.221
TRINITY DN116674 c2_ g3 Tspo 0.000 1.16 0.609 -0.33 1.000 3.78 0.054 0.041
TRINITY DNI131188 c0 gl  Scp2dl 0.280 - - - - - -
TRINITY DN19878 ¢c0 gl Cypl7al 0.024 0.34 1.000 -0.56 1.000 0.80 1.000 1.000
IRINITY DNS4102 c0 gl Hde 7bl 0.000 1.59 0.468 -1.57 1.000 0.007 0.030
TRINITY DN65460 c2 g2 HSd; 7b1 0.000 0.92 0.678 -0.47 0.998 3.38 0.118 0.111
TRINITY DN74172 c4 gl CybSri o000 [SE o024 | 358 0356 0.000 0.043
TRINITY DN78062 c2 g2 Sc5d 0.000 1.02 0.796 -3.01 1.000 0.003 0.029
TRINITY DN78735 c0 gl Sep2 0.000 0.81 0.681 -0.40 0.998 0.028 0.012
TRINITY DN83670 c0 gl Cyb5r3 0.001 0.66 0.904 -1.86 0.942 0.029 0.061
TRINITY _DN90946 c0 g2 Tecr 0.000 1.02 0.658 -0.09 0.998 291 0.190 0.018
TRINITY DN91956 ¢2 gl Hmgcsl 0.000 2.02 0.174 -1.22 0.977 3.14 0.051 0.043
TRINITY DN95069 ¢3 gl Msmol 0.000 1.16 0.451 -1.89 0.846 0.008 -2.13 0.060
male gonad development (GO:0008584)

High 6h vs High 24h vs High 30h vs Low 6h vs Low 24h vs Low 30h vs

D Gene Wind 6h High 6h High 24h Wind 6h Low 6h Low 24h

log2FC ~ P(adj) | log2FC  P(adj) | log2FC  P(adj) | log2FC  P(adj) | 1og2FC  P(adj) | 10og2FC  P(adj)
TRINITY_DN100710 c0 g3 Insl6 0.013 1.43 1.000 - - 3.56 1.000 -3.49 1.000
TRINITY DN106049 c0 g2  BCL2LI 0.000 - 0.020 | -238  0.658 0.000 0.009
TRINITY DN106744 ¢l gl Cited2 0.009 0.021 -1.65 0.910 0.000 0.004
TRINITY _DN107686 c0 gl Ybx3 0.000 1.45 0.099 0.66 0.995 0.289 0.237
TRINITY DN109406 c2 gl Kdr 0.000 1.43 0.854 -0.58 1.000 0.395 1.000
TRINITY_DN109503_c2_g2 Eif2s2 0.000 1.25 0.221 -1.38 0.925 0.004 0.174
TRINITY DN112537 ¢3 g2 Tbcld20 0.000 1.02 0.390 -1.69 0.799 0.000 0.035
TRINITY _DN112800 c0 gl Wdr48 0.000 1.34 0.439 -2.22 1.000 0.007 0.017
TRINITY DNI115851 ¢l g4  PRPSI 1.000 - - - - - -
TRINITY DN123522 ¢0 gl CSDEI 0.000 1.48 0.092 -1.43 0.836 0.019 0.175
TRINITY_DN130557 ¢c0 gl Kihl10 0.000 0.34 1.000 - - - -
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TRINITY DN1311 ¢0 gl ANKRD7 0.337 - - - - - - - -
TRINITY _DN131297 c0 gl Spink2 0.211 0.34 1.000 - - - - - —
TRINITY DN56774 c0 gl Nuprl 0.000 1.52 0.185 -2.27 0.885 0.062 -2.50 0.371
TRINITY DN64913 c0 g2 Rbp4 0.542 0.18 0.995 0.52 1.000 -2.65 1.000
TRINITY DN66237 ¢2 g2 Insi3 0.000 1.46 1.000 - - 1.000 -0.73 1.000
TRINITY_DN69790 c0 gl Prdx4 0.000 1.06 0.619 -2.11 0.759 0.000 -1.67 0.358
TRINITY DN69790 c0 g3 PRDX4 0.264 0.00 1.000 - - - - -
TRINITY DN73303 c4 g4 Fdps 0.000 1.13 0.554 -2.09 0.924 0.045 -2.66 0.302
TRINITY DN74726 o4 gl Bax 0000 | 098 0328 | -2.03  0.699 0.000 |IE3EN 0.009
TRINITY DN86395 cl g2 Hmgb?2 0.000 1.74 0.109 -2.18 0.720 0.044 -1.19 0.566
TRINITY DNB86973 c0 gl SFRP2 0.060 -2.26 0.125 -3.09 1.000 0.000 -1.93 0.298
TRINITY DN94714 ¢c3 g4 Six4 0.006 -0.01 0.996 0.27 0.720 0.733 0.36 0.084
TRINITY DN95226 c4 g4 CITED2 0.000 0.020 -1.09 1.000 0.001 0.030
TRINITY DN96193 ¢c2 gl NASP 0.000 0.09 0.991 -2.31 0.708 0.031 -1.06 0.738
response to hormone (GO:0009725)
High 6h vs High 24h vs High 30h vs Low 6h vs Low 24h vs Low 30h vs

D Gene Wind 6h High 6h High 24h Wind 6h Low 6h Low 24h

log2FC ~ P(adj) | log2FC  P(adj) | log2FC  P(adj) | 1og2FC  P(adj) | log2FC  P(adj) | log2FC  P(adj)
TRINITY DN110262 ¢3 g5 Timp2 2.07 0.278 0.000 0.95 0.785 232 0.854 0.022
TRINITY DN118595 c0 gl Mmpl4 1.49 0.535 0.400 1.25 0.339 203 0.769 0.162
TRINITY DN118956 c0 g3 Lox 2.26 0.235 0.000 1.64 0.572 -4.15 0.648 0.413
TRINITY DN130422 c0 gl Mb 0.000 0.786 1.42 0.957 2.93 1.000 -
TRINITY DN130843 c0 gl GPX1 1.000 1.000 - - _ _ 1.000
TRINITY DN64833 c0 g2 Cox5b 0.000 0.000 1.05 0.661 0.03 1.000 0.093
TRINITY DN65559 c0 gll Mtnd3 0.000 0.000 1.19 0.722 1.72 0.914 0.419
TRINITY DN68843 ¢3 gl HCLS1 0.000 0.000 0.93 0.369 -0.03 0.999 0.948
TRINITY DN76207 c0 gl SORD 0.008 0.000 1.27 0.316 -1.55 0.902 0.022
TRINITY DN80017 c0 gl NCOA4 0.000 0.000 1.14 0.621 -1.05 0.993 0.031
TRINITY DN84281 ¢3 g2 Timpl1 0.075 0.001 1.39 0.585 -5.57 0.142 0.319
TRINITY DN84747 c0 gl Mel 0.000 0.000 0.93 0.697 -0.39 0.998 0.054
TRINITY DN87262 c0 g4 Agpl 0.000 0.004 -0.02 0.998 4.04 1.000 1.000
TRINITY DN97922 ¢2 gl Por 0.000 0.000 1.29 0.074 -0.83 0.956 0.353
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Table S5.3: Expression of genes of the GO term “Spermatogenesis” (GO:0007283) within the High

Chorus treatment. Differential gene expression in comparison to the Wind treatment (6 hrs) is provided

as reference. Colour of node indicates upregulation (red) or downregulation (blue) of gene based on

log2 fold change (1.5 > 10g2FC < -1.5) and adjusted p-value (< 0.05).

Spermatogenesis
(GO:0007283)

Gene ID

Name

TRINITY DN100070 c0 g2
TRINITY DN100710 ¢c0 g3
TRINITY DN101798 ¢l g3
TRINITY DN102286 cl g2
TRINITY DN10399 c0 gl
TRINITY DN104982 c0 g2
TRINITY DN105007 ¢0 gl
TRINITY DN105632 ¢0 gl
TRINITY DN106049 c0 g2
TRINITY DN107686 ¢0 gl
TRINITY DN109872 c0 g5
TRINITY DN110262 c3 g5
TRINITY DN111123 ¢2 g5
TRINITY DN112537 ¢3 g2
TRINITY DN112800 c0 gl
TRINITY DN115500 c2 g2
TRINITY DN116138 ¢3 g2
TRINITY DN116402 ¢3 gl
TRINITY DN116438 c0 g2
TRINITY DN117068 c2 gl
TRINITY DN118530 c0 g2
TRINITY DN11994 c0 gl
TRINITY DN120183 ¢l gl
TRINITY DN120581 ¢0 gl
TRINITY DN120678 c2_g2
TRINITY DN120821 cl g4
TRINITY DNI121814 ¢0_g5
TRINITY DN122450 c1 g4
TRINITY DN122595 ¢2 g2
TRINITY_DN123430 ¢0 gl
TRINITY_DN123576 ¢2 gl
TRINITY DN124093 ¢l gl
TRINITY DN124834 ¢l g5
TRINITY DN125420 c0 g2
TRINITY DN126114 0 g2
TRINITY DN126421 ¢l g4
TRINITY DN126526 ¢l gl
TRINITY DNI128811 c0 gl
TRINITY_DN1304 c0 gl

Meal
Insl6
YYl
odf3
Spata24
Dnajal
rpl39
SPATA6
BCL2L1
Ybx3
Spatal9
Timp2
Txndc8
Thcld20
Wdr48
JAG?2
Sgpll
SMAD4
ATRX
SPOI11
Znf541
Slc22al6
BAG6
Meioc
CCNI
Acoxl
Spem1
USP42
RAD23B
Tdrd9
Sept7
Prm3
Cdkioe
BRD?2
ODF?2
Tsgal0
H2AFX
SPEF?2
Micalcl

High 6h vs High 24h vs High 30h vs
Wind 6h High 6h High 24h
log2FC p(adj) | 1og2FC p(adj)
0.000 0.000 | 1.13  0.637
0.001 0.013 | 143  1.000
0.000 0.000 | 0.78  0.395
0.069 0274 | 034  1.000
0.000 0.004 | 071  1.000
0.001 0.000 | 099 0376
0.000 0.000 | 192  0.055
0.000 0.011 | -0.62  0.698
0.000 0.000 I 0.020
0.000 0.000 | 145  0.099
0.000 0.000 | - =
0.026 0.000 | 095  0.785
0.128 0390 | - =
0.000 0.000 | 1.02 0390
0.000 0.000 | 134  0.439
0.315 0953 | 039 0311
0.000 0.000 | 091  0.641
027  0.036 | -008 0820 | 013 0.871
023 0.000 | 049  0.000 | 001  0.996
018 0478 | 049 0249 | 035  0.859
375 0210 | -384  1.000 | - -
571 0.055| -580 0238 | - -
0.010 (E283 0.000 | 1.02  0.491
0.001 | 093 0001 | 012 0977
0.001 0.000 | 129 0332
0.000 0.019 | 005  0.997
0.000 | -7.99  0.061 | -0.38  1.000
0.060 | 0.05 0886 | -0.03  0.993
0.001 [E285W 0.000 | 1.15  0.265
0307 | 1.13  0.000 | 026  0.884
0.001 225 0.000 | 1.42  0.108
0.171 | -418 1.000 | - -
0.000 - 0.000 | 1.00  0.558
0.005 0.000 | 156 0233
0.000 | 0.82  0.008 | -0.41  0.778
0.000 - 0013 | 141  1.000
0.000 0.000 | 1.03  0.601
0.015| 0.69 0013 | -020 0.945
0.006 [NESS0N 0.042 | 034  1.000
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Spermatogenesis
(GO:0007283)

Gene ID

Name

TRINITY DN130555 ¢0 gl
TRINITY DN130684 ¢0 gl
TRINITY DN131008 c0 gl
TRINITY DN131201 ¢0 gl
TRINITY DN131297 ¢0 gl
TRINITY DN131836 ¢0 gl
TRINITY DNI131913 ¢0 gl
TRINITY DN1320 c0 gl
TRINITY DN13913 c0 gl
TRINITY DN16161 c0 gl
TRINITY DN16875 c0 gl
TRINITY DN17174 0 gl
TRINITY DN1794 c0 gl
TRINITY DNI1801 c0 gl
TRINITY DN18943 c0 gl
TRINITY DN23173 c0 gl
TRINITY DN2322 c0 gl
TRINITY DN23842 c0 gl
TRINITY DN24967 c0 gl
TRINITY DN2710 c0 gl
TRINITY DN28905 c0 gl
TRINITY DN3085 c0 gl
TRINITY DN3339 c0 gl
TRINITY DN35039 c0 gl
TRINITY DN37815 c0 gl
TRINITY DN41114 ¢0 gl
TRINITY DN42210 c0 gl
TRINITY DN43261 cl gl
TRINITY DN43426 c0 gl
TRINITY DN44656 c0 gl
TRINITY DN46398 c0 gl
TRINITY DN5146 c0 gl
TRINITY DN53274 c0 gl
TRINITY DN54555 c0 gl
TRINITY_DN55194 ¢c0 gl
TRINITY_DN56009 c0 gl
TRINITY_DN56377 _¢c0_gl
TRINITY_DN56398 ¢c0 gl
TRINITY_DN56402 c0 gl
TRINITY_DN56545 c0 gl
TRINITY_DN57186_c0_g2
TRINITY_DN58227 ¢0_g2
TRINITY_DN58246 c0_g2

Tsnaxipl
odf1
Spata9
Pdilt
Spink?2
Spata25
Tex40
Ddx4
Calr3
Smrpl
Spatal6
Tssk6
Rnfi51
Mnsl
Thcld?1
Tssk4
Shcbpll
Tesmin
Spacal
Hlifunt
Nme35
Mael
Mroh2b
BCAP31
Brdt
Nirpl4
Txnrd3
Adadl
Sept12
Katnall
Sox30
Cedc63
Oaz3
Creb3l4
Odf4
Hookl
Spata6
Adam?25
Mycbpap
Gisfl
Tnp2
Rimbp3

High 6h vs High 24h vs High 30h vs
Wind 6h High 6h High 24h
log2FC p(adj) | log2FC p(adj) | log2FC p(adj)
0.033 | -6.07 0206 | -0.02  1.000
0.000 0.000 | - -
479  0.108 | -4.51 0406 | -038  1.000
572 0.055| -580 0237 | - -
0.046 | -6.03 0211 | 034  1.000
0.085 | -523 0309 | - -
0.032 | -649 0166 | - -
0.000 [I522:86% 0.000 | 1.06  1.000
0.047 | 473 0200 | 125  1.000
0.030 | -5.39 0286 | -0.74  1.000
0.000 0.000 | - -
0.002 0.009 | 0.70  1.000
0.000 0.000 | 034  1.000
0.000 0.003 | 133  1.000
0.081 | -529 0300 | - -
0.059 | -5.18 0228 | - -
0.020 | -6.32 0182 | 034  1.000
0.003 0.021 | 034  1.000
0.004 0.028 | -1.10  1.000
0.000 0.000 | 034  1.000
0.123 | -2.99 0451 | 0.02  1.000
0.000 - 0.023 | -0.38  1.000
0.000 0.000 | - -
0.052 | -5.88 0228 | 0.00  1.000
0.090 | -5.15 0319 | - -
0.067 | -5.55 0268 | - -
0.079 | -532 0296 | - -
0.000 433 0.004 | 071  1.000
0.036 | -6.34 0179 | - -
0.024 | -621 0.193 | 034  1.000
0.000 | -1.81 0238 | -0.69  1.000
0.046 | -6.03 0211 - -
0.025 | -5.80 0.091 | 034  1.000
0.000 0.000 | 0.70  1.000
0.001 0.026 | -1.01  1.000
0.049 | -595 0221 | 034  1.000
0.000 0.000 | 0.40  1.000
0.000 0.000 | 145 0356
0.154 | -434 1.000 | - -
0.002 0.018 | 034  1.000
0.043 | -6.11 0203 | - -
0.000 0.000 | 034  1.000
448  0.134 | -456 0400 | 034  1.000
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Spermatogenesis
(GO:0007283)

Gene ID

TRINITY DN58246 c0 g3
TRINITY DN58834 c0 g3
TRINITY DN58935 c0 g2
TRINITY DN59116 c0 gl
TRINITY DN59116 c0 g2
TRINITY DN59232 c0 g2
TRINITY DN60042 c0 g3
TRINITY DN60766 c0 gl
TRINITY DN61056 c0 gl
TRINITY DN61149 c0 gl
TRINITY DN61465 c0 g2
TRINITY DN61797 c0 g2
TRINITY DN61868 c0 g2
TRINITY DN62296 c0 gl
TRINITY DN63069 c0 g2
TRINITY DN63104 cl gl
TRINITY DN63193 c0 gl
TRINITY DN64054 c0 g2
TRINITY DN64359 c0 g2
TRINITY DN64713 ¢3 gl
TRINITY DN64774 c0 g4
TRINITY DN64913 c0 g2
TRINITY DN65015 cl_g3
TRINITY DN65322 c0 g2
TRINITY DN65674 c0 gl
TRINITY DN65743 c0 g2
TRINITY DN66042 cl gl
TRINITY DN66161 c0 g3
TRINITY DN66161 c0 g5
TRINITY DN66519 c0 g3
TRINITY DN66662 c4 g2
TRINITY DN67679 c0 gl
TRINITY DN67804 c0 gl
TRINITY DN67942 c0 gl
TRINITY_DN68550 c2_ g4
TRINITY_DN68873 ¢2 gl
TRINITY_DN68988 ¢c0 g3
TRINITY_DN69074 c0_g2
TRINITY_DN69338_¢c0 gl
TRINITY DN69431 ¢3_g3
TRINITY_DN69790 ¢c0 gl
TRINITY_DN69790 c0 g3
TRINITY_DN7062 c0 gl

High 6h vs High 24h vs High 30h vs
Wind 6h High 6h High 24h
Name log2FC p(adj) | log2FC p(adj) | log2FC p(adj)
Rimbp3 0.000 | -724 0.103 | 034  1.000
Tepll 0.000 - 0.000 | 1.06  1.000
Tnpl 0.000 0.000 | 034  1.000
H2afb1 0.088 | -5.18 0316 | - -
H2afb1 0.092 | -5.11 0324 | - -
Bdgalnt] 0.000 - 0.000 | 1.13  0.554
Cabsl 0.000 0.000 | - -
Spag4 0.048 | -5.62 0.186| 034  1.000
Tssklb 0.000 - 0.000 | 0.70  1.000
Hils1 0.000 0.000 | - -
Tssk3 0.108 | -4.95 0.188| 0.72  1.000
Thata 0.040 | -620 0.193 - -
S100all 0.000 290 0.000 | 1.13  0.695
Cein 0.046 | -6.03 0211 - -
Ace 0.000 - 0.000 | 155  0.750
Cedel36 0.000 0.000 | -0.14  1.000
Adam25 0220 | -3.76 1.000 | - -
Dzipl 0.000 | -2.47 0.070 | -0.10  1.000
Beap31 0.000 0.000 | 0.83  0.755
TCFLS 0.039 0.030 | 2.02  1.000
DNM?2 0.000 0.000 | 1.07  0.301
Rbp4 0.000 | -1.01 0542 | 0.18  0.995
Nphpl 0.000 0.000 | 093  0.695
Rad23b 0.000 0.002 | 036 0975
Mif 0.000 0.000 | 159  0.087
Nme8 0.040 | -621  0.193 - -
Piwill 0.083 | -526 0304 | 034  1.000
Tdrd6 0.090 | -458 0300 | - -
Tdrd6 0.001 63N 0.011 | 230  1.000
Ddx25 0.047 | -658 0.157| 1.05  1.000
Tmbim6 0.000 0.000 | 121  0.549
Cibl 0.000 0.000 | 1.09 0.773
HSF2 0.017 0.001 | 1.17  0.705
Clgn 0.031 0.000 | 244  1.000
Theg 0.059 | -5.72 0247 | - -
- 0.056 | -5.79 0239 | 0.0  1.000
Spata20 0.000 [I2395% 0.000 | 0.70  1.000
Sycp3 0.106 | -491  0.351 - -
CREM 0.000 0.000 | 137  1.000
Spatal8 0.000 0.000 | 034  1.000
Prdx4 0.005 0.000 | 1.06  0.619
PRDX4 0.065 | -558 0264 | 0.00  1.000
Tspans 0.000 | -2.46 0203 | 120 0.935
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Spermatogenesis High 6h vs High 24h vs High 30h vs
(GO:0007283) Wind 6h High 6h High 24h
Gene ID Name log2FC  p(adj) | log2FC p(adj) | log2FC p(adj)
TRINITY DN70736 c3 gl Acshg? | 375 0210 | -3.84  1.000 | - -
TRINITY DN70736 c3 g2 Acshg? 0.037 | -630 0183 | - -
TRINITY DN72363 c2 g2 Hspa2 0.000 0.000 | 045  1.000
TRINITY DN72629 c0 gl Lampl 0.000 0.000 | 120  0.432
TRINITY DN73303 c4 g4 Fdps 0.004 0.000 | 1.13 0554
TRINITY DN73435 c2 gl Gsr 0.000 0.000 INESENN o0.012
TRINITY DN73905 c2 gl Txndc?2 0.000 0.000 | - -
TRINITY DN74726 c4 gl Bax 0.000 0.000 | 0.98  0.328
TRINITY DN75274 c0 g2 Siahla 0.001 0.000 | 135  0.726
TRINITY DN75324 c0 g2 Rgs2 0.000 0.000 | 1.51 0418
TRINITY DN7542 c0 gl Ggnbpl 0.000 0.001 | 146  1.000
TRINITY DN77540 c0 g3 Rail4 0.000 0.000 | 0.99  0.624
TRINITY DN77946 c0 gl Sodl 0.000 0.000 | 128  0.335
TRINITY DN78903 c0 gl TRIM27 0.031 0.000 | 0.66  0.552
TRINITY DN80698 c4 gl DIPasl 0.000 0.003 | 048  0.958
TRINITY DN81516 c0 g2 Cish 0.000 0.000 | 1.16  0.752
TRINITY DN84317 c0 gl IGF2R 0.077 0.002 | 0.69  0.682
TRINITY DN84926 cl g4 Catsper?2 0.000 0.014 | 0.60  0.716
TRINITY DN85246 c0 gl ODF? 0.000 0.000 | 0.76  0.603
TRINITY DNB86395 cl g2 Hmgb2 0.004 0.000 | 1.74  0.109
TRINITY DN86806 c2 gl LMNA 0.000 | -126 0001 | 080  0.632
TRINITY DN86948 cl g2 PAIP2 0.001 0.000 | 125 0313
TRINITY DN89354 c0 g5 Galntls 0.000 0.000 | - -
TRINITY DN90251 c0 g2 Ggn 0.000 0.002 | 1.88  1.000
TRINITY DN91648 c0 g3 Spata32 0.135 | -4.54 0403 | - -
TRINITY DN91659 ¢2 gl Bag6 0.010 0.000 | 1.38  0.180
TRINITY DN91719 c2 g7 Cdyl 0.010 0.001 | 151 0471
TRINITY DN91828 c3 gl SIRTI 0216 | 0.13 0526 | -005 0977
TRINITY_DN92532 c0_gl Axl 0.000 SN 0.000 | 1.84 0393
TRINITY DN92710 c0 g4 Hspall 0011 | -567 0252 | -038  1.000
TRINITY DN93463 c2 g7 Hspall 0.009 | -595 0.054 | - -
TRINITY DN96575 ¢3 gl CRTAP 0.124 | -147 0015 | -0.04 0.997
TRINITY_DN96687 c0_g4 Rfx2 0.001 S350 0.017 | -001  1.000
TRINITY DN97606 c2 gl FAM504 0.113 | -096 0167 | 031 0974
TRINITY DN99333 ¢l gl Zfp37 0.003 435 0.028 | 098  1.000
TRINITY DN99357 c0 g8 Chd5 0.046 | -3.96 0287 | -093  1.000
TRINITY DN99460 c0 gl TDRDI5 0.076 | 126  0.000 | 054 0.577
TRINITY DN99980 c0 gl Pafahlb2 0.000 0000 | 121 0386
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Figure S5.1: Spectrograms of simulated calling intensity levels used in playback treatments. (Top) two or three calling individuals
with occasional but minimal overlap; (Middle) three or four individuals calling in the spectral foreground of recording with several
individuals in the spectral background, approximately 10 individuals in total, with considerable overlap of calls; (Bottom) full chorus
consisting of overlapping calls with non-distinguishable individuals, approximately 80-100 individuals in total.
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Figure S1.2: Heatmap of 100 genes in three broadcast treatments, High Chorus (H), Low Chorus (L) and Wind (W). Colour of node indicates
upregulation (red) or downregulation (blue) of gene based on z-score. X-axis labels indicate the treatment, timepoint and replicate number (i.e.,
“H_6_1,” represents a sample in the High Chorus treatment, at the 6 hours time point, replicate #1).
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