Anthropogenic noise effects on anuran
mating behaviour
Charmaine Schou
Student Number: 1099062

Anthropogenic noise effects on anuran mating behaviour
by
Charmaine Schou
(BAnimEcol)

A thesis submitted to the University of the Sunshine Coast
in fulfilment for the degree of

BACHELOR OF SCIENCE (HONOURS)

School of Science and Engineering

October 2020

Abstract
Anthropogenic noise from human activities is a pervasive environmental feature that has
expanded in both urban and remote habitats. Research has found that some species change
signal structure in order to be heard through noise, while others are extirpated from noisy
sites. However, the repercussions (e.g. species declines) and the associated mechanisms
connecting noise with such population consequences require further investigation. Signal
adjustments can improve detection in noisy environments but may also decrease species
responses, make low-quality individuals less dismissible and risk maladaptive mate choice.
Studying signal receiver responses (i.e. mate selection) within noisy environments can thus
assist in predicting deleterious effects (i.e. reduced offspring fitness or abundance). Here, we
investigated female and male Litoria fallax frogs’ ability to distinguish between high- and
low- quality acoustic signals in two conditions: 1) no background noise and 2) traffic
background noise. Both sexes responded similarly (e.g. jumping/moving) toward both the
attractive and unattractive signals and we also observed ‘no selection’ (e.g. attempts to leave
trials), in both treatments. We further found that frogs significantly used head only
movements more so in the ‘no noise’ trial compared to the ‘traffic noise’ trial. Potentially,
moving/jumping towards the sound stimuli implies the need for proximity to properly
distinguish the signal from background noise. This urban frog species and possibly, this
specific population may have adapted to noise and thus, developed strategies for responding
to noisy conditions.
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Chapter I: General prelude
Rationale
Anurans exhibit remarkable hearing and communication abilities, having adapted to noisy
chorus aggregations and streams. However, rapidly rising anthropogenic noise (e.g. traffic)
may interfere with such abilities and important processes, like mate selection. Since research
regarding signal receiver response in anurans is limited, we conducted a classic choice
experiment, where females and males respond to acoustic playbacks within a control (no
noise) and experimental (traffic noise) treatment.
In this thesis, my primary aims are:
•

To investigate female and male Litoria fallax ability to distinguish between
‘attractive’ and ‘unattractive’ signals by examining the behaviours used to indicate
selection, within a traffic noise context.

•

To determine if traffic noise is indeed impacting frog mating behaviour and thus
potentially, species declines.

Structure
The thesis has three components:
1. General prelude (Chapter I);
2. Literature review (Chapter II – worth 15% of total honours grade); and
3. Research report: traditional write up (Chapter III – worth 60% of total honours
grade).
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Chapter II: Literature review
Anuran acoustic communication, mating behaviour and
anthropogenic noise impacts: a review
Introduction to anurans
Unknowingly, many people tend to view frogs as one singular animal, as if all species are the
same. Since anurans share phylogenetic, physical and physiological similarities (e.g. small
size, ectothermic, short lived and signal in aggregations) this may be understandable
(Gerhardt & Huber 2003, Wells 2007). Anurans are the order of frogs and toads within the
Amphibian class and typically develop (e.g. from egg to tadpole to adult) and live in aqueous
environments (Wells 2007). Anurans are distinguished by a sizable head, eyes, a shortened
tail with enlarged hindlegs specialised for jumping and are not a homogeneous group,
sometimes causing taxonomic debate for their subtle differences (Bee 2015, Wells 2007).
Anurans comprise an important ecological role within terrestrial and aquatic systems; both as
essential of food webs and as indicators of environmental health (Dutta 2018, Halliday &
Heyer 1997, Wells 2007). Like other amphibians, anurans have scaleless, permeable skin
which permits water and respiratory gases through, making them sensitive to environmental
changes (Halliday & Heyer 1997, Wells 2007). For example, a meta-analysis in amphibians
has shown that exposure to chemical pollutants (e.g. fertilisers, pesticides and heavy metals)
found in natural water bodies (i.e. from wastewater runoff), decreases survival by 14.3%,
mass by 7.5% and increases abnormalities by 535% (Egea-Serrano et al. 2012). Italian tree
frogs (Hyla intermedia) have been shown to be affected by tebuconazole (TBZ), a pesticide
used to fight mould/fungus off fruits; when exposed to similar concentrations detected in
aquatic environments, inflammation and injury to kidney, liver and gonads were observed in
frogs, ultimately impacting sexual differentiation and population sex ratio (Bernabò et al.
2020).
Since anurans have permeable skin, they require aqueous and humid environments to survive
but are unable to inhabit saltwater (Wells 2007). Nevertheless, they have diverged and
diversified into a wide range of environments like ponds, streams, rainforests, grasslands,
high-altitude heaths and even deserts (Bee 2015, Wells 2007). Globally, there are
3

approximately 5,300 species described with roughly 243 of these species native to Australia
(Gillespie et al. 2020, Wells 2007). Australia has four native families: Microhylidae (2
genera, 19 species), Myobatrachidae/Leptodactylidae (19 genera, 112 species),
Hylidae/Pelotryadidae (3 genera, 73 species) and Ranidae (1 genus, 1 species) as well as a
fifth introduced family Bufonidae represented by the cane toad (Rhinella marina previously
Bufo marinus) (Roberts & Watson 1993). Microhylidae and Ranidae frogs are found in
northern Queensland and the other two families are distributed throughout Australia, except
in some southern parts of Western and South Australia (Roberts & Watson 1993).
Unfortunately, amphibians are declining at a faster rate than birds and mammals worldwide
(Stuart et al. 2004). In Australia, one-third of amphibians are listed on the International
Union for Conservation of Nature (IUCN) Red List as either threatened or extinct (Gillespie
et al. 2020). Globally, extinction or severe populations crashes have increased since the
1970s and 1980s, with at least 3.1% of frog species having disappeared (Alroy 2015). Alroy
(2015) further found that Latin America exhibited the highest frog losses and predicted that
6.9% of frog species will be gone within the next century, even without considering potential
increased threats. Threats to anurans include habitat loss, invasive species, overexploitation
(frog meat trade), climate change, acidification, disease (e.g. chytridiomycosis “amphibian
chytrid fungus”), light and noise pollution (Dutta 2018, Gillespie et al. 2020, Orchard 1999).
Chytrid fungus, in particular, has been recognised to majorly contribute to declines since the
1990s but its effects are likely compounded by the other listed threats (DSEWPC 2013).
Evidently, the countless threats anurans face highlights the importance of identifying and
mitigating such risks in order to preserve anuran populations and therefore, biodiversity and
ecosystem function.
Reduced species abundance near roads, likely from low reproductive rates and direct
mortality are an additional factor that has contributed to observed anuran population declines
(Grace et al. 2017). While roads are particularly dangerous and contribute to mortality
through vehicle collisions, the mechanism explaining lower reproductive rates near roads
remains unclear. Potentially, noise pollution from roads and other anthropogenic sources
impact anuran reproduction by masking/disrupting communication patterns (Luther & Gentry
2013, Dutta 2018). Anurans typically attract or detect mates with vocalisations; road noise
may constrain such signals and contribute to reduced mating opportunities (e.g. inability to
locate signalling mates).
4

Anuran acoustic communication and mating behaviour
Acoustic communication can be defined as a produced auditory signal that introduces
information (i.e. signaller identity/behaviour) and instigates signal receivers to change
behaviour accordingly (Gerhardt & Huber 2003). Signals produced by anurans are considered
instinctive rather than learned from conspecific individuals, as seen in birds and mammals
(Gerhardt & Huber 2003). Whether innate or learned, acoustic signals serve a similar purpose
in identifying species, selecting mates, defending territory and for parent/offspring
interactions (Gerhardt & Huber 2003, Luther & Gentry 2013, Wells 2007). In anurans, such
signals can be represented by distinct vocalisations. For example, the Madagascar tree frog
(Boophis madagascariensis) has recorded 28 types of call notes and represents the largest call
repertoire of any amphibian (Narins et al. 2000).
Overall, hearing and sound communication is well-studied in anurans, with the American
green tree frog (Hyla cinerea), cope’s gray tree frog (Hyla chrysoscelis) and gray tree frog
(Hyla versicolour), all native to the United States, among the most researched (Bee 2015).
Additionally, the túngara frog (Engystomops pustulosus: prev Physalaemus), a small
terrestrial species found in South America, has been the subject of many studies pertaining to
acoustic communication (Gridi-Papp et al. 2006, McMahon et al. 2017). The majority of
these studies include behavioural tests on phonotaxis and evoked calling (Bee 2015). When
under controlled conditions (e.g. laboratory sound chambers), researchers can exploit female
anurans’ natural behaviour in orienting to signals (phonotaxis) and signal playbacks can
stimulate calling behaviour in males (evoked vocal response) (Bee 2015). Conducting such
experiments is important for understanding sexual selection and how communication systems
have influenced mating success. For example, female preference for vocal sac colouration
was examined in European tree frogs (Hyla arborea) by using two-choice experiments (e.g.
video playbacks of males with identical calls but differing colour signals), essentially,
females preferred males with a colourful sac which may indicate information about genetic
quality (Gomez et al. 2009). Therefore, experiments like these can highlight both relative and
absolute preferences for different signals across modalities.
Auditory, visual, tactile and chemical cues can be used by animals to obtain information
about mate quality (e.g. high or low) (Gerhardt & Huber 2003, Gomez et al. 2009, Wiens &
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Tuschhoff 2020). As a result, diverse sexually selected traits like bright colouration, long
tails, complex songs, elaborate dances and sizeable horns have evolved (Wiens & Tuschhoff
2020). In anurans, traits like colouration and scent can indicate mate quality. For example,
female tree frogs (Hyla arborea) prefer males with a colourful throat sac and pronounced
flank stripe as this may allow for enhanced detection (Gomez et al. 2009). In addition, Male
Australian toadlets (Pseudophryne bibronii) secrete odours during the breeding season that
assists females in locating mates within leaf-litter and dim lighting (Byrne & Keogh 2007).
Furthermore, almost all anurans use advertisement calls as a primary method of
communication and these are thus, likely the most common sexually selected trait in this
taxon (Wells 1977).

Female mate selection: ‘attractive’ vs. ‘unattractive’ calls
One mechanism of sexual selection is intersexual selection, where individuals (usually
females) will select members of the opposite sex for reproduction (Luo et al. 2016). Females
are considered to select mates based on genetic quality and will pick high-quality males to
gain fitness benefits (i.e. reproductive and survival) (Luo et al. 2016). In anurans, quality can
be communicated acoustically through different call parameters such as frequency (sound
pitch), amplitude (sound loudness), duration (sound length) and calling rate (the
amount/repetition of calls).
In cricket frogs (Acris crepitans), females prefer low-frequency calls regardless of locality
(e.g. local versus foreign calls), which correlates to data showing that female auditory tuning
(hearing process/ability to hear different pitch) is below mean call frequencies (Ryan et al.
1992, Figure 1). Frogs can hear through two different inner-ear organs which are sensitive to
sound; the amphibian papilla (AP) tuned to low frequencies and the basilar papilla (BP) tuned
to higher frequencies (Bee 2015). Thus, females could simply prefer low-frequency calls as
they are tuned to process this frequency/pitch (i.e. pre-existing bias). However, red-eyed tree
frogs (Agalychnis callidryas) show preference to local over non-local acoustic and visual
stimuli suggesting that information/messages about mate quality and locality may be encoded
in signals (Kaiser et al. 2018, Figure 1). Potentially, local calls are considered attractive since
they communicate abilities to survive within the region (local adaptation), meaning that
female choice for local males is advantageous.
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Figure 1: From left to right, A. crepitans prefer low-frequency calls, A. callidryas prefer local males, O.
tormota, L. chloris and L. xanthomera prefer high frequency calls. Photo sources: Smashtonlee05 (Flickr), Eric
De Vries (Wikipedia), Albert Fend (Science20.com), Nic Gambold (Flickr), Rainforest_harley (Flickr).

In some anurans, low-frequency calls tend to correlate with larger males, increased egg
fertilisation and nest-care (Felton et al. 2006, Ryan et al. 1992). In microhylid frogs
(Cophixalus ornatus), larger males are usually older, more experienced and more likely than
younger males to construct a suitable nest for females (Felton et al. 2006). Nest-care is
important as it is often associated with parental-care where males protect eggs and/or the
brood against predation, desiccation and disease (Felton et al. 2006). It also takes increased
energy to produce low-frequency calls; calling effort generally relates to body size (e.g.
increases in aerobic metabolism while calling) (Morrison et al. 2001). Female frogs may
associate lower-frequency calls with larger, experienced males with energetic reserves
available for reproduction and protection/survival. However, there are exceptions to this
trend.
Concave-eared torrent frogs (Odorrana tormota) are a species with ultrasonic communication
and avoid masking from stream noise by shifting vocalisations to higher frequencies (Zhang
et al. 2020). Female O. tormota prefer high frequency calling males, small in body size
(Zhang et al. 2020, Figure 1). Similarly, female Litoria chloris and Litoria xanthomera prefer
smaller males who call at high frequencies and with increased chorus tenure (Morrison et al.
2001, Figure 1). Seemingly, small, high-frequency signalling males can ultimately sustain
calling for longer periods and achieve mating success (Morrison et al. 2001). It is possible
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that females also find high frequency calls attractive since they highlight the adaptive ability
to either call above stream noise or call for longer periods.
In túngara frogs (E. pustulosus), males with a fibrous mass attached to vocal folds are able to
produce complex calls (e.g. ‘whine-chuck’ sound) that are preferred by females over simple
calls (e.g. ‘whine’ sound) (Gridi-Papp et al. 2006). Potentially, the fibrous mass evolved so
that individuals could produce such calls, thus signifying adaptive abilities to females.
Observed preferences might provide information regarding the quality, locality and/or
adaptive abilities of potential mates to researchers. Ultimately, females usually prefer calls
that are energetically costly to produce (i.e. low or high in either frequency, high complexity,
louder/increased amplitude, longer duration and/or more frequent repetition) as these indicate
energy reserves, health, rigor and efficient access to resources from which females can gain
reproductive and/or survival benefits (Gerhardt & Huber 2003, Morrison et al. 2001, Parris et
al. 2009).

Male sexual selection: competition
The other type of sexual selection is intrasexual selection, where members of the same sex
(usually males) compete against each other for mating opportunities (Luo et al. 2016). Since
males produce comparatively more motile gametes than females, males must at times
compete among themselves to gain access to females and produce offspring (Brennan 2010).
This competition can take the form of physical or vocal battles between males.
During the breeding season, large numbers of frogs can be observed in noisy ‘chorusing’
social aggregations (Gerhardt & Huber 2003, Wells 2007). Aggregations can act as a beacon
and increase the attraction of nearby/distant females, repel competitors (e.g. jam rival signals)
and confuse predators (Greenfield 2005). One calling male can stimulate the calling of
another and endurance rivalry; where males attempt to out-signal one another (Bee 2015,
Clulow et al 2017). In hip-pocket frogs (Assa darlingtoni), lone males increased calling effort
when a nearby male called, suggesting competitive mate attraction and/or resource defence
(Clulow et al. 2017).
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In emei music frogs (Babina duachina), males who produce calls from inside nesting burrows
are more attractive than males who call outside; males have been observed to allocate
competitive efforts depending on perceived call attractiveness (Fang et al. 2014). Male
anurans recognise and estimate competitor distance of their own species and sometimes
others (Gerhardt & Bee 2006). If competitors are considered a threat, males can display shortterm changes to call characteristics (i.e. amplitude, duration, calling rate) to communicate
body size, infer strength and inclination to fight (Parris et al. 2009).
Physical combat and warning signals are other forms of competition (Ospina-L et al. 2017).
In Trinidad poison frogs, territorial males (Mannophryne/Colostethis trinitatis) observed to
remain brown when not calling, turn black upon calling and wrestle other black-coloured
males (Rojas 2017, Wells 2007). Additionally, giant glass male frogs (Nymphargus
grandisonae) engage in physical battles, resulting in injuries (Hutter et al. 2013). While not
extensively researched, poison dart frogs (Oophaga pumilio) are more aggressive towards the
same colour morphs (Yang et al. 2018). However, in omei tree frogs (Rachophorus
omeimontis), males do not directly compete (e.g. fighting/vocalising), instead they engage in
group spawning where multiple males gradually join mating before females lay eggs (Luo et
al. 2016).
Since competition can consume time, increase predation and energetic costs, males must
determine the costs/risks associated with competition and may abandon a fight deemed costly
(Fang et al. 2014, Martins et al. 1998). Often, males will choose rivals based on genetics or
experiential learning; some males will compete with ‘dominant’ males to display high energy
use and others will choose ‘weaker’ males (Fang et al. 2014) since it may take less energy to
compete. Essentially, competition may allow females to distinguish males with high or low
energy expenditure and determine which potential mates are most healthy or of highest
quality for reproduction. However, with increasing anthropogenic impacts (e.g. noise
generated from traffic, construction etc.), mate and sexual selection processes are potentially
disrupted – this will be discussed below.

Noise: natural vs. anthropogenic
The human population and therefore the need for urbanised areas is increasing. In Australia,
population increases of about 300,000 people annually have resulted in about 25.5 million
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people in 2019, compared to about 19.1 million people in 2000 (ABS 2020). Although
Australia’s population remains small relative to its land size (e.g. per square kilometre), it
remains a highly urbanised nation, with the majority of people concentrated around the
coastal regions (ABS 2020). Not only does habitat destruction result from urbanisation (i.e.
construction, traffic), the noise appearing from such activities is now considered a new,
pervasive risk to wildlife which has gained attention in many fields (Potvin 2017, Shannon et
al. 2016, Sordello et al. 2019).
Noise is inescapable and ubiquitous, presenting itself in both natural (e.g. wind, rain, animals)
and anthropogenic (e.g. human generated) forms (Luther & Gentry 2013, Sordello et al.
2019). Abiotic noise from wind, rivers and rain are generally below 1 kHz in frequency,
biotic noise from wildlife like arthropods produce sounds within 4-10 kHz and birds,
amphibians and mammals within the 1-5 kHz frequencies (Luther & Gentry 2013). Noise
generated from human activities such as communities, crowds, construction, energy
development and transportation are usually between 1-2.5 kHz (Bee & Swanson 2007, Luther
& Gentry 2013). Since many sounds contain information (e.g. weather conditions, mates,
prey, predators), ‘noise’ (e.g. anthropogenic) can be defined as sounds that lack relevant
information (Luther & Gentry 2013, Potvin 2017). Ultimately, low-frequency sounds
produced by wildlife (i.e. between 0.18-2 kHz) are therefore at risk from anthropogenic noise
(1-2.5 kHz) masking effects.
Noise can cancel out other sounds, otherwise known as ‘masking’. Anthropogenic noise
particularly impacts acoustic communication in wildlife by masking communication between
conspecifics (e.g. mating calls, detecting prey or predators) and environmental cues (e.g.
changes to surroundings or threats) (Barber et al. 2010, Shannon et al. 2016, Sordello et al.
2019). Thus, such noise becomes pollution causing concern for the potential deleterious
effects that will be discussed below.

Anthropogenic noise impacts
Research in humans have uncovered physiological and psychological impacts from
anthropogenic noise like heart disease, hearing loss, sleep deprivation and cognitive
impairment (Barbosa & Cardoso 2005, Fyhri & Aasvang 2010, Hansell et al. 2013, Szalma &
Hancock 2011). Understanding noise impacts in humans is important however, impacts on
10

wildlife may be just as complex. Anthropogenic noise is a relatively new form of background
noise for animals to contend with and research has uncovered effects on cognition,
communication, use of space and/or reproduction (Luther & Gentry 2013, Potvin 2017,
Sordello et al. 2019). Overall, how such impacts affect entire populations (i.e. reduced
population fitness) requires more knowledge and examples will be discussed below.
Displacement
If noise diminishes signal detectability (i.e. from receivers), signallers should evolve
strategies (i.e. signal adjustments) to contrast with background noise (Luther & Gentry 2013,
Potvin 2017). Noise that is loud, continuous and masks signals may lead to extirpation (i.e.
leaving the noisy area) (Luther & Gentry 2013, Potvin 2017). Not surprisingly, researchers
have observed species displacement across various taxa. For example, Harbour porpoises
(Phocoena phocoena) avoid areas with human influence (e.g. offshore wind turbines, piledriving operations and seismic surveys) which may have detrimental repercussions (i.e.
reduced quality of alternative habitat, prey availability, increased predation and bycatch)
(Forney et al. 2017). Additionally, a few cases of spatial displacement have been observed in
frogs (Boana bischoffi, B. leptolineata), where males actively avoided experimental traffic
noise (Caorsi et al. 2017). Essentially, species that avoid noisy sites may perceive noise
sources as a threat similar to predators or deem sites as unsuitable for survival and/or
reproduction (Potvin 2017).
Acoustic signal adjustments: senders
Areas with varying noise levels where animals are likely to stay and cope may have a plastic
response (i.e. signal adjustments) (Luther & Gentry 2013, Potvin 2017). The existing work
relating to anthropogenic noise majorly focuses on the behavioural response of males (i.e. the
more common or more researched senders of sexual signals). Thus far, signal changes in
terrestrial and aquatic species such as birds, primates, cetaceans, sciurid rodents, invertebrates
and amphibians have been revealed (Barber et al. 2010). Particularly, modifications in
frequency, amplitude (known as the Lombard effect) and/or structure (i.e. timing, notes and
syllables) have been identified (Barber et al. 2010, Berger-Tal et al. 2019).
In birds, urban silver eyes (Zosterops lateralis) sang at higher frequencies and decreased
syllable rate when compared to rural silver eyes (Potvin et al. 2011). Additionally, silver eyes
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have been observed to adapt to differing noise frequencies where both rural and urban birds
adjusted call frequency, amplitude and duration in response to noise (Potvin & Mulder 2013).
Likewise, great tit birds (Parus major) increased signal frequency in urban areas with
anthropogenic noise (Slabbekoorn & Peet 2003). For cetaceans, North Atlantic right whales
(Eubalaena glacialis) were observed to alter signal amplitude with increased anthropogenic
noise (Parks et al. 2011). Invertebrates like grasshoppers (Chorthippus biguttulus), were
observed to call at higher frequencies when closer to roads, compared to those further from
roads (Lampe et al. 2014). In amphibians, the Taipei frog (Rana taipehensis) increased call
rate/time by signalling when gaps from airplane and motorcycle noise were detected (Sun &
Narins 2005). These adjustments are likely to help the signal reach potential receivers intact
in noisy environments.
There is considerable evidence for varied signal adjustments from male senders in anurans.
The same study with observations of R. taipehensis, further found that three species of frog
(Microhyla bulteri, Rana naigrovittata and Kaloula pulchra) had suppressed signalling when
exposed to anthropogenic noise, thus potentially stimulating R. taipehensis to call (Sun &
Narins 2005). Bornean rock frog (Staurios parvus) males modified the amplitude, pitch,
repetition rate and duration of calls in noisy environments (Grafe et al. 2012). Japanese tree
frog (Buergeria japonica) males displayed varied changes where type 1 (low frequency) calls
became shorter but type 2 (high frequency) calls did not change (Legett et al. 2020).
In Australia, male brown tree frogs (Litoria ewingii) increased call pitch when subject to
increased traffic noise (Parris et al. 2009). Further studies have uncovered increased and/or
decreased adjustments in either rate/activity, frequency or amplitude from noise in; Boana
bidschoffi and Boana leptolineata (Caorsi et al. 2017), Hyperolius pickersgilli (Kruger & Du
Preez 2016), Lithobates areolatus (Engbrecht et al. 2015), Hyla versicolor, Rana clamitans
and Rana pipens (Cunnington & Fahrig 2010), Dendropsophus triangulum (Kaiser &
Hammers 2009) and Hyla arborea (Legagne 2008). Cunnington & Fahrig (2010) additionally
uncovered no changes in call parameters for Bufo americanas. Seemingly, these examples
reveal the variability or plasticity in anuran’s vocal abilities. However, such changes could
potentially reduce the quality of the signal or change the information being communicated in
the signal.
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Acoustic signals: receivers
Both female and male animals are receivers in that they detect signals and discriminate these
from background noise (Luther & Gentry 2013). Research on anthropogenic noise and the
response from signal receivers is limited, with most of the attention on acoustic masking and
male signal sender response (Schmidt et al. 2014, Senzaki et al. 2018). Since male senders
have been observed to adjust signals, this may alleviate anthropogenic noise masking impacts
and implies that signal detection is improved. However, such adjustments may result in the
loss of important information or disrupt call properties, thus focusing on signal receivers
could reveal whether this is the case.
In domestic canaries (Serinus canaria), the initial sexual preference for low frequency calls
over higher frequency calls fades when subject to urban noise (Huet des Aunay et al. 2014).
Potentially, low-frequency calls are masked, and only high-frequency calls are heard. Yet,
white-crowned male sparrows (Zonotrichia leucophrys nuttalli) from louder territories who
adjusted to sing at higher frequencies ultimately reduced bandwidth and vocal performance
which resulted in a decreased response from conspecifics (Luther et al. 2016). In this case, it
may be that signal changes and/or noise interference reduces the quality or reliability of
information, resulting in a decreased response from target receivers.
Research on female crickets (Gryllus bimaculatus) suggests that anthropogenic noise affects
behaviour and hinders the ability to locate mates. When female field crickets were exposed to
male song in anthropogenic noise, decreased phonotaxis toward signalling mates was
observed (Schmidt et al. 2014). Since male calls were not masked by anthropogenic noise,
distraction (broad stimulus filtering) from noise levels may explain this pattern. In birds,
research suggests that noise impacts male responsiveness; male white-crowned sparrows
(Zonotrichia leucophrys) from noisier sites approached song stimuli much more closely than
males from quieter conditions (Phillips & Derryberry 2018). Potentially they could not detect
the playbacks as readily (Phillips & Derryberry 2018).
Work pertaining to anuran responses to signals (altered and unaltered) in anthropogenic noisy
environments is relatively limited. One study has uncovered that traffic noise does not impact
mate attraction in H. versicolor and R. clamitans: females were attracted to male signals in
the presence and absence of traffic noise (Cunnington & Fahrig 2013). However, this study
focused on females’ ability to hear signals and approach the general signal location. In
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contrast, female wood frogs Lithobate sylvaticus), have shown increased corticosterone levels
during exposure to increased traffic noise and in turn, were unable to locate/orient towards
chorusing males (Tennessen et al. 2014). Female cope’s gray frogs (Hyla chrysoscelis)
similarly, took longer to localise males and were less successful in orienting toward male
signals when subjected to traffic noise (Bee & Swanson 2007). Whether stress is the
mechanism for halted response, is yet to be understood. Furthermore, Troïanowski et al.
(2017), has shown increased stress (corticosterone levels) in tree frogs H. arborea when
exposed to traffic noise, which resulted in negative impacts to vocal sac colouration and the
best quality males. Thus, traffic noise and consequently, stress could impact more than
female signal orientation.
Senzaki et al. (2018) explored distraction and aversion in female ezo brown frogs (Rana
pirica): female frogs with different experience (e.g. from quiet and noisy sites) in both
overlapping and non-overlapping signal treatments displayed delayed phonotaxis and
disorientation to signals. Non-signal-masking effects were ultimately revealed and imply that
noise impacts may extend further than acoustic cue detection/discrimination (Senzaki et al.
2018). Lastly, Troïanowski et al. (2014) explored multimodal shifts between vocal and visual
signals since it may be a strategy used to cope with increasing noise; H. arborea females
were shown to choose males with attractive calls and did not favour visual signals, regardless
of the noise treatment. Nonetheless, this study highlights the importance for further studies on
animal behaviour and anthropogenic noise, as results can be unpredictable and speciesspecific.

Stream noise
Like anthropogenic noise, streams are typically a loud, continuous sound which can interfere
with signals and decision making (Röhr et al. 2016, Zhao et al. 2016). The amount of work
on stream noise and anuran acoustic communication may highlight species’ adaptive abilities
and provide insight onto the potential long-term effects of anthropogenic noise. For some
anurans, signalling at higher frequencies may be an evolved trait. The stream-side little
torrent frog (Amolops torrentis), showed a stronger preference to high-frequency (4.3 kHz)
over low-frequency calls (1.6 kHz), regardless of ambient noise levels (Zhao et al. 2016).
Such results are consistent with the idea that A. torrentis evolved from non-streamside
species and high-frequency calls evolved from the pressure of environmental noise (Zhao et
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al. 2016). Additionally, A. torrentis females showed preference to calls (high and low
frequency) with high amplitude stream noise compared to calls (high and low frequency)
with low amplitude stream noise (Zhao et al. 2017). In this case, noise may be beneficial and
function as a cue used by females as an enhancement to call attractiveness (Zhao et al. 2017).
Despite this evidence, environmental noise and whether it has led to acoustic adaptation in
anurans remains debated. In a comparison between 110 species (40 stream breeders, 70 nonstream breeders), streamside breeders were found to call at slightly higher frequencies and
have significantly smaller body size (Vargas-Salinas & Amézquita 2014). This was attributed
to the habitat filtering hypothesis, whereby smaller males who call at higher frequencies are
most likely favoured by natural selection rather than larger males, who usually sing at lower
frequencies (Vargas-Salinas & Amézquita 2014). This is not necessarily representative of all
anuran species. Findings from Röhr et al. (2016) suggest signals have evolved to diminish
masking impacts from environmental background noise. Of 509 anuran species calls, the
overall dominant frequency was revealed to be higher near streams, with no significant
interaction between habitat (flowing/still) and body size (Röhr et al. 2016). In contrast, within
hylids, stream breeders called at lower frequencies than pool breeders of comparable size and
below the typical frequency of stream noise (Hoskin et al. 2009). Out of 116 east-Australian
species, call dominant frequency has been revealed to have a significant negative relationship
with body size (Hoskin et al. 2009). Overall, it remains unclear to how either frequency or
body size generally relates to natural environmental background noise.

Potential follow-on effects: anthropogenic noise
Avoidance/extirpation
The predicted repercussions (i.e. follow-on effects) from species behavioural changes (i.e.
leaving areas and/or adjusting signals) is particularly concerning. If noise deters species (i.e.
avoidance/extirpation), dramatic changes in community composition, insufficient alternative
sites with limited resources and increased predation could result in decreased abundance
(Candolin & Wong 2019, Forney et al. 2017, Potvin 2017). Already, we see low species
abundance near roads, likely caused by traffic noise since roadkill statistics are rare for the
said species (Litoria rheocola and Austrochaperina pluvialis) (Hoskin & Goosem 2010).
Additionally, males who were closest to the road had significantly higher call rates, dominant
frequency and were smaller in body size (Hoskin & Goosem 2010). Ultimately, how this
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composition impacts the entire population remains unknown. Above all, if species leave areas
this decreases local biodiversity. Still, some wildlife remain since anthropogenic noise
sources may be unavoidable or there might not be other sufficient habitat close by, especially
for frogs that are dependent on water bodies or have limited mobility.
Adjusting signals and decreased fitness
Adjusting signals may be a beneficial coping strategy to overcome noise masking impacts
however, it could also be detrimental. The costs (e.g. direct or indirect fitness) associated
with such changes are relatively unspecified (Read et al. 2014). Increased energetic demands
from signal alterations may impact species health and increased conspicuousness furthers
predation risk. Additionally, receivers use considerable energy listening to signals and
reduced fitness (i.e. attenuation) or attractiveness/information may result from modifications
(Berger-Tal et al. 2019, Read et al. 2014, Shannon et al. 2016). Ultimately, this may impact
mate selection processes; where unfit males become less dismissible, females reproduce with
unfit males and produce offspring with reduced viability/fecundity (maladaptive mate
choice), eventually resulting in population declines. The fitness consequences (especially
population declines) pertaining to anthropogenic noise need assessments with respect to
associated reproductive success and survival rates (Read et al. 2014).

Trophic cascades
Changes in species abundance, particularly reduced populations, are likely to cause trophic
cascades and food web disruptions (Shine 2014). Decreases in anurans could see
repercussions such as increased insect abundance, food loss for native species (e.g. snakes) or
in Australia, increased invasive cane toad abundance (Shine 2014, Figure 2). Impacts on
native frog populations from cane toads are complex since there are positive
(e.g. cane toads reducing predator pressure and acting as alternate parasite hosts) and
negative consequences (e.g. cane toads eating/poisoning frogs and tadpole competition)
(Shine 2014). Overall, cane toad impact on other native species from toxic ingestion are
causing declines in Australia’s biodiversity (Shine 2014). In regard to anthropogenic noise,
túngara frog abundance correlated positively with urbanisation, light, noise and temperature
and frog-biting midges decreased with light in both high and low noise areas thus, revealing
the disrupted host-parasite interaction (McMahon et al. 2017).
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Figure 2: Frogs are secondary consumers of insects and decreases could lead to insect overabundance and/or
food loss for tertiary consumers like snakes. Photo source: Emily Edwards (WaterShed UCDavies).

Conclusions
Research regarding the response of female and male (i.e. mate choice/competition) anurans to
anthropogenic noise is relatively limited. Without anthropogenic noise, studies pertaining to
sexual selection have predominately focused on female choice over contest competition. For
example, male contests select for 44% of sexually selected traits and female choice 55%,
among 213 species (N = 272 traits) (Wiens & Tuschhoff 2020). Therefore, it is equally
important to understand the response of signal receivers (both male and female) so that
comparisons to potential consequences of (e.g. vocal adjustments) can be determined.
Importantly, other signals require consideration since many studies focus on signal frequency
and amplitude, there could be bias towards mating and territorial calls, ultimately overlooking
alarm or parent-offspring communication (Berger-Tal et al. 2019). Additionally, two-thirds
of anthropogenic noise research focuses on birds and mammals, with most work concentrated
in Europe and North America (Newport et al. 2014, Shannon et al. 2016). Thus, research
needs to expand to all signal parameters and to a diverse set of species across all continents,
especially amphibians.

17

Since anurans exhibit remarkable communication (vocals and hearing) abilities, they can
assist human development (e.g. hearing aids, automated speech recognition) through
understanding healthy auditory systems that have evolved to cope with noise (i.e. chorusing
and stream noise) (Bee 2015). Ultimately, anurans are a good model species to study the
impacts of anthropogenic noise – likewise to their use as environmental health indicators (for
contaminants, climate and disease), anurans can inform response predictions to noise and
potentially declines for other species.
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Chapter III: Research report (traditional write-up)

Croaking away: The unpredictability of dwarf tree frog (Litoria
fallax) mating behaviour under varying traffic noise conditions
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Introduction
Noise; whether natural (e.g. produced from weather or animals) or anthropogenic (i.e.
human-generated) is a pervasive element of the modern environment (Luther & Gentry 2013,
Potvin 2017, Sordello et al. 2019). Plane, car and shipping noise are present in urban areas
and have even reached remote terrestrial and aquatic locations (Barber et al. 2010). It is only
within recent years (e.g. since large scale industry, construction and traffic from the past 100150 years) that anthropogenic noise has emerged, constituting a relatively new challenge for
wildlife to contend with, especially acoustically communicating species (Luther & Gentry
2013, Potvin 2017). Interestingly, however, evolutionary trends suggest that species coping
with noise is no new task.
The selective pressure from natural noise, where animals detect and distinguish relevant
cues/signals (e.g. predator, prey, mating) from other non-relevant sounds, is considered to
have shaped animal communication systems (Barber et al. 2010). For example, King
penguins (Aptenodytes patagonicus) identify chicks and mates in a noisy, crowded colony
and produce a vocal signature, based on modulating syllables which is more reliable than
using visual signals (Aubin & Jouventin 2003). However, the rapid development of
anthropogenic noise is particularly concerning as species adaptive abilities (e.g. how fast
species can evolve to increasing noise) are uncertain.
Since noise sources vary in acoustic parameters (e.g. loudness and timing) it can be difficult
to understand masking and/or disruption impacts. Anthropogenic noise lies within the 1,000
Hz to 2,000 Hz range, natural noise from wind, rain and rivers lies under 1,000 Hz and noise
from animals’ peaks between 180 to 2,000 Hz (Bee & Swanson 2007, Luther & Gentry
2013). Thus, species such as anurans are at risk from signal masking and/or interference,
ultimately impacting conspecific and heterospecific cues (e.g. mating, parent/offspring, prey
or predator calls) (Barber et al. 2010, Shannon et al. 2016, Sordello et al 2019).
Anurans are distinguished by their acoustic communication methods, otherwise known as
‘chorusing’, where males vocally compete with each other by overlapping signals to gain
female attention (Bee 2015, Clulow et al. 2017, Gerhardt & Huber 2003, Wells 2007). Male
anurans can also engage in physical combat (i.e. wrestling) in order to compete for mating
opportunities (Fang et al. 2014, Martins et al. 1998). On the other hand, female anurans must
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differentiate between calls and/or determine a suitable mate from the perceived genetic
quality or fitness benefits (i.e. reproduction and survival) (Luo et al. 2016).
Low-frequency calls produced by males, are typically perceived as high-quality or ‘attractive’
to female anurans since it is energetically costly to produce such sounds and can also
correlate with males who display high parental-care and increased egg fertilisation (Felton et
al. 2006, Gerhardt & Huber 2003, Ryan et al. 1992). However, some female anurans have
shown preference to high-frequency calls inversely correlated with body size (e.g. small
males who sing at higher frequencies) (Morrison et al. 2001, Zhang et al. 2020). Since calling
is costly, limiting call frequency can allow for longer calling periods and increase mating
opportunities. Essentially, male anurans with great energy expenditure are attractive, as
health, fitness, locality and perhaps, adaptive abilities are communicated to females (Gerhardt
& Huber 2003, Jacobs et al. 2017, Kaiser et al. 2018, Morrison et al. 2001). Thus, specific
call characteristics such as frequency must be distinguished by male and female anurans for
mate selection, regardless of preference. Noise may interrupt calls (i.e. masked, not heard) or
distract individuals. Consequently, the ability to accurately assess call quality is risked and
may lead to mate selection ‘mistakes’.
Anurans are at risk from anthropogenic noise and research has already uncovered signal
adjustments and disrupted signal localisation (Barber et al. 2010, Bee & Swanson 2007,
Berger-Tal et al. 2019, Tennessen et al. 2014). Considerable evidence from male anurans (i.e.
usual senders of signals) suggests altered calls alleviate masking effects (Berger-Tal et al
2019). However, there is limited work pertaining to the response of female and male anurans
(i.e. receivers) to signals and/or signal changes in noisy environments.
A study on birds has showed a decreased preference towards low-frequency calls (the initial
preference) when subject to urban noise (Huet des Aunay et al. 2014). Potentially, only
higher frequency calls were heard over noise. If such is the case for anurans, females may be
selecting unfit males and potentially, decreased offspring could decline populations.
Furthermore, research on birds suggests anthropogenic noise increases aggressive behaviour
in males (termed the ‘urban anger hypothesis’) since males have been observed as being more
responsive to stimuli when confronted with background noise (Grabarczyk & Gill 2019,
Phillips & Derryberry 2018). Increased aggression in anurans or less caution, especially to
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noise sources could result in mortality (e.g. during combat, from approaching traffic or
female frogs approaching aggressive males during mate selection).
Anthropogenic noise has been observed to impact female frogs’ ability to locate signalling
males and also, increase levels of corticosterone (stress hormone) (Tennessen et al. 2014).
Distraction, aversion and avoidance behaviours have been detected in female frogs subjected
to high noise levels, whereby signal receivers showed delayed initiation and disorientation to
signals in noise treatments (Senzaki et al. 2018). Females unable to locate males could result
in reduced mating opportunities and delayed reactions may increase susceptibility to
predation (Candolin & Wong 2019, Read et al. 2014). Overall, anthropogenic noise impacts
may influence signal receivers’ decisions (i.e. mate choice behaviours).
Despite noise, irrational decisions and varied decisions can be made (Gerhardt et al. 1994,
Laird et al. 2016, Lea & Ryan 2015) but may be further implicated by noise. Anurans are
already in decline, thus more research to comprehend potential anthropogenic noise effects
on mating behaviour (i.e. reduced mating opportunities, selecting unfit males and increased
aggression) is critical, particularly in Australia (Newport et al. 2014, Shannon et al. 2016).
Females and males participate equally in mate selection (Wiens & Tuschhoff 2020) yet
research is lacking regarding the response of male and female signal receivers in noisy
environments, particularly in anurans.
Here, we investigated female and male frogs mating behaviours, specifically their ability to
distinguish high-quality (attractive) vs low-quality (unattractive) stimuli within a traffic noise
context. Experimentally, we broadcasted attractive/unattractive stimuli in two treatments: 1)
the control with no background noise and 2) the experimental with traffic background noise.
For the control trials, we predicted that females would prefer the attractive stimulus since
they tend to be choosier (i.e. to gain fitness benefits) and males would prefer either since
males tend to select fit/unfit males to out-compete. For the experimental trial, we predicted
that female and males may pick the call better heard over traffic noise (high frequency) or not
make a clear choice due to masking or distraction. We further analysed the different
behaviours both sexes displayed to test the strength of response in each treatment.
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Methods
Study species
Litoria fallax, commonly known as the eastern dwarf tree frog, is a small (20-30mm)
temperate anuran distributed along eastern Australia, from northern Queensland (QLD) to
southern New South Wales (NSW). Due to their wide distribution and presumed large
population, L. fallax is listed as ‘Least Concern’ on the IUCN Red List (Hero et al. 2004:
reviewed IUCN 2018). They are a sexually dimorphic species; females are usually bigger
than males, reaching a maximum size of 25-30mm and males growing up to 20mm (Hero et
al. 2004, Upton et al. 2018, Figure 3). Both sexes vary in colour, from light green to brown
fawn and can be found amongst vegetation throughout coastal areas like swamps, streams,
lagoons, ponds and farm dams (Hero et al. 2004, Figure 3). Breeding occurs across
September-April (Spring/Summer months) (Hero et al. 2004), however male frogs are known
to call throughout the year (Upton et al. 2018).

Figure 3: L. fallax sex differences; typically, males have a yellow throat sac and females do not, females are
usually larger than males. Both sexes can vary from green to brown. The main identifier is looking at thumb pad
size, which is bigger in males. Image sources from left to right; Jan Smith (Flickr), Evan Pickett (Flickr), Greg
Little (Australian Museum) and Slide Player Presentation https://slideplayer.com/slide/9227075/

Based on thumb pad size, which is generally bigger in males, compared to females; we
captured and identified the sex of L. fallax. Additionally, the body size and presence of a
vocal sac was utilised in identifying sex. Photographs were also taken of each frog for later
confirmation of identification (body and underside photos).
31

Study area and sample collection
Our study area was within the Sunshine Coast region of QLD, Australia (Figure 4). We
selected two localised ponds at the University of the Sunshine Coast (USC) Sippy Downs
campus (-26.717282, 153.064746) for its high abundance of L. fallax (Figure 4).
Additionally, the site presented suitable field-testing conditions in that surrounding the ponds
are flat, open areas ideal for setting up our trial area. The ponds are enclosed with emergent
reeds and vegetation.

Figure 4: Map of the location, Sippy Downs, Sunshine Coast, Australia. Where L. fallax frogs were collected
from two ponds, B and E, within the USC campus. The campus is positioned in a suburban area and is subject to
traffic noise from adjoining roads.

The site is subject to a level of background noise, with our study sties ranging from 49.65 dB
to 59.66 dB (Table 1). Background noise levels were measured with a sound level meter
(Work Zone Sound Level and Temperature Meter EC-MSTM-01), from 6.30pm (beginning
of frog capture), for approximately 3 minutes and averaged. We attributed background noise
sources to the university campus (e.g. people, buildings), animals (e.g. frogs, birds, crickets)
and neighbouring roads (e.g. cars, highway) (Table 1).
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Table 1: Background noise levels at the study sites, Pond B and E at the University of the Sunshine Coast
Campus, Sippy Downs, Australia.

Noise level

Noise sources

average (dB)
Pond B

59.66

Collected
Pond B Trial

road (far and nearby)
48.4

Area
Pond E

Area

Bus from USC terminal, cars from road, people,
animals (cricket, gecko, birds)

49.7

Collected
Pond E Trial

L.fallax and other frogs calling, crickets, cars from

USC building, car noise from road and adjacent car
park, L.fallax calling, swamp hen, crickets

49.65

People (from practicing in adjacent sport fields),
highway traffic, crickets

Female and male frogs were collected in the sites (Pond E and Pond B) during nightly
surveys (Figure 5). We conducted a total of 6 surveys between March 24th and April 2nd,
2020 in the evenings at 6.30pm (approximately sunset) until 11.30pm during weeknights.
From a pre-experimental scouting period at our site, we determined the most abundant anuran
species, of non-threatened status to be L. fallax. We searched for L. fallax with headlamps
and torches on lily pads and reeds. Upon frog sighting, individuals were collected and
handled as per animal ethics requirements (USC Animal Ethics ANS1859) and government
recommendations (e.g. disinfecting waders/wearing vinyl gloves) (DSEWPC 2013) to
prevent potential chytrid fungus spread. Frogs were captured with small fish nets, 20cm in
size and/or by hand. Once captured, individuals were placed in a small, thin plastic bag
containing a small amount of pond water, filled with air and transported to the trial ring.
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Figure 5: Map identifying the areas, dotted in red from which frogs were collected from in either site (Pond E
and Pond B) for each of the 6 surveys (each dot equalling one night, thus one survey).

Auditory sample collection
Anthropogenic noise was represented by a continuous traffic noise playback, with peaks in
noise levels throughout and recorded by project supervisor D. Potvin. The noise originates
from a city park, typical of Australia, recorded in Melbourne and contains a variety of
vehicles and human traffic.
Two recordings were selected to represent L. fallax ‘attractive’ and ‘unattractive’ calls based
on Litoria females’ general preferences, which constitutes an advertisement call high in
frequency and call rate/peaks (e.g. more energy concentration) and less preferred males with
low frequency and fewer call rate/peaks (Morrison et al. 2001). Thus, we recognised a call,
confirmed to be L. fallax and recorded by J-M Hero, Griffith University as the ‘attractive’
signal (AmphibiaWeb 2008, Figure 6a). And we attributed a call, confirmed to be L. fallax
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and recorded by J Hooper, Future-plus environmental as the ‘unattractive’ signal
(Froggingaround.com 2020, Figure 6b). The calls lasted approximately 20 seconds in
duration and playbacks consisted of the calls on a loop for 2.25 minutes. Additionally, the
unattractive sample was adjusted to be the same volume as the attractive sample. Both
recordings are from rural areas, close to the study site with natural background noise.

Figure 6: Auditory spectrogram created in RavenLite 2 displaying the frequency and duration (approx. 20
seconds) of the a) attractive call, higher in frequency (6.4 kHz) and call rate/peaks (17.4 kHz) and b)
unattractive call lower in frequency (5.02 kHz) and call rate/peaks (14.4 kHz). Both calls were looped for 2.25
minutes.

Experimental protocol
We based our methods on previous mate choice tests (controlled playback experiments),
commonly used on frogs to test male/female behaviours and to measure anthropogenic noise
impacts on wildlife (Bee 2015, Tarlow & Blumstein 2007). Since female anurans are
naturally inclined to approach advertising males and assess quality, researchers can often
base mate choice on female phonotaxis (where females orient to signals) (Bee 2015).
Multiple stimuli (e.g. acoustics and/or visuals) in which the preference of one stimulus, over
the other can indicate female selection (Bee 2015). Many studies have utilised these tests
with either advertisement calls or vocal sac colouration, some with differing noise levels i.e.
control (no noise) and noise (natural chorus and/or background noise (Bee & Swanson 2007,
Gomez et al. 2009, Laird et al. 2016, Richardson & Legagne 2010, Senzaki et al. 2018,
Troïanowski et al. 2014). Additionally, since anuran male-male competition constitutes vocal
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and/or fighting battles, playback experiments can stimulate calling behaviour in male anurans
(evoked vocal response) or males approaching stimuli may indicate physical competition
(Bee 2015).
We created a trial arena which consisted of a small, rectangular pool (1.2m by 1.2m) and set
up a video camera from above, speakers positioned at 0, 90 and 180 degrees, lights on each
side and filled with a small amount of standing pond water (Figure 7). For the first two trials,
the lighting was normal however, we altered this in the remaining experiments by covering
lights with red polypropylene as to prevent the ‘deer in headlight’ occurrence (consistent with
Troïanowski et al. 2014, used red lighting for nocturnal frogs). We noted light differences so
that we could later test for potential effects on our response variable. Prior to tests, we
measured each speaker using a sound level meter (Work Zone Sound Level and Temperature
Meter EC-MSTM-01), from the centre of the pool to be the same volume (i.e. L. fallax calls
peaked at an average of around 70dB and traffic noise averaged at around 60dB, consistent
with the 60-80dB range in Bee & Swanson 2007, Gomez et al. 2009, Richardson & Legagne
2010, Troïanowski et al. 2014, Senzaki et al. 2018).

Figure 7: Diagram of the trial set up (pool) with speakers (x3) taped to the sides at 0, 90 and 180 degrees. Video
recording from above. Measuring tape across the middle, tape in the centre as a guide, torches taped on the sides
with red polypropylene and the addition of pond water.

We placed one female or male L. fallax frog in the arena where they were habituated for
around 1-5 minutes (i.e. able to jump around the area until they were still) (habituation timing
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consistent with 1 minute; Bee & Swanson 2007 and 2 minutes; Troïanowski et al. 2014).
Each frog was placed as close to the centre as possible (guided by a measuring tape across the
middle) (Figure 7). Once frogs were still, trials commenced.
The control trials only played the ‘attractive’ and ‘unattractive’ calls from opposing speakers
(i.e. at 0 and 180 degrees) to simulate no noise. The same calls were broadcast with an
additional speaker playing traffic noise (positioned at 90 degrees) in our experimental trials
(Figure 7). The order of trials (i.e. no noise/noise) and the speaker (i.e. left or right) to play
either the ‘attractive’ or ‘unattractive’ call were randomised (order generated with R Studio).
For 6 nights we collected 51 frogs (overall total 51). We only collected a minimum number
of frogs as per animal ethics (~20-40, no more than 100). Each frog was subject to two trials
(control trial and experimental trial), randomly ordered and totalling 102 trials. Frogs were
released back to their original location in the pond immediately after testing.
Written notes of frog behaviour (i.e. head movement, jumping, crawling or turning) were
recorded during trials. Two researchers were present during the trials so that behaviours could
be confirmed independently. Additionally, video footage was recorded from which our
written notes were confirmed during later assessment e.g. whether or not frogs move
head/body towards the ‘attractive’ or ‘unattractive’ call in either the control (no noise) or
experimental (noise) trials. If we could not determine choice, we assessed video footage on
silent, to make it blind in respect to treatments and thus, selection was confirmed then.
Phonotaxis through head scanning and/or body movement (i.e. zig-zag motions) toward
stimuli is considered receptive (Bee & Swanson 2007, Gomez et al. 2009, Morrison et al.
2010, Troïanowski et al. 2014). Additionally, choice is considered in previous studies, when
females remain more than 20-30 seconds within the choice area (Gomez et al. 2009,
Troïanowski et al. 2014). Accordingly, our study deemed selection (i.e. ‘attractive’ or
‘unattractive’) when female or males head tilted or moved (e.g. crawl, jump or turn) to the
choice area and remained for more than 20 seconds. For the individuals that displayed zig-zig
motions, we split the arena into four sections and determined the time most spent within that
section to signify choice. Choice was not valid if the frog stood motionless or remained less
than 20 seconds in the choice area (e.g. attempting to leave the arena) (Gomez et al. 2009,
Troïanowski et al. 2014) and thus, signified ‘no selection’.
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Since we noted the different behaviours frogs displayed, we further simplified behaviours
into four categories: 1) head only, 2) jumping/leaping, 3) moving/crawling and 4) turning.
This allowed us to complete further analyses and compare behaviours used for each selection
response, including ‘no selection’.
Statistical analysis
Since our data were categorical responses, we used a multinomial logistic regression with the
‘nnet’ package (Ripley & Venables 2020) in R Studio (Version 1.3.959), as this allows for a
model estimate of the nominal outcome variables (log odds) combined with the predictor
variables. We assigned ‘no selection’ as the level outcome (base category). Our explanatory
variables were the noise treatments 1) control (no noise), 2) experimental (noise) as well as
sex (male, female, unknown). We used Wald tests (2-tailed z-tests) for statistical strength as
the multinomial function does not test significance. We also tested probability ratios/relative
risk of choosing one outcome category over the baseline category and the predicted
probabilities of each outcome.
We further used a binomial generalised linear model (GLM) with a chi-test analysis of
variance (ANOVA) to test for any significant differences between trials. We included all
selection responses (attractive, unattractive, no selection) and sex (female, male, unknown).
We also tested lighting (normal or red lighting) and sampling sites (Pond B and Pond E), in
case the light colour and/or background noise levels affected frog responses, but both did not
and was therefore, removed from the analysis. Since we randomised the trials and to account
for individual/site-level variances, we treated individual frog identification (e.g. frog 1 to frog
51), trial/treatment order (first or second), speaker (left or right) as random effects however,
these did not influence responses.
Lastly, we used the four behaviour movement categories (head only, jumping/leaping,
move/crawl or turn) to signify strength of selection. We did this to see if there were any more
nuanced behavioural differences between trial conditions. Thus, we repeated our analysis but
with the inclusion of behaviours as response variables.
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Graphs were created in Microsoft Excel (Version 16.41), IBM SPSS Statistics (Version 26)
and R Studio (Version 1.3.959) using ‘plotly’ (Sievert et al. 2020) and ‘ggplot2’ (Wickham et
al. 2020) packages.

Results
We gave L. fallax frogs the choice between an ‘attractive’ or ‘unattractive’ call in either a ‘no
noise’ treatment and ‘noisy’ treatment. Out of 51 frogs, we identified 30 as female, 16 as
male, 5 were undetermined and consequently, removed from the analysis (totalling 46 frogs).
Among the 92 trials, 55 resulted in a valid selection (attractive selected 26 times, unattractive
selected 29 times) and 37 resulted in no response (Appendix I: Table 4). Lighting, sampling
site/pond, frog identification, trial/treatment order and speaker did not affect frog responses
(Lighting: P = 0.22, Site: P = 0.31, Frog ID: P = 0.80, Trial Order: P = 0.40, Speaker: P =
0.38, AIC: 103.92).
No noise vs. noise treatment
We found no differences in frogs’ responses to different calls under different noise conditions
(attractive call: noisy estimate SE: 0.46, -0.92, Wald z test: P = 0.35; unattractive call: noisy
estimate SE: 0.25, -0.20, Wald z-test: P = 0.83, RD: 195.26, AIC: 211.26, Table 2). The
relative risk ratio for switching between no noise and noise for the attractive call (0.61) and
unattractive call (0.83) means there was a 39% and 17% decrease in risk respectively. The
predicted probability of the first outcome were: none (0.61), attractive (0.23), unattractive
(0.14). Frogs similarly selected attractive calls, unattractive calls or made no selection under
each treatment (P = 0.52, AIC: 127.6, Table 2, Figure 8).

39

Table 2: a) Response to the attractive and unattractive signal in the noisy trial and males, referenced from no
selection, the no noise trial and females. Statistical significance tested with Wald z-tests (two-tailed). b) The
results of the binomial (GLM) model, testing the variance (ANOVA) of selection between the noise treatments,
and sex.

a)

Coefficients

SE

Two-tailed z-test (P)

0.19
0.10

0.46
0.25

0.64
0.79

-0.48
-0.10

-0.92
-0.20

0.35
0.83

-0.69
-0.45

-1.23
-0.85

0.21
0.39

b)

Df

Deviance

Residual Residual
Df
Dev.
91
124.00

Pr(>Chi)

Noise

1

0.40

90

123.59

0.52

Sex

1

1.94

89

121.64

0.16

Intercept
Attractive
Unattractive
Yes Noise
Attractive
Unattractive
Male
Attractive
Unattractive

Figure 8: Histogram depicting L. fallax selections of attractive calls, unattractive calls or no selection in the
control (no noise) and experimental (noise) treatments with 95% Confidence Intervals (CI).
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Female and male selection
We found no differences between male and female frogs’ responses to different calls under
different noise conditions (attractive estimate SE: 0.46, -1.23, Wald z test: P = 0.21,
unattractive estimate SE: 0.22, -0.85, Wald z test: P = 0.39, RD: 195.26, AIC: 211.26, Table
2). Both female and male frogs similarly chose attractive calls, unattractive calls or made no
selection under each treatment (P = 0.16, AIC: 127.6, Table 2, Figure 9).

Figure 9: Histogram depicting female and male L. fallax selection of attractive calls, unattractive calls or no
selection in the control (no noise) and experimental (noise) treatments

Behaviour
Both female, male and unknown sexed frogs displayed behaviours (head only, jumping,
crawling or turning) to indicate no selection or preference to the attractive/unattractive
signals. We revealed no significant differences between noise treatments (P = 0.31) or sex (P
= 0.92). However, we found that frogs used head-only movements to signify selection more
so in the no noise trial, than in the noisy trial (head only estimate: 1.80, SE: 0.80, P = 0.02,
RD: 89.19, AIC: 101.19).
We re-ran the analyses excluding unknown sexes and ‘no response’, to focus on the frogs that
did indicate selection and to see if choices differed between treatments or individual
variables. However, we found no differences in frogs’ responses and behaviours (Wald z-test:
Jumping P = 0.40, Crawl P = 0.22, Turn P = 0.80, RD: 73.67, AIC: 83.67, Table 3). The
relative risk ratio for switching between the attractive (no noise trial) and unattractive (noisy
trial) was 1.44. The predicted probabilities for the first 5 observations were (0.49, 0.79, 0.59,
41

0.50, 0.42). Overall, frogs used similar behaviours to indicate selection to attractive calls and
unattractive calls under each noise treatment (Noise: P = 0.48, Behaviour: P = 0.58, Sex: P =
0.80, AIC: 85.61, Table 3, Figure 10).
Table 3: a) Differences in behavioural responses to the unattractive signal in the noisy trial, from the attractive
signal in the no noise trial. Statistical significance tested with Wald z-tests (two-tailed). b) The results of the
binomial (GLM) model, testing the variance (ANOVA) of selection between the noise treatments, behaviour
and sex.

a)
No Noise
Yes Noise
Jumping
Move/crawl
Turn

Coefficients
-0.67
0.37
0.67
1.66
0.25

SE
-0.85
0.65
0.82
1.21
0.24

Two-tailed z-test
0.39
0.51
0.40
0.22
0.80

b)

Df

Noise
Behaviour
Sex

1
3
1

Deviance Residual
Df
54
0.48
53
1.91
50
0.05
49

Residual
Dev
76.08
75.59
73.67
73.61

Pr(>Chi)

0.48
0.58
0.80

Figure 10: Comparison of the behaviours used by female and male L. fallax in the control (no noise) and
experimental (noise/yes) trials to indicate the choice of the attractive or unattractive call.
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Discussion
While there is literature concerning anthropogenic noise impacts on signal senders (i.e.
adjustments), this study, to the best of our knowledge, is among the first that exclusively
trialled signal receiver (female and male anurans) responses within a traffic noise context. We
conducted a classic choice experiment with two stimuli representing high- and low-quality
male signals within two conditions: 1) no noise and 2) traffic noise. We found that both sexes
had similar responses; males and females were either unresponsive to calls or did not show a
clear preference to the attractive/unattractive calls in each condition. They also used similar
behaviours (i.e. head, jumping, crawling, turning movements) to indicate choice. Overall,
frogs significantly displayed head only movements more so in the no noise trials. However,
no other statistically significant differences between the trials were found. Therefore, it
cannot be inferred that traffic noise is indeed, impacting dwarf tree frogs’ (Litoria fallax)
ability to distinguish calls. Arguably, the results are still of importance, as the unpredictability
of frog mating behaviour and anthropogenic noise is highlighted.

Female response
Typical mate choice theory expects females to select high-quality individuals to gain
reproductive and/or survival benefits. Accordingly, we expected female frogs to select the
attractive signal more so in the control (no noise) trials and in the experimental (noisy) trials,
we predicted that females may not be able to distinguish calls. We found that female L. fallax
made similar decisions, selecting both calls equally in both treatments. Potentially, females
who selected the attractive signal are able to hear and/or are not distracted by traffic noise. In
a study testing multimodal shifts, researchers found that female European tree frogs (Hyla
arborea) did not shift between visual and acoustic modalities; females selected attractive
calls despite unattractive colouration in both noisy/no noise trials (Troïanowski et al. 2014).
This highlighted that this species’ ability to use acoustic communication was likely
unaffected by traffic noise. However, call dominant frequency was the same for H. arborea
calls and could be heard over traffic noise. Likewise, in our study, L. fallax calls (both
attractive and unattractive) are within a high frequency range (5.02 - 6.4 kHz, Figure 6) and
therefore, should not pose risk from noise masking (anthropogenic noise 1-2.5 kHz). Still, we
anticipated a varied response as traffic noise may be causing distraction or stress.
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Previous studies displayed compromised phonotaxis to signals from either distraction,
aversion or from increased stress levels (Senzaki et al. 2018, Tennessen et al. 2014). In our
study, the females that selected unattractive signals may signify similar impact, but more
research is warranted since our results were not statistically strong to conclude so. Noise may
influence mating decisions, approaching aggressive males, choosing low quality mates and/or
approaching the wrong species (maladaptive mate choice) (Bee 2015). Already, two species
of frog H. chrysoscelis and. H. versicolour sometimes mate with males of the wrong species;
resulting in infertile or inviable offspring (Gerhardt et al. 1994). If noise results in
maladaptive mate selection, then reduced offspring quality and/or numbers (i.e. from low
fertilisation success or fecundity) could influence entire communities (i.e. composition
changes, population declines) (Candolin & Wong 2019).

Male response
We expected male frogs to respond to either calls in the control (no noise) trials (i.e. for
male-male competition) however, in the experimental (noisy) trials, we expected mostly no
response. We found that male frogs similarly selected attractive calls, unattractive calls and
no response under both noise conditions, which could simply mean that traffic noise did not
interfere with male L. fallax mate selection (to compete or abandon a costly fight).

Head movement behaviour
Our results show that head-only movements were significantly used in the control trial than in
the experimental noisy trial, potentially no background noise allows for efficient listening
since there is less of a distraction. In the noisy trials, frogs instead jumped and/or moved,
which could mean that individuals have to approach stimuli closely to increase hearing and
this may be a behavioural response to increased noise. Studies in birds support ‘closer
listening’, where individuals closely confront stimuli in increased noise levels, compared to
without noise (Grabarczyk & Gill 2019, Phillips & Derryberry 2018). Otherwise, research
suggests that noise may increase aggressive behaviours (urban anger hypothesis) due to
individuals approaching stimuli (i.e. attacking) (Grabarczyk & Gill 2019, Phillips &
Derryberry 2018). We found that some frogs would jump directly to the noise speaker, which
signified no selection. In our case, whether this is deemed ‘aggressive’ or not depends on the
context and will need to be investigated further, especially since this behaviour would likely
result in mortality (e.g. from approaching noise sources like cars or construction sites).
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Furthermore, the increased energetic costs and predation risk from jumping/moving could
have detrimental effects (e.g. less energy reserved for other important processes and
increased conspicuousness may contribute to declines). Studies focusing on the behavioural
response of signal receivers in varying noise conditions associated with assessments in
species abundance may reveal such impacts.
No response
Mate selection and signals are complex; environmental and other components can lead to
unexpected receiver responses (Laird et al. 2016) and may explain frogs in our study, that
indicated ‘no selection’. Since we tested in the field, environmental (i.e. weather, time, year,
other animal noise, distance traffic noise) and other components (i.e. habituation to
background noise and/or trials) could have influenced decisions. Our study depended on the
weather (e.g. after rain) and time (e.g. sunset to midnight) since this is when frogs are
present. We conducted research towards the end of March, since the breeding season for L.
fallax ranges from September to April, females recently mated are likely to have ‘no interest’
in calls. Additionally, we were constrained to the USC campus (due to COVID-19 travel
restrictions) and therefore, the sample size and frog population was limited to USC ponds and
duplication/testing the same individuals on a different night, is a possibility. Furthermore, our
site is subject to background noise levels ranging from 49.65 dB to 59.66 dB (Table 1); this is
considerably loud and potentially, areas with less noise might show different results. Since
frogs in louder areas may be acclimated to noise, testing the same way in frogs not
accustomed to noise may reveal different patterns.
Although stress was not directly tested, capturing, transportation and trials may have
increased stress, despite methods consistent with other studies. Studies in anurans suggest
traffic noise and heightened stress levels impacts female anurans (i.e. mate selection) but one
study suggests traffic noise is not related to stress and that the trial environment (i.e. human
interference from tests) may be the cause (Cunnington & Fahrig 2013, Tennessen et al.
2014). Perhaps a meta-analysis comparing methods (i.e. field or lab based and human
influence) used to study anthropogenic noise and stress in frogs with other species may reveal
if stress is linked to increased noise.
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Mate selection in the field may differ since studies based on call characteristics often indicate
weak or random mate choice by females (Pröhl 2003). Potentially our representative signals
were not quality enough or frogs may base selection on other sensory modalities. Behavioural
observations in anurans suggest that female mate choice can be based off other factors such
as local over non-local signals, pheromones, perch position or vocal sac colouration (Gomez
et al. 2009, Jacobs et al 2017, Kaiser et al. 2018, Laird et al. 2016, Wiens & Tuschhoff
2020). Choice experiments between local vs. non-local calls and comparing different
modalities (e.g. call vs. colouration) in different noise conditions will provide insight into
whether frogs base selection on multiple modalities.
Alternatively, most anthropogenic noise studies suggest that noise may be deemed
threatening (e.g. predator) and species are likely to leave areas. In anurans, avoidance
behaviour was displayed when some males moved away from experimental traffic noise
Caorsi et al. 2017). Similarly, despite previous experience with traffic, avoidance to
overlapping signals in noise was observed in female frogs (Senzaki et al. 2018). Thus, this
may be why individuals of both sexes in our study were not responsive and attempted to
leave the arena. Consequently, reduced mating opportunities (from avoidance, delayed mate
location/detection) and reduced survival (increased predation risk from searching, evaluating
mates) may result from a lack of response (Candolin & Wong 2019). Assessments in
reproductive success and survival in species within anthropogenic noisy sites, compared to
species in quieter sites could help determine such consequences.
The ‘decoy effect’ utilised in humans to decrease rational thinking may be applicable to
animals. A study in túngara frogs showed females switched preferences when presented with
a third, inferior alternative which violates typical mate choice models (from decision theory)
(Lea & Ryan 2015). Depending on the context, mate choice rationality could be timeconsuming in frogs and reduced mating opportunities and/or increased predation exposure
could drive selection (Lea & Ryan 2015). In our study, we had three speakers, the noise
speaker may have acted as a third ‘choice’, thus confusing frogs or the trial environment (i.e.
stress or perceived predation) may have driven responses. Perhaps, increasing the area of our
trial ring (e.g. a larger pool) and placing multiple speakers with varying calls, similar to a
natural chorus aggregation, can eliminate the ‘decoy effect/third option’.
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Recommendations
The lack of previous work regarding L. fallax behaviours despite being, apparently, an
abundant species, caused some difficulty in quantifying potential anthropogenic impacts.
Additionally, according to the IUCN Red List, L. fallax abundance was last assessed in 2004
(Hero et al. 2004: reviewed 2018) so it would be interesting to:
•

Determine and compare, L. fallax abundance around urbanised and regional sites as
well as study on mate selection behaviours like call preference (i.e.
attractive/unattractive call parameters, switching between multimodalities)

•

Compare different populations of L. fallax to threatened sibling species (e.g. genetic
and/or behavioural similarities and differences) – what is the mechanism explaining
the abundance of L. fallax compared to similar threatened species (e.g. wallum sedge
frog L. olongburensis).

Although our findings lacked strength to infer anthropogenic noise impacts it would still be
helpful to implement strategies such as:
•

Noise barriers or noise activity suspensions i.e. completing construction during
specific times (day/month) to allow for species calling within the gaps. Noise barriers
around highways are used to help mitigate impacts in humans.

•

Captive breeding programs for vulnerable species with low genetic fitness i.e. the use
of cryopreserved sperm to add back to lost wild-type genes to the captive population
(Upton et al. 2018) – L. fallax have been a model species in testing this potential
benefit for threatened frogs.

Since anurans are particularly risked with chytrid fungus, it would also be interesting to see if
there is a link between anthropogenic noise e.g. is noise contributing to decreased fitness
from increased stress, which can impact immune function (Campo et al. 2005, Kiecolt-Glaser
et al. 1984) and therefore, increase the detrimental impact of chytrid. Fungus/water quality
testing and quantifying anthropogenic noise levels could reveal potential effects.
Ultimately, to quantify anthropogenic noise impacts time constraining studies like long term
experiments, replication, multiple sites/individuals are needed as responses could change due
to habituation, tolerance and sensitivity (Read et al. 2014). However, wildlife senses yet to be
understood by humans (e.g. ultrasonic hearing) may limit us; focusing on detrimental impacts
can miss the opportunity to highlight species adaptive abilities L. fallax may in fact be in the
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process of adapting to noise through behavioural or physiological changes. Research in
understanding when evolution is likely, and not, could also help us improve species’ outlook
in a changing, and increasingly noisy world (Candolin & Wong 2019).

Conclusions
We observed head-only movements to indicate selection significantly more in the control
trials, whereas frogs alternatively jumped or moved towards stimuli for ‘closer listening’ in
the traffic noise trial, suggesting that traffic noise may impact frogs’ ability to properly listen
and assess important information contained in signals resulting in behavioural changes. This
may further predation risk (i.e. from increased conspicuousness) and increase energetic costs,
potentially resulting in species declines. Essentially, since we found no other statistical
differences between treatments, L. fallax frogs, both female and male, used similar
behaviours to indicate selection and responded to mating calls in the same way. Therefore,
we cannot infer additional anthropogenic noise effects on mate selection (i.e. maladaptive
mate choice, reduced mating opportunities) and consequently, reduced offspring
fitness/abundance. Overall, our study highlights the unpredictably of anuran mating
behaviour within a traffic noise context. Nonetheless, this is still of importance as
comparisons to other anthropogenic noise impacts (i.e. signal changes and the reliability of
mate quality and other information) can be made. If critical information is lost because of
such changes; quality and discrimination between males will become more difficult, risking
community structure changes and population declines (Read et al. 2014). We recommend
continuing studies on wildlife signal receiver responses so that further understanding towards
anthropogenic noise, especially frog populations can be achieved.
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Appendix I
Table 4: Raw data of male and female response (no selection, attractive or unattractive) in traffic noise
conditions (control no noise vs. experimental noise) with unknown sexed frogs removed.

Female

Selection

Choice
Traffic

None

Attractive

Unattractive

No

9

13

8

Yes

12

6

12

Male Choice

Selection

Traffic

None

Attractive

Unattractive

No

8

2

6

Yes

8

5

3

TOTAL

Selection

Traffic

None

Attractive

Unattractive

No

17

15

14

Yes

20

11

15

Total

37

26

29
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Appendix II

Figure 11: Initial trial set up in the field; portable plastic pool (1.2m x 1.2m), without red lighting and addition
of pond water. Speakers (x3) positioned at 0, 90, 180 degrees, lights and measuring tape attached and video
camera on tripod.
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