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Abstract 

  The evolution of reproductive isolation is the foundation of species formation but 

identifying the factors that underlie this process can be challenging. Reproductive isolation can 

arise because of ecological divergence or direct selection on traits associated with the mating 

system; however, these drivers are not mutually exclusive, and one may influence the other. 

Often populations of a species that are geographically isolated also display divergence in 

behavioural characteristics, as is evident in my focal species, the spring peeper (Pseudacris 

crucifer), a broadly distributed North American treefrog. Male spring peepers in the northern 

portion of the species’ range exclusively call from ground-level within breeding aggregations, 

whereas individuals in populations at the southern portion of the species’ range tend to perch 

arboreally when calling. I test whether mating call perch site selection in spring peepers might 

relate to seasonal changes in vegetation structure and thus influence acoustic transmission 

success. Results of playback transmission experiments conducted in Florida and Ontario suggest 

that southern populations might have higher acoustic transmission success when calling from 

arboreal perches while transmission of spring peeper mating calls in northern habitats appear 

more effective at ground-level over short distances or exhibit no differences between the two 

perch heights over longer distances. Although relative humidity, air temperature, and obstacles 

such as vegetation can affect acoustic transmission, my samples sizes and thus statistical power 

were insufficient to compare directly variation of transmission success between Florida and 

Ontario; however, I did document trends that implied differences between the two regions. My 

results suggest that behavioural differences in male calling between Florida and Ontario are 

caused, at least in part, by pressures to optimize acoustic transmission of mating calls in their 

respective habitats. If true, these divergent selective pressures might ultimately contribute to the 

evolution of reproductive isolation. Future research should focus on determining why acoustic 
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transmission of mating calls differs between northern and southern environments, and whether 

differences in calling behaviour would affect mating success in these two regions. 
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Chapter 1 

Introduction and Literature Review 

Selection is the major cause of divergence among populations, formation of new 

species, and diversification of lineages (Nosil 2012). Based on the allopatric model of 

speciation, closely related species arise from divergence in geographic isolation of 

conspecific populations via selection and drift, eventually resulting in reproductive 

isolation (Mayr 1963, Coyne and Orr 2004). While there is much evidence to suggest that 

allopatry is implicated in the speciation of many sister lineages (e.g., Barraclough and 

Vogler 2000), there has been a shift away from these strictly geographical models of 

speciation as they potentially mask important contributing factors to divergence and the 

evolution of reproductive isolation (Fitzpatrick et al. 2009). Instead, new models focus on 

ecologically-mediated selection as the primary driver of divergence (e.g., ecological 

speciation – see Fitzpatrick et al. 2009). Thus, identifying ecological factors that 

contribute to the evolution of reproductive isolation across populations of a species can 

provide important insights into the underlying evolutionary processes that promote 

divergence at the earliest stages of speciation (Boake 2000, Barnard‐Kubow and 

Galloway 2017). 

Comprehensive studies of the evolution of reproductive isolation in nature are 

challenging because the suite of selective forces that contribute to this evolution must be 

identified and quantified (Worsham et al. 2017). Courtship signals such as plumage, 

vocalizations, or behavioural displays, that are targeted by sexual selection and species 

recognition often differ between ecologically isolated groups (Boake 2000, Coyne and 
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Orr 2004). Divergence in such traits likely plays a key role in speciation as they can 

mediate mate choice, resource defense, and species recognition in a broad range of taxa 

(Rogers 2000). Assuming that the completion of speciation results from the accumulation 

of impediments to interbreeding, and divergence in mating systems is a strong driver of 

reproductive isolation, identifying the various factors that influence divergence in mating 

signals is an important facet in speciation research. To evaluate the mechanisms that 

contribute to the evolution of reproductive isolation, analyses of species with multiple 

conspecific evolutionary lineages of varying ages that originated in distinct and 

geographically separate environments provide excellent systems (Aldhebiani 2018, 

Cairns et al. 2021). 

 

Trade-offs in Mating Systems 

Within the realm of evolutionary theory, trade-offs are a key theme where certain 

traits may provide fitness benefit to the detriment of other traits, or a particular trait value 

may have a positive effect on one aspect of life history but a negative effect on another 

(Stearns 1989). Such traits are often intertwined in such a way that simultaneous 

optimization of fitness is not possible, resulting in phenotypic compromises (Stearns 

1989, Ellison 2014). Among the most prominent examples are trade-offs that involve 

mating systems, where allocations toward particular reproduction tactics reduce 

likelihood of survival and future reproduction (Stearns 1989). 

In organisms with mating systems underpinned by male competition for 

opportunities to mate with females, trade-offs often involve “attractive traits” that relate 

to male fitness (Lance and Wells 1993). In some species, such as elephant seals 
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(Mirounga spp.) or American bullfrogs (Lithobates catesbeianus), these traits are 

associated with territory defense (Lucas and Howard 1995). Prominent visual 

advertisements, like those of the male Indian peacock (genus Pavo cristatus), serve to 

indicate good health and breeding potential (Loyau et al. 2005). Similarly, males across 

many taxa may give advertisement calls with particular acoustic characteristics (i.e., call 

rate or intensity) that inform females of male condition (Stearns 1989, Ellison 2014). All 

of the aforementioned advertisement traits are costly in terms of energy and/or predation 

risk; therefore, males must apportion energy and resources to maximize benefit and 

probability of obtaining mates. Allocation toward advertisement thus reduces the energy, 

time, and effort that may be committed to other necessary behaviours such as foraging or 

anti-predatory tactics (Stearns 1989, Ellison 2014). 

 

Alternative Mating Tactics 

  In addition to trade-offs, for many species variation in male advertisement 

behaviours within populations is evident in the form of non-competitive alternative 

mating tactics (Dominey 1984). Alternative mating tactics can be characterized by 

marked differences in behaviour, morphology, physiology, and life history (Gross 1996, 

Oliveira et al. 2008). Although these tactics can occur in either sex, they are most often 

described for male behaviour in competition for female breeding privileges (Neff and 

Svensson 2013). As with many biological phenomena, trade-offs and alternative mating 

tactics are not mutually exclusive, and they often overlap within breeding systems. The 

persistence of an alternative mating tactic within a population depends on the 

physiological, genetic, and/or neurological costs associated with the behaviour (Dominey 
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1984); thus, the benefits of the behaviour must outweigh the costs in a trade-off scenario.   

Alternative mating tactics are typically used by disadvantaged males when they would 

otherwise underperform using the common advertisement behaviours of their species, 

resulting in poor mating success (i.e., young, hybrids, and/or small individuals - Lance 

and Wells 1993, Lucas and Howard 1995).  However, the utilization of alternative mating 

strategies is not exclusive to this disadvantaged demographic and may arise as a means of 

bypassing the typical advertisement patterns in highly competitive mating systems; this 

can result in certain alternative mating strategies persisting as evolutionarily stable 

strategies (Dominey 1984). 

Several alternative mating tactics have been observed in nature. One example is 

female mimicry (Dominey 1984) which can present itself in various ways. For example, 

in scorpionflies (Hylobittacus apicalis) males may increase their mating success by 

taking nuptial gifts from other males and presenting them to females as their own 

(Thornhill 1979, Dominey 1984). In the eastern tiger salamander (Ambystoma tigrinum 

tigrinumare), female mimics may position themselves between a courting male and 

female to deceive the courting male while simultaneously courting the female (Howard et 

al. 1997). In red-sided gartersnakes (Thamnophis sirtalis parietalis), female mimics 

release pheromones similar to that of females, confusing other males and providing the 

mimicker with a better position within a mating ball (Mason and Crews 1985).  

 Another common alternative mating tactic is satellite or sneaking behaviour 

commonly observed in fish (Hurtado-Gonzales and Uy 2009) and frogs (Lance and Wells 

1993, Humfeld 2008). This occurs when satellite/sneaker males refrain from 

advertisement behaviours near displaying males. When a female approaches the 
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displaying male, a satellite/sneaker male will attempt to intercept her, thereby avoiding 

the cost of display or territory defense (Lance and Wells 1993). 

 

Anuran Advertisement Tactics 

 Sexual selection is often regarded as comprising two modes: 1) Male competition 

for females, and 2) Female choice (Andersson 1994), although for the latter we could see 

a sex role reversal (e.g., Berven 1981). Male advertisements usually involve behavioural 

or morphological traits that attempt to convey information to females about breeding 

capability and health (Loyau et al. 2005). As discussed, these advertisement traits may be 

an honest representation of the male condition, or a dishonest attempt to trick females 

into mating (see Kuczynski et al. 2015). Regardless of the means of advertisement, all of 

these mating strategies aim to accomplish the same end, successful reproduction. 

  Within anurans (frogs and toads), there are diverse advertisement strategies. With 

respect to breeding season length, there are two main categories: explosive and prolonged 

(Wells 1977). In explosive breeders, males will actively seek out females and engage in 

aggressive bouts of ‘scramble competition’ where morphological traits (e.g., size) greatly 

influence the likelihood of breeding success (Wells 1977, Rausch et al. 2014). Males of 

species that engage in prolonged breeding typically advertise from stationary positions 

within a lek; a gathering of males engaged in courtship and competitive displays for 

females (Wells 1977, Fiske et al. 1998). These cues may be visual, such as bright colour 

displays (Summers et al. 1999), specific motions like the pulsing of vocal sacs 

(Starnberger et al. 2014), or pedal luring – displays involving the feet and toes (Murphy 

1976). Non-visual cues may be pheromone based where males release a mate-attracting 
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chemo-signal (Pearl et al. 2000), or auditory signals, with the latter by far the most 

common mating tactic in anuran mating systems (Pearl et al. 2000, Dreher and Pröhl 

2014). 

  As important as male advertisement is for mating success, just as crucial is female 

perception of these cues and their pre-existing biases for certain advertisement attributes 

(Ryan and Rand 1990). For example, in mating systems where males may present various 

colour morphs, females can show preference for the morph of their natal lineage (Maan 

and Cummings 2009). Acoustically, females often show preference for certain call 

attributes such as pulse rate, frequency, and duration (Forester and Czarnowsky 1985, 

Gerhardt et al. 2000, Castellano and Rosso 2007) that may contain biologically 

significant information (Castellano and Rosso 2007). Multiple studies show that female 

frogs have preference for median to lower frequencies that fall within the spectrum of 

perception by their basilar papilla (Forester and Czarnowsky 1985, Ryan et al. 1992, 

Schwartz and Gerhardt 1998). Within and across frog species, sound frequency is 

constrained by body size (Gerhardt 1994, Tonini et al. 2020). Larger frogs produce lower 

frequencies simply because the structures to produce them are larger too, and potentially 

because the body condition might be higher and able to support the energetic costs of 

calling (Nevo and Schneider 1976, Tonini et al. 2020). Higher frequency calls from 

smaller, less fit males, are likely to fall on the upper end of the frequency spectrum and 

be discriminated against in terms of female perception, compelling small males to 

employ alternative mating tactics to increase probability of mating success (Lykens and 

Forester 1987). 
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Acoustic Transmission 

  Across environments and species, the principles of sound transmission remain the 

same. A sound is produced when an object or organism causes vibrations through a 

medium (e.g., air or water) in the form of a wave of acoustic energy (Figure 1). 

 

 

Figure 1. Transverse representation of a sound wave, showing amplitude, frequency, and 

wavelength. 

 

 

  Regardless of their origin, all sound waves have the same properties: amplitude, 

wavelength, frequency, time period, and velocity (Hansen 2001). Combinations of these 

properties determine how an acoustic wave will be perceived, and the way that it will 

travel through a medium until it is attenuated (degraded); for example, low frequency 

waves travel further with less attenuation than high frequency waves (Bosch and De la 

Riva 2004). The inverse square law predicts that both the intensity and pressure of a 

sound will attenuate by 6 dB for each doubling of distance from the source (Forrest 

1994). However, due to the characteristics of natural habitats, sound generally attenuates 

at a higher rate than that predicted by the inverse square law (Parris 2002). The main 

cause of attenuation of acoustic energy in the atmosphere is the absorption of sound 
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wave’s energy by the air, which depends on both temperature and humidity (Harris 

1966). Hot and/or humid air has lower density than cold and/or dry air, and therefore 

allows sound waves to propagate with less resistance and energy absorption (Harris 

1966). Attenuation is also affected by physical obstacles; if a sound wave is met with a 

physical barrier some of the energy is absorbed by the obstacle, some is refracted, and 

some is reflected back toward the origin (Wiener and Keast 1959, Aylor 1972).   

 For species that rely heavily on acoustic communication for mate choice, territory 

defence, or species recognition, successful sound propagation is paramount and acoustic 

attenuation must be incorporated into the considerations of mating systems (Bosch and 

De la Riva 2004). The environmental conditions (temperature, humidity, and vegetation 

type and structure) of any given species can have a profound impact on the success of call 

propagation (Wells and Schwartz 1982) but can vary widely across its geographic range 

even if its call characteristics vary minimally. In turn, acoustic behaviours of species 

(e.g., calling site choice, onset of calling) may vary depending on the local environments.  

 

Study Species 

 The spring peeper (Pseudacris crucifer, Family: Hylidae), a North American 

treefrog, is an excellent candidate for studying alternative mating tactics, trade-offs, and 

divergence in mating systems (Figure 2A). Spring peepers have a well-studied mate 

recognition system that lends itself to quantification and experiments (Rosen and Lemon 

1974, Brenowitz et al. 1984, Sullivan and Hinshaw 1990, Taigen et al. 1996, Zimmitti 

1999, Marshall et al. 2003). They are broadly distributed across a range of environments 

spanning southern subtropical to northern subarctic ecosystems suggesting opportunities 
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for local adaptation and divergence in mating behaviours. There are six well-supported 

mitochondrial lineages, and three nuclear lineages, that originated in geographic isolation 

and have come into secondary contact, producing secondary contact zones (Figure 2B) 

(Austin 2002, Stewart and Lougheed 2013, Stewart et al. 2016, Cairns et al. 2021). At 

secondary contact zones Stewart et al. (2016) found evidence of divergence in 

advertisement calls, potentially reinforced by female mate choice for their respective 

natal lineages. 
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Figure 2. Top) Photograph of a calling male spring peeper. Photo by Scott Gillingwater, 2013. 

Bottom) Range map of the spring peeper showing the six mitochondrial lineages' range limits 

(Cairns et al. 2021). 

 

During the breeding season, male peepers congregate in wetlands over several 

nights to call and attract females that choose males based on call attributes (Sullivan and 

A 

B 
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Hinshaw 1990). Previous work suggests that male peepers tend to call from elevated 

(arboreal) perches in the southern part of their range and terrestrially in the north 

(Cicchino et al. 2020). Male spring peepers that exhibit arboreal calling behaviour benefit 

from better sound transmission compared to calls from the ground, increasing the 

distance over which a call can be perceived by females and presumably also increasing 

the number of possible mates (Brenowitz et al. 1984, Parris 2002, Cicchino et al. 2020). 

However, calling from arboreal perches exposes individuals to unfavourable changes in 

wind intensity and moisture levels that could increase evaporative water loss 

(desiccation), as well as changes in body temperature that affect the temporal 

characteristics of advertisement calls (Brenowitz et al. 1984, Parris 2002, Cicchino et al. 

2020). Thus, the benefits of arboreal calling may outweigh the potential costs for some 

individuals depending on local environmental conditions, introducing a trade-off. For 

example, Cicchino et al. (2017) conducted an experiment in a northern environment using 

plaster models to simulate amphibian bodies and found that desiccation was higher for 

models placed in arboreal perches than those placed on the ground. For the spring peeper 

particularly, what is missing from our considerations of potential causes of variation in 

perching behaviour are data on call transmission and temporal patterns of sound 

transmission at different heights from the ground between natural sites that differ in 

vegetation structure, environmental conditions, and breeding phenology. 

 

Hypothesis 

      One of the most notable differences between southern (for my study, Florida) and 

northern (for my study, Ontario) populations is environmental conditions throughout 
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breeding season. Northern Florida has subtropical climates characterized by high 

temperatures and humidity, whereas Ontario varies from temperate to subarctic climate 

zones with lower temperatures and dryer conditions (Figure 3; Beck et al. 2018). Thus, 

the climatic conditions experienced by southern and northern spring peeper populations 

during their respective breeding seasons is markedly different. In central Ontario, spring 

peeper breeding seasonal temperatures can increase drastically from beginning to end 

from -10°C to 22°C (March-June; Wright and Wright 1933), whereas central Florida may 

experience a temperature increase from 5°C to 22°C (December-March; Goin 1943). 

 

 
 

Figure 3. North American map of Koppen climate classifications (Beck et al. 2018, distributed 

under a CC BY 4.0 license). 

 

  Between such climatically different regions, another divergent characteristic is 

vegetation structure and seasonal changes therein. At the northern extremes of this 

species’ range (e.g., Ontario, Quebec, and Manitoba), populations experience significant 
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changes in vegetation structure over the breeding season, from relatively open in early 

spring during emergence at the onset of breeding, to closed and dense by the close of 

breeding season (see the pilot study; Appendix A). In contrast, in southern populations 

(e.g., US coast of the Gulf of Mexico) vegetation structure remains relatively more static 

and closed year-round because of a greater proportion of plants that maintain their leaves. 

With consistently dense vegetation, warm temperatures, and higher average 

humidity levels experienced by southern populations, past selection may have favoured 

perching behaviour to bypass transmission obstacles. However, at peak breeding times 

earlier in the spring, northern populations may experience fewer obstacles to sound 

transmission, and early spring temperatures and humidity may make perching behaviours 

too costly with respect to potential benefit. I hypothesize that vegetation structure during 

breeding season in conjunction with environmental conditions such as humidity and 

temperature underlie differences in perching behaviour. I predict that sound transmission 

properties in southern populations will remain constant over the breeding season with 

better transmission and less degradation from elevated perching positions; whereas in 

northern populations, sound propogation will differ negligibly between ground level and 

elevated perches, particularly before significant vegetation growth. 
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Chapter 2 

Methods 

Main Study Populations 

  My acoustic experiments centre on multiple wetlands in northern Florida (n=3) 

and southeastern Ontario (n=3) throughout the local breeding seasons in 2020, 

representing the northern and southern portions of the expansive geographic range of the 

spring peeper (Figure 4). Studying these populations provides a contrast between 

southern spring peepers that exhibit arboreal perching, and northern spring peepers that 

call exclusively from terrestrial sites. The wetlands (henceforth referred to as ‘Locales’) 

were selected because they were known to have breeding aggregations of spring peepers, 

and to vary in vegetation structure (Britt and Lougheed, pers. obs.). The Locales included 

in Florida were a forested vernal pool (Conservation Area – C.L.), a forested/shrub 

swamp (Sarah’s Swamp – S.S.), and a lacustrine shrubby marsh (Leanne’s Marsh – 

L.M.), while the Locales chosen for Southern Ontario include a palustrine marsh (Barb’s 

Marsh – B.M.), a vernal pond (Skycroft Ponds – S.P), and an upland forested/shrub 

marsh (Roundfield Marsh – R.M.).  
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Figure 4. Playback trials were conducted at sites near Gainesville, FL and the Queen’s University 

Biological Station (QUBS), ON (created with simplemappr). 

 

Playback Experiments 

  In Florida, I conducted my experiments from 2 February 2020 to 29 February 

2020, and in Ontario, I conducted my experiments from 12 April 2020 to 4 June 2020, 

coincident with the span of peak breeding for both locales. In the evening preceding the 

first trial for each Locale, I located three calling males and marked their location and 

orientation (i.e., cardinal direction in which they were calling). To create the transects (1, 

2, 3 for each Locale) along the estimated path of sound propagation, I followed the 

direction of each male’s call from the origin and marked 2m and 8m away as these 

distances fall within the active space of female perception (see Appendix A). I used these 

same transects throughout my experiments. I recognize that male spring peepers (whether 

a returning male or a new male) can choose different calling sites on different nights and 

likely do not call along the same transects throughout the season. However, I wished to 

use a repeated measures experimental design where I could assess sound degradation 
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along the same path as the breeding season and concomitantly vegetation structure 

progressed. Thus, although this may not wholly capture all aspects of male site choice 

and chorus dynamics, it does afford analytical advantages and allow me to address my 

hypothesis from one vantage. 

  I visited each Locale on four separate occasions in both Ontario (data for replicate 

2 for one Locale in Ontario could not be collected due to field assistant injury) and 

Florida during the day so that there would be no interference from calling males; 

although I recognize that certain environmental characteristics (air temperature and 

humidity) could have differed from observed calling periods. For each selected transect, I 

broadcasted the same recording of 18 males (5 peeps each) from across the species’ range 

that was created by Cicchino et al. (2020) and used in the pilot study (Appendix A). The 

recording was broadcasted at ~87dB (Brenowitz et al. 1984) – the estimated sound level 

of calling males within a chorus – using a Braven (Irvine, CA, USA) BRV-1 speaker 

from ground level and 1.2m above ground to mirror range-wide average perch height of 

males (Cicchino et al. 2020). I re-recorded playbacks using a Marantz (Marantz America, 

NJ) PMD-660 digital recorder and Sennheiser (Point Claire, PQ, Canada) ME67 

directional microphone at ground level (Figure 5) to simulate female perception along the 

pre-marked transects at 2m and 8m as females appear to remain at ground level during 

mate choice (Cicchino et al. 2020). 
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Figure 5. Simple schematic of my playback recording set-up in a typical wetland habitat. The 

speaker was held at ground level (terrestrial) and 1.2m height (terrestrial), and the broadcasts 

were recorded 2m and 8m along the transect. 

 

Table 1. Dates of sampling for wetlands in Florida and Ontario 

Region Locale 
Sampling 

Period 1 

Sampling 

Period 2 

Sampling 

Period 3 

Sampling 

Period 4 

Florida Sarah's Swamp 12-Feb-20 17-Feb-20 20-Feb-20 27-Feb-20 

 Leanne's Marsh 12-Feb-20 16-Feb-20 19-Feb-20 28-Feb-20 

 Conservation Area 13-Feb-20 16-Feb-20 18-Feb-20 29-Feb-20 

Ontario Roundfield Marsh 12-Apr-20 13-May-20 23-May-20 04-Jun-20 

 Barb's Marsh 12-Apr-20 13-May-20 23-May-20 04-Jun-20 

 Skycroft Ponds 12-Apr-20 N/A 23-May-20 04-Jun-20 

 

      Prior to each trial, for each Locale I measured background noise level (dB) using 

a Galaxy Audio (Wichita, KS, USA) CM-130 SPL-meter, and noted air temperature (°C), 

humidity (% RH), average wind speed (m/s), and barometric pressure (hPa) using a 

Kestrel (Kestrel Pocket Weather Meters, Boothwyn, PA, USA). To estimate vegetation 

density along the transmission path I took photos of the transect at eye level against a 

white sheet with a black 10cm2 grid (1m x 1m) following each playback experiment for 

each recording distance (Figure 6) (Cicchino et al. 2020). 
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Figure 6.  Depicts a photograph taken at eye level through the spring peeper habitat vegetation 

along each playback transect. 

 

Data Analysis 

  Photographs of the white grid sheet were digitally cropped to only include squares 

not impacted by the wind or rolled edges. For each image, I manipulated colour 

thresholds and categorized the pixels into black (vegetation) and non-black (visible sheet) 

in RStudio using the package jpeg (Urbanek 2019). Dichotomizing the pixels in this way 

provided an estimate of the proportion of sheet coverage (black pixels ÷ total pixels) to 

serve as a proxy of vegetation density along the airspace of each playback transect.  

  I quantified call degradation using cross-correlation tests on spectrogram values in 

RavenPro 1.5 because spectrogram cross-correlations are more useful for comparing the 

similarity of two sounds than waveform correlations, which are typically used for call 

pattern recognition and species identification (Figure 7) (RavenPro 1.4 Manual, Cornell 

Lab of Ornithology). Cross-correlation values are calculated by quantifying the similarity 

between the re-recorded call and the original call, sliding one over the other for 

comparison (RavenPro 1.4 Manual, Cornell Lab of Ornithology). Higher cross-
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correlation coefficients signify higher similarity to the original sound file (i.e., lower 

degradation; Malone et al. 2014). Cross-correlations were performed for each “peep” call 

and averaged across all 18 males for each transect and treatment height (5 peeps/18 

males/transect/height).  

 

A   

      B  

Figure 7. A) A waveform of 5 male spring peeper calls depicting changes in amplitude over time. 

B) A spectrogram of 5 male spring peeper calls depicting frequencies (kHz) and visible 

harmonics over time. 

 

  I used the averaged spectrogram cross-correlation values from each recording to 

create what I henceforth refer to as the Degradation Metric. The Degradation Metric was 

calculated by subtracting the average spectrogram cross-correlations for each transect at 

ground level from the spectrogram cross-correlations measured at 1.2 metres (Table 2). 

The result of this calculation provided a value between -1 and +1. If the Degradation 

Metric value averaged above zero, then arboreal broadcasts experienced less attenuation 
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than terrestrial broadcasts; if the Degradation Metric value was below zero then terrestrial 

broadcasts experience less attenuation than arboreal broadcasts. Finally, if the 

Degradation Metric had values near to zero then there was no difference of attenuation 

between arboreal and terrestrial broadcasts. The Degradation Metrics allowed for the 

analysis of the differences between cross-correlations measured for the 2m and 8m 

distance treatments with only one value to compare the height treatments. To compare the 

transects (1, 2, 3) between Locales, each transect was given a unique identifier (Sampling 

Unit 1-18). Each Sampling Unit identifier corresponds to a transect within a Locale 

within a region (e.g., Sampling Unit 4 is Transect #1 in Sarah’s Swamp in Florida). 

 

     Table 2. Example of the data and equation used to create the Degradation Metric 

Example Treatment Speaker Height 
Average Spectrogram Cross-Correlation 

 Male 1-18 

Transect 1  1.2m X 

Transect 1 0m Y 

                          Degradation Metric = X-Y 

 

Statistical Analysis 

  All statistical analyses were performed in RStudio (RStudio Team 2020) and plots 

were created using the package ggplot2 (Wickham et al. 2020). To test if there were 

differences in sound degradation between Ontario and Florida, I first split the data into 

four groups based on whether propagation was arboreal or terrestrial, and 2m or 8m 

transects. I ran a Welch’s two sample t-test on the cross-correlation coefficients between 

Florida and Ontario for each group (terrestrial 2m, terrestrial 8m, arboreal 2m, arboreal 

8m). 
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  To determine if the Locales within each Region could be grouped for the analysis 

of the Degradation Metrics, I split the dataset into four groups separating the regions and 

distance treatments: Florida 2m, Florida 8m, Ontario 2m, Ontario 8m. Using the R 

packages lme4 (Bates et al. 2015) and lmerTest (Kuznetsova et al. 2017), I ran a Linear 

Mixed Effects Model for each group with the Degradation Metric as the response 

variable, Locale (each wetland) and Sampling Time (1, 2, 3, 4) as predictors, and the 

Transect (1-18) as a random effect.  

  After grouping the Locales for analysis, I ran a Linear Mixed Effects Model for 

the 2m and 8m distance treatments separately with Region (Florida or Ontario) and Trial 

(1,2,3,4) as predictors, Transect (1-18) as a random effect, and the Degradation Metric as 

the response variable. I then performed the same series of Mixed Effects Models with 

Vegetation Density as the response variable.  

 The environmental variables (relative humidity, air temperature) were specific to 

the Locales and not each Sampling Unit/Transect (i.e., relative humidity or air 

temperature at a wetland for a particular night is unlikely to vary among transects) and 

consequently could not be assessed easily in the Mixed Effects Models described because 

of pseudo-replication. Thus, I averaged all of the Degradation Metrics and Vegetation 

Densities collected for each Locale and Sampling Time. I then ran a Simple Linear 

Model for each of the four groups (Florida 2m, Florida 8m, Ontario 2m, Ontario 8m) 

separately with the Averaged Degradation Metrics for each night as the response variable 

and air temperature, averaged vegetation density, and humidity as the predictor variables. 
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Chapter 3 

Results 

Sample Size 

  In total I collected 12,960 individual ‘peep’ audio files from Florida (3 Locales x 

3 transects/Locale x 4 height/distance treatments/transect x 1 recording/treatment x 90 

peeps/recording x 4 replicates) and 11,800 individual peep audio files from Ontario (3 

Locales x 3 transects/Locale x 4 height/distance treatments/transect x 1 recording/ 

treatment x 90 peeps/recording x 4 replicates minus Replicate Two for one Locale). 

Audio recordings that contained interference from local species (e.g., bird songs) or other 

factors (e.g., wind, planes) had affected peeps removed from analysis. However, two 

recordings (180 peeps) from Barb’s Marsh in Ontario experienced so much interference 

that I removed them from analysis entirely. I collected 72 photographs for vegetation 

density analysis from Florida (2 photos/transect x 3 transects/Locale x 3 Locales x 4 

replicates) and 66 photographs for vegetation density analysis from Ontario (2 

photos/transect x 3 transects/Locale x 3 Locales x 4 replicates minus Replicate Two for 

one Locale). 

 

Spectrogram Cross-Correlations 

 The Welch’s t-tests run for pairwise comparisons between Florida and Ontario 

when grouped by speaker height and transect distance (terrestrial 2m, terrestrial 8m, 

arboreal 2m, arboreal 8m groups; Figure 8) indicated that there was a significant 

difference in call degradation between Florida and Ontario for each height-distance group 
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except terrestrial 2m (terrestrial 2m: t37.1 = 1.58, p = .123; arboreal 2m: t40.3 = 4.24, p = 

<0.001; terrestrial 8m: t61.5 = 2.57, p = 0.013; arboreal 8m: t49.4 = 5.81, p = <0.001). 

 
Figure 8. Average spectrogram correlations for arboreal (1.2m height) and terrestrial (0m height) 

broadcasts recorded at 2m distance and 8m distance through the breeding season of Florida (left) 

and Ontario (right). For each boxplot the heavy mid-line represents the median, and the lower and 

upper horizontal lines of the box represent the first and third quartiles. The whiskers extend to 1.5 

times the interquartile range. Data points outside these whiskers are represented as dots.  
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  Linear Mixed Effects Models indicated that within Florida neither Locale nor 

Sampling Time predicted call degradation based on the spectrogram cross-correlations 

(Table 3). However, within Ontario, Sampling Time was a significant predictor of call 

degradation for each broadcast height and distance treatment except for ‘terrestrial’ at 

2m. There was no significant difference in call degradation between the Locales within 

each Region for any height or distance treatment. 

Table 3. Significance of locale and sampling time as predictors of call degradation based on 

spectrogram cross-correlations. 

Treatment Region Variables Sum Sq NumDF,DenDF F-Value p-Value 

Terrestrial 

Two  

Metres 

Florida Locale 0.0018 2,6 0.50 0.63 

Sampling Time 0.012 3,24 2.2 0.12 

Ontario Locale 0.012 2,6.2 1.1 0.38 

Sampling Time 0.03 3,20 2.1 0.13 

Arboreal 

 Two 

Metres 

Florida Locale 0.0039 2,6 1.3 0.34 

Sampling Time 0.0067 3,24 0.74 0.54 

Ontario Locale 0.29 2,6.7 0.96 0.43 

Sampling Time 0.18 3,21 3.9 0.023* 

Terrestrial 

Eight 

Metres 

Florida Locale 0.16 2,6 2.9 0.13 

Sampling Time 0.13 3,30 1.6 0.22 

Ontario Locale 0.017 2,26 2.6 0.10 

Sampling Time 1.4 3,26 134 <0.001* 

Arboreal  

Eight 

Metres 

Florida Locale 0.16 2,6 2.1 0.14 

Sampling Time 0.011 3,30 0.31 0.82 

Ontario Locale 0.00068 2,6.4 0.064 0.94 

Sampling Time 1.0 3,21 63 <0.001* 
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Locale Level Call Degradation Metric Linear Mixed Effects Models 

  The results of my Mixed Effects Models for Florida 2m, Florida 8m, Ontario 2m, 

Ontario 8m did not indicate any differences between the average Call Degradation 

Metrics between the Locales within a given region or distance treatment (Table 4). That 

is to say, the Locales within Florida did not differ in call degradation, nor did Locales 

within Ontario (see Figures 9 and 10).  

Table 4. Comparison of the mating call Degradation Metric between each locale within Florida 

and Ontario for each transect distance treatment. 

Treatment 
Locale 

Comparison 
Estimate 

Standard 

Error 

Degrees of 

Freedom 

T-

Statistic 
P-Value 

Florida Two 

Metres 

C.A – L.M. 0.0031 0.038 6.0 0.082 1.0 

C.A. – S.S. 0.045 0.038 6.0 -1.2 0.50 

L.M. – S.S. 0.048 0.038 6.0 -1.3 0.46 

Florida Eight 

Metres 

C.A – L.M. 0.14 0.10 6.0 -1.4 0.40 

C.A. – S.S. 0.15 0.10 6.0 -1.5 0.37 

L.M. – S.S. 0.0051 0.10 6.0 -0.051 1.0 

Ontario Two 

Metres 

B.M. – R.M. 0.0027 0.091 5.8 -0.029 1.0 

B.M. – S.P. 0.041 0.094 6.5 0.44 0.90 

R.M. – S.P. 0.044 0.093 6.3 0.47 0.89 

Ontario Eight 

Metres 

B.M. – R.M. 0.029 0.060 5.7 0.48 0.88 

B.M. – S.P. 0.032 0.062 6.3 0.52 0.87 

R.M. – S.P. 0.0031 0.061 6.1 0.051 1.0 
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Figure 9. Temporal changes in the Call Degradation Metric across four sampling periods for all 

2m transects within each wetland in Florida (top) and Ontario (bottom). 

 

 

Figure 10. Temporal changes in the Call Degradation Metric across four sampling periods for all 

8m transects within each wetland in Florida (top) and Ontario (bottom). 
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Regional Level Call Degradation Metric Linear Mixed Effects Models 

 The relation between the Degradation Metric and Region (Ontario/Florida) was 

borderline non-significant for the 2-metre distance treatment (Figure 11) when the 

Degradation Metric was averaged across all Sampling Times (F3,16.5 = 3.97, p = 0.06, 

partial Eta2 = 0.19). I found no evidence for an effect of Sampling Time on Degradation 

Metrics when averaged for both Regions (F3,45.2 = 1.54, p = 0.22, partial Eta2 = 0.09), but 

a borderline non-significant effect of the interaction between Region and Sampling Time 

(F3,45.2 = 2.32, p = 0.09, partial Eta2 = 0.13) 
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Figure 11. Boxplots of the mean degradation metric (averaged across all transects and locales) 

for 2m (top) and 8m (bottom) transects through the breeding season in Florida (left) and Ontario 

(right). Boxplot details as in Fig. 8.  

 

 



 

29 

 

  Similarly, the relation between variation in the Degradation Metric and Region 

was borderline non-significant for the 8-metre distance treatment (Figure 12), when 

averaged across Sampling Time (F1,16.9 = 3.76, p = 0.07, partial Eta2 = 0.18). I found no 

effect of Sampling Times when the Degradation Metric was averaged across both 

Regions (F3,45.7 = 1.29, p = 0.29, partial Eta2 = 0.08), and no effect of the interaction 

between Region and Sampling Time (F3,45.7 = 1.29, p = 0.18, partial Eta2 = 0.10) 

 

Regional Level Vegetation Linear Mixed Effects Models 

  Results from my analyses of Vegetation Density for 2-metre and 8-metre (Figure 

12) indicated a significant interaction effect between Region and Sampling Time for 

Vegetation Density (2m: F3,44.7 = 13.8, p <0.001, partial Eta2 = 0.48; 8m: F3,44.4 = 13.6, p 

<0.001, partial Eta2 = 0.48, respectively). The model for 8-metres suggests that Sampling 

Time affected Vegetation Density (F3,44.4 = 4.24, p = 0.01, partial Eta2 = 0.22) while 

Region did not (F1,16.2 = 0.47, p = 0.50, partial Eta2 = 0.03). The model for 2-metres did 

not indicate an effect of Region (F1,16.4 = 1.24, p = 0.28, partial Eta2 = 0.07) or Sampling 

Time (F3,44.7 = 1.42, p = 0.25, partial Eta2 = 0.09). 
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Figure 12. Vegetation Density (% coverage) for 2m (top) and 8m (bottom) transects through the 

breeding season in Florida (left) and Ontario (right). Boxplot details as in Fig. 8. 
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Locale Level Multiple Linear Regression Models 

  After the Degradation Metrics were averaged for each Locale per Sampling Time 

and Treatment Distance, the Florida datasets (2m and 8m) contained 12 observations 

each (3 Locales x 4 Sampling Times). The Ontario datasets (2m and 8m) contained 11 

observations each (3 Locales x 4 Sampling Times with trial two for one Locale 

eliminated). None of the linear models for Florida (2m, 8m) or Ontario (2m, 8m) 

indicated an effect of vegetation density (%), air temperature (°C), relative humidity (%), 

or an interaction among these three variables on the Degradation Metric (Table 4). The 

variables included in these linear models displayed large variance inflation factors 

ranging from 80 to 27891. Subsequently, the collinearity is clear when observing the 

trends of these variables over the course of the Sampling Periods (Figure 13). See 

Appendix B for the results of the univariate linear models. 
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Table 5. Results from models including vegetation density, air temperature, and relative humidity 

as predictors of variation in the call Degradation Metric. 

Treatment Variables 
Sum of 

Squares 

Degrees of 

Freedom 
F-Value p-Value 

Florida Two 

Metres 

Vegetation Density 0.00018 1.0 0.16 0.71 

Air Temperature  0.0013 1.0 1.2 0.34 

Relative Humidity  0.0010 1.0 0.91 0.40 

Florida Eight 

Metres 

Vegetation Density 0.012 1.0 1.6 0.28 

Air Temperature  0.0088 1.0 1.2 0.34 

Relative Humidity  0.010 1.0 1.4 0.30 

Ontario Two 

Metres 

Vegetation Density 0.000045 1.0 0.0079 0.94 

Air Temperature  0.0015 1.0 0.27 0.64 

Relative Humidity  0.00027 1.0 0.046 0.84 

Ontario Eight 

Metres 

Vegetation Density 0.00013 1.0 0.057 0.83 

Air Temperature  0.0032 1.0 1.5 0.31 

Relative Humidity  0.0029   1.0 1.3 0.34 
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Figure 13. The relative humidity (top) and air temperature (bottom) throughout the breeding season 

in Florida (left) and Ontario (right). Boxplot details as in Fig. 8. 
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Chapter 4 

Discussion 

I found differences in sound transmission between Florida and Ontario with 

respect to spring peeper mating calls. In Ontario, spring peeper mating calls tended to 

experience more attenuation as the season progressed, exhibiting significantly more 

sound degradation near the end of breeding season when compared to its commencement. 

Within Floridian wetlands sound propagation tended to remain consistent over time 

leading to no significant difference in sound degradation from the beginning of the 

playback experiments to the end. Similarly, vegetation in Florida remained more 

consistent over the course of the experiment while in Ontario the vegetation increased 

significantly in density. These observations support my initial predictions that sound 

transmission properties in southern populations would remain constant over the breeding 

season with better transmission and less degradation from elevated perching positions; 

whereas in northern populations sound propogation would differ negligibly between 

ground level and elevated perches, particularly before significant vegetation growth. As 

discussed, male spring peeper perching height displays a negative latitudinal trend; males 

call from terrestrial sites in northern populations and become progressively more arboreal 

as latitude decreases to the southernmost populations where terrestrial perching is less 

common (Cicchino et al. 2020). My findings that arboreally broadcasted mating calls 

show less sound degradation in southern populations versus northern populations is 

conistent with observed variation in calling site choice of males in these populations. 

  Although both Regions displayed a correlation between acoustic attenuation and 

vegetation, I found no variation in Florida’s and Ontario’s respective patterns of 
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temperature and humidity. In Ontario the air temperature and humidity correlated to the 

vegetation density whereas in Florida both of these environmental characteristics 

decreased over the course of the sampling period. 

 

Regional Differences in Sound Degradation over the Breeding Season 

 In Florida at 2-metres I found little difference in sound propagation between 

arboreal or terrestrial perches (Figure 11), whereas in Ontario there was less sound 

attenuation at ground level compared to arboreal broadcasts in successive Sampling 

Times through the breeding season. In Florida at 8-metres I found that arboreal calling on 

average resulted in less call degradation whereas in Ontario there appeared to be little 

advantage of arboreal calling (Figure 11). The results for the 8-metre transects were in 

line with my initial predictions; however, the observation that terrestrial calls broadcast 

with less attenuation for 2-metre transects in Ontario was unforeseen given my prediction 

that Ontarian populations would not experience a significant difference in sound 

attenuation for either perch height.   

 

Differences in the Physical Environment that Might Predict Call Degradation Patterns 

  Many studies have shown that vegetation density impacts sound propagation and 

the rate at which acoustic information of frog calls is lost over distance. For example, 

Castellano et al. (2003) found a significant positive relationship between the height of 

vegetation and the sound attenuation rate for three taxa of toads. Wells and Schwartz 

(1982) similarly found that a call for a glass frog species (Centrolenella fleischmanni) 

that had travelled through ~2m of vegetation would experience greater than twice the 
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level of attenuation compared to the same call through open air. I found that vegetation 

density did not vary greatly from the beginning to the end of the breeding season in 

Florida, supporting my prediction (Figure 12). Conversely and as predicted, within 

Ontario at both the 2-metre and 8-metre distances I found a marked increase in vegetation 

when the first Sampling Period was compared to the last.  

   Patterns of sound propagation in Florida mirrored the consistent vegetation 

density (i.e., call propagation did not change substantially over time), and the diminution 

in sound quality of mating calls in Ontario was correlated with the increase of vegetation 

density, which could suggest a causal link. However, the increase of vegetation density in 

Ontario does not explain why terrestrial broadcasts experienced less attenuation at 2-

metre distances, particularly at the end of the breeding season when vegetation density 

was at highest. Presumably, the latter half of the breeding season in Ontario is when the 

vegetation would most closely resemble the vegetation density experienced in Florida, 

and indeed the third and fourth sampling periods in Ontario were the most similar to 

Florida in terms of vegetation (Figure 12). However, within Ontario there did not seem to 

be a significant benefit of arboreal broadcasts even when the vegetation was at its 

thickest. This could potentially be due to the species composition of the vegetation in 

both regions (e.g., proportion of woody stems), something I did not consider in my study. 

It is possible that in Florida the vegetation structure results in less open water along the 

path of sound than in Ontario. Indeed, I did note that in two of the three wetlands I visited 

in Florida there was hardly any visible water surface (Sarah’s Swamp and Leanne’s 

Marsh). Conversely, within the Ontarian wetlands I visited, all three had relatively more 

visible water surface. Parris (2002) found that arboreal perching in spring peepers is most 
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beneficial in grassy habitats or habitats with little open water, whereas terrestrial calling 

was more beneficial in habitats with a larger proportion of open water as the surface 

amplified the sound. However, this study was conducted using interactive modelling 

where environmental characteristics were manipulated. While the conditions were 

biologically and acoustically realistic, they were not attributed to any particular locations 

within the expansive geographic range of this species. 

  Relative humidity and air temperature are typically correlated, both to each other 

and to acoustic transmission. Hot/humid air has a lower density than cool/dry air and 

allows sound waves to propagate with less resistance and energy absorption (Harris 

1966). Thus, any systematic differences of sound attenuation between Florida and 

Ontario may be underlain by systematic differences between the typical climates of these 

two regions. In Florida, air temperature and humidity vary markedly over the breeding 

season while vegetation density remains relatively consistent; whereas a typical Ontario 

spring experiences an increase in vegetation density that mirrors the increase of air 

temperature and humidity, making it difficult to disentangle these potential explanatory 

variables to attribute which might be tied to acoustic transmission and major drivers of 

differences in calling behaviour. But perhaps this ultimately is unimportant in the sense 

that these systematic environmental differences alone or together might have shaped 

current reproductive behaviours. 

 In addition to affecting acoustic transmission properties, there is potential for air 

temperature and humidity to affect calling site selection. Cicchino et al. (2017) conducted 

a study using plaster models to simulate male spring peepers and the potential desiccation 

rates that would be caused by arboreal perching in northern climates. They found that 
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arboreal perching resulted in six times more water loss than terrestrial positions, as well 

as observing a positive relationship between perch height and humidity levels in 357 

males across the species’ range. Similarly, Höbel and Barta (2014) showed that, in Hyla 

versicolor, a treefrog species that is co-distributed with spring peeper, and which shares 

both breeding habitat and season with them (at least in part), air temperature influenced 

whether an individual chose to perch arboreally or terrestrially. The authors reported that 

when air temperature exceeded that of the water temperature, typically earlier in the 

season, individuals opted to perch arboreally, and when air and water temperatures were 

equivalent later in the season, males chose terrestrial perches. If spring peepers were to 

follow this trend, northern individuals should call arboreally early in the season and 

terrestrially near the end. However, given that there is less emergent vegetation for 

perching at the beginning of northern breeding season, and that terrestrial calls appear to 

propagate better during this time, there would be a negative trade-off between higher 

metabolic output and decreased call transmission and perch height (Cicchino et al. 2020). 

While a higher air temperature and/or relative humidity may make it possible for male 

peepers in the south to call arboreally without risk of desiccation, the latter half of 

breeding season in Ontario often experiences comparable air temperature and humidity to 

wetlands Florida. However, by the end of the northern breeding season, water 

temperature may be equivalent to air temperature and male peepers in the north would 

experience a higher metabolic output from terrestrial perches. Given that there is 

negligible variation between sound transmission from arboreal or terrestrial perches in 

the north over longer distances, there would seem to be little benefit to calling arboreally. 

In the event that air temperature and/or humidity did affect spring peeper calling site 
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selection, the potential behavioural consequence of these variables would not explain 

why arboreal broadcasts do not provide a propagation benefit for northern populations. 

 

Study Limitations 

  As for all experimental studies, mine had some limitations. The broadcast file that 

I used contained 5 ‘peeps’ for 3 individuals for each of 6 mitochondrial lineages. Thus, 

the original data set comprised thousands of data points that, for some analyses, I reduced 

to 12 data points for each wetland because air temperature and relative humidity were the 

same for all of the transects within each wetland.  My Degradation Metric was the result 

of averaging 180 arboreal “peep” calls and subtracting the average of 180 terrestrial 

“peep” calls for each transect, that was then averaged for all nine transect within each 

wetland for a given Sampling Period. This means that small sample sizes reduced my 

statistical power.  

  During my field excursion in Florida, I was under a time constraint that only 

afforded me the opportunity to do three of the four trials. Therefore, I was not present for 

the last trial and it was conducted necessarily by field assistants. Given that I was not 

present, it is possible that variation in procedure was introduced and may have affected 

results. For example, when I analyzed the photographs taken during the fourth trial in 

Florida, I noticed that the 10cm2 grid sheet was held roughly 20cm off the ground, 

whereas I ensured the bottom of the sheet touched the ground, which may have skewed 

vegetation density estimates.  

  For the vegetation density assessments, the photographs of the 10cm2 grid sheet 

were only able to capture the vegetation two-dimensionally. This may have resulted in 
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transects of differing vegetation composition and density receiving the same density 

estimate that may not have accurate represented the true extent of the impediments to 

sound propagation.  

  Lastly, and similar to my first study limitation, I only had three transects per 

wetland and four trials performed in each region. This may not only have exacerbated the 

error introduced by variation in equipment operation, but also reduced statistical power. 

The last trial in Florida also was undertaken during a “cold snap” that was 

uncharacteristic for the region and time of year, which could have potentially impacted 

the analysis of air temperature and humidity; an impact that perhaps may have been 

reduced had there been more replicates. However, given the amount of work required to 

execute my protocol and the lack of available team members (limited by pandemic 

constraints) this was the full extent of what could be accomplished.  

 

Future Research 

  A similar but modified playback study should be performed to determine why 

southern populations experience better acoustic transmission from arboreal perches and 

northern populations do not. Instead of including multiple transects within few wetlands, 

future studies could include randomly chosen transects on different nights in numerous 

wetlands. Each wetland should be visited multiple times throughout the region’s 

respective breeding season, and a new transect should be chosen each time – this would 

complement the approach that I took and perhaps better capture total temporal change in 

vegetation structure and acoustic transmission. Similarly, sampling only one transect per 

wetland and increasing the number of wetlands overall would avoid multiple inclusions 
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of the same relative humidity and air temperature measurements. Conducting the study in 

this way would not only increase sample size and statistical power to disentangle the 

factors that may affect call degradation but would offer a more thorough and 

representative sample of the wetlands in each region. Increasing the number of regions to 

include, for example, sites that are intermediate in latitude and perhaps in proportion of 

perching males, would provide a more comprehensive picture of range-wide variation. A 

proper assessment of the vegetation species make-up and water surface visibility should 

be done to assess whether wetlands in the northern and southern regions of the spring 

peepers’ range do indeed display observable patterns of water surface visibility. This 

could potentially link my personal observation that wetlands in Florida had less visible 

water than wetlands in Ontario to the conclusions of Parris (2002) that higher proportions 

of open water resulted in better propagation for terrestrial broadcasts, and grassy habitats 

displayed better sound propagation from arboreal perches. 

  Another potential avenue of research could be focussed on changes of calling site 

choice of individuals over the course of the breeding season. For example, males could be 

tagged and recaptured over several nights to test whether calling sites shift over time. 

Sapsford et al. (2015) reported that within Litoria rhecola, a frog of comparable size to 

the spring peeper (~30-35mm versus ~20-30mm, respectively; Stewart et al. 2016), 

visible implant elastomers had an 84% success of readability after one year in their mark-

recapture study. Visible implant elastomers therefore may be a viable option to conduct a 

mark-recapture study on such small-bodied frogs as spring peepers. 

  Finally, behavioural studies could be done to test if perching behaviour might 

contribute to reproductive isolation. Females from populations that exhibit terrestrially 
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perching male behaviour may not respond to a male that perches arboreally, and vice 

versa. Exposing females from both populations to arboreal and terrestrial mating call 

broadcasts in captivity that vary from their natal population could shed light on whether 

reproductive isolation is affecting northern and southern populations of spring peepers 

that diverge in advertisement behaviours (see Forester and Czarnowsky 1985, and 

Backwell and Passmore 1990 for experimental setups). A similar behavioural study could 

also be done on the males from these populations to test behavioural plasticity and the 

factors that drive arboreal perching through manipulation of humidity, water temperature, 

and air temperature. 

 

Conclusions 

  Acoustic transmission of spring peeper mating calls is unquestionably different 

between wetlands in Florida and Ontario during their respective breeding seasons. My 

results suggest a relation between vegetation density and acoustic attenuation. Thus, 

males of both northern and southern populations select calling sites that are most 

beneficial for call transmission within their habitats: arboreally in the south, terrestrially 

in the north, with potentially intermediate behaviours between these two regions 

(Cicchino et al. 2020). Ecological speciation occurs when divergent selection on traits 

between populations in contrasting environments causes reproductive isolation (Schluter 

2001); therefore, this behavioural divergence within the mating system could potentially 

be an early indicator of reproductive isolation and the formation of new species. Further 

research will disentangle the underlying drivers of the divergence in acoustic 
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transmission of spring peeper mating calls in northern and southern populations, as well 

as potential reproductive isolation that may indicate ecological speciation.  

  



 

44 

 

Literature Cited 

Aldhebiani, A. Y. 2018. Species concept and speciation. Saudi Journal of Biological 

Sciences 25:437–440. 

Andersson, M. 1994. Sexual selection. Princeton University Press, Princeton, New 

Jersey, USA. 

Austin, J. 2002. Cryptic lineages in a small frog: the post-glacial history of the spring 

peeper, Pseudacris crucifer (Anura: Hylidae). Molecular Phylogenetics and 

Evolution 25:316–329. 

Aylor, D. 1972. Noise reduction by vegetation and ground. The Journal of the Acoustical 

Society of America 51:197–205. 

Backwell, P. R. Y., and N. I. Passmore. 1990. Suitable approach perches affect female 

phonotaxis in an arboreal frog. Herpetologica 46:11-14. 

Barnard‐Kubow, K. B., and L. F. Galloway. 2017. Variation in reproductive isolation 

across a species range. Ecology and Evolution 7:9347–9357. 

Barraclough, T. G., and A. P. Vogler. 2000. Detecting the geographical pattern of 

speciation from species‐level phylogenies. The American Naturalist 155:419–434. 

Bates, D., M. Mächler, B. Bolker, and S. Walker. 2015. Fitting linear mixed-effects 

models using lme4. Journal of Statistical Software 67:1–48.  

Beck, H. E., N. E. Zimmermann, T. R. McVicar, N. Vergopolan, A. Berg, and E. F. 

Wood. 2018. Present and future Köppen-Geiger climate classification maps at 1-

km resolution. Scientific Data 5:180214. 

Berven. K. A. 1981. Mate choice in the Wood Frog, Rana sylvatica. Evolution 35: 707-

722. 



 

45 

 

Boake, C. R. B. 2000. Flying apart: mating behavior and speciation. BioScience 50:501–

508. 

Bosch, J. and I. De la Riva. 2004. Are frog calls modulated by the environment? an 

analysis with anuran species from Bolivia. Canadian Journal of Zoology 82: 880-

880. 

Brenowitz, E. A., W. Wilczynski, and H. H. Zakon. 1984. Acoustic communication in 

spring peepers. Journal of Comparative Physiology A 155:585–592. 

Cairns, N. A., A. S. Cicchino, K. A. Stewart, J. D. Austin, and S. C. Lougheed. 2021. 

Cytonuclear discordance, reticulation and cryptic diversity in one of North 

America’s most common frogs. Molecular Phylogenetics and Evolution 

156:107042. 

Castellano, S., C. Giacoma, and M. J. Ryan. 2003. Call degradation in diploid and 

tetraploid green toads. Biological Journal of the Linnean Society 78:11–26. 

Castellano, S., and A. Rosso. 2007. Female preferences for multiple attributes in the 

acoustic signals of the Italian treefrog, Hyla intermedia. Behavioral Ecology and 

Sociobiology 61:1293–1302. 

Cicchino, A. S. 2017. Arboreal calling behaviour across the range of the spring peeper: 

potential consequences and benefits. Thesis. Queen's University, Kingston, 

Ontario, Canada. 

Cicchino, A. S., N. A. Cairns, G. Bulté, and S. C. Lougheed. 2020. High and dry: Trade-

off in arboreal calling in a treefrog mediated by local environment. Behavioral 

Ecology 31:132–139. 

Coyne, J. A., and H. A. Orr. 2004. Speciation. Sinauer, Sunderland, Massachusetts, USA. 



 

46 

 

Dominey, W. J. 1984. Alternative mating tactics and evolutionarily stable strategies. 

Integrative and Comparative Biology 24:385–396. 

Dreher, C. E., and H. Pröhl. 2014. Multiple sexual signals: calls over colors for mate 

attraction in an aposematic, color-diverse poison frog. Frontiers in Ecology and 

Evolution 2:1–22. 

Ellison, P. T. 2014. Evolutionary tradeoffs. Evolution, Medicine, and Public Health 

2014:93. 

Fiske, P., P. T. Rintamäki, and E. Karvonen. 1998. Mating success in lekking males: a 

meta-analysis. Behavioral Ecology 9:328–338. 

Fitzpatrick, B. M., J. A. Fordyce, and S. Gavrilets. 2009. Pattern, process and geographic 

modes of speciation. Journal of Evolutionary Biology 22:2342–2347. 

Forester, D. C., and R. Czarnowsky. 1985. Sexual selection in the spring peeper, Hyla 

crucifer (Amphibia, Anura): role of the advertisement call. Behaviour 92:112–

128. 

Forrest, T. G. 1994. From sender to receiver: propagation and environmental effects on 

acoustic signals. American Zoologist 34:644–654. 

Gerhardt, H. C. 1994. The evolution of vocalization in frogs and toads. Annual Review of 

Ecology and Systematics 25:293–324. 

Gerhardt, H. C., S. D. Tanner, C. M. Corrigan, and H. C. Walton. 2000. Female 

preference functions based on call duration in the gray tree frog (Hyla versicolor). 

Behavioral Ecology 11:663–669. 

Goin, C. J. 1943. The lower vertebrate fauna of the water hyacinth community in 

northern Florida. Proceedings of the Florida Academy of Sciences 6:143–153. 



 

47 

 

Gross, M. R. 1996. Alternative reproductive strategies and tactics: diversity within sexes. 

Trends in Ecology & Evolution 11:92–98. 

Hansen, C. H. 2001. Fundamentals of acoustics. Pages 23-52 in B. Goelzer, C. H. 

Hansen, and G. A. Sehrndt, editors. Occupational exposure to noise: evaluation, 

prevention and control. World Health Organization, Geneva, Switzerland. 

Harris, C. M. 1966. Absorption of sound in air versus humidity and temperature. The 

Journal of the Acoustical Society of America 40:148–159. 

Höbel, G., and T. Barta. 2014. Adaptive plasticity in calling site selection in grey 

treefrogs (Hyla versicolor). Behaviour 151:741–754. 

Howard, R. D., R. S. Moorman, and H. H. Whiteman. 1997. Differential effects of mate 

competition and mate choice on eastern tiger salamanders. Animal Behaviour 

53:1345–1356. 

Humfeld, S. C. 2008. Intersexual dynamics mediate the expression of satellite mating 

tactics: unattractive males and parallel preferences. Animal Behaviour 75:205–

215. 

Hurtado-Gonzales, J. L., and J. A. C. Uy. 2009. Alternative mating strategies may favour 

the persistence of a genetically based colour polymorphism in a pentamorphic 

fish. Animal Behaviour 77:1187–1194. 

Kuczynski, M. C., Bello-DeOcampo, D., and T. Getty. 2015. No Evidence of Terminal 

Investment in the Gray Treefrog (Hyla versicolor): older males do not signal at 

greater effort. Copeia 103:530-535. 

Kuznetsova, A., P. B. Brockhoff, R. H. B. Christensen, and S. P. Jensen. 2017. lmerTest: 

tests in linear mixed effects models. Journal of Statistical Software 82:1–26. 



 

48 

 

Lance, S. L., and K. D. Wells. 1993. Are spring peeper satellite males physiologically 

inferior to calling males? Copeia 1993:1162–1166. 

Loyau, A., M. Saint Jalme, C. Cagniant, and G. Sorci. 2005. Multiple sexual 

advertisements honestly reflect health status in peacocks (Pavo cristatus). 

Behavioral Ecology and Sociobiology 58:552–557. 

Lucas, J. R., and R. D. Howard. 1995. On alternative reproductive tactics in anurans: 

dynamic games with density and frequency dependence. The American Naturalist 

146:365–397. 

Lykens, D. V., and D. C. Forester. 1987. Age structure in the spring peeper: do males 

advertise longevity? Herpetologica 43:216–223. 

Maan, M. E., and M. E. Cummings. 2009. Sexual dimorphism and directional sexual 

selection on aposematic signals in a poison frog. Proceedings of the National 

Academy of Sciences of the United States of America 106:19072–19077. 

Malone, J. H., J. Ribado, and E. M. Lemmon. 2014. Sensory drive does not explain 

reproductive character displacement of male acoustic signals in the upland chorus 

frog (Pseudacris feriarum). Evolution 68:1306–1319. 

Marshall, V. T., S. C. Humfeld, and M. A. Bee. 2003. Plasticity of aggressive signalling 

and its evolution in male spring peepers, Pseudacris crucifer. Animal Behaviour 

65:1223–1234. 

Mason, R. T., and D. Crews. 1985. Female mimicry in garter snakes. Nature 316:59–60. 

Mayr, E. 1963. Animal species and evolution. Belknap Press, Cambridge, Massachusetts, 

USA. 



 

49 

 

Murphy, J. B. 1976. Pedal luring in the leptodactylid frog, Ceratophrys calcarata 

Boulenger. Herpetologica 32:339–341. 

Neff, B. D., and E. I. Svensson. 2013. Polyandry and alternative mating tactics. 

Philosophical Transactions of the Royal Society B: Biological Sciences 

368:20120045. 

Nevo, E., and H. Schneider. 1976. Mating call pattern of green toads in Israel and its 

ecological corelate. Journal of Zoology 178:133–145. 

Nosil, P. 2012. Ecological Speciation. Oxford University Press, Oxford, United 

Kingdom. 

Oliveira, R. F., M. Taborsky, and H. J. Brockmann. 2008. Alternative reproductive 

tactics: an integrative approach. Cambridge University Press, Cambridge, United 

Kingdom. 

Parris, K. M. 2002. More bang for your buck: the effect of caller position, habitat and 

chorus noise on the efficiency of calling in the spring peeper. Ecological 

Modelling 156:213–224. 

Pearl, C. A., M. Cervantes, M. Chan, U. Ho, R. Shoji, and E. O. Thomas. 2000. Evidence 

for a mate-attracting chemosignal in the dwarf African clawed frog 

Hymenochirus. Hormones and Behavior 38:67–74. 

Rausch, A., M. Sztatecsny, R. Jehle, E. Ringler, and W. Hodl. 2014. Male body size and 

parental relatedness but not nuptial colouration influence paternity success during 

scramble competition in Rana arvalis. Behaviour 151:1869–1884. 



 

50 

 

Rogers, B. W. 2000. Geographic variability in components of the male advertisement call 

among populations of the northern spring peeper, Pseudacris crucifer crucifer. 

Thesis. University of Toronto, Toronto, Ontario, Canada. 

Rosen, M., and R. E. Lemon. 1974. The vocal behavior of spring peepers, Hyla crucifer. 

Copeia 1974:940–950. 

Ryan, M. J., S. A. Perrill, and W. Wilczynski. 1992. Auditory tuning and call frequency 

predict population-based mating preferences in the cricket frog, Acris crepitans. 

The American Naturalist 139:1370–1383. 

Ryan, M. J., and A. S. Rand. 1990. The sensory bias of sexual selection for complex calls 

in the Túngara frog, Physalaemus pustulosus (sexual selection for sensory 

exploitation). Evolution 44:305-314. 

RStudio Team. 2020. RStudio: integrated development for R. RStudio, PBC, Boston, 

Massachusetts, USA. URL http://www.rstudio.com/. 

Sapsford, S., A. Ross, and L. Schwarzkopf. 2015. Visible implant elastomer as a viable 

marking technique for common mistfrogs (Litoria rheocola). Herpetolofica. 

71:96-101.  

Schluter, D. 2001. Ecology and the origin of species. Trends in Ecology & Evolution 

16:372–380. 

Schwartz, J. J., and H. C. Gerhardt. 1998. The neuroethology of frequency preferences in 

the spring peeper. Animal Behaviour 56:55–69. 

Starnberger, I., D. Preininger, and W. Hödl. 2014. The anuran vocal sac: a tool for 

multimodal signalling. Animal Behaviour 97:281–288. 

Stearns, S. C. 1989. Trade-offs in life-history evolution. Functional Ecology 3:259–268. 



 

51 

 

Stewart, K. A., J. D. Austin, K. R. Zamudio, and S. C. Lougheed. 2016. Contact zone 

dynamics during early stages of speciation in a chorus frog (Pseudacris crucifer). 

Heredity 116:239–247. 

Stewart, K. A., and S. C. Lougheed. 2013. Testing for intraspecific postzygotic isolation 

between cryptic lineages of Pseudacris crucifer. Ecology and Evolution 3:4621–

4630. 

Sullivan, B. K., and S. H. Hinshaw. 1990. Variation in advertisement calls and male 

calling behavior in the spring peeper (Pseudacris crucifer). Copeia 1990:1146–

1150. 

Summers, K., R. Symula, M. Clough, and T. Cronin. 1999. Visual mate choice in poison 

frogs. Proceedings of the Royal Society B: Biological Sciences 266:2141–2145. 

Taigen, T. L., J. A. O’Brien, and K. D. Wells. 1996. The effect of temperature on calling 

energetics of the spring peeper (Pseudacris crucifer). Amphibia-Reptilia 17:149–

158. 

Thornhill, R. 1979. Adaptive female-mimicking behavior in a scorpionfly. Science 

205:412–414. 

Tonini, J. F. R., D. B. Provete, N. M. Maciel, A. R. Morais, S. Goutte, L. F. Toledo, and 

R. A. Pyron. 2020. Allometric escape from acoustic constraints is rare for frog 

calls. Ecology and Evolution 10:3686–3695. 

Urbanek, S. 2019. jpeg: Read and write JPEG images in R. http://www.rforge.net/jpeg/ 

Wells, K. D. 1977. The social behaviour of anuran amphibians. Animal Behaviour 

25:666–693. 



 

52 

 

Wells, K. D., and J. J. Schwartz. 1982. The effect of vegetation on the propagation of 

calls in the neotropical frog Centrolenella fleischmanni. Herpetologica 38:449–

455. 

Wickham, H., W. Chang, L. Henry, T. L. Pedersen, K. Takahashi, C. Wilke, K. Woo, H. 

Yutani, D. Dunnington, and RStudio. 2020. ggplot2: create elegant data 

visualisations using the grammar of graphics. https://ggplot2.tidyverse.org 

Wiener, F. M., and D. N. Keast. 1959. Experimental study of the propagation of sound 

over ground. The Journal of the Acoustical Society of America 31:724–733. 

Worsham, M. L. D., E. P. Julius, C. C. Nice, P. H. Diaz, and D. G. Huffman. 2017. 

Geographic isolation facilitates the evolution of reproductive isolation and 

morphological divergence. Ecology and Evolution 7:10278–10288. 

Wright, A. A., and A. H. Wright. 1933. Handbook of frogs and toads of the United States 

and Canada. Comstock Pub. Co., Ithaca, New York, USA. 

Zimmitti, S. J. 1999. Individual variation in morphological, physiological, and 

biochemical features associated with calling in spring peepers (Pseudacris 

crucifer). Physiological and Biochemical Zoology: Ecological and Evolutionary 

Approaches 72:666–676. 



 

53 

 

Appendix A 

Pilot Study 

Introduction 

During the spring of 2019 (April-June) I conducted a pilot study to test the 

feasibility of using a playback experiment to assess mating call degradation within 

northern spring peeper habitats for the duration of the local breeding season. The aim of 

the pilot study was to evaluate whether the attenuation of spring peeper mating calls 

varied markedly throughout the northern breeding season, and between perch heights, 

and to decide on study design particularly in terms of distances at which to record 

broadcasted spring peeper calls. If sound propagation were to remain constant throughout 

the pilot study, or if arboreal calling were to yield consistently better sound propagation 

than terrestrial calling, the hypotheses proposed for the main study would not be 

appropriate and other explanations for the arboreal-terrestrial perching disparity would 

need to be explored.  

 

Methods 

I chose six wetlands (Appendix Figure 1) either palustrine or lacustrine, at the 

Queen’s University Biological Station (QUBS) that vary in vegetation structure but are 

known breeding habitats for spring peepers (Lougheed, pers. obs.). At each wetland, a 

transect was chosen at random and marked with flagging tape. Each transect consisted of 

an origin, a 2m marker away from the origin in an arbitrary direction, and a 10m marker 

along the same direct line as the 2m marker. These distances were chosen because 

evidence suggests 2m -10m is roughly the active space for successful female perception 
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of a male call at ground level (Brenowitz et al. 1984). I used a playback loop consisting 

of five repeated “peeps” from 18 males sampled across the species range and each 

mitochondrial lineage for a total of 90 peeps/recording (Cicchino et al. 2020). I 

broadcasted the recording at ~87 decibels (Brenowitz et al. 1984) at two height 

treatments for each origin marker using a Braven (Irvine, CA, USA) BRV-1 speaker; 

ground level to simulate terrestrial perching males, and 1.2m above ground to simulate 

males that call from arboreal perches. I re-recorded playbacks using a Marantz (Marantz 

America, NJ) PMD-660 digital recorder and Sennheiser (Point Claire, PQ, Canada) 

ME67 directional microphone at ground level to simulate female perception along the 

pre-marked transects as females are assumed to remain terrestrial during mate choice. 

Call degradation was quantified using cross-correlation tests on the waveform of each 

call in RavenPro 1.5 (Cornell Lab of Ornithology). Cross-correlation values are 

calculated by passing the re-recorded call and the original call over each other in time, 

such that higher cross-correlation coefficients signify more similarity to the original 

sound file (i.e., lower degradation) (Malone et al. 2014). Cross-correlations were 

performed for each “peep” call and averaged across all males in each recording. To 

assess whether changes in vegetation density did occur along the transects throughout 

breeding season, following each trial I took photos of the transect at eye level against a 

white sheet with a black 10cm2 grid (Cicchino et al. 2020). The analyses were performed 

in RStudio (RStudio Team 2020) and the plot was created using the package ggplot2 

(Wickham et al. 2020) 
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Appendix Figure 1. The pilot study playback locations at the Queen’s University Biological 

Station, ON (created with simplemappr and Map data ©2021).  

  

Results 

  In total, four playback trials were conducted between May 1, 2019 – June 12, 

2019. As of May 1, 2019, although local spring peepers had been chorusing since April, 

leaf-out had either not yet started or was in the early stages of budding depending on the 

wetland (Britt, pers. obs.). The data from trial 1 were omitted based on poor quality due 

to improper use of the recording equipment. Preliminary results of the pilot study 

qualitatively suggest that over a distance of 2m from the broadcast origin, acoustic 

degradation was more pronounced from an arboreal perch than from ground level 

(Appendix Figure 2). Conversely, at a distance of 10m from the origin, broadcasting 

arboreally appears to yield less sound degradation, particularly earlier in the breeding 

season. Further, as the breeding season progressed, the acoustic degradation appeared to 

increase relatively uniformly across height treatments for each transect distance.  
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  As per the assumption outlined in the original hypothesis, vegetation density 

within the tested habitats changed markedly and observably throughout the local breeding 

season (Appendix Figure 3) suggesting that a formal assessment of vegetation density 

over an entire breeding season is warranted. 

 

 

Appendix Figure 2. Pilot study trends in the spectrogram cross-correlation values (sound 

attenuation) for each height-distance treatment across six wetlands throughout the spring peeper 

breeding season in SE Ontario. 
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Appendix Figure 3. A) A 10m transect at Indian Lake Rd Marsh (QUBS) near the beginning of 

local breeding season before leaf-out. B) The same 10m transect at Indian Lake Rd Marsh 

(QUBS) near the end of local breeding season after vegetation emergence. 

 

Discussion 

 The results of this pilot study suggest that arboreal perching does not decrease 

sound attenuation markedly in northern habitats despite published evidence (Brenowitz et 

al. 1984, Parris 2002) that mating calls broadcasted from higher elevations should 

propagate better. This preliminary evidence supports my hypotheses that vegetation 

structure during breeding season in conjunction with environmental conditions such as 

humidity and temperature underlie differences in perching behaviour, and that a formal 

comparison of sound degradation and acoustics among populations could provide 

valuable insights.  

  There were some weaknesses in my initial study design. During the recording 

procedure for the first trial the recorder was continuously adjusted to improve the 

reception of degraded sound. However, it quickly became apparent that manually 

improving the reception on the recorder directly undermined the measurement of sound 

degradation. To avoid this, I selected recorder settings that provided sufficient reception 

of the broadcasts when they were not impeded by obstacles or distance and then 

A B 
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maintained these settings for all recordings. By maintaining the settings, the sound 

degradation measurements remained proportional to the initial baseline measurement and 

comparable for all locations and replicates.  

  During analysis of the playback recordings, particularly those measured at 10m 

near the end of the breeding season, the sounds were highly degraded. Although the aim 

of this study was to measure sound degradation, and a distance of 10m was chosen based 

off female reception distance, the recorder did not capture the call characteristics of a 

sufficient quality for analysis. While this provides some insight on distance over which 

females might actually be able to perceive call differences, maintaining this distance 

would compromise my ability to formally analyse these data. Compelled by this 

observation, for my main study I decided to do use 2m and 8m distances. 

  Finally, the transects in the pilot study were chosen at random, and there was only 

one transect for each wetland. Although each wetland is a known spring peeper breeding 

habitat, the randomly chosen transects may not be used by calling peepers at any time 

over the breeding season. Further, the randomly chosen transects may not be 

representative of the vegetation structure within a wetland. For example, one of the 

transects appeared to fall along a beaver channel, and although this was not apparent 

when chosen, no vegetation grew there throughout duration of breeding season. 

Therefore, in the main study I will include three transects at each wetland to be measured 

several times in order to provide some replication and better capture the vegetation 

structure in each area. While I recognize that male peepers arriving at wetlands may 

choose different calling sites, the virtue of this sampling design is that I can use a 

repeated measures approach to track changes along the same transect over the course of a 
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single breeding season. I will also choose transects based on observation of calling males 

in my earliest sampling period. I also decided to go to each wetland during early 

chorusing and mark the location and orientation of observable calling males to ensure 

that the transects have biological relevance. 
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Appendix B 

Univariate Linear Regressions 

 

Appendix Table Error! No text of specified style in document.1. Results of univariate model 

with vegetation density, air temperature, and relative humidity as predictors of the call 

Degradation Metric. 

Treatment Variables 
Sum of 

Squares 

Degrees of 

Freedom 
F-Value p-Value 

Florida Two 

Metres 

Vegetation Density 0.0025 1.0 2.3 0.16 

Air Temperature  0.00040 1.0 0.30 0.60 

Relative Humidity  0.00030 1.0 0.22 0.65 

Florida Eight 

Metres 

Vegetation Density 0.033 1.0 1.9 0.20 

Air Temperature  0.020 1.0 1.0 0.34 

Relative Humidity  0.0085 1.0 0.42 0.30 

Ontario Two 

Metres 

Vegetation Density 0.0047 1.0 0.91 0.53 

Air Temperature  0.020 1.0 5.9 0.038* 

Relative Humidity  0.00018 1.0 0.031 0.86 

Ontario Eight 

Metres 

Vegetation Density 0.0013 1.0 0.31 0.59 

Air Temperature  0.016 1.0 5.8 0.040* 

Relative Humidity  0.00044   1.0 0.10 0.76 
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