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Abstract 

Studies of the forces that shape local adaptation contribute to our understanding of origins of 

range-wide variation, speciation, and potential responses to changing environments. Phenology 

is an important component of such local adaptation. Phenological research is central to studies of 

geographical range limits and species distributions, migration, speciation, response to climate 

change and ex situ conservation and re-introduction programs. Despite over 22,000 phenological 

studies published thus far, there is a lack of phenological information on reproductive patterns of 

temperate anurans, particularly for females. My thesis therefore focuses on gaining insights into 

temperate frog phenology primarily of females, and patterns of female choice. I focus on Hyla 

versicolor (Gray Treefrogs), an Eastern North American temperate frog. My data come from 

perimeter transect surveys done at two wetlands at the Queen’s University Biological Station 

over the entire 2014 breeding season. I compared male and female peak abundance using an N-

mixture model. Both males and females peaked on Julian Day 154 (June 3rd 2014). Females 

arrived three days after males in my focal wetlands, and left three days before. Timing of arrival 

is most likely based on a combination of females responding to male advertisement calls, and 

both sexes responding to abiotic factors (e.g. temperature, precipitation) across the season. 

Additionally, I looked at trends in male size over the season and found a weak positive 

relationship between male size and Julian day. However, females showed no preference for 

larger males, implying that female choice may focus on other things like genetic quality. I did 

find evidence of positive assortative mating, perhaps because of biophysical limitations of small 

females carrying larger males during oviposition. A fuller knowledge of female phenology 

enhances our understanding of local adaptation, and potentially provides insights into speciation 

and responses to climate change.  
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Chapter 1 

General Introduction 

1.1 Phenology Overview 

Seeking to understand how organisms adapt to their local environments, and how such 

adaptations might influence evolutionary trajectories, including ultimately speciation, is a major 

endeavour in evolutionary biology and ecology (Forrest and Miller-Rushing, 2010). Among the 

most important local adaptations relate to the timing of key life events (e.g. dispersal, breeding – 

see Johansson et al., 2015), or recurring life cycle stages (e.g. flowering in plants, insect 

emergence, maturation in agricultural plants, and annual migration in animals, Schwartz, 2003). 

The study of such timing, termed phenology, underlies research on range limits and species 

distributions (Schwartz and Reiter, 2000; Schwartz, 2003; Chuine, 2010), annual migrations 

(Craig et al., 2003; Schneider and Harrington, 1981), important aspects of speciation (e.g. Martin 

et al., 2007) including allochronic speciation (e.g. Cooley et al., 2001; Friesen et al., 2007), 

response to climate change (Chuine, 2010; Franks et al., 2014), and ex situ conservation (e.g 

Jaramillo and Baena, 2002).  

1.2 Range Limits and Species Distributions 

All species have range limits and much research has been dedicated to understanding 

why there are geographical bounds to species distributions (e.g. Eckert et al., 2008). Phenology 

appears to play a lead role in determining boundaries of species ranges (Chuine, 2010). For 

example, Morin et al. (2007) examined the potential distribution of 17 North American tree 

species and found that species ranges were mediated primarily through the effect of climate on 

phenology. They found that Sugar Maple (Acer saccharum), Ohio Buckeye (Aesculus glabra), 

Shagbark Hickory (Carya ovata), White Ash (Fraxinus americana), Lodgepole Pine (Pinus 
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contorta), Western White Pine (Pinus monticola), Eastern Cottonwood (Populus deltoides), Bur 

Oak (Quercus macrocarpa), and American Elm (Ulmus americana) were limited by fruit 

maturation at the northward limit, and by flowering at the southward limit (Morin et al., 2007). 

 Additionally, both latitudinal and altitudinal range limits are strongly related to 

phenology of plant species (Schwartz and Reiter, 2000; Wielgolaski and Inouye, 2003). At 

higher altitudes such as alpine environments, timing of plant growth is important phenologically 

(Büntgen et al., 2014). With higher altitudes, comes a more limited growing season for many 

organisms (Bliss, 1971; Inouye and Wielgolaski, 2003; Hodkinson, 2005), which is determined 

primarily by snow melt (Kudo, 1991; Büntgen et al., 2014). Because growth must begin before 

the snow has melted, high altitude plants and insects must adapt to colder temperatures and 

harsher conditions to complete their annual cycles (Zettel, 2000; Wielgolaski and Inouye, 2003; 

Hodkinson, 2005). For plants, this means that flowering and fruit maturation must be achieved 

more rapidly, over the shorter time span, and only if floral initiation happens in the previous year 

(Bliss, 1971). With regards to insects, this means that individuals must either develop faster or 

have reduced body size at sexual maturity (Zettel, 2000). For example, the broadly-distributed, 

North American Striped Ground Cricket (Allonemobius fasciatus), found at multiple elevations, 

can reduce the number of instars with a decrease in the length of photoperiod (Tanaka and 

Brooks, 1983). Additionally, crickets raised at shorter photoperiods had smaller head widths 

implying some ability to become sexually mature at a smaller size (Tanaka and Brooks, 1983). 

Altitudes beyond which such phenological adaptations cannot occur thus define the upper range 

limit for each species.  

Similar to high altitude plants, high latitude plants also must persist in regions with 

shorter growing seasons (Bliss, 1971; Wielgolaski and Inouye, 2003), more severe environments 
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(Bliss, 1962), and increased climate variability (Morin and Chuine, 2006). The shorter growing 

season causes reduced plant productivity (Sonesson and Callaghan, 1991) but long (perennial) 

life cycles (Bliss, 1971) and requires rapid flowering, but only if initiation occurs the year prior 

(Bliss, 1971). Additionally, at higher latitudes adaptations to light fluctuations are also needed as 

there are longer periods of continuous daylight for part of the year (Wielgolaski and Inouye, 

2003). Day length at higher latitudes is also the primary cue for diapause within insects (Bale 

and Hayward, 2010). Diapause being an adaptive dormancy which is genetically programmed as 

a response to changing seasons (Bale and Hayward, 2010). Plants at mid latitudes have to deal 

with seasonal climate and light fluctuations (Schwartz and Reiter, 2000), with the growing 

season being determined by temperature (Bliss, 1962).   

1.3 Migration 

Migration, another key phenological event (Sagarin, 2001) is among the most spectacular 

phenomena in nature (Wilcove and Wikelski, 2008), with animals responding to unfavourable, 

seasonal, environmental factors by moving to more favourable environments (Van Tyne and 

Berger, 1959; Dingle and Drake, 2007). Migration generally involves responding to cues for the 

timing of departure and arrival from breeding or wintering grounds critical for survival and 

breeding success (Bauer et al., 2011). For example, after breeding, an estimated 2.5 to 5 billion 

Canadian boreal land birds engage in fall migration from boreal forests (Blancher, 2003). 

Understanding the cues and factors implicated in the timing of migration sheds light on the 

relative costs and benefits to leaving sooner rather than later, or vice versa (e.g. Craig et al., 

2003). Differences in migration times have been attributed to photoperiod, weather conditions 

(i.e. temperature, wind, precipitation, drought), hormonal cues (Van Tyne and Berger, 1959; 

Bauer et al., 2011), age, sex and reproductive condition (Craig et al., 2003), as well as 
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availability of food resources (Van Tyne and Berger, 1959). Craig et al. (2003) found that within 

Humpback Whales (Megaptera novaeangliae), females migrate based on reproductive status, 

with juveniles and females with no calves arriving first and departing earlier than males or 

females with calves. Schneider and Harrington (1981), looked at why arctic migrant shorebirds 

leave before food sources are depleted on their breeding grounds, and found that earlier 

departure occurs because of food depletion along the migration route. Leatherback Turtles 

(Dermochelys coriacea), migrate when the water temperatures are warm and chlorophyll high 

(Sherrill-Mix et al., 2008). 

1.4 Ex-situ Conservation and Phenology 

Phenology can also play a significant role in ex situ conservation efforts. Ex situ 

conservation involves conserving a useful species outside of their current range (Jaramillo and 

Baena, 2002; Moir et al., 2012. A useful species is determined by its ability to be used for food, 

industry, crop improvement and research. Gaining as much phenological knowledge as possible 

of the desired species, such as their distribution and reproductive strategy, are required in order 

for collection to be successful (Jaramillo and Baena, 2002). Reintroduction and assisted 

migration are two examples of ex-situ conservation (Moir et al., 2012) where full knowledge of 

phenology in natural populations helps to ensure success. For example, with regards to the re-

introduction of the, Alpine Ibex (Capra ibex) of the European alpine region, an understanding of 

the phenology of alpine environments is required, particularly plant productivity. This is because 

plant productivity is important for Ibex growth (Büntgen et al., 2014) and offspring survival 

(Pettorelli et al., 2007).  

Another aspect where knowledge of phenology is required is the concept of assisted 

migration. Assisted migration is the idea that species of conservation or economic importance, 
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unable to disperse or adapt quickly enough to cope with changing environments, are moved to a 

new area with suitable conditions (Vitt et al., 2010; Williams and Dumroese, 2013). For such 

obviously drastic interventions, it is important to understand the phenology of the species in 

question, as movement to a new area could cause a phenological mismatch with other species or 

the environment. For example, moving a plant species to a new area could cause a longer 

growing season with the consequence of earlier flowering. Earlier flowering could have 

repercussions both with regards to population structure and pollination (Miller-Rushing et al., 

2007).  

1.5 Speciation 

 Phenology is an important part of speciation, specifically with regards to reproductive 

timing. Different reproductive phenologies can act as a barrier to gene flow, either causing 

allochronic speciation (Alexander and Bigelow, 1960; Friesen et al., 2007) or maintaining 

species boundaries by preventing hybridization (Martin et al., 2007). Speciation arising due to 

temporal separation of breeding populations, or ‘allochronic speciation’ (Alexander and 

Bigelow, 1960) is being seen within various organism such as Band-Rumped Storm-Petrels 

(Oceanodromo castro) within the Azores (Friesen et al., 2007), and the Periodical Cicadas 

(Magicicada spps) within eastern North America (Cooley et al., 2001). Additionally, 

reproductive timing could be important in preventing hybridization within irises. For example, 

the Copper Iris (Iris fulva) and the Louisiana Iris (Iris brevicaulis) had non-overlapping 

flowering times, thus preventing gene flow (Martin et al., 2007). 

1.6 Climate Change 

Global climate warming is a reality with an increasing trend of 0.12 degrees Celsius per 

decade evident from 1951-2012 (IPCC, 2013). This has had various consequences for both flora 
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and fauna, from distribution/abundance shifts (McCarty, 2001), through phenological shifts 

(Root and Schneider, 2002a; Walther et al., 2002; Parmesan and Yohe, 2003), to local 

extirpations and potential extinctions (McCarty, 2001; Root and Schneider, 2002b). 

Abundance/range shifts are being seen towards the poles in many taxa including butterflies and 

other insects (Pollard, 1979; Parmesan, 1996; Parmesan and Yohe 2003; Hickling et al., 2006), 

birds (Thomas and Lennon, 1999; Parmesan and Yohe, 2003; Price and Root, 2005; Hickling et 

al., 2006), mammals (Payette, 1987; Parmesan and Yohe, 2003; Hickling et al., 2006), 

herpetofauna (Parmesan and Yohe, 2003; Hickling et al., 2006), fish (Parmesan and Yohe, 

2003), and plants (Parmesan and Yohe, 2003). Range shifts, both latitudinal and altitudinal, are 

being seen in plants potentially caused by climate warming (Kullman, 2001; Boisvert-Marsh et 

al., 2014). For example, a number of key tree species have northern range edges that are moving 

northward (Boisvert-Marsh et al., 2014). In Quebec, Canada, Boisvert-Marsh et al. (2014), found 

that the Red Maple (Acer rubrum), Sugar Maple (Acer saccharum), White Birch (Betula 

papyrifera), American Beech (Fagus grandifolia), and Quaking Aspen (Populus tremuloides) all 

had sapling distributions that implied range shifts northwards. Shifts in plant ranges potentially 

have large effects on animal abundance (Cohn, 1989). In this context, there is concern that some 

animals may not adapt quickly to these changes in forests. For example, bird species that rely on 

certain tree species may not be able to shift, for example the, Kirtland’s warbler (Setophaga 

kirtlandii) which uses the sandy soil of Jack Pine (Pinus banksiana) - in Michigan USA to breed. 

Even if the warblers could shift, raising young is likely to be unsuccessful in Canadian regions 

north or east of Michigan (Cohn, 1989). The converse of this might be evident in species adapted 

to open-country habitats. For example, arctic shorebirds that breed in open tundra may not be 

able to adapt to taller growing plant species moving into the area from the south (Cohn, 1989). 
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Reptiles may be particularly prone to the effects of warming as they are ectothermic (Ernst 

et al., 1994) and cannot sustain their own body heat, and therefore they rely on behaviour and the 

ambient environment to thermoregulate (Shine, 2013; Vitt and Caldwell, 2014).  Perhaps 

paradoxically, some of the most profound impacts may come from low latitude regions. For 

example, Huey et al. (2009) found that some tropical lizards that typically operate at lower body 

temperatures will have poorer physiological performances as temperatures increase, and may 

face greater competition from other, more warm-adapted lizard taxa that invade. Further 

exacerbating the situation for reptiles, for some species (e.g. turtles, crocodilians) egg incubation 

temperatures determine the sex of the offspring (temperature dependent sex determination-TSD) 

(Bull, 1980; Lang and Andrews, 1994). Thus, local warming may cause dramatic shifts in the sex 

ratio and therefore population persistence (Bull, 1980; Root and Schneider, 2002b).  

Extinction resulting from climate change is thought to be mediated through both abiotic 

(temperature, precipitation) and biotic factors (impacts on harmful and beneficial species, and 

temporal mismatches) (reviewed in Cahill et al., 2012): e.g. Pika (Ochotona princeps) extirpation 

because of chronic heat stress (Beever et al., 2010),  Bighorn Sheep (Ovis canadensis nelsoni) 

local extinction caused by low annual precipitation affecting diet quality and reproductive 

success, and local extinction of Checkerspot Butterflies (Euphydryas editha bayensis) because of 

reduced temporal overlap between larvae and plants caused by increased precipitation 

(McLaughlin et al., 2002). Shifts in breeding phenology have also been attributed to climate 

change (Parmesan and Yohe 2003; Rosenzweig et al., 2007). These changes have been 

documented in plants (Walther et al., 2002; Parmesan and Yohe, 2003), birds (Walther et al., 

2002; Parmesan and Yohe, 2003), insects (Walther et al., 2002; Parmesan and Yohe. 2003), 

amphibians (Beebee, 1995; Walther et al., 2002; Parmesan and Yohe, 2003; Klaus and 
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Lougheed, 2013), and fish (Parmesan and Yohe, 2003). These phenological shifts, mostly in 

temperate regions of the Northern Hemisphere where they have been most intensively studied, 

have been suggested to be driven by increased temperature in earlier spring months, including 

earlier onset of frog reproduction (Beebee, 1995; Gibbs and Breisch, 2001; Klaus and Lougheed, 

2013), earlier appearance of butterflies (Roy and Sparks, 2000), earlier bird spring arrival dates, 

and egg laying (Crick et al., 1997; Dunn and Winkler, 1999; Parmesan and Yohe, 2003; Sparks 

et al., 2005), earlier flowering, leaf unfolding and longer growing season (Ahas, 1999; Menzel 

and Fabian, 1999; Menzel et al., 2001; Fitter and Fitter, 2002), and earlier spawning in fish 

(Ahas, 1999). 

1.7 Breeding Phenology in Frogs and Differing Strategies for Males and Females 

Various studies have shown the impacts of climate change on the timing of reproduction 

in temperate frogs (Table 1.1). Temperate frogs can generally be divided into two groups, those 

that breed explosively and those that have prolonged breeding seasons (Wells, 1977). Explosive 

breeders have a short season with females arriving synchronously and occurring in high density 

aggregations with males actively searching for them (Wells, 1977, 2007). Prolonged breeders, as 

the name implies, have a longer season and purportedly asynchronous arrival, with males calling 

to attract females, and females seeking individual males from within choruses (Wells, 1977; 

Duellman and Trueb, 1986; Wells, 2007). For both types of temperate breeders, in general, males 

and females overwinter either in the mud and gravel beneath water bodies or in leaf litter within 

woodlands and forests (Pinder et al., 1992). When spring arrives, through a combination of cues 

including warmer temperatures and increased precipitation (Duellman and Trueb, 1986; Pinder et 

al. 1992; Todd et al., 2010), males will begin to gather in a chorus and call. Once a male has 

found a female (explosive breeder) or a female has chosen a male (prolonged breeder), 
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depending on the species, females will then deposit eggs singly or in masses. Eggs hatch into 

aquatic tadpoles and metamorphose into froglets, which may be primarily terrestrial or largely 

aquatic, again depending on the life history of the species (McDiarmid and Altig, 1999).  

Male and female frogs have differing life history strategies that reflect classic sexual 

selection theory and the relative costs associated with reproduction for males and females 

(Andersson, 1994). Males generally produce large numbers of small gametes (sperm) that are not 

as energetically costly as ova (Williams, 1966; Trivers, 1972; Wells, 1977). Under this view, 

males should mate with as many females as possible to maximize lifetime fitness (Williams, 

1966; Trivers, 1972; Wells, 1977). In contrast, producing offspring for females often requires a 

proportionately larger energetic investment and thus timing of reproduction and mate choice are 

important (Williams, 1966; Trivers, 1972; Wells, 1977). For many vertebrates, notably birds and 

mammals, there is an additional cost of parental care, a cost that disproportionately falls to 

females (although note that there are reptiles and amphibians that also have parental care). 

Timing of breeding for either sex depends on certain risks associated with this activity. 

For males, calling to attract females is energetically costly (Wells and Taigen, 1992) and 

increases predation risk (Tuttle and Ryan, 1981).  However, during large choruses the risk of 

predation for males is decreased because of the dilution effect (Jennions and Blackwell, 1992). 

Because of reasonably high annual mortality rates, short life spans (especially for smaller 

hylids), and competition for mating opportunities, males should stay in the chorus for extended 

periods after the females have left (Wells, 1977; Kluge, 1981; Salvador and Callasco, 1990). 

Additionally, females should only join large choruses, because their mating possibilities increase 

(Ryan et al., 1981). For females, breeding is costly, as they only have a set number of eggs; for 

example an average of 2060 in Cope’s Gray Treefrog (Hyla chrysoscelis; Ritke et al., 1990). 
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Therefore, females of many temperate frog species only enter breeding ponds once (Davies and 

Halliday, 1977; Salvador and Carrascal, 1990). However, for prolonged breeders like the H. 

chrysoscelis and Green Frog (Lithobates [Rana] clamitans) some females may breed two times a 

season, or potentially three (H. chrysoscelis; Wells, 1976; Godwin and Roble, 1983; Ritke et al., 

1990). However, these second and third clutches are energetically costly, evidenced by fewer 

eggs and obviously must require obtaining additional resources (Ritke et al,. 1990). For 

temperate frogs, there is also an attendant risk of laying eggs too early as the embryos may die 

because of sudden freezes (Moore, 1939). Females that lay their eggs late may also incur a 

fitness cost as tadpoles have insufficient time to metamorphose or achieve a large enough size 

either before a temporary wetland dries or to endure the rigours of overwintering (Wilbur and 

Collins, 1973). Breeding may also depend on latitude, as in colder, moreover northerly 

environments or during particularly challenging years, females might forgo reproduction entirely 

(Duellman and Trueb, 1986). 

1.8 Phenology Patterns of Frogs of Eastern North America 

Several studies of Eastern North American frogs have examined breeding phenology. 

Paton and Crouch (2002) found temporal variation among frog species in movement phenology 

in Rhode Island and found that breeding hydroperiods of 125 to 580 days were required for there 

to be 95% successful metamorphosis. They also found differences in calling chronology among 

species, with 33% of the variance being attributable to Julian date. Gibbs and Breisch (2001) 

examined phenological patterns in frog populations of Ithaca, New York and found that, over the 

last century, Spring Peeper (Pseudacris crucifer), Gray Treefrog (Hyla versicolor), Wood Frog 

(Lithobates sylvatica), and American Bullfrog (Lithobates [Rana] catesbeianus) have begun 

calling earlier concomitant with an increase in mean maximum temperature of 1 to 2.3 degrees 
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Celsius over 6 months of each year. de Solla et al. (2006) looked at temporal and spatial 

population trends in Ontario frogs from 1994-2001 using Ontario Backyard frog call surveys. 

They found no apparent large scale decline in species; however, individual populations were not 

stable. Additionally, calling began earlier in southern Ontario than northern Ontario and this was 

associated with climate. Most recently, Klaus and Lougheed (2013) found that, over the last four 

decades in Eastern Ontario, Northern Leopard Frog (Lithobates pipiens) both emerged and called 

earlier, American Toad (Anaxyrus americanus) advanced their initiation of calling, and L. 

sylvatica showed a trend towards earlier emergence. These changes were correlated to an 

increase in the regional spring temperatures.  

Phenology in frogs has been generally studied (i.e. volunteer surveys – see de Solla et al., 

2006) using calling as a proxy, as calls are easy to quantify and therefore study. However, such 

studies quantify only the male behaviour, as generally only male frogs call. On the female side, 

we know that, depending on the species, females of prolonged breeders choose males using 

different attributes, although these are generally based on calling, or territory or a combination of 

the two.  

It is important to understand all aspects of frog phenology as frogs are important 

indicators of environmental stress (biological indicators) (Pechmann and Wilbur, 1994). This is 

because they have permeable skin and can easily absorb toxins (Blaustein, 1994) but also 

because they are obviously negatively impacted by habitat loss and fragmentation, especially 

with regard to wetlands (Hecnar and M’Closkey, 1996). Additionally, their biphasic life cycle 

means they can show evidence of environmental toxins and degradation for both aquatic and 

terrestrial environments (Blaustein, 1994). A combination of recent rapid climate change and 

frogs’ slow dispersal rate also increases extinction risk (Root and Schneider, 2002a).  



12 

  

1.9 Study Species 

The Gray Treefrog (Hyla versicolor) is a temperate breeding frog species with a broad 

geographical range within eastern North America covering the eastern USA and southeastern 

Canada (IUCN, 2014). Individuals range in colour from light grey to green to dark brown 

(Ontario Reptile and Amphibian Atlas Program, 2015), and can change colour based on activity 

or environment (Michigan Department of Natural Resources, 2015). Maximum life span of Gray 

Treefrogs within captivity has reached 7 years, but in the wild is unknown (Harding, 1997). Hyla 

versicolor hibernates during the winter within the forest under the leaf litter and within 

hibernacula (Ontario Reptile and Amphibian Atlas Program, 2015). Terrestrial hibernation at 

northern latitudes is facilitated by the freeze tolerance of the species (Pinder et al., 1992; Cline, 

2015). When temperature and precipitation are suitable in spring, H. versicolor males begin to 

gather at wetlands and chorus in large breeding congregations with sometimes hundreds of males 

calling (Dodd, 2013; per. obs.). Their breeding season runs from May until early July in 

southeastern Ontario, but can be substantially earlier towards the southern range boundary 

(Piersol, 1913; Berrill et al., 1992; Lougheed, pers. comm.). Each night the males leave the 

surrounding forest and gather in trees and shrubs a few feet above the water and call (Behler and 

King, 1997), although in some instances males will call from vegetation at the surface of the 

water. Females respond both to acoustic cues (e.g. chorusing) and also abiotic factors (Murphy, 

2003). Once within the wetlands females choose males based primarily on key aspects of their 

calls, with longer calls being preferred (Welch et al., 1998). However, size may also play a factor 

(Gatz, 1981). Once a female picks a male, she carries him on her back away to an oviposition 

site where she lays her eggs and the male fertilizes them (Dodd, 2013). Approximately 5-7 days 

later, the eggs hatch and in a further 40-60 days the tadpoles metamorphose and leave the 
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wetland (Ontario Reptile and Amphibian Atlas Program, 2015). Hyla versicolor is closely related 

to the Cope’s Gray Tree Frog (Hyla chrysoscelis) and is only distinguishable by chromosome 

number, call rate (Dodd, 2013) and cytology (Cash and Bogart, 1978).  

1.10 Thesis Objectives 

Previous studies found that frogs potentially emerge earlier now compared to decades 

ago, but this is based mostly on surveys of male calls (Gibbs and Breisch, 2001; Klaus and 

Lougheed, 2013). Therefore, it is important to understand what is happening on the female side, 

a major focus of my thesis. Additionally, there are relatively few studies that have examined 

movement phenology of pond-breeding amphibians (Paton and Crouch, 2002), and my study 

provides some insights in this regard. Thus, overall, I hope to add to the growing body of data on 

the reproductive phenology of anurans. My project looks at two different aspects of phenology 

within temperate frogs at the Queen’s University Biological Station: In Chapter 1, I compare 

temporal trends and abundance between male and female H. versicolor, testing whether they 

exhibit synchrony or asynchrony of peak abundance. In Chapter 2, I test for female preference in 

male size as evidenced by amplecting females and their respective mates, and also quantify 

temporal trends in male size over the season in H. versicolor.  
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Table 1.1 Papers focused on phenology of frogs including those that investigate shifts attributed to climate change. 

 

Species Topic Author Region 

 

Green Frog (Lithobates [Rana] clamitans), Wood Frog 

(Lithobates [Rana] sylvatica), Spring Peeper 

(Pseudacris crucifer), Gray Treefrog (Hyla 

versicolor), American Bull Frog (Lithobates [Rana] 

catesbeiana), Chorus Frog (Pseudacris sp.), American 

Toad (Anaxyrus [Bufo] americanus), Northern 

Leopard Frog (Lithobates [Rana] pipiens) 

 

 

Neotropical Treefrog (Hyla elegans) 

 

Breeding phenology 

relationship to abiotic 

factors 

 

 

 

 

 

Reproductive patterns 

 

Klaus and Lougheed, 

2013 

 

 

 

 

 

 

Bastos and Haddad, 1996 

 

Eastern Ontario 

 

 

 

 

 

 

 

Brazil 

 

Natterjack Toad (Epidalea [Bufo] calamita) 

European Common Frog (Rana temporaria) 

Common Water Frog (Pelophylax [Rana] kl. 

esculenta) 

 

 

Breeding phenology and 

its relationship to rainfall 

and temperature 

 

Beebee, 1995 

 

UK 

 

European Common Frog (Rana temporaria) 

 

 

Changes in anti-predator 

strategies within tadpoles 

due to differences in 

breeding phenology 

 

Orizaola et al., 2013 

 

Sweden 

 

 

  

 

 

Neotropical Frog (Dendrosophus [Hyla] labialis) 

 

Association between 

breeding cycle and male 

body condition 

 

Luddecke, 2002 Columbia 

Western Spadefoot Toad (Pelobates cultripes) Reproductive patterns Salvador and Carrascal, Spain 
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Natterjack Toad (Epidalea [Bufo] calamita) 

Perez’s Frog (Pelophylax [Rana] perezi) 

European Tree Frog (Hyla arborea) 

 

and its relationship to 

humidity, rainfall and 

temperature 

 

1990 

 

American Toad (Anaxyrus [Bufo] americanus) 

Spring Peeper (Pseudacris crucifer) 

Wood Frog (Lithobates [Rana] sylvatica) 

Bullfrog (Lithobates [Rana] catesbeiana) 

Gray Treefrog (Hyla versicolor) 

Green Frog (Lithobates [Rana] clamitans) 

 

 

Amphibian breeding 

patterns and temperature 

changes 

 

Gibbs and Breisch, 2001 

 

Ithaca, New York 

Wood Frog (Lithobates [Rana] sylvatica) 

Green Frog (Lithobates [Rana] clamitans) 

Pickerel Frog (Lithobates [Rana] palustris) 

Bullfrog (Lithobates [Rana] catesbeiana) 

Spring Peeper (Pseudacris crucifer) 

Gray Treefrog (Hyla versicolor) 

Seasonal phenology 

within Rhode Island 

Paton, Stevens and 

Longo, 2000 

Rhode Island 

 

 

Gulf Coast Toad (Incilius [Bufo] valliceps) 

Woodhouse’s Toad (Anaxyrus [Bufo] woodhousii) 

Northern Cricket Frog (Acris crepitans) 

American Green Treefrog (Hyla cinerea) 

Gray Treefrog (Hyla versicolor/chrysoscelis) 

Spring Peeper (Pseudacris crucifer) 

Chorus Frog (Pseudacris triseriata) 

Eastern Spadefoot Toad (Scaphiopus holbrookii) 

Eastern Narrow-mouthed Toad (Gastrophryne 

carolinensis) 

Bullfrog (Lithobates [Rana] catesbeiana) 

Green Frog (Lithobates [Rana] clamitans) 

Pickerel Frog (Lithobates [Rana] palustris) 

 

 

Relationship between 

breeding/calling activity 

and abiotic factors  

 

 

Saenz et al., 2006 

 

 

Texas 
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Southern Leopard Frog (Lithobates [Rana] 

sphenocephala[us]) 

 

Tomato Frog (Dyscophus antongili) 

 

 

Yearly reproductive 

activity 

 

Segev et al., 2012 

 

Madagascar 

 

 

American Toad (Anaxyrus [Bufo] americanus) 

Chorus Frog (Pseudacris triseriata/manculata 

Spring Peeper (Pseudacris crucifer) 

Gray Treefrog (Hyla versicolor) 

Wood Frog (Lithobates [Rana] sylvatica) 

Northern Leopard Frog (Lithobates [Rana] pipiens) 

Green Frog (Lithobates [Rana] clamitans) 

Mink Frog (Lithobates [Rana] septentrionalis) 

Bullfrog (Lithobates [Rana] catesbeiana) 

 

 

 

Determine temporal 

changes in populations 

using acoustic surveys  

 

 

de Solla et al., 2006 

 

 

Ontario 

 

Various species of Neotropical frogs  

 

 

 

 

Phenology of calling and 

reproduction in 

Neotropical frogs 

 

Gottsberger and Gruber, 

2004 

 

French Guiana 

Tropical American Frog (Centrolenella fleischmanni) 

 

Reproductive behaviour 

and territoriality 

Greer and Wells, 1980 Panama 

 

 

Wood Frog (Lithobates [Rana] sylvatica) 

Pickerel Frog (Lithobates [Rana] palustris) 

Bullfrog (Lithobates [Rana] catesbeiana) 

Spring Peeper (Pseudacris crucifer) 

American Toad (Anaxyrus [Bufo] americanus) 

Gray Treefrog (Hyla versicolor) 

Green Frog (Lithobates [Rana] clamitans) 

 

 

Movement phenology of 

adults and metamorphs 

 

 

Paton and Crouch, 2002 

 

 

Rhode Island 
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South American Redbelly Toad (Melanophryniscus 

aff. montevidensis) 

Temporal breeding 

patterns 

Cairo et al., 2013 Buenos Aires, 

Argentina 
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Chapter 2 

Phenology of male and female arrival and peak abundance in Gray Treefrogs, 

Hyla versicolor. 

2.1 Abstract 

Phenology is important to understanding how key life history attributes, including how 

mating systems, evolve and might respond to changing environmental circumstances. 

Quantifying hallmark events in the phenology of temperate anurans (e.g. spring emergence, 

mating, and tadpole metamorphosis) is key to predicting response to climate change. However, 

there is a deficit of information for many temperate species, especially pronounced for females 

that typically do not vocalize. In this paper, we quantified the reproductive phenology of male 

and female Hyla versicolor (Gray Treefrogs) for two wetlands in Eastern Ontario. We examined 

the relationship between male and female peak abundance and arrival times, finding synchronous 

peaks in abundance, and very similar arrival dates with male arrival preceding female arrival by 

three days. Our results contrast with other authors who suggest that females arrive 

asynchronously and after males have reached their peak. Additionally, females were seen longer 

in the season than previous studies have proposed, only departing three days before males. These 

results suggest that a combination of conspecific signals and abiotic factors (i.e. temperature and 

precipitation) are determining temperate frog phenology. However, our study only focused on 

one breeding season, and there may be yearly and among-population variation in phenology.  
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2.2 Introduction 

Breeding phenology is a key facet of adaptation to local environmental conditions, and is 

especially relevant to understanding evolutionary responses to seasonality and shifting climatic 

conditions (Walther et al., 2002; Parmesan and Yohe, 2003). This is especially true for temperate 

frogs, where hibernation occurs in winter and breeding in spring/summer (Pinder et al., 1992; 

MacCulloch, 2002). Cues for spring emergence in anurans possibly involve either temperature or 

rain, or both (Dickerson, 1908; Pinder et al., 1992; Tune, 2014), unlike migration in birds where 

photoperiodic cues are important (Bauer et al., 2011). Rain can promote emergence by helping to 

reduce the frost layer (Pinder et al., 1992; Tune, 2014), and increasing the temperature within the 

hibernaculum where many species of Hylidae hibernate (Pinder et al., 1992). Moreover, after 

emergence, most major frog movements occur on rainy nights, both diminishing the chance of 

desiccation and increasing the frequency of vernal pools that serve as breeding habitat for some 

species (Pinder et al., 1992). With regards to temperature, there is evidence that in some species 

(e.g. the Canadian Toad- Anaxyrus [Bufo] hemiophrys) spring emergence during periods of high 

temperature can occur even when there is no precipitation, although these typically involve small 

numbers of individuals (Breckenridge and Tester, 1961). Increasing temperatures during the 

hibernation period can even trigger the emergence of various amphibians (Willis et al., 1956). 

Temperature may be particularly relevant for females as laying eggs too early could result in 

freezing, as well as damage or death to embryos (Pinder et al., 1992; Ritke et al., 1992). Murphy 

(2003) found both sexes in Barking Treefrogs (Hyla gratiosa) earlier in the season when it was 

warmer and had rained in the previous 24-48 hours. 

Many temperate frogs form large breeding aggregations in the spring (Dorcas and Gibbons, 

2011). Calling by males both increases risk of predation (Tuttle and Ryan, 1981) and energetic 
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costs (Wells and Taigen, 1992), although larger choruses reduce the individual risk of predation 

because of the dilution effect (Jennions and Blackwell, 1992). For female anurans of such 

species, the timing of arrival may be important in terms of maximizing choice among calling 

males and ensuring sufficient time for metamorphosis of offspring. However, little is known 

about female-specific phenology for most anurans because unlike males, females typically do not 

call (Duellman and Trueb, 1986) and are thus harder to detect. There often is a correlation 

between male and female abundance for many species (Ryan et al., 1981; Murphy, 2003), 

although typically males greatly exceed females in numbers at any given time. Two hypotheses 

have been proposed as to proximate causes of this positive relationship. The first is that there 

exists inter-sexual cues for chorus attendance, with for example, the presence of calling males 

attracting females (Ritke et al., 1992; Henzi et al., 1995; Murphy, 2003). In prolonged breeding 

amphibians, females arrive towards the start of the breeding season but after males have begun 

calling (Arak, 1983), with males tending to remain longer at breeding ponds (Wells, 1977; 

Kluge, 1981; Salvador and Carrasco, 1990). In lekking species like these temperate frogs, 

females are thought to arrive and be maximally abundant after males have reached their peak in 

abundance (Bradbury, 1981) – such asymmetry would result from females responding to males 

chorusing cues. Regardless, if females rely on the presence of calling males to move the breeding 

sites, then we would predict slight differences in their mean arrival times and possibly in their 

abundance peaks, with maximum male abundance preceding that of females.  

The second hypothesis proposes that both sexes respond to the same abiotic factors such as 

temperature and precipitation (Murphy, 2003). Males and females are predicted to be 

synchronous because they broadly share the same basic physiology and thus respond similarly to 

various abiotic environmental challenges. Both sexes would avoid freezing from breeding too 
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early (although some species exhibit freeze tolerance – Pinder et al., 1992) and both sexes lessen 

the risk of predation in larger breeding aggregations, because of the dilution effect (Jennions and 

Blackwell, 1992).  

Our study focuses on assessing factors that might underlie reproductive patterns in male 

and female Gray Treefrogs (Hyla versicolor). Hyla versicolor is a temperate breeding species 

found across a broad range in Eastern North America, in Southern Canada from Eastern 

Saskatchewan through to New Brunswick, southward to New Jersey and Pennsylvania, and parts 

of Virginia, West Virginia, Illinois, Missouri, and forms a broad arc from Wisconsin down 

through East Texas (Dodd, 2013). In eastern Ontario, the focus of our study, it is a prolonged 

breeding species who breeds from the first weeks of May through to early July (MacCulloch, 

2002), and whose typical calling/breeding habitat consists of trees or shrubs that grow close to or 

within permanent water (Behler and King, 1997). Hyla versicolor begins calling within the trees 

and gradually moves down onto lower branches (Cline, 2015) and calls from there or bushes, not 

often from the ground (Fellers, 1979). Males call within lek-like choruses (Wells, 2007) with 

females potentially arriving through the cues from chorusing or abiotic factors (Murphy, 2003). 

With regards to depositing eggs, they are attached to emergent vegetation within shallow ponds 

and permanent/temporary pools at the surface (Cline, 2015). 

Here, we quantify arrival times and patterns in abundance in two breeding aggregations 

of H. versicolor at the Queen’s University Biological Station in eastern Ontario to test whether 

arrival and peak abundances are asynchronous. To achieve this, we undertook transect surveys 

throughout the entire breeding season to estimate the abundance of males and females after 

accounting for imperfect detection probability between the two sexes. 
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2.3 Materials and Methods 

2.3.1 Study Sites 

This study was done at the Queen’s University Biological Station (QUBS), located 

approximately 50 km north of Kingston, Ontario, Canada. We focused on two small wetlands 

within QUBS where Hyla versicolor is known to breed: Indian Lake Road Marsh (Latitude: 

44°34'43.60"N, Longitude: 76°19'46.93"W), a vernal pool with a hydroperiod of 180-200 days 

(Savrova, 2014), and Skycroft Marsh (Latitude: 44°32'57.11"N, Longitude: 76°21'55.78"W), a 

small vernal pool with a hydroperiod of 150-170 days (Savrova, 2014). Skycroft Marsh often 

dries out completely by the end of the summer (pers. observation), as does Indian Lake Road 

Marsh (Savrova, 2014). The surrounding forest matrix is mixed deciduous-coniferous forests, 

interspersed with old fields, wetlands and lakes (Weatherhead and Charland, 1985; Blouin-

Demers and Weatherhead, 2001). 

2.3.2 Data Collection 

We performed nightly perimeter transect surveys at our two wetlands from April 19 to 

July 16, 2014, covering all of the H. versicolor  breeding season: beginning nightly on April 19, 

switching to bi-weekly on June 13, and ending on July 16 after no more calling occurred at our 

focal wetlands. Surveys were not done during periods of severe weather (e.g. thunderstorms). 

Surveys were done by a minimum of two people, one who was one meter from shore, another 

who was three meters from shore. Each observer recorded all individuals one meter to the left 

and right of their transect path. The presence of all individual H. versicolor was noted and each 

individual was classified as male or female. On each night, the first ten males and all females 

were measured for snout-to-vent length (SVL), femur length, tibiofibula length, and tarsus 

length. All measurements were made using either metal digital callipers or plastic dial callipers 
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(when it was raining). Surveys began 15 minutes after sunset and finished once the perimeter 

was completed. On subsequent nights, the order of which wetland was surveyed first was 

changed, as well as the direction of the survey within the site. Air and water temperature (using a 

RayTek MiniTemp MT4 infrared thermometer), time, weather, and calling intensity (using a 

standardized calling index of 0 = no calling, 1=few individuals no overlap, 2=many individuals: 

but still able to distinguish individuals to 3 = full chorus: can’t distinguish between frogs; see 

Bishop et al., 1997) were recorded before and after surveys. Sampling effort at a given site on a 

given night was computed as the product of time spent searching by the number of observers 

searching. 

2.3.3 Data analysis 

All dates were converted into Julian day, with January 1st=Julian day 1 for our analyses. 

We used the data from sites with H. versicolor starting 12 days before the date H. versicolor was 

first detected (Julian day 119) and extending until after the last males had finished calling. 

N-mixture model 

Amphibians are generally challenging to detect, given their behavior and habitat 

preferences (Mazerolle et al., 2007). Thus, we used an N-mixture model with the Poisson 

distribution to estimate the true abundance of H. versicolor (Royle, 2004). This model type 

enables the estimation of abundance from counts obtained on repeated sampling visits as well as 

explicitly estimating detection probability of individuals.  To render the data amenable to this 

model type, we discretized the data, by grouping count data into periods of three consecutive 

days of capture (i.e., three visits). For the analysis, we only retained every other period of three 

days, so that each three-day period was separated by a three-day interval from the next one; this 

was done to increase the independence between the three-day capture periods.  
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We included sex in the model to test for differences in the abundance of males and 

females for each three-day period. We compared six hypotheses of abundance (Table 2.1). For 

each of these hypotheses of abundance, we considered two scenarios for detection probability: a) 

detection probability varying with sampling effort (i.e., time spent searching x number of 

observers), site, and sex, and b) detection probability varying with sampling effort, site, and air 

temperature. Thus, we considered a total of twelve candidate models. All numeric variables were 

standardized by subtracting the mean and dividing by the standard deviation. Parameters were 

estimated with maximum likelihood using package unmarked version 0.10.6 (Fiske and 

Chandler, 2011). We assessed model fit using a parametric bootstrap approach on the top-ranked 

model with 5000 iterations. We used an information-theoretic approach to model selection and 

multimodal inference implemented in the AICcmodavg package (Burnham and Anderson, 2002; 

Mazerolle, 2015). All analyses were performed using R 3.1.2 (R Core Team, 2015).  

2.4 Results 

2.4.1 Frog counts  

Within Indian Lake Road Marsh the first males (n = 2) were found on May 11th (Julian 

day 131), with a value of 1 on the standardized calling index. A maximum chorus (i.e., call index 

score of 3), of 62 males was first detected on May 14th (Julian day 134) coinciding with the first 

females seen (n = 6). The first amplecting pair was not seen until May 25th (Julian day 145). The 

last amplecting pair were seen on June 18th (Julian day 169), this was also the last female seen. 

The last male was seen on June 21st (Julian day 172), with a single male being last heard on June 

28th (Julian day 179).  

At Skycroft Marsh, the first males (n = 2) were found on May 12th (Julian day 132), with 

one Hyla versicolor chorusing. On May 15th (Julian day 135), a maximum chorus was heard, 
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with 221 males detected and the first females (n = 10). This was also the evening that the first 

amplexed pair was found at Skycroft Marsh. The last pair in amplexus was seen on June 25th 

(Julian day 176), which also represented the last female seen. The last male was seen on June 

28th (Julian day 179). The last chorusing was heard on July 9th (Julian day 190) and was weak 

(hearing approximately 3 males). 

Peak abundance for males and females occurred on June 3rd (Julian day 154). In total, we 

observed 1801 H. versicolor (1695 males, 106 females) over the course of our surveys. There 

were 375 males and 30 females found at Indian Lake Road Marsh, and 1320 males and 76 

females at Skycroft Marsh. Julian Day 135 was removed for the analysis as an extreme outlier, as 

on that evening there was very high rainfall and oncoming thunderstorms which resulted in 

exceptionally high numbers of H. versicolor (221 males, 10 females).  

2.4.2 Frog abundance 

The top-ranked model had the additive effect of sex with the quadratic effect of Julian 

day on abundance, and with detection probability varying with sampling effort, site, and air 

temperature (Akaike weight = 0.80). This model moderately lacked fit (bootstrapped P-value = 

0.0252, c-hat = 2.39). Thus, we adjusted model selection and inference with c-hat = 2.39. This 

model maintained its first place after correcting for overdispersion (Akaike weight = 0.81) (Table 

2.2). The second-ranked model was the model with additive effect of sex in addition to the 

quadratic effect of Julian day differing between sexes, and had the same structure as the top 

model on detection probability (Akaike weight = 0.19).  

More individuals occurred in Skycroft Marsh than at Indian Lake Road Marsh (model-

averaged beta estimate: 0.99, 95% CI: 0.67, 1.31). Abundance followed a quadratic pattern with 

Julian day (model-averaged beta estimate: -2.14, 95% CI: -2.57, -1.71), but sexes exhibited the 
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same patterns (model-averaged beta estimate of sex X Julian day squared: 0.14, 95% CI: -1.6, 

1.87; Figure 2.1) with both sexes peaking on Julian Day 154 (June 3 2014). Males were 

substantially more abundant than females at the sites (model-averaged beta estimate: 2.76, 95% 

CI: 2.29, 3.22).  

Detection probability increased with sampling effort (model-averaged beta estimate: 

2.66, 95% CI: 2.09, 3.23; Figure 2.2). Similarly, detection probability increased with air 

temperature (model-averaged beta estimate: 1.06, 95% CI: 0.61, 1.50; Figure 2.3). Detection 

probability was lower at Skycroft Marsh than at Indian Lake (model-averaged beta estimate: -

1.76, 95% CI: -2.62, -0.91).  

2.5 Discussion 

 Female Hyla versicolor arrived in our focal wetlands during the first maximum chorus, 

three days after males arrived and first began calling. Abundances of both sexes peaked on the 

same day over the course of the breeding season, with the last females seen three days before the 

last males, and males chorusing for up to 7-11 days later. The early May date for first arrival are 

consonant with what has been found previously at the Queen’s University Biological Station 

(Klaus and Lougheed, 2013). The slightly discordant timing of male and female arrival is 

consistent with the notion that females may be attracted to male vocalizations, although certainly 

they might also have different thresholds of response to abiotic factors. Simultaneity of peak 

abundances however implies that both males and females respond similarly to local 

environmental cues including temperature and precipitation. We compare our findings to other 

studies on H. versicolor and related species and discuss explanations for the patterns found 

below. 
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Males and females of prolonged breeders are reported to be asynchronous in arrival over 

the season (Arak, 1983; Henzi, 1995; Wells, 2007). Ritke et al. (1992) examined a breeding 

aggregation of Cope’s Gray Treefrog (Hyla chrysoscelis) in Tennessee and found the first male 

chorus in April 17, 1988 with both males and females present, but he found no pairs in amplexus 

until May 9. We found calling males three days before females were detected, and amplexed 

pairs either 11 days later, at Indian, and the same day at Skycroft Marsh.   

Although no other study has quantified peak abundance over the breeding season for H. 

versicolor, numerous studies have examined nightly arrival for each sex. For example, females 

generally arrive approximately one hour after males begin calling in H. versicolor (Walton, 

2005), H. chrysoscelis (Ritke et al., 1990), and Hyla gratiosa (Murphy, 1999). With regards to 

leaving the wetlands, our study found females left three days before males. Although other 

studies have focused on nightly variations in departure, their results agree with ours and indicate 

that males continue to be present and calling until the last female arrives in H. versicolor 

(Walton, 2005) and do not leave the wetland until females have finished mating in H. gratiosa 

(Murphy, 1999). This was evidenced in our study by seeing the last amplecting pairs three days 

before the last males. Ritke et al. (1992) found that breeding stopped in H. chrysoscelis prior to 

apparently ideal conditions ending, an observation that they attributed to the need to provision 

for winter. However, these differences could be because of using combinations of three 

consecutive nights to estimate abundance rather than looking at each night individually. 

Additionally, our work is based on surveys from a single breeding season, and it may be the case 

that we conducted our research in a single, climatologically anomalous year.  

For species with broad geographic ranges like H. versicolor, it is expected that phenology 

will vary greatly among populations reflecting adaptation to local environmental conditions 
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(Duellman and Trueb, 1986 and references therein). For example, in another hylid species, 

Spring Peeper (Pseudacris crucifer) breeding occurs in the winter months of January and 

February in North Carolina (Kirlin et al., 2006), while in northern populations in Canada the 

onset of breeding is typically April or May depending on latitude (MacCulloch, 2002). Not only 

do different conspecific populations differ in the onset of breeding, but also can vary in breeding 

season durations. For example, the Green Treefrog (Hyla cinerea) at its most northern range 

limit in southern Illinois breeds from early May until early August (Garton and Brandon, 1975), 

but breeds from late March until late August in the southern US states of Georgia, South 

Carolina and North Carolina (Oldham and Gerhardt, 1975). Our focal breeding assemblages 

occur towards the northern range limit of H. versicolor (within 2-300 kms; Ontario Nature – 

Ontario Reptile and Amphibian Atlas Program, 2015), suggesting that breeding seasons here are 

more compressed and start later than in more southern populations. For example, in Arkansas H. 

chrysoscelis/versicolor breed from April through to August (Trauth et al., 2004). Thus, we 

expect northern populations to be more constrained by low temperatures and depth of the frost 

line (Pinder et al., 1992), and by the need to provision before the following winter (Ritke et al., 

1992). With a relatively shorter breeding season we might expect greater seasonal synchrony in 

arrival times and peak abundance as we found.  

Recent compelling experimental evidence suggests that the sister species of H. 

versicolor, H. chrysoscelis, uses acoustic cues to locate new breeding habitat (Buxton et al., 

2015); by extension this might imply that female treefrogs would be attracted to the choruses of 

males. Within North American treefrogs, males form choruses and vocalize (Gerhardt, 1991). 

Within prolonged breeders such as these for which acoustic signalling is the primary method of 

mate choice (Wells, 1977), females can be attracted to choruses from up to 320 m away 
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(Gerhardt and Klump, 1988). For both H. chrysoscelis (Godwin and Roble, 1983) and the 

European Treefrog, Hyla arborea, (Friedl and Klump, 2005) the number of nights that males 

spent in the chorus were correlated with the number of matings. Ritke et al. (1992) suggested that 

calling H. chrysoscelis males are the proximate cause of the variation in the number of gravid 

females.  

We also know that abiotic factors also underlie some aspects of H. versicolor breeding 

activity. For example, Klaus and Lougheed (2013) found that increases in air and water 

temperature increased the likelihood of calling, and increased calling intensity in H. versicolor in 

Eastern Ontario. Calling activity in other species like the Natterjack Toads (Epidalea [Bufo] 

calamita) also seems to be determined by local weather cues in days immediately preceding 

chorusing (Banks and Beebee, 1986). Murphy (2003) found that female H. gratiosa arrived at 

breeding ponds even if males were excluded. Variance in nightly numbers of both males and 

females were best predicted by Julian day, and temperature (of 13 predictors examined) for 

counts of both sexes. Murphy (2003) could not determine whether the response was because both 

sexes benefit from responding to the same abiotic factors, or if one sex uses environmental cues 

to determine the presence of the other sex. 

Ultimately it would seem that both the literature and our study imply that a combination 

of conspecific signals and abiotic factors play a role in the presence of both sexes within 

breeding assemblages and on the timing of arrival. For example, while female Reed Frogs 

(Hyperolius viridiflavus), appear to respond mostly to male presence, they additionally use 

rainfall and temperature which both lagged by two days because of constraints in ovulation 

(Henzi et al., 1995). Females delayed oviposition until conditions needed for suitable larval 

development were met (Henzi et al., 1995). In H. chrysoscelis, numbers of calling males was the 
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only proximate cause of the variation in the number of gravid females and vice versa (Ritke et 

al., 1992). However, minimum temperatures of 15.6° C were required for amplexus; and 

reproductive activity occurred only after a succession of warm and rainy days purportedly 

because embryo survival would be compromised when there is a risk of freezing (Ritke et al., 

1992). Walton (2005) also found that although male H. versicolor arrived asynchronously 

nightly, females and males both had abiotic correlates that were strong predictors of arrival as 

well.  

Our research highlights the importance of quantifying the behaviour of both sexes when 

attempting to understand reproductive phenology in temperate frogs. Past studies have been 

decidedly male-biased, and female-based perspectives provide additional insight into breeding 

assemblage dynamics and factors involved in breeding phenology. Quantifying all aspects of 

both male and female phenology will help to predict responses to climate change (Beebee, 1995; 

Gibbs and Breisch, 2001; Klaus and Lougheed, 2013).  
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Table 2.1 Six hypotheses of Hyla versicolor abundance.  

 

 

Hypothesis Biological Interpretation 

1)Additive effects of 

site and sex  

Site- differences between the two sites 

Sex- sex specific differences 

2)Additive effects of 

site and sex and 

interaction between 

site and sex 

Site- differences between the two sites 

Sex- sex specific differences 

Site: Sex- differing effect of site for each sex 

3)Additive effects of 

site, sex and Julian 

day 

Site- differences between the two sites 

Sex- sex specific differences 

Julian day- the relationship over Julian day 

 

4)Additive effects of 

site and sex and 

Julian day and an 

interaction between 

sex and Julian day 

Site- differences between the two sites 

Sex- sex specific differences 

Julian day- the relationship over Julian day 

Sex: Julian day- differing effect of Julian day for each sex 

5)Additive effects of 

site, sex, Julian day 

and Julian day2 

 

Site- differences between the two sites 

Sex- sex specific differences 

Julian day- the relationship over Julian day 

Julian day2 - added because of the Gaussian shape of the model 

6)Additive effect of 

site, sex, Julian day 

and Julian day2 and 

an interaction 

between sex and 

Julian day2 

Site- differences between the two sites 

Sex- sex specific differences 

Julian day- the relationship over Julian day 

Julian day2 - added because of the Gaussian shape of the model 

Sex: Julian day2- differing effect of Julian day2 for each sex  
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Table 2.2 Model selection of N-mixture models based on QAICc (c-hat = 2.39). Table includes 

the number of parameters (K), the difference between the QAICc of each model and the top-

ranked model (Delta QAICc), and the probability that a given model is the most parsimonious 

(QAICcWt). 

 

Model K    QAICc Delta QAICc QAICcWt 

λ(Site + Sex + Jday + Jday2) p(Effort + 

Site + Airtemp) 

 10    206.15        0.00 0.81 

λ(Site + Sex + Jday + Jday + Sex:Jday2) 

p(Effort + Site + Airtemp)  

 11    209.05        2.90 0.19 

λ(Site + Sex + Jday + Jday2) p(Effort + 

Site + Sex) 

 10    219.18      13.04 0.00 

λ(Site + Sex + Jday + Jday + Sex:Jday2) 

p(Effort + Site + Sex) 

11    222.00 15.86 0.00 

λ(Site + Sex + Jday) p(Effort + Site + 

Airtemp)  

 9    385.16 179.01 0.00 

λ(Site + Sex + Jday + Sex:Jday) p(Effort + 

Site + Airtemp)  

10    387.93 181.78 0.00 

λ(Site + Sex) p(Effort + Site + Airtemp)  8    397.78     191.63   0.00 

λ(Site + Sex + Site:Sex) p(Effort + Site + 

Airtemp) 

9    400.40     194.25   0.00 

λ(Site + Sex + Jday) p(Effort + Site + Sex)  9    438.10     231.95   0.00 

λ(Site + Sex) p(Effort + Site + Sex) 8    438.96     232.81   0.00 

λ(Site + Sex + Jday + Sex:Jday) p(Effort + 

Site + Sex)  

10    439.43     233.28   0.00 

λ(Site + Sex + Site:Sex) p(Effort + Site + 

Sex)  

9    441.67     235.52 0.00 
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Figure 2.1. Relationship between predicted 

abundance and Julian day using N-mixture models. 

Males (solid line) and females (dashed line) are 

represented as well as 95% confidence intervals 

(dotted lines). Relationship between abundances at 

Skycroft Marsh are shown, but is identical to Indian 

Lake Road Marsh.  
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Figure 2.2. Relationship between predicted 

detection probability and Effort (person*minutes).  

Effort was the largest predictor of detection 
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 Figure 2.3. Relationship between predicted 

detection probability and air temperature (⁰C). 

Air temperature was the second largest 

predictor of detection.  
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Chapter 3 

Female preference and temporal trends in male size within Gray Treefrogs, 

Hyla versicolor 

3.1 Abstract 

Sexual selection via female choice is well-known as being important in the evolution of 

mating systems for many organisms. For temperate frogs there remain substantive questions as to 

key aspects of female preference. We assess whether female Hyla versicolor show absolute 

preferences for larger males or whether there is positive assortative mating. We also quantify 

temporal trends in male body size across the season. Our data derive from perimeter transect 

surveys conducted at the Queen’s University Biological Station (QUBS). We found no trend in 

male size over the breeding season. We found no evidence that females prefer larger males, 

consistent with what has been found for other populations of this species by other researchers. 

Finally, we found evidence of positive assortative mating for one of the two surveyed wetlands. 

Our results deepen our understanding of the natural history of this species and contribute to a 

growing literature suggesting that male size may not be important in temperate anuran mating 

systems.  
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3.2 Introduction 

Female choice has long been recognized as a central component of mating system 

evolution. Indeed, Darwin (1871) in his book The Descent of Man, and Selection in Relation to 

Sex argued that many elaborate traits in males are explained by the fact that females compare 

traits of potential mates and select the most attractive. Females may choose males for either 

direct benefits (e.g. territories with greater resources – Wells, 1977; lower embryo mortality – 

Howard, 1978; male protection of offspring – Kluge, 1981; nuptial gifts – Boggs, 1995), or for 

indirect benefits (genetic quality, offspring attractiveness; e.g. Welch et al., 1998; Weatherhead 

and Robertson, 1979). Many temperate frogs congregate in large choruses where males defend 

small territories from which they call. Females choose males from within the chorus based, in 

part, on attributes of advertisement calls, which may convey important information on male 

quality (Ryan, 1980). One male trait that may be important in female mate choice in anurans is 

body size both because: growth is indeterminate and thus larger males are on average older and 

have shown the ability to survive more winters (Ryan, 1980), and larger body size might reflect a 

male’s ability to acquire resources or suggest higher genetic quality (Wells, 1977; Wilbur et al., 

1978; Ryan, 1980). Some call attributes do indeed show significant relation to body size and thus 

may function as an honest indicator of this trait (e.g. dominant frequency in Black-eyed Leaf 

Frogs (Agalychnis moreletii); Briggs, 2010), although others may vary independently of male 

body size yet nonetheless be correlated to male quality (e.g. call duration in Cope’s Gray 

Treefrog (Hyla chrysoscelis); Welch et al., 1998). 

Empirical evidence for female frogs exhibiting preferences for larger males is varied 

within and among taxa. Species for which there is evidence that females prefer larger males 

include: Gray Treefrogs, Hyla versicolor and Spring Peepers, Pseudacris crucifer (Gatz, 1981), 
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European Treefrog, Hyla arborea, (de’Orense and Tejedo-Madueno, 1990), and Túngara Frogs, 

Engystomops [Physalaemus] pustulosus (Ryan, 1980). In contrast, no female preference for 

larger males was found in some populations of H. versicolor (Fellers, 1979), H. chrysoscelis 

(Godwin and Roble, 1983; Ritke and Semlitsch, 1991), and H. arborea (Friedl and Klump, 

2005). Note that for H. arborea and H. versicolor, females in some populations exhibit size 

preferences, while in other populations they do not. 

Phenology may play a key role in female mate choice in that there may be temporal 

trends in availability of quality males or males of larger size throughout the breeding season, 

especially for anuran species that are prolonged breeders. For example, temporal trends in body 

size have been investigated in P. crucifer in Southern Ontario (Stewart et al., unpublished data), 

and in a population of Green Frogs (Lithobates [Rana] clamitans) in Ithaca, New York (Wells, 

1977). Average male body size was found to decrease in P. crucifer and L. clamitans over the 

season. Inasmuch as male size is correlated with a high quality male, this implies that for females 

of some species the pool of high quality mates may diminish over the course of the breeding 

season.  

In this study we examine female mate preferences and temporal trends in male size over a 

single breeding season within H. versicolor. Hyla versicolor is a temperate breeding hylid 

species found across a broad range in Eastern North America. In southeastern Ontario, the 

location of our study, H. versicolor breed from May to early July (Piersol, 1913; Berrill et al., 

1992; Lougheed, pers. comm.), forming breeding aggregations that can number into hundreds of 

calling males (Dodd, 2013; pers. obs.). Gravid females arrive from forests surrounding wetlands, 

enter into the breeding aggregation, and choose a male based on vocal attributes (Schwartz et al., 

2001) including call duration, (Welch et al., 1998), and perch quality of the male (Fellars, 1979). 
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Once a female has approached a male, axillary amplexus occurs (with a male holding the female 

under the armpits), mating often ensues at some distance away from the original point of contact 

(Dodd, 2013).  

The specific objectives of our study were threefold. First, do we see any evidence of 

temporal variation in male size that might signal changes in available male quality across the 

breeding season? Second, do females exhibit a preference for larger males as evidenced by 

mated (amplexed) males being larger than unmated within the chorus? Finally, given that female 

frogs are generally larger than males on average (controlling for age – Shine, 1979), physical 

constraints on male mating might be predicted to lead to positive size-based assortative mating. 

The literature is varied on this, with some studies showing no evidence of positive assortative 

mating in anurans (Fellers, 1979; Gatz, 1981; Godwin and Roble, 1983; Ritke and Semlitsch, 

1991; Friedl and Klump, 2005), while others do (de’Orense and Tejedo, 1990; Hudson, 2010). 

We thus test for positive assortative mating comparing female with male size in amplecting 

pairs. 

3.3 Methods 

3.3.1 Study site 

 Our study was performed at the Queen’s University Biological Station (QUBS). QUBS 

contains a series of lakes, wetlands and streams embedded within a forest matrix of mixed-

deciduous, coniferous forests with old fields, lakes and wetlands (Weatherhead and Charland, 

1985; Blouin-Demers and Weatherhead, 2001) and is located approximately 50 km north of 

Kingston Ontario.  
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3.3.2 Data collection 

Chapter 2 provides detailed sampling methodology for perimeter transect surveys. Data 

derive from perimeter transect surveys conducted over the entire Hyla versicolor breeding season 

at two wetlands: Indian Lake Road Marsh (Latitude: 44°34'43.60"N, Longitude: 76°19'46.93"W) 

and Skycroft Marsh (Latitude: 44°32'57.11"N, Longitude: 76°21'55.78"W) from April 19 until 

July 16 2014. Surveys were initially conducted nightly beginning on April 19, switching to bi-

weekly on June 13, and ending on July 16. Censuses were done by > two observers, one 1 meter 

from shore, and another three meters from shore. Each observer noted the presence of all 

individual H. versicolor, recording sex. On each night the first ten males, and all females were 

measured for snout-to-vent length (SVL). All males and females in amplecting pairs were 

measured for SVL. All measurements were made using either metal digital callipers or plastic 

dial callipers (when it was raining). Air and water temperature (using a RayTek MiniTemp MT4 

infrared thermometer) were also obtained.  

3.3.3 Data Analysis 

 All data analysis was performed using R version 3.1.2 (R Core Team 2015). Snout-vent 

length (SVL) was the measurement used in all size analysis as a proxy for body size.  

To test for trends in male body size over Julian day we created a linear regression for 

each wetland. Confidence intervals were examined to determine if the slope differed from 1. 

Residuals were examined for normality by visual inspection. 

To test whether amplexed males (i.e., males successful in obtaining a female), were on 

average larger than those not in amplexus, we compared average male size of those males within 

amplexus to those that were not across the season. To achieve this we calculated the observed 

difference between the mean SVL of amplexed males and those males not within amplexus. We 
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then resampled our data 1000 times without replacement, randomly choosing groups of 63 males 

(representing males within amplexus), and groups of 350 males (representing males not within 

amplexus) and determining their difference in means. We then plotted the observed differences 

in mean SVL and compared the proportion of differences that were greater than or equal to the 

observed difference to obtain a p-value. 

To test for positive assortative mating we performed a simple linear regression between 

female and male snout vent lengths and also looked at the confidence intervals to determine if 

the slope differed from 1. We looked at each site individually, as females can only choose males 

from their own wetland. Normality was determined by visual inspection of the residuals. 

3.4 Results 

We found that Julian day at Skycroft Marsh (linear regression: β=0.023, 95% CI: -0.010, 

0.055, r2=0.007, Figure 3.1) and Indian Lake Road Marsh (linear regression: β=0.049, 95% CI: -

0.011, 0.108, r2=0.018, Figure 3.2) was not a significant predictor of male snout to vent length 

(SVL). Residuals of the regression were normally distributed.  

We found a total of 63 pairs in amplexus: average male size = 42.89 ± 2.6 mm, average 

female size = 45.52 ± 3.83 mm. Based on our resampling test we found no difference between 

the average size of males in amplexus and the average size of those not in amplexus (43.02 ± 

3.25 mm; pooled across season and sites; p=0.625, Figure 3.3).  

There was no relationship between amplexed male and female SVL in Skycroft Marsh 

(linear regression: β=0.071, 95% CI: -0.146, 0.287, r2=0.010; Figure 3.4). Residuals from the 

preliminary analyses indicated lack of normality, due largely to the presence of a single outlier, a 

smaller than normal female. Removal of this outlier did not alter the overall result (linear 

regression: β=0.171, 95% CI: -0.104, 0.446, r2=0.038; Figure 3.5). However, there was a positive 



62 

  

trend between amplexed males and females within Indian Lake Road Marsh (linear regression: 

β=0.368, 95% CI: 0.097, 0.639, r2=0.311; Figure 3.6).  

3.5 Discussion 

Male snout to vent length (SVL) did not increase across the season at either site. Thus, 

variation in male body size cannot be explained by Julian day or by site. We also found no 

apparent preference for larger males by females, at least as evidenced by males found in 

amplexus, although this was a global comparison pooling all measured males across the entire 

breeding season not controlling for date. We did see weak evidence for positive assortative 

mating, as has been documented in some other hylids (Arak, 1983). Below we compare these 

results to what has been found in other studies of Gray Treefrogs (Hyla versicolor) and different 

anuran species.  

There is no trend toward increasing or decreasing body size over the season within our 

data. This is contrary to other studies which have found a diminution in SVL over the breeding 

season [e.g. Spring Peepers (Pseudacris crucifer) – Stewart et al., unpublished data; Green Frogs 

(Lithobates [Rana] clamitans) – Wells, 1977].  Stewart et al. (unpublished data) suggest that 

individual P. crucifer were not getting smaller over the season, but rather that larger males were 

mating earlier and leaving, or that there was increased predation on larger males. Wells (1977) 

proposed that larger male green frogs occupied preferred territories at the start of the season, and 

that smaller males acquired at least some of these superior territories once larger males had 

mated and left. Conversely, we could have seen a trend towards an increase in male size over the 

season because larger males are better able to bear the cost of calling across the breeding season. 

Calling is energetically costly (Wells and Taigen, 1992) and, under this scenario, smaller males 

depart the chorus earlier leaving proportionately larger males towards the end. The lack of trend 
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in male body size may be because females show no preference for larger males (Fellers, 1979; 

Welch et al., 1998). 

We found no evidence that larger H. versicolor males were disproportionately successful 

at achieving amplexus with females. Other studies of H. versicolor (Fellers, 1979), as well as 

studies on Hyla chrysocelis (Godwin and Roble, 1983; Ritke and Semlitsch, 1991) and Hyla 

arborea (Friedl and Klump, 2005) also found no difference in size between mated and unmated 

males. Within hylid species female choice is mediated by attributes of male call, only some of 

which may relate to body size, and more important male quality. For example, Welch et al. 

(1998) found that females prefer males with calls of longer duration, and that call duration does 

not correlate to body size in Gray Treefrogs. Further, mating with such males resulted in higher 

quality offspring (Welch et al., 1998). Thus, body size may not be that relevant to female choice. 

Further exacerbating interpretation of female choice is that SVL will not necessarily relate either 

to other aspects of body shape or to better body condition (Green, 2001). 

Some studies have indeed found evidence that females prefer larger males: Gatz (1981) 

in both P. crucifer and H. versicolor, and de’Orense and Tejedo-Madueno (1990) in a population 

of H. arborea. However, de’Orense and Tejedo-Madueno (1990) did their study over a very 

short time frame at the peak of breeding, and the Gatz (1981) study was done over 3 days only – 

perhaps neither was of sufficient duration to provide an accurate representation of the 

population-wide patterns. Ours too was a single study looking at two breeding assemblages, 

however, we did find a total of 63 pairs in amplexus, commensurable to what Friedl and Klump 

(2005) used (n= 56 pairs over two years).  

We found weak evidence of positive assortative mating, contrary to other studies (see 

Arak, 1983). However, Hudson (2010) did find evidence that female P. crucifer mate 
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assortatively with males within Southern Ontario. Hudson (2010) suggested that the reasons for 

this might be biophysical. Females bear males on their back once amplexus occurs, and with the 

selected male on her back each female swims to an oviposition site (Dodd, 2013). Therefore, a 

relatively smaller female might not be able to accommodate the weight of a larger male. Indeed, 

females of some species have been known to drown under the weight of males during amplexus 

(Sztatecsny et al., 2006). 

In summary, we found that there was no temporal trends with regards to male size. 

Additionally, female H. versicolor showed no preference for larger males although we did not 

control for Julian date, and thus are looking over the entire breeding season. Finally, while we 

find evidence for positive assortative mating, the pattern was again only weakly supported. 

Future studies should delve further into the possibility of assortative mating using experimental 

manipulations varying both male size and acoustic signals. Geographic variation in mating 

preferences merits further study as our results do differ from studies on other, more southerly, 

populations of treefrogs. 
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Figure 3.1 Relationship between male (Hyla versicolor) snout to vent length and Julian Day at 

Skycroft Marsh (linear regression: β=0.023, 95% CI: -0.010, 0.055, r
2
=0.007). 
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Figure 3.2 Relationship between male (Hyla versicolor) snout to vent length and Julian Day 

at Indian Lake Road Marsh (linear regression: β=0.049, 95% CI: -0.011, 0.108, r
2
=0.018). 
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Figure 3.3 Distribution of 1000 differences of means from randomized groups of 63 males (representing males within amplexus) and 

350 males (representing males not in amplexus). The actual difference of means is represented by the dotted red line. Proportion of 

differences that are greater than or equal to the observed differences (p=0.625). 
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Figure 3.4 Best fit regression between males and females found within amplexus in Skycroft 

Marsh (linear regression: β=0.071, 95% CI: -0.146, 0.287, r2=0.010). 
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Figure 3.5 Regression between males and females found within amplexus with the outlying 

pair removed at Skycroft Marsh (linear regression: β =0.171, 95% CI: -0.104, 0.446, 

r2=0.038). 
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Figure 3.6. Regression between males and females found within amplexus in Indian Lake 

Road Marsh (linear regression: β=0.368, 95% CI: 0.097, 0.639, r2=0.311). 
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Chapter 4 

General Discussion 

Research focused on phenology of individual species or entire ecosystems (e.g. forests) 

are increasingly common in the ecological and conservation literature. For example, a search of 

the ‘Web of Science’ with the term ‘phenology’ yielded 22,477 hits for publications from 1900 

to 2015, with 1,844 of these in 2014 alone. A significant reason for this is the relationship 

between phenology and climate change. While temperate amphibians are known to be sensitive 

environmental indicators, with evidence of phenological shifts (Gibbs and Breisch, 2001; Klaus 

and Lougheed, 2013), many species remain understudied, and moreover for almost all systems 

we know more about male than female phenology. To address this deficit I collected data on 

arrival, abundance and size of both male and female Gray Treefrogs, Hyla versicolor, at the 

Queen’s University Biological Station.  

In Chapter 2 I compared male and female arrival, peak abundance and departure dates of 

H. versicolor to assess what cues might be involved for each sex. I found that females arrived 

three days after males began calling, and left three days before. However, both sexes peaked in 

abundance on exactly the same day implying commonality of cause. Of the few papers in the 

literature that I found, my results seem to run contrary to what others have suggested (e.g. Arak, 

1983; Wells, 2007) that females arrive after males, and prefer to choose among large male 

aggregations after they have reached a peak (Bradbury, 1981), perhaps implying that females are 

responding to male advertisement calls. Importantly, a number of articles also suggest that 

abiotic factors play a role in abundance of both sexes within choruses. Together mine and other 

studies imply that phenology patterns are affected by both conspecific cues and abiotic factors.  
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In Chapter 3, I focused on female preference and quantifying temporal trends in male size 

over the breeding season. I found no trend in male size (as measured by snout to vent length) 

over the season. I speculate that this might be because females do not prefer larger males, which 

is consistent with what I found. Finding that females showed no preference for male size agreed 

with the literature suggesting that many female hylids choose mates based largely on key call 

characteristics that are not related to size. However, I did find evidence of positive assortative 

mating potentially because of the biophysical limitations of mating (e.g. small females cannot 

carry larger males during the oviposition phase of mating). 

It is clear that more research is needed to truly understand all facets of phenology and 

mating system of H. versicolor. Some of my results differ from what has been found by previous 

authors, but it is important to note that some of the studies were done on the diploid ancestor of 

H. versicolor, Cope’s Gray Treefrog (Hyla chrysocelis) and that almost all of the other studies 

were done on populations to the south of mine. It would be useful to gather more date on both 

northern and southern populations using the same censusing protocols. My study was done only 

over a single season and surveys over multiple years need to be performed to establish whether 

what I found is generalizable across years. Obtaining nightly arrival and departure data, as 

opposed to only peak abundance over the season may provide a better understanding of male and 

female chorus dynamics. All such data will not only contribute to our understanding of 

ecological and evolutionary aspects of mating systems in frogs, but also to our understanding of 

how different populations and species might respond to climate change. 



76 

  

4.1 Summary of Data Chapters 

4.1.1 Chapter 2- Phenology of male and female arrival and peak abundance in Gray Treefrogs, 

Hyla versicolor. 

In this chapter, using data from perimeter transect censuses at the Queen’s University 

Biological Station, I compared the difference between male and female H. versicolor arrival, 

departure dates and peak abundance. I found that: 

1. Females at both wetlands were detected three days later than males. 

2. Both sexes may respond to abiotic factors which was represented by a peak in abundance 

on Julian Day 154. 

3. Females at both wetlands left three days before males. 

4. The presence at the northern range limit could partially explain the synchrony in peak 

abundance compared to asynchrony elsewhere in the range. 

5. A combination of both abiotic factors (e.g. temperature and precipitation), and 

conspecific signals probably determine phonological patterns. 

4.1.2 Chapter 3- Female preference and temporal trends in male size within Gray Treefrogs, 

Hyla versicolor. 

In this chapter, I again used data from perimeter transect surveys to assess temporal trends in 

snout to vent length of H. versicolor throughout the season. I tested whether females preferred 

larger males, or whether positive assortative mating existed. My study revealed that: 

1. Julian day at Indian Lake Road Marsh (linear regression: β=0.049, 95% CI: -0.011, 

0.109, r2=0.018) and Skycroft Marsh (linear regression: β=0.023, 95% CI: -0.010, 0.055, 

r2=0.007) were not significant predictors of male snout to vent length. 

2. Females had no apparent preference for larger males, p=0.625. 
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3. There was a significant trend towards positive assortative mating within Indian Lake 

Road Marsh (linear regression: β=0.368, 95% CI: 0.097, 0.639, r2=0.311). There was no 

trend found within Skycroft Marsh (linear regression: β=0.171, 95% CI: -0.104, 0.446, 

r2=0.038). 

4. Female preference for males of larger size and occurrence of positive assortative mating 

varied across species and among populations within the literature. 

5. Also based on the literature, in other populations H. versicolor use attributes of calls that 

are unrelated to size.  
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