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Across vertebrate taxa, the mechanisms underlying how individuals develop into 

one sex or another are remarkably variable. At one end o f the spectrum, sex 

determination can be strictly genotypic, as observed in all mammals and birds, relying 

solely on genes to trigger sexual development. At the other end o f this spectrum are taxa 

with strict environmental sex determination, as in seen in all crocodilians and most 

turtles, where sexual differentiation is entirely controlled by rearing conditions, like 

temperature. Across this spectrum are other vertebrates, like many fishes and squamates, 

which have combined genotypic and environmental contributions to sex determination. In 

these taxa, rearing conditions can cause individuals do develop their phenotypic sex 

opposite their genotypic sex -  they sex reverse. All amphibians studied to date have a 

genotypic basis to sex. Yet, a wealth o f experimental research has shown that amphibian 

sexual development is sensitive to environmental conditions. Even so, it is generally 

considered that environmentally-sensitive sexual development in amphibians is an 

aberrant response to anthropogenic contaminants or extreme temperature in laboratory 

venues.

Previously, m yself and colleagues reported a unique pattern: at metamorphosis, 

green frog (Ranci clamitans) sex ratios were consistently male-biased in several ponds 

surrounded by entirely forested environments and became more dominated by females as
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the surrounding landscape became increasingly comprised o f residential suburban 

neighborhoods. This pattern illustrates that sex ratios of wild amphibian offspring cohorts 

can deviate from parity and vary with environmental conditions. Sex ratio variation is 

regularly considered evidence of sex reversal in laboratory experiments. In these studies, 

an overabundance of one phenotypic sex is assumed to be the result o f sex reversal by 

individuals of the opposing genotypic sex. The sex ratio variation seen in green frog 

metamorphs therefore calls into question the assumed strict genetic basis to sex in 

amphibians and whether there is a larger role for the environment in sexual 

differentiation.

The five chapters comprising this dissertation aim to tease apart the genetic and 

environmental contributions to sex determination in wild amphibian populations and to 

understand whether sex reversal is a contributing force underlying sex ratio variation. In 

chapters 1 and 2, I experimentally demonstrate that amphibian sex ratios, as well as sex- 

specific somatic development, are sensitive to relatively natural classes o f chemicals. In 

particular, I show that the chemical mixtures naturally found in various plant tissues as 

well as sodium chloride, a common road de-icing salt, influence sex ratios, male 

metamorphic timing, and sexual size dimorphism. In chapter 3 ,1 identified multiple sex- 

linked genetic markers for the North American green frog using DArTseq, a form of 

genome complexity reduction coupled with next generation sequencing. In chapter 4 , 1 

used these genetic sex markers to provide evidence that sex reversal is bidirectional and 

common in adult green frog cohorts inhabiting either undeveloped, forested ponds or 

heavily suburbanized ponds. This work demonstrates that sex determination in some 

amphibian species can have clear genetic and environmental contributions. Finally, in
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chapter 5, I tested whether sex reversal, in addition to sex allocation and sex-biased 

mortality, contributed to previously identified patterns o f green frog metamorph sex ratio 

variation. I found that phenotypic sex ratios are variable across time and are not likely 

driven by sex reversal directly. Rather, 1 found that clutch sex ratios, and by extension 

cohort sex ratios, are comprised o f a disproportionate number of genotypic males, 

indicating that metamorph phenotypic sex ratio biases may begin at fertilization. This 

suggests that sex-reversed phenotypic females may breed with sex-concordant males, 

thereby producing an abundance o f sons. Sex ratio variation in offspring cohorts may 

therefore be a result o f breeding by sex-reversed parents as well as sex reversal during 

larval development.

This dissertation challenges the presiding paradigm that sex in amphibians in 

strictly genetic and highlights a novel role for environmentally-mediated sex 

determination and sex ratio variation in wild frogs. Collectively, my body o f work 

demonstrates that sex reversal and unequal sex ratios are not necessarily responses to 

anthropogenic contaminants or extreme temperatures, but can be the product o f natural 

environmental conditions. These findings begin to point towards sex reversal as an 

evolutionarily important process, perhaps being adaptive under certain conditions or 

facilitating the transitions among sex-determining modes. This research reshapes our 

understanding o f the evolutionary history and ecological determinants o f sex in 

amphibians and should encourage further investigation into the causes and consequences 

o f sex ratio variation and sex reversal in taxa with combined genetic and environmental 

contributions to sexual development.
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A c k n o w l e d g m e n t s

I don’t think I can pinpoint where my academic interest in biology began but, if  I 

had to choose a start, it wouldn’t be a point, but a person. As a high school student in 

Arizona, I took a biology class from Mike Trimble. Unlike typical biology instructors, he 

fluidly integrated lessons in human anatomy and physiology with evolutionary biology, 

genetics, environmental chemistry, and local natural history. His lessons included 

dynamic lectures, field exercises, data analysis, dissections, surviving 24 hours in the 

Sonoran Desert with no water, and tracking puma, wolves, and bears (but actually!) on 

the Mogollon Rim. Perhaps most memorably, he introduced me to the writings o f Aldo 

Leopold at the top of Arizona’s White Mountains in the very forest where Leopold 

famously killed a wolf and her pups. I have never had a class or teacher since who 

provided a deep, holistic view of any discipline as Mr. Trimble did. I didn’t know where 

my career would head at this point, but Mike Trimble was an influential push towards 

biology.

This dissertation marks the extraordinary opportunity I have had to tinker with 

questions that have bothered biologists for generations. I have had the privilege of 

chasing a line of inquiry of my choosing at a world class institution and with phenomenal 

mentors. The support and guidance offered me from my dissertation chair, Dave Skelly, 

and committee members, Os Schmitz and Gunter Wagner, is unparalleled. Dave, Os, and 

Gunter have expertise in different fields of biology but their contrasting interests 

complement each other in remarkable ways. They have challenged me on many 

intellectual fronts, providing a well-rounded theoretical and methodological framework in 

which to develop my questions and to consider the broadest context of my research. Their
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excitement, input, and questions have compelled me to more comprehensively think 

about my questions and explore a broader literature of mathematics, genomics, 

developmental biology, and community ecology. Throughout my dissertation, I have 

thoroughly enjoyed learning from them how to balance insight from theory, careful field 

observations, and experiments. Perhaps equally as important was learning from Dave, 

Gunter, and Os how to more clearly and succinctly interpret and communicate 

information to different audiences. For their efforts and guidance, I will be forever 

grateful.

My partner Nora has been at my side throughout my dissertation. She has endured 

the trials o f a long-distance relationship and has embraced a partner who is easily 

distracted by finding frogs and turtles. She has been extraordinarily supportive o f a 

research theme that isn’t always appropriate for the dinner table and has provided a 

special balance to my life. Throughout our relationship she has shared a love for the 

environment, has explored new places with me, and has challenged me to be a better 

person. I could not ask for a more caring partner. I am also grateful to my bird Nani who 

has been sitting on my shoulder for over half my life, including through three degrees, 

many manuscripts, and thousands of miles of Amtrak rides between New Haven and 

Washington D.C. She likely has a more comprehensive understanding of my dissertation 

at this point than I do.

Of course, I am indebted to my family. My parents not only tolerated my interest 

in catching critters but also encouraged a thirst for learning and discovery. Without their 

continued support, I most certainly would not be exploring the path I currently am on.

My brother, Val, despite being three years my junior, is in every way my intellectual
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superior. His creativity and deep dedication to science have pushed me to always be a 

harder working and more thoughtful researcher.

My collaborator Tariq Ezaz at the University of Canberra has become a close 

colleague and mentor throughout my dissertation. During the third year o f my 

dissertation he hosted me in Australia for close to a month to better explore the broader 

world of sex determination. We have had fun struggling together to get an adequate 

karyotype of the green and understand the sometimes bizarre results we keep 

encountering. Thank you, Tariq.

I am particularly grateful to the community of graduate students and post docs 

who have both supported and challenged me over the years. Colin Donihue and Rob 

Buchkowski have dedicated many hours in front of a chalkboard with a glass of wine 

trying to unravel the world of frog sex determination with me. Geoff Giller has been my 

friend and colleague since we did our masters together and has been an unfading source 

of support for all these years. Meredith Holgerson and Mary Rogalski, my academic big 

sisters, have provided an encouraging and exciting environment for me to work in. It has 

been inspiring to watch them excel in their research and personal endeavors. While he 

abandoned me early in my graduate career, Jonathan Richardson has dished out the ideal 

combination of sarcasm and valuable wisdom -  exactly what an academic big brother is 

there for. Chris Shughrue, Deepti Chatti, Erica Barth Naftilan, Alex Moore, and Sayd 

Randle have been phenomenally loyal peers over their years and have helped me develop 

a deeper understanding of environmental issues. Monte Kawahara, Ben Goldfarb, and 

Omar Malik continuously help me reflect on critical issues in science and the 

environment. Many thanks to Adam Roddy, Phoebe Zametske, Arthur Middleton,
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Lindsey Swierk, and Anne Trainor, and Eric Erkenbrack -  these post docs in my life have 

consistently supported me over the years. And to Karin Burghardt and Marlyse Duguid, 

you have provided unbounded intellectual and emotional encouragement and, without 

you both, there would be no chapter 1. These many scientists, and many more, have 

remained a close family, helping me grow as a person and scholar. Deprived of this 

community, my dissertation would have truly been a mess.

Prior to Yale I was fortunate to have the mentorship of three herpetologists who 

hooked me on research. Brad Shaffer, Bob Thomson, and Amber Wright taught my 

herpetology course when I was in my second year at UC Davis. Not only did they teach 

this course with a love for the organisms they chose to study, but they used reptiles and 

amphibians as vivid illustrations of complex lessons in evolutionary biology and ecology, 

from phylogeny to community assembly. After this course, Brad, Bob, and Amber 

encouraged me to get my feet wet in research and agreed to mentor me on my first 

research project. Their guidance on this project not only led to a publication but, by 

integrating me into their research group, demonstrated how exciting it was to pursue a 

career in science. It was because o f this experience that I was motivated to seek out other 

research experiences with two other wonderful mentors, John Eadie and Brian Todd, at 

UC Davis. These biologists pushed me to where I am today.

In Brad’s lab, I was fortunate to have found a lasting group of companions. Adam 

Clause, Hilary Rollins, Genna Mount, Ben Johnson, Jenn McKenzie, and Robyn Screen 

began our careers together and have continued our graduate experiences across the 

country. The support and friendship of this group from the beginning has been 

invaluable.
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Bribiescas, Jim Saiers, and Mark Ashton deserve many thanks as do Jake Musser, Amber 

Roman, Meredith Van Acker, Dan Field, Sarah Federman, Sam Snow, Erin Burke, and 

Dan MacGuigan.

I have to have to acknowledge the Peabody Museum of Natural History as my 

home away from home throughout graduate school. My love for the extraordinary 

diversity o f life on Earth flourished in these collections. Greg Watkins-Colwell, most of 

all, has kept my love o f the natural world alive. In addition to facilitating many aspects of 

my dissertation and training me in myriad museum practices, he has remained a close 

friend. Peabody staff including Susan Rodrigues, David Heiser, Tim White, Sharon 

Rodriguez, Kristof Zyskowsky, Larry Gall, Patrick Sweeney as well as the small army of 

undergraduate assistants have helped keep the Peabody an exciting place to be a part of. I 

can only hope to be a part of a museum like this at a later point in my career.

Finally, I am grateful to the many homeowners who willingly allowed a weird 

guy wearing waders and wielding a dipnet to catch tadpoles and frogs in their backyard 

ponds.
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In tro ductio n

“Among the vertebrates there is no group o f  animals which have more often or more 

successfully served in experiments on sex reversal than the frogs ” — C. L. Foote and E. 

Witschi (1939)

My goal with this dissertation is to more closely examine the relative contribution of 

genetics and environmental conditions that may shape the sexual trajectory of developing 

tadpoles. How sex is determined has remained a fascination of biologists for well over a 

century (Darwin 1881). Amphibians are the original model taxon for studying sexual 

differentiation and sexual development in animals (Foote and Witschi 1939). Yet, the 

array o f mechanisms underlying sex determination in amphibians remains surprisingly 

unclear. At the turn of the 20th century, experimental zoologists understood that sex in 

amphibians was to an extent innate (genetically-based) but believed chromosomes do 

“not offer a satisfactory explanation [for sex]” (King 1909). King and her contemporaries 

assaulted tadpoles with a battery of environmental stressors (e.g., alcohol, acid, heat), to 

understand what skewed frog sex ratios (King 1909, 1910, Witschi 1929). While the 

scientific community’s understanding of the link between genetic inheritance and sexual 

development was in its infancy, biologists understood that some underlying mechanisms 

shaped the sexual fate o f amphibians but they also understood that diverse rearing 

conditions were important too.

By the middle o f the 20th century, Susumu Ohno laid the foundation for the study 

of sex chromosomes in vertebrates. After karyotyping the sex chromosomes of numerous
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vertebrate taxa, he concluded that “the chromosomal sex-determining mechanism does 

not exist in lower vertebrates [fishes and amphibians]” (Ohno 1967). Ohno based this 

claim on the fact that almost no amphibians have heteromorphic (different shaped) sex 

chromosomes, as is common in mammals, birds, and non-avian reptiles. However, Ohno 

further argued the sex chromosomes in anamniotes are “simply nascent and still at the 

early stages of differentiating”. While Ohno perhaps believed there to be a genetic basis 

to sex determination in amphibians and fishes, he thought it was weak relative to that 

observed in amniotes and thought environmental conditions predominantly drove sexual 

development.

During the latter half o f the 20th century, biologists came to a new conclusion: 

“the available evidence for amphibians suggests that sex determination is controlled 

exclusively by genetics under natural conditions” (Hayes 1998). It is now widely held 

that sex in amphibians is entirely genetically-based and that any influence of the 

environment is an aberrant response to anthropogenic conditions. This conclusion at the 

end o f the last century has been mirrored in every discussion of amphibian sex since 

(Eggert 2004, Nakamura 2009, Sarre et al. 2011, Orton and Tyler 2015, Miura 2017).

But does it make sense amphibian sex determination is strictly genetic with no 

room for natural environmental forces to influence sexual development? The most recent 

phylogenetic analysis suggests that amphibians have experienced at least 32 transitions 

among genotypic sex determining mode (e.g., XX-XY or ZZ-ZW sex chromosome 

systems, as in mammals or birds, respectively; Evans et al. 2012). During the course of 

this dissertation, at least two new sex determining modes (Roco et al. 2015, Gazoni et al. 

2018) were discovered in amphibians, which would increase the known number of
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transitions! In fishes and squamates, it is recognized that there have been numerous 

transitions among strict genotypic sex determination, strict environmental sex 

determination, and taxa with combined genotypic and environmentally-influenced sex 

determining modes (Capel 2017). Most mechanistic models invoke the evolution of 

environmentally-sensitive sexual development in driving patterns of frequent transitions 

in sex determining modes amongst fish and squamate taxa (Bull 1981, Quinn et al. 2011, 

Schwanz et al. 2013, Muralidhar and Veller 2018). It seems surprising, then, that given 

the frequent transitions among genotypic sex determining modes, there is believed to be 

no natural role for environmentally-influenced sexual development in amphibians.

Prior to my dissertation, I studied metamorphosing froglets in ponds surrounded 

by varying degrees of forests and suburban neighborhoods. I found that sex ratios in these 

metamorphs were consistently male-biased in all forested ponds and increasingly 

dominated by females as ponds were surrounded by more residential suburbs (Lambert et 

al. 2015). Because it has traditionally been challenging to genotypically sex amphibians, 

laboratory studies on larval amphibians typically use skewed sex ratios at metamorphosis 

as a proxy for sex reversal (Witschi 1929, Hayes et al. 2011). In these cases, it is believed 

that a male-biased sex ratio occurs when a proportion of genotypic females sex reverse 

into phenotypic males, and vice versa. The sex ratios of metamorphosing frogs inhabiting 

forested and suburban ponds might suggest, then, that sex reversal is common and 

perhaps even not strictly a response to anthropogenic contaminants. This finding began to 

challenge our understanding of a strict genetic basis to sex in amphibians and re-opened a 

case for natural environmental contributions to sex determination in amphibians. In this 

dissertation, I attempt to better understand whether sex reversal occurs in wild amphibian
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populations and, if so, what factors might drive sex reversal and whether sex reversal 

leads to offspring sex ratio biases.

In chapters 1 and 2 ,1 experimentally test whether the natural cocktail of 

chemicals produced by living plants is capable o f altering sex ratios in amphibian. One of 

the most common categories of chemicals I found in suburban ponds were a series of 

phytoestrogens, or estrogenic compounds produced by a diversity of plant taxa. Legumes, 

in particular, exude myriad phytoestrogens in high concentrations and the clovers 

regularly found in lawns are some of the best studied phytoestrogen producers. In chapter 

1 ,1 show that clover root exudate produces male-biased sex ratios in metamorphosing 

tadpoles and accelerates male, but not female, metamorphic rates. Next, I tested whether 

leaf litter leachate influences amphibian sexual development in Chapter 2. I crossed these 

leaf litter leachate treatments with sodium chloride, a common road de-icing salt which 

runs off into suburban ponds. I found that oak, but not maple, leaf litter has slight 

feminizing effects on sex ratios but that road salt has a consistent masculinizing effect 

across leaf litter treatments. Additionally, I show that oak leaf leachate induces sexual 

size dimorphism and that road salt negates this effect. Combined, these two experiments 

show that compounds naturally produced by living plants have the ability to influence not 

only sex ratios but also sex-specific somatic development in amphibian larvae. 

Additionally, the effects of sodium chloride indicate that amphibian sex ratios and sex- 

specific somatic development are sensitive to inorganic chemicals, rather than only 

organic molecules which have typically the focus of experimental research.

While metamorph sex ratio biases are suggestive of sex reversal, assessing 

whether individual frog genotypic and phenotypic sexes are discordant is critical to
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adequately test whether sex reversal is occurring. In chapter 3 ,1 use DArTseq, a form of 

genome complexity reduction and next generation sequencing to identify multiple sex- 

linked genetic markers for the green frog. These are the first sex-linked genetic markers 

for any amphibian in the New World and represent a critical tool for analyzing the 

relative contributions of genetics and the environment in guiding amphibian sexual 

trajectories.

In chapter 4 , 1 use these new genetic sex markers to explore the occurrence and 

frequencies of sex reversal in adult green frogs from 16 populations. I find that sex 

reversal in adult green frog cohorts is common across populations and occurs 

bidirectionally (i.e., there is male-to-female and female-to-male sex reversal). Perhaps 

most surprising is that sex reversal occurs in all undeveloped, forested ponds and sex 

reversal frequencies are not associated with human land use. Interestingly, no 

environmental variables explain sex reversal frequencies across in adult green frog 

populations, suggesting that the drivers of sex reversal are complex.

Finally, in chapter five, I take a more comprehensive look at what might be 

driving metamorph sex ratio variation in wild populations. Using the sex-linked markers,

I show that metamorphosing cohort sex ratios are not biased because they are comprised 

of sex-reversed individuals. I also test whether green frog sex ratios are skewed at 

fertilization and whether sex-biased mortality might contribute to sex ratio variation at 

metamorphosis. While I find little support for sex-biased mortality, some clutches, and 

even cohorts, have sex ratios which are skewed towards males. This perhaps suggests that 

adult sex-reversed phenotypic females are breeding and producing a disproportionate 

number of sons into some offspring cohorts. While sex reversal may not directly explain
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phenotypic sex ratio variation, it may indirectly influence cohort sex ratios. Results from 

this chapter show that the processes shaping offspring cohort sex ratios are more complex 

than previously examined and that sex reversal is not a reliable assumption underlying 

skewed sex ratios in wild amphibian cohorts.

This dissertation revisits sex determination in amphibians as being under strict 

genetic control in wild amphibians. My research demonstrates that sex reversal is a 

common process in amphibians and that sex reversal can be the product o f not only 

anthropogenic but also natural mechanisms. These results begin to offer evidence that sex 

reversal is an evolutionarily important mechanism in amphibians. In particular, this work 

should encourage investigations into whether sex reversal may be adaptive in certain 

contexts and whether it may contribute to the frequent transitions in sex-determining 

mode among amphibian taxa. Results from these studies will hopefully motivate future 

research exploring the diversity of genetic and environmental contributions to sexual 

development throughout the amphibian tree of life.
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CHAPTER 1 

Clover root exudate produces male-biased sex ratios and accelerates male 

metamorphic timing in wood frogs

Publication Status: Lambert, M. R. 2015. Clover root exudate produces male-biased sex ratios 

and accelerates male metamorphic timing in wood frogs. Royal Society Open Science 2: 

http://dx.doi.org/10.1098/rsos.150433 (Chapter formatted to journal standards).

ABSTRACT

In amphibians, abnormal metamorph sex ratios and sexual development have almost 

exclusively been considered in response to synthetic compounds like pesticides or 

pharmaceuticals. However, endocrine-active plant chemicals (i.e., phytoestrogens) are 

commonly found in agricultural and urban waterways hosting frog populations with 

deviant sexual development. Yet the effects of these compounds on amphibian 

development remain predominantly unexplored. Legumes, like clover, are common in 

agricultural fields and urban yards and exude phytoestrogen mixtures from their roots. 

These root exudates serve important ecological functions and may also be a source of 

phytoestrogens in waterways. I show that clover root exudate produces male-biased sex 

ratios and accelerates male metamorphosis relative to females in low and intermediate 

doses of root exudate. My results indicate that root exudates are a potential source of 

contaminants impacting vertebrate development and that humans may be cultivating 

sexual abnormalities in wildlife by actively managing certain plant species.
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INTRODUCTION

Human activities like agriculture and suburbanization are associated with altered 

frog sex ratios at metamorphosis [1,2]. Sex ratio biases and other sexual abnormalities are 

hypothesized to be due to pesticides, pharmaceuticals, or other wastewater contaminant 

exposure [3-7]. With a focus on synthetic chemicals, minimal attention has been given to 

natural chemicals, such as phytoestrogens produced by plants. Analyses of individual 

phytoestrogens indicate that phytoestrogens readily impact hormone pathways important 

in vertebrate sexual development [8]. Despite this, we know little about how 

phytoestrogens enter waterways or what the biological effects of relevant phytoestrogen 

mixtures are [9].

Phytoestrogens are ubiquitous in waterways from agricultural [9-11] and 

urbanized [2,12] landscapes. Recent evidence shows that the diversity of phytoestrogens 

in suburban ponds is positively correlated with the amount of surrounding anthropogenic 

vegetation, like lawns [2]. Interestingly, the presence of phytoestrogens in suburban 

ponds is also associated with abnormal frog sex ratios [2]. Phytoestrogens are assumed to 

originate from runoff o f water over plant above-ground biomass [11]. However, root 

exudation (Figure 1) presents an alternative mechanism for phytoestrogen contamination 

[2]. Phytoestrogens with known estrogenic properties [13] are released in the chemical 

slurry exuded from living plant roots [14]. Functionally, root exudate phytoestrogens are 

used for allelopathy and inducing symbiotic mycorrhizal fungi growth [15,16]. 

Phytoestrogenic root exudates can become concentrated in soil [9,10] and can 

hypothetically transit into waterways.
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Legume roots are remarkably estrogenic, producing an equivalent of 4,000 pg 

estradiol (E2) per mg of plant fresh weight [17]. For reference, ovulating rats produce 

around 2.2 pg E2 per mg plasma [18]. Importantly, in vitro root estrogenic activity can be 

two orders of magnitude more estrogenic than above-ground plant tissues [17], indicating 

that root exudates may be a more likely source o f environmental phytoestrogen 

contamination than above-ground tissues. No one has yet tested whether root exudates 

are potent enough to impact vertebrate development.

This experiment is motivated by recent evidence that phytoestrogen diversity 

(e.g., daidzein, formononetin, coumestrol) in suburban backyard ponds is associated with 

deviant frog sex ratios [2]. Because the diversity of phytoestrogens, rather than 

phytoestrogen concentrations, was positively associated with an increasing proportion of 

females in metamorphic frog sex ratios, my goal was to evaluate how a natural cocktail of 

phytoestrogens might potentially affect tadpole development. Here, I examine the 

impacts of root exudates from red clover (Trifolium pratense), a legume, on sex ratios 

and somatic development (metamorphic rate and mass-at-metamorphosis) of wood frogs 

(Rana sylvatica = Lithobates sylvaticus). I chose red clover because it is a common 

component of suburban yards and agricultural fields [15] where aqueous phytoestrogens 

have been detected and is a plant species well known to produce phytoestrogens like 

daidzein, formononetin, biochanin A, and genistein [10], even in its roots [19].

METHODS

Plant Growth: Here, I test whether root exudate impacts metamorphosing frog sex ratios 

and somatic developmental rates. I focus on seedling red clover (Trifolium pratense), a
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species known to produce phytoestrogens, both in lab [ 19] and field [11, 20] 

environments and which is common both in agricultural areas [11] and suburban yards 

[21]. I reared red clover plants at three densities: low, medium, and high (Figure 2 A,B). 

Low densities were -50  seeds (0.12 g seeds), medium densities were -500 seeds (1.22 g), 

and high densities were -1,000 seeds (2.44 g). I weighed twelve vials of each seed 

density (36 seed vials total). For surface sterilization, I soaked seeds in 95% ethanol for 5 

minutes followed by bleach (8% NaOCl) for 10 minutes and then 5 rinses with distilled 

water. I then left the seeds in 300mL of distilled water for 48 hours to germinate. At the 

end of 48 hours, I laid seeds on cheese cloth I moistened with distilled water. I laid each 

piece of cheese cloth in a jar filled with 200 mL o f distilled water so that the seeds were 

just below the surface of the water. Six days later, I turned fluorescent lights on above 

each set o f seeds. I replaced the water every two to three days and changed water for all 

plants of a given age on the same day. Seven days after the lights were turned on, I 

extracted root exudates from each jar o f seedlings by removing the cheese cloth and 

seedlings from their jar, rinsing the jar thoroughly with distilled water, dampening the 

cheese cloth with distilled water, and replacing the cheese cloth and seedlings into 

200mL of fresh distilled water such that only the roots were below the surface of the 

water. After 24 hours, I pooled exudate from each plant density into separate 2,000 mL 

glass beakers. For each dosing, I always used clover seedlings that were two weeks old. 

The first tadpole dosing used root exudate form clover seedlings that began germinating 

on 05 April, 2014, were laid on cheesecloth and set in water on 07 April, 2014, were 

under fluorescent lights beginning 13 April, 2014, and which began root exudate 

extraction on 20 April, 2014.
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Egg Collection Tadpole Rearing'. On 09 April, 2014 I collected two freshly-laid wood 

frog egg masses from a single pond (41.320662, -72.992365) in the Yale Natural 

Preserve, New Haven, CT, USA and maintained them in a glass container in an incubator 

between 4°C-6°C until 13 April, 2014 at which point I placed eggs in glass containers in a 

temperature-controlled room at ~19°C. On 21 April, 2014 all larvae were free-swimming 

and resorbed gills (Gosner 25) [22], at which point I randomly allocated individuals from 

each egg mass to each clover treatment or a distilled water control treatment. Jars 

contained 300mL reconstituted distilled water (see below) and I immediately began 

dosing each tadpole with 40mL of treatment solution. The final volume for each tadpole 

jar was 340mL.

I maintained tadpoles individually in unique glass jars [23] with 300 mL o f water. 

Maintaining tadpoles singly eradicates pseudoreplication. For water, I used distilled water 

that was allowed to de-gas and reach room temperature overnight in stainless steel pots. 

To maintain osmolarity similar to field conditions (i.e., specific conductance of ~100pS),

I added 0.06 g aquarium salt per liter of distilled water. Every Monday and Friday of the 

experiment, I either pipetted tadpoles into glass pipettes when at early developmental 

stages or gently poured the water and more-developed tadpole onto a stainless steel 

strainer, rinsed the jar with a fast stream of distilled water, refilled the jar with new water, 

and fed the tadpoles. I fed tadpoles twice weekly, feeding each animal —1/10 of its body 

weight per day such that I stocked each tadpole jar -3/10-4/10 of its bodyweight twice a 

week. I fed tadpoles a 4:1 mixture of rabbit chow and fish food by mass. Because alfalfa 

contains phytoestrogens [24], I used Kaytee™ Premium Alfalfa Free Timothy Fiber
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rabbit chow (13.0% crude protein, 1.5% crude fat, 25.0% crude fiber). For fish food, I use 

TetraFin Goldfish Crisps (44.0% crude protein, 13.0% crude fat, 2.0% crude fiber).

I checked tadpoles daily for health. I euthanized all animals on the day they 

reached metamorphosis (i.e., when both forelimbs emerged; Gosner Stage 42) [23, 25] 

with an overdose o f MS-222. After two days o f no additional tadpoles metamorphosing, I 

euthanized remaining tadpoles. I immediately measured metamorph mass and fixed the 

carcass in Bourn’s solution. I then sexed each individual (Figure 2 C, D) under a Leica 

MZ125 dissecting microscope and photographed gonads with a TSView7 camera. Wood 

frog metamorphs can easily be sexed by gross gonadal morphology at metamorphosis by 

observation of immature, lobed ovaries or unpigmented, smooth testes [6, 25, 26].

Statistical Analyses: I asked three primary questions with these data. First, do metamorph 

sex ratios differ from parity when tadpoles are exposed to clover root exudate? Second, 

does clover affect sex-specific metamorphic timing? Third, is metamorph mass 

influenced by clover root exudate? I used the program R (versions 3.1.1, R Core Team) 

for all analyses. For all models, if block was not significant I removed it from the model.

For the first question, I used chi-squared analyses to determine whether sex ratios 

in the control and three clover treatments different from equal proportions of males and 

females.

For the second question, I used linear models (“lm” function in R) to model 

whether males and females differed in metamorphic rates among treatments. I modeled 

metamorphic day initially as a fully-saturated model incorporating a three-way 

interaction between metamorph sex, clover dose, and block. I iteratively removed non
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significant terms from the model until all terms were significant. Lastly, for each sex 

separately I used a linear model and Tukey’s post-hoc tests with the mcp function in the 

R package “multcomp” to determine if metamorphic timing varied among treatments.

For the third question I similarly used a linear model to analyze whether 

metamorph mass varied as a function of clover treatment, time-to-metamorphosis, 

genotype, sex, and block.

RESULTS

All metamorph specimens are permanently catalogued with a unique “MRL” tag number 

(see dataset) at the Yale Peabody Museum of Natural History along with tail and liver 

tissue samples stored in RNAlater (Qiagen).

Non-Metamorphosing Tadpoles’. Seven animals, one control and two from each clover 

treatment, were excluded from analyses.

Only one tadpole (MRL 070) died during this experiment. This tadpole was in the 

low-dose treatment on died 26 April 2014, three days after the experiment started.

Three tadpoles, one from the control treatment (MRL 229) and two from the 

medium-dose treatment (MRL 227, MRL 228) were arrested in development (Gosner 

stages 25-36) and never reached metamorphosis. One high-dose tadpole (MRL 199) 

developed one forelimb but not the second; this tadpole was maintained in this condition 

for four days at which point it was euthanized. This tadpole’s sex was used in sex ratio 

analyses but no other analyses. The kidney-gonad complexes from one low-dose (MRL
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118) and one high-dose (MRL 183) metamorph were damaged during dissection and 

could not be sexed and these metamorphs were excluded from analyses.

Sex Ratios: In the control treatment, there were 20 males and 19 females (48.7% female, 

X2 = 0.026, p = 0.87). In the low treatment, there were 21 males and 17 females (44.7% 

female, x2 = 0.421, p = 0.52). In the medium treatment, there were 21 males and 17 

females (44.7% female, x2 = 0.421, p = 0.52). The high-dose treatment exhibited a 

significant male bias (Figure 3) with 28 males and 11 females (28.2% females, x2 = 7.41, 

p = 0.007).

Sex-specific Metamorphic Timing: Clover root exudate impacted metamorphic timing,

particularly for males (Figure 4). The final model had a significant clover dose by sex 

interaction (P = 0.02) and a significant block effect (p < 0.001). Because of the 

significant interaction, I ran individual models for each treatment. Controlling for block, 

males and females did not differ in metamorphic rates in the control or high dose 

treatments (both p > 0.05). In the low dose treatment, males metamorphosed faster than 

females (p = 0.01); the final model included a significant block effect (full model R2 =

0.34, p = 0.001, F = 5.6994,33). In the Medium dose treatment, block was not significant 

(p > 0.05) and was removed from the model; like the low dose treatment, males 

metamorphosed faster than females (R2 = 0.11, p = 0.02, F = 5.4721,36).

For males, the linear model comparing day-of-metamorphosis found no effect of 

genotype (p > 0.05) but, controlling for block, there were differences among treatments 

(R2 = 0.23, p < 0.001, F = 5.3916,83). Tukey’s post hoc tests indicated that low dose males
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metamorphosed earlier than control males (p = 0.04) and high dose males (p = 0.003) but 

not medium dose males (p > 0.05). No other pairwise comparisons were significant.

For females, the linear model found no effect of genotype on day-of- 

metamorphosis and there were no differences in day-of-metamorphosis among treatments 

even when controlling for block (p > 0.05).

The average day-of-metamorphosis in the control group was 7.4 (± 0.62) days for 

males and 7.3 (± 0.65) days for females, in the low group it was 5.05 days (± 0.49) days 

for males and 6.88 (± 0.62) for females, in the medium group it was 6.5 (± 0.53) days for 

males and 8.12 (± 0.38) days for females, and in the high group it was 7.93 (± 0.54) days 

for males and 6.55 (± 0.71) days for females).

Mass: For females, the model found that day-of-metamorphosis, genotype, and block 

were all non-significant (p > 0.05). A Tukey’s post hoc test found no significant 

differences among treatments (all p > 0.05), though low dose females were trending 

towards being lighter than high dose females (p = 0.09)

For males, the model found no effect of block or genotype (both p > 0.05) but 

found a significant effect of day-of-metamorphosis (p = 0.03). A Tukey’s post-hoc test 

when controlling for day-of-metamorphosis found no significant differences among 

treatments, though high dose males were trending towards being heavier than control 

males (p = 0.067).
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DISCUSSION

Plant root exudates can cause sex ratio biases in frogs, implying sex reversing 

effects. The magnitude and type of effects reported here are comparable to responses seen 

in frogs exposed to pesticides [5] and pharmaceuticals [4,6]. This is the first in vivo 

demonstration that root exudates impact vertebrate sexual and somatic development.

Root exudation is an unaccounted for source o f contamination that may be 

contributing to abnormal sexual development in wildlife. With 9.5 million ha of lawn 

[27] and 34.3 million ha of soy [28] planted in the United States, a combined area larger 

than California, the impacts of hormonally-active root exudates could be pervasive. Many 

legumes are planted to enhance soil quality or are important crops [15,21]. Management 

for such plants could contaminate aquatic habitats with phytochemicals capable of 

interfering with typical vertebrate development. The results presented here indicate that 

the impacts of root exudates on aquatic organisms deserve more attention.

While limited is known about the physiological basis of sexual differentiation in 

wood frogs, some recent evidence suggests that aromatase expression is elevated in 

developing female R. sylvatica relative to developing males [29], indicating that 

estrogens are likely important for ovarian differentiation while androgens are likely 

important for testicular differentiation. Most hormonally-active chemicals studied 

produce female-biased sex ratios in frog metamorphs [4-6]. Interestingly, wood frog sex 

ratios here were biased towards males. One explanation for this is that some taxa have 

unexpected masculinizing responses to otherwise feminizing chemicals, where estrogen 

exposure produces all males rather than all females [30]. If root exudates are estrogenic,
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wood frogs may counterintuitively become masculinized. Furthermore, different species 

exposed to the same estrogenic chemical can differ in their physiological responses [8]. 

Further work is needed to understand whether the masculinizing effect seen here is 

species-specific and if  root exudates are more typically feminizing.

Alternatively, clover exudate may be more androgenizing than estrogenic. 

Limited evidence suggests that plant compounds thought to be estrogenic can have net 

androgenic effects [31]. The chemical mixture in root exudates may therefore, in whole, 

be predominantly androgenic. Furthermore, the diversity of hormonally active 

phytochemicals exhibit an array of agonistic and antagonistic effects on estrogen and 

androgen receptors [32], indicating that chemicals in clover root exudate may 

alternatively impose an antiestrogenic influence on wood frogs rather than a direct 

androgenic effect. The physiological impact of chemical mixtures produced by plants on 

vertebrate sexual development may also vary between plant species [33]. More work is 

certainly needed to understand the effects of chemical mixtures produced by a variety of 

plant species on vertebrate development. The results here indicate that developing an 

understanding of how different plant species impact the physiology and development of 

animals will be a fruitful research direction. In particular, we need to explore whether 

root exudates, as well as the chemical mixtures produced by other plant organs, have 

similar hormonal impacts throughout the vertebrate body (e.g., gonads versus brain).

The other pattern emerging from these data is sex-specific metamorphic onset. 

Specifically, in the low and medium dose treatments, males metamorphosed faster than 

females. This result appears to be due to males metamorphosing earlier when exposed to 

root exudate, rather than females metamorphosing more slowly (Figure 4). Recent work

34



demonstrated that female wood frog tadpoles on a high-food diet exhibited faster 

metamorphic rates than males; a low-food diet increased this difference [26]. Another 

study on wood frogs found that, in control treatments, females metamorphosed later than 

males but that exposure to an herbicide eliminated sex differences in metamorphic timing 

[25]. In contrast, my results show that females metamorphose later than males only when 

exposed to clover root exudate. Together, my current study and these two prior studies 

indicate that environmental factors can have significant impacts on the relative 

developmental timing between sexes. Because males and females reared in the absence of 

root exudate did not differ in developmental rates, it is likely that differences in 

development rates between the sexes may not be innate but rather due to exogenous cues. 

One study demonstrated that short term exposure to the phytoestrogen genistein can 

inhibit tail resorption in metamorphosing bullfrogs (R. catesbeiana) via the thyroid 

hormone pathway [34]. This means that outside o f influencing sex steroid regulation and 

sexual differentiation, phytochemicals may have a larger effect on other hormonal 

pathways than is generally appreciated. The extent to which phytochemicals impact 

metamorphosis and other physiological processes is sex-specific is currently an open 

arena for research. Furthermore, whether developmental rates differ among sexes in wild 

populations is unknown. Because variation in larval developmental rates has 

consequences for terrestrial stages and fitness [35], differences in metamorphic timing 

between the sexes may lead to sex-specific variation in carryover effects.

This experiment was directly motivated by evidence showing that deviant frog 

metamorph sex ratios are associated with the presence of a diversity of phytoestrogens in 

suburban ponds [2]; this same diversity of phytoestrogens is also commonly found in the
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root exudates of plants, including clovers [14-16]. The results here should be interpreted 

with some caution, however, as it is currently unclear what the relationship may be 

between the concentrations of chemicals experienced by tadpoles in this experiment 

relative to the concentration of chemicals present in the environment due specifically to 

root exudates. Furthermore, the hypothesis that phytoestrogen mixtures in root exudates 

contaminate surface waters is not restricted to production by only red clover. Rather, it is 

likely that a diversity of plants contribute phytoestrogens to waterbodies. Understanding 

the contribution of phytoestrogens, both from clovers as well as other plant species, to 

surface waters will necessitate further field experimentation. Regardless, this experiment 

questioned whether the amalgamation of chemicals present in root exudates was capable 

o f impacting tadpole development; the results from this experiment indicate that root 

exudates can certainly affect tadpole sexual and somatic development.

Plants root exudates can impact both sexual and somatic development in 

amphibians. My study highlights an important connection between plant ecology and 

vertebrate developmental biology. Without discrediting the impacts of synthetic 

chemicals, plant chemicals may be a contributing cause of abnormal sexual development 

in agricultural and suburban environments. Future work should be targeted at 

understanding the relative impacts of plant chemicals on vertebrate development in 

different ecological contexts.

Ethics Statement: This work complies with Yale IACUC Protocol 2013-10361.

Data Accessibility: Raw data are in the electronic supplement.
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FIGURES

Figure 1: Conceptual diagram illustrating parallel impacts from plants like (i) 

agricultural soy or (ii) clover in suburban yards on developing (iii) and adult (iv) 

amphibians from root exudates. These exudates are hormonally active and hypothetically 

transit through the soil into aquatic ecosystems, impacting amphibian development. 

Designed by Monte Kawahara.
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Figure 2: Images o f experimental red clover (Trifolium pratense) seedling vegetative (A) 

and root (B) tissues grown hydroponically at three densities from left to right. Tadpoles 

exposed to root exudate were sexed by gross gonadal morphology as either males (C) or 

females (D). Brackets indicate the length of the gonad (testes -  T, ovary -  O). Also 

represented are fat bodies (FB) and kidneys (K).
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Figure 3: Counts of male and female metamorphs in each root exudate treatment and sex 

ratio pie charts. Asterisk indicates significant deviation from parity.
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Figure 4: Boxplots of metamorphic timing over thirteen days for both sexes in each 

treatment. In each box, bold lines represent the median while black diamonds represent 

the mean. The boxes are the first and third quartiles while the vertical lines are the 

highest and lowest value within the interquartile range. Letters above boxes indicate 

Tukey’s post-hoc comparisons; lower case letters for females and upper case letters for 

males indicate separate analyses for each sex. Asterisks at the bottom of each panel 

indicate significant pairwise differences between males and females within a given 

treatment. Males from the Low and Medium treatments metamorphosed faster than 

females from the same treatments. This is in part due to accelerated metamorphic rates of 

males from these two treatments compared to the Control males.
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CHAPTER 2

Interactive effect of road salt and leaf litter on wood frog sex ratios and metamorphic

sexual size dimorphism

Publication Status'. Lambert, M. R., Stoler, A. B, Smylie, M. S., Relyea, R. A., and D. K. Skelly. 
2016. Interactive effect o f road salt and leaf litter on wood frog sex ratios and 
metamorphic sexual size dimorphism. Canadian Journal o f  Fisheries and Aquatic 
Sciences'. DOI: 10.1139/cjfas-2016-0324. (Chapter formatted to journal standards).

Abstract: Myriad natural and anthropogenic chemicals alter aquatic vertebrate sex ratios, 

with implications for population dynamics. Despite 22 million metric tons of salt applied 

to US roads annually, with much of it entering aquatic environments, it is unknown 

whether salt impacts sex ratios. Moreover, changes in forest composition co-occur with 

increased road salt application, dramatically changing ecosystems. We explore how road 

salt (sodium chloride) and two leaf litter types might influence amphibian development. 

By examining wood frog metamorphs reared with different combinations of salt (114 mg, 

867 mg Cl L '1) and litter species (none, maple, oak) we show that salt masculinizes 

tadpole sex ratios whereas oak, but not maple, litter feminizes populations. Road salt 

addition eliminates sexual dimorphism in oak-reared tadpoles, but enhances sexual size 

dimorphisms in maple-reared tadpoles, producing larger females. We are the first to show 

that road salt and native tree leaf litter manipulates vertebrate sex ratios and sex-specific 

development. Human land use might therefore influence vertebrate development through 

direct effects of contamination and indirect effects of altered botanical composition.
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Introduction: Anthropogenic changes to natural habitats are frequently coupled with 

changes in organic and inorganic chemical loading in ecosystems. For example, suburban 

ponds are increasingly contaminated with a milieu of trace elements from runoff as well 

as organic chemicals from septic systems and lawns (Lambert et al. 2015). Many organic 

chemicals alter hormonal activity in vertebrates, subsequently influencing sexual 

development (Kloas et al. 2009; Lambert and Skelly 2016). Experiments have assessed 

the effects of numerous individual chemical contaminants (e.g., pesticides) on vertebrate 

development, often showing deviant gonad structures and sex ratios (Kloas et al. 2009). 

However, less attention has been given to the hormonal effects of inorganic contaminants 

or the effects of natural chemical sources (e.g., from plant matter) that might change 

concurrently with human land use. Evidence from in vitro breast cancer cell lines shows 

that inorganic trace elements, including a diversity of salts, can interact with sex hormone 

pathways in similar ways as more commonly considered organic chemicals (Choe et al. 

2003). Furthermore, recent work shows that feminization of wild frog populations is 

partly associated with increasing concentrations of inorganic chemicals (e.g., magnesium) 

with known estrogenic properties (Lambert et al. 2015). However, little experimental 

work has assessed whether inorganic chemicals can impact sex hormone pathways or 

sexual development in vertebrates. One set o f inorganic contaminants of growing concern 

is road salts, which is increasingly used as a deicing agent. Annually, over 22 million 

metric tons o f road salt is currently applied to roads in the US (Findlay et al. 2011). 

Runoff of salt from roads has led to substantial increases in chloride concentrations in 

freshwater systems with diverse negative consequences for aquatic communities 

(Karraker et al. 2008, Van Meter et al. 2012, Brady 2013, Dananay et al. 2015). Although
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high levels (> 1000 mg Cl L '1) can be toxic to many organisms, sublethal effects of salt, 

including deviant sexual development, remain largely unexplored.

The same land use development (e.g., roads, commercial infrastructure, 

residential neighborhoods) that necessitates an increase in road salt also generates 

changes in the composition o f native, terrestrial flora that provide organic resource 

subsidies to freshwater systems (Lambert et al. 2015, Stoler and Relyea 2016, Stoler et al. 

In Review). For example, changes in floral composition can occur through active 

landscaping practices (Lambert et al. 2015) or through increased herbivory, due to higher 

deer densities associated with human residences (Abrams 1998). Changing floral 

communities are important because there is growing interest in understanding whether 

plant-derived chemicals (i.e., phytochemicals) affect vertebrate sexual development 

(Hermelink et al. 2010; Kolpin et al. 2010). Various phytochemicals elicit estrogenic and 

androgenic effects (Bovee et al. 2008), and hormonally-active phytochemicals are 

commonly found in waterways from agricultural and urbanized landscapes (Kolpin et al. 

2010; Lambert et al. 2015). Recent work showed that red clover (Trifoliumpratense) root 

exudates, which contain hormonally-active phytochemicals, masculinized sex ratios of 

metamorphosing wood frogs (Rana sylvatica\ Lambert 2015). Similarly, yeast bioassays 

show that English oak (Quercus robur) leaves exhibit slight anti-androgenic and 

estrogenic properties when leached over short (24 hr) periods (Hermelink et al. 2010). 

While we know that some plant species can exert hormonal effects on developing 

wildlife, no studies, to our knowledge, have assessed the hormonal effects of dominant 

tree species in the northeastern United States. Given ongoing declines and compositional
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shifts in forests around the globe (Crowther et al. 2015), there is an immediate need to 

further understand whether changing tree composition influences vertebrate sex.

Little attention has been given to the independents effects of inorganic chemicals 

or chemicals produced by plants on sexual development, and even less work has explored 

how these different chemical classes interact to alter sexual development and sexual 

dimorphisms (Kortenkamp 2007). This is problematic because most aquatic systems are 

subject to diverse contaminants simultaneously (Cote et al. 2016). Here, we examined 

whether road salt additions and leaf litter of two tree genera (red maple [Acer rubrum\ 

and mixed oak [two Quercus spp.]) independently and interactively influence wood frog 

sex ratios and sexual size dimorphisms of wood frog metamorphs. Although salts are 

known to bind to estrogen receptors in in vitro cell lines (Choe et al. 2003), it is unclear 

whether salts have agonistic or antagonistic influences on the estrogen pathway. Because 

of this, we predicted that salt will influence sexual development in wood frogs but cannot 

predict the direction (feminizing or masculinizing) of this effect. On the other hand, 

because leaf litter -  and particularly oak litter - shows estrogenic and anti-androgenic 

properties in in vitro yeast assays (Hermelink et al. 2010), we predicted that the presence 

of leaf litter would generally feminize wood frog sex ratios relative to no-litter 

treatments. To test these predictions, we capitalized on experimental wood frog 

specimens preserved from a prior study evaluating the effects of different leaf litter 

species and road salt on aquatic ecosystem properties (Stoler et al. In Review).

Methods: This work was approved by RPIIACUC #REL-001-15
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Experimental Design'. Wood frog specimens from this experiment are a subset used in a 

prior experiment which evaluated community-level responses to different leaf litter and 

road salt additions. The experimental design is explained in detail elsewhere (Stoler et al. 

In Review). Briefly, we conducted our experiment during summer 2015 at the Rensselaer 

Aquatic Lab in Troy, New York. The original experiment consisted of three leaf litter 

treatments (no litter, red maple, and a mixture of black oak [Quercus velutina] and red 

oak [Quercus rubra]) crossed with four salt treatments (additions of 0 mg Cl" L"1, 100 mg 

Cl" L '1, 200 mg Cl" L '1, and 800 mg Cl" L '1). Both tree genera are common and dominant 

throughout temperate North America, but recent decades have seen an expansion of 

maple due to deer over-browsing on oak, logging, and fire suppression (Abrams 1998). 

Because our goal in our current study was to explore the possible range of effects of road 

salt, we only assessed wood frog individuals from the two most disparate salt treatments 

(additions o f 0 mg Cl" L_1and 800 mg Cl" L '1). These two salt concentrations are 

representative o f wetlands immediately adjacent to a treated roadway, as well as 

stormwater retention ponds (Environment Canada, 2001; Van Meter et al. 2012). We 

replicated each treatment four times. Our experimental units were 750-L plastic 

mesocosms positioned in a randomized grid array, filled with ~ 500 L of well water, and 

covered with 60% shade cloth. On 14 May, we added 20 g of rabbit chow to each 

mesocosm to simulate an initial nutrient and energy supply that would be present in 

natural systems after spring thaw. Three days after filling mesocosms, we analyzed the 

chloride concentration o f the well water, which was 60 mg Cl" L '1. We verified chloride 

levels in our mesocosms on day 25 by taking measurements with a calibrated, handheld 

multimeter (YSI) just below the water surface and just above the leaf litter. On average,
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chloride concentrations in the ambient and 800 mg Cl L ' 1 treatments were 114 mg and 

867 mg Cl L"1, respectively.

On 15 May, we added 250 g of dried leaf litter to all mesocosms, except for those 

mesocosms assigned to the no-litter treatment. We collected litter from local forests 

during spring 2015 and air dried it for one week. These litter concentrations mimic 

natural litter densities in forest ponds (Rubbo et al. 2008, Stoler et al. 2016). On the same 

day, we added 0.5 L of pond water to each mesocosm. This inoculation was a mixture of 

water collected from four local ponds and served as a source bacteria, fungi, algae, and 

zooplankton. All four ponds were moderately canopy-covered with tree species that 

included either maple or oak.

We added several larger consumers to mesocosms, including American toad 

tadpoles (Bufo [Anaxyrus] americanus), wood frog tadpoles (Rana sylvatica = Lithobates 

sylvaticus), and Physa acuta snails. We collected 10 wood frog egg masses from a single, 

local wetland. We hatched the eggs and reared the tadpoles in outdoor, common garden 

conditions with well water and rabbit chow ad libitum as a food resource. Once tadpoles 

reached Gosner stage 25 (Gosner 1960), we added 20 individuals to each mesocosm on 

28 May. American toad tadpoles weighed 40 ± 26 mg (p ± SE) and wood frog tadpoles 

weighed 122 ± 62 mg. We set aside 20 tadpoles to assess 24-hr survival due to handling 

effects, which was 100%. On the same day, we added nine adult snails to each 

mesocosm; the snails had also been collected from a single wetland.

After establishing the community in each mesocosm, we added NaCl road salt 

(Ice-a-Away Rock Salt Ice Melter, Compass Minerals; 100% NaCl) to the mesocosms on 

30 May, two days after establishing the community. We calculated the amount of salt to
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achieve our nominal chloride concentrations (see above) for resulting concentrations of 

60 mg L ' 1 and 860 mg L '1. We added salt by removing 20 L of water from each 

mesocosm, dissolving the salt into the removed water, and then slowly pouring the water 

back into the mesocosm. To ensure that the salt dissolved evenly throughout the 

mesocosms, we distributed the water across the surface of the mesocosm and then gently 

stirred the mesocosm for approximately 10 sec without disturbing the leaf litter. We 

repeated this process for ambient salt treatment, which had no salt addition, to equalize 

the disturbance across all treatments. We designated the day of salt addition as day 0 of 

the experiment.

In the days before wood frog metamorphosis began, we placed floating lath wood 

in all mesocosms as a substrate for metamorphs to climb upon. Upon collecting a 

metamorph, we held the froglet in the lab until its tail resorbed to < 2 mm. We 

anesthetized all metamorphs in a 2% MS-222 solution and preserved them in 10% 

formalin. We measured snout-vent length (SVL) of each preserved metamorph and 

determined sex by inspection of gross gonadal morphology (see Lambert 2015; Wame 

and Crespi 2015). Because toads (family Bufonidae) do not sexually differentiate until 

well after metamorphosis (Ogielska and Kotusz 2004), we did not assess toad sex ratios 

and sexual size dimorphisms in this study.

Sex Ratios: To test whether sex ratios deviated from a hypothetical 50:50 ratio as is 

expected under normal sex chromosome segregation during meiosis, we performed chi- 

square tests. This statistical methodology is commonly used among sex-ratio studies 

(Conover and Kynard 1981; Warner and Shine 2005). For this analysis we pooled
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samples within a treatment to increase power and minimize type 1 errors. We note that 

wood frog survival did not differ among treatment (Stoler et al. In Review). However, our 

main focus was on whether sex ratios varied among the treatments and so we used a 

generalized linear model (GLM) with a binomial distribution and logit link function to 

test whether sex ratios differed among leaf and salt treatments. We started with a model 

incorporating an interaction between leaf and salt treatments, iteratively removing non

significant terms in the model after testing each term’s significance with analysis of 

variance (ANOVA). If either leaf or salt treatments were significant, we conducted 

Tukey’s post-hoc tests using the ‘glht’ function in the R package “multcomp”. We 

calculated the final model’s deviance explained (D2), a measure analogous to an R2 for 

non-Gaussian models, following Guisan and Zimmermann (2000).

To estimate whether any sex ratio variation was due to sex reversal or sex-biased 

mortality, we used binomial GLMs following established methods in (Hardy 2002; Zuur 

et al. 2009). We assessed whether sex ratios in a given mesocosm varied as a function of 

the number of metamorphs surviving in each mesocosm. In our models, we treated each 

experimental mesocosms sex ratio as a replicate rather than analyzing the pooled sex 

ratio across all mesocosms within a treatment. Survival did not vary among treatment on 

average (Stoler et al. In Review). If sex-reversal were occurring, we would not expect to 

see any relationship between survivorship and sex ratios. If sex-biased mortality were 

occurring, we would expect more biased ratios in mesocosms with higher mortality.

Sex-specific SVL: Our goal was to assess whether there was any sexual dimorphism in 

metamorphic body size (SVL) and whether size dimorphisms varied with leaf and salt 

treatments. To do this, we subtracted the mean male SVL from the mean female SVL in
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each mesocosm. We then used analysis of variance (ANOVA) to test whether differences 

in mean SVL between the sexes differed among litter and salt treatments, treating each 

mesocosm as a replicate. Because we were interested predominantly in the influence of 

different leaf litter species, we further explored whether there was an interaction between 

salt and leaf litter type if we only focused on treatments where leaf litter was present. As 

a reference, we also tested whether sexual size dimorphism was influenced by salt in the 

treatments without leaf litter using ANOVA. To test whether any treatment differed from 

0 (indicating no sexual dimorphism), we used one-sample t-tests. For analyses, we used R 

software (v. 3.2.2, R Development Core Team 2015).

Results:

Sex Ratios’. Metamorphs reared in oak leaf litter in the absence o f salt (Fig. 1 A) exhibited 

a female-biased sex ratio (63% female, x2 = 4.313, p  = 0.04. Sex ratios in all other 

treatments contained statistically equal proportions of females and males (all p  > 0. 10).

In the binomial glm, there was no interaction between leaf treatment and salt 

treatment on wood frog sex ratios (p = 0.73), so we removed the interaction from the 

model. Similarly, sex ratios did not differ as a function of leaf litter (p = 0.36) and we 

removed leaf litter treatment from the model. Sex ratios did, however, shift in response to 

salt {p = 0.04, D2 = 0.13) such that salt exposure decreased the proportion of females in 

sex ratios (Fig. IB).

Wood frog mortality did not differ between treatments (see Stoler et al. In Review; 

ANOVA F2,3 6 = 0.8, P = 0.464; Table 1 in the current article). Mesocosm sex ratios were
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not correlated with survivorship in any treatment (all p  > 0.05), indicating that sex ratio 

variation is likely due to sex reversal rather than sex-biased mortality.

SVL: When analyzing SVL values with all three litter treatments, we found a marginally 

significant interaction between litter type and salt on sexual size dimorphism (F = 

3.3992,18,;? = 0.056), but no main effects of salt additions or litter type were not 

significant (both p  > 0.1). When we focused only on treatments containing leaf litter, we 

found a significant interaction between leaf litter type and salt (F = 5.249i,i2, /? = 0.04) on 

metamorphic sexual size dimorphism (Fig. 2). The main effects of litter and salt were not 

significant (bothp  > 0.1). Results for the two litter species contrasted (Table 2). Among 

treatments with red maple litter, females metamorphosed 1.5% larger than males under 

ambient salt conditions; with road salt additions, females metamorphosed 1.9% times the 

size o f males. Among treatments with oak litter, females reared under ambient salt 

conditions metamorphosed 3.2% larger than males, but the addition of salt reversed this 

dimorphism such that males metamorphosed 0.7% larger than females. Sexual size 

dimorphism was unaffected by salt additions in the treatments without leaf litter (F = 

1.384i,6,/? = 0.28). Only tadpoles reared with oak litter and ambient salt showed sexual 

size dimorphism (p = 0.009) with females metamorphosing larger than males (Fig. 2). In 

all other treatments, there was no apparent sexual size dimorphism (all p  > 0.10).

Discussion: Salt decreased the proportion of female metamorphs by 10%, suggesting 

sodium chloride has a masculinizing effect (i.e., is anti-estrogenic). Sublethal salt 

contamination might therefore have effects on aquatic wildlife populations not previously 

considered. Two mechanisms can contribute to sex ratio variation: sex reversal and sex- 

biased mortality. While we cannot fully discount the role of sex-biased mortality with our
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present data, our results suggest that sex ratios did not vary with survivorship. This 

finding supports sex reversal as a likely explanation for the effect of salt on sex ratios. 

Further work, including developing sex-linked markers (Alho et al. 2010), is needed to 

more fully evaluate the contribution of sex reversal to these patterns.

Tadpoles reared in oak litter had feminized sex ratios, but only in the absence of 

salt. Although tadpole sex ratios from the oak treatment deviated from parity, we note 

that these sex ratios were statistically indistinguishable from sex ratios in the other 

treatments. Yeast assays have shown that leaf leachate of a European oak (Q. robur) is 

both estrogenic as well as anti-androgenic (Hermelink et al. 2010). However, the same 

study found no effect o f leachate on tadpole sex ratios, whereas we found that oak 

produced a female bias. This discrepancy could be due to differences of litter chemistry 

and tadpole species between studies. For example, one of the oaks used here, Q. rubra, 

has lower lignin content and a relatively rapid decay rate (Hobbie et al. 2006) compared 

to the Q. robur used by Hermelink et al. (2010). It could also be due to differences in 

experimental design; we exposed tadpoles to leaf litter that was continuously leaching 

throughout the experiment whereas Hermelink et al. (2010) used short-term (24h) leaf 

extracts. Regardless, these results provide evidence for at least a slight feminizing effect 

of Quercus leaves but more work in this genus, and others, is certainly warranted. One 

likely reason for this phenomenon is the interaction of oak leachate compounds with 

vertebrate steroid receptors, likely initiating a hormonal cascade which causes sexual 

differentiation to reverse directions from the genetic sex (Hermelink et al. 2010).

We also found that salt additions and litter types interactively influence sexual 

size dimorphism at metamorphosis, eliminating size differences in oak-reared tadpoles
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and slightly increasing size differences in maple-reared tadpoles. Some phytochemicals 

(Ji et al. 2007) as well as chlorinated salts (Kloas et al. 2009) can interact with the 

thyroid, which regulates metabolism and growth. Sexual dimorphism variation might 

reflect conflicting interactions between litter-specific chemicals and chlorinated salts on 

thyroid receptors that differ between the sexes. Alternatively, litter chemicals and salt 

might change the relative metamorphic timing between the sexes. If this occurred, males 

would metamorphose faster under certain conditions, such as with oak litter but no 

additional road salt, providing females with more resources to grow larger during the rest 

of ontogeny. Although we cannot distinguish the mechanism of sex-specific timing of 

metamorphosis in our current study, clover root exudate was previously shown to 

accelerate male, but not female, metamorphosis (Lambert 2015). Additionally, trace 

elements are generally known to reduce frog metamorphic size (Snodgrass et al. 2004), 

but we still need a better understanding of sex-specific responses to inorganic 

contaminants and interactions with other chemicals.

Our data indicate that human-induced changes in aquatic chemistry through 

contamination and alteration of natural resources can have ecologically important 

consequences for offspring sex ratios and sex-specific development. Variation in 

offspring sex ratios, particularly by masculinizing sex reversal, should decrease 

population size and reduce population viability, regardless of whether sex-reversed 

individuals have impaired fitness (Cotton and Wedekind 2009). These potential effects of 

chemicals that are widely distributed in the environment provide a powerful motivation to 

better understand chemical mediation of the structure and dynamics of wild populations.
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Tables

Table 1. Proportion of wood frog larvae surviving to metamorphosis (p ± SE) across 

treatments

Ambient Salt Road Salt Additions
No L itter 0.95 ± 0.02 0.94 ± 0.02

M aple 0.98 ±0.01 0.91 ± 0.04
O ak 0.99 ±0.01 0.93 ± 0.03
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Table 2. Summary of metamorphic snout-vent length (p ± SE) across sexes and 

treatments

Ambient Salt Road Salt Additions
Female Male Female Male

No Litter 11.89 ±0.22 11.91 ±0.19 13.11 ±0.23 13.11 ±0.21
Maple 15.61 ±0.14 15.38 ±0.15 15.58 ±0.13 15.28 ±0.19
Oak 15.46 ±0.13 14.96 ±0.12 14.99 ±0.12 15.09 ±0.17
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Figure 1: A) Sex ratios of wood frog metamorphs reared without leaf litter (Control) or in 

the presence of maple or oak leaf litter and exposed to either ambient salt or an additional 

800 mg/L chloride. Only metamorphs reared in oak litter without salt showed female- 

biased sex ratios (asterisk). Sex ratios did not differ across leaf litter treatments. The 

dashed line indicates equal sex ratios. Numbers at the base o f each bar indicate the 

number of metamorphs in each sample. B) Salt systematically reduced the proportion of 

females wood frog metamorphs (asterisk signifies significance).
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Figure 2: Differences in body size (snout-vent length; SVL) between females and males 

across leaf litter and salt treatments. Without leaf litter, metamorphs show no sexual 

dimorphism, regardless of salt additions. Maple-reared metamorphs show enhanced 

sexual dimorphism with road salt additions. Under ambient salt, oak-reared metamorphs 

show sexual dimorphism but this dimorphism is lost with the addition of road salt. The 

horizontal line crossing through 0.0 on the y-axis indicates no sexual dimorphism and 

positive values indicate females are larger than males. Boxes are the first and third 

quartiles while the vertical lines are the highest and lowest value within the interquartile 

range. Bold lines are the median while black diamonds are the mean.



CHAPTER 3

Sex-linked markers in the North American green frog (Rana clamitans) developed 

using DArTseq elucidate Dmrtl as a putative sex-determining gene and provide 

early insight into sex chromosome evolution

Publication Status: Lambert, M. R., Skelly, D. K., and T. Ezaz. 2016. Sex-linked markers in the 

North American green frog {Rana clamitans) developed using DArTseq elucidate Dmrtl 

as a putative sex-determining gene and provide early insight into sex chromosome 

evolution. BMC Genomics 17: 844 DOI 10.1186/s 12864-016-3209-x. (Chapter formatted 

to journal standards).

Abstract

Background: The extent to which sex reversal is associated with transitions in sex 

determining systems (XX-XY, ZZ-ZW, etc.) or abnormal sexual differentiation is 

predominantly unexplored in amphibians. This is in large part because most amphibian 

taxa have homomorphic sex chromosomes, which has traditionally made it challenging to 

identify discordance between phenotypic and genetic sex in amphibians, despite all 

amphibians having a genetic component to sex determination. Recent advances in 

molecular techniques such as genome complexity reduction and high throughput 

sequencing present a valuable avenue for furthering our understanding of sex 

determination in amphibians and other taxa with homomorphic sex chromosomes like 

many fish and reptiles.
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Results: We use DArTseq as a novel approach to identify sex-linked markers in the 

North American green frog {Rana clamitans melanota) using lab-reared tadpoles as well 

as wild-caught adults from seven ponds either in undeveloped, forested habitats or 

suburban ponds known to be subject to contamination by anthropogenic chemicals. The 

DArTseq methodology identified 13 sex-linked SNP loci and eight presence-absence loci 

associated with males, indicating an XX-XY system. Both alleles from a single locus 

show partial high sequence homology to D m rtl, a gene linked to sex determination and 

differentiation throughout Metazoa. Two other loci have sequence similarities to regions 

of the chimpanzee and human X-chromosome as well as the chicken Z-chromosome. 

Several loci also show geographic variation in sex-linkage, possibly indicating sex 

chromosome recombination. While all loci are statistically sex-linked, they show varying 

degrees o f female heterozygosity and male homozygosity, providing further evidence that 

some markers are on regions of the sex chromosomes undergoing higher rates of 

recombination and therefore further apart from the putative sex determining locus.

Conclusion: The ease of the DArTseq platform provides a useful avenue for future 

research on sex reversal and sex chromosome evolution in vertebrates, particularly for 

non-model species with homomorphic or cryptic or nascent sex chromosomes.

Keywords: complexity reduction, GSD, Illumina, RADseq, sex chromosomes, sex 

determination, sex reversal
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Background

Sex determination and environmental influences on sexual differentiation in amphibians 

are long-standing interests of biologists for over a century [1, 2, 3]. To date, all 

amphibians are known to have genotypic sex determination (GSD), although the mode of 

sex determination (i.e., XX-XY or ZZ-ZW) has repeatedly switched throughout 

amphibian evolutionary history [4, 5]. Some amphibian species even show substantial 

geographic variation in sex determining modes [2, 6, 7, 8, 9]. Despite GSD, numerous 

laboratory experiments show that amphibian sexual differentiation is sensitive to 

environmental factors such as temperature [10, 11] or chemical exposure [12, 13]. Taxa 

with GSD and which are subject to environmental effects on sexual differentiation can 

exhibit sex reversal, whereby the genotypic sex does not match the phenotypic sex [14]. 

Often, sex reversal is inferred in laboratory experiments by sex ratio biases [12, 16]. 

Recently, some studies been able to provide evidence of discordance between sexual 

genotype and phenotype in response to environmental factors like the pesticide atrazine 

[13] or the synthetic estrogen 17a-ethynylestradiol (EE2) [3].

While laboratory evidence of sex reversal is sparse, there is a deeper dearth of 

evidence demonstrating sex reversal in wild populations. To our knowledge, only one 

study has shown sex reversal in a wild amphibian population. An analysis of three sex- 

linked microsatellites in the European common frog {Rana temporaria) showed that 

-10%  of genotypic females had a male phenotype in a single area [14]. However, the 

environmental context, natural or anthropogenically-impacted, was not discussed. Recent 

evidence shows that green frog {Rana = Lithobates clamitans melanota) sex ratios are 

male-biased at metamorphosis in undeveloped, forested ponds and become more
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feminized as ponds become increasingly surrounded by residential suburban land use 

[16]. Green frog populations in suburban ponds also exhibit high frequencies of 

feminized testes, a condition that is absent in forested ponds [17, 18]. Feminized testes 

are also common in R. clamitans from agricultural areas [19]. Whether sex ratio variation 

and feminized testes are due to sex reversal in this species is currently unknown and 

requires sex-linked molecular markers for understanding underlying molecular 

mechanisms as well as mechanisms of sex reversal. However, ascertaining the genetic 

sex o f most amphibian taxa is challenging at the chromosomal level as most taxa have 

homomorphic sex chromosomes [20].

Restriction site-associated DNA sequencing (RADseq) has been proposed as a 

method for developing sex-linked markers in taxa with homomorphic sex chromosomes 

[21 ] and has successfully been used to develop sex-linked markers and infer the sex 

determining mode for several squamate and fish species [21, 22, 23, 24]. Recently 

RADseq has been used to study sex determination in two European anuran species, 

including an individual family for the European tree frog (Hyla arborea) [25] as well as 

R. temporaria [26]. While a linkage map using RADseq produced single nucleotide 

polymorphisms (SNPs) elucidating the sex chromosomes in H. arborea [25], no sex- 

linked SNPs were identified in the R. temporaria from Switzerland [26]. One reason for 

not discovering any sex-linked markers might have been due to the limited genetic 

diversity used in the analysis [26].

Here, we use DArTseq™ (Diversity Arrays Technology) which employs a 

combination of genome complexity reduction and next generation sequencing [27] 

similar to RADseq [28] or genotyping-by-sequencing (GBS) methods [29]. Our primary
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goal was to develop a series of markers that are sex-linked in R. clamitans, a species 

putatively experiencing sex reversal in the wild. Rather than constructing linkage maps 

from a single mating, we performed DArTseq on lab-reared tadpoles from several 

clutches as well as a diversity of wild-caught adults from multiple populations and across 

a land use gradient.

Methods

Specimen Selection

The range of R. clamitans occupies much of eastern North America, extending from 

north Florida into southeastern Canada (Figure 1 A); our sampling was located in 

Connecticut, a state in the northeastern United States (Figure 1 A, B). We used two 

developmental stages: tadpoles reared to sexual differentiation in controlled-environment 

mesocosms and wild-caught adults. We predict that tadpoles reared in carefully 

constructed mesocosms should experience minimal sex reversal, maximizing the 

probability of genotype-phenotype concordance [30]. We collected portions o f freshly- 

laid clutches from three ponds (1 from Septic7, 3 from Forest5, and 2 from Forest6; 

Figure IB), hatched the embryos in the lab at 19 °C on a 12L: 12D cycle, and reared 

tadpoles in outdoor mesocosms. We did not use any leaf litter to our mesocosms as leaf 

leachate has been shown to influence sex steroid pathways [31]. Tadpoles of this species 

can often be sexed within a few months of hatching despite taking over a year to 

metamorphose [32]. At ~4 months old, we euthanized tadpoles, sexed them under a 

dissecting microscope, and collected tail muscle tissue in 90% ethanol for genetic 

analysis. Not all tadpoles were fully sexually differentiated at this point and so we
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focused only on tadpoles with clearly differentiated testes and ovaries (Figure 2). While 

not random, we selected tadpoles that had clearly sexually differentiated under controlled 

conditions. We used 1-3 tadpoles of each phenotypic sex from each clutch for analyses. 

For adults, we capitalized on Yale Peabody Museum tissues (Additional File 1: Table SI) 

preserved from wild-caught adults in south-central Connecticut in 2014 as well as an 

additional five adults from Sewer3 pond collected in 2015. These individuals made up the 

majority of our specimens and represented variation in local geography and human land 

use (Figure IB). While wild-caught adults may have experienced sex reversal, our goal 

was to test whether DArTseq could identify sex-linked markers despite the presence of 

possible sex-reversed individuals and whether we could identify sex-reversed individuals 

as outliers in our data. We used 1-5 females and 3-11 males from each pond. We used 

seventeen samples in duplicate for sequencing quality control. The source ponds for all 

specimens ranged from less than 1 km to over 52 km apart (Table 1).

Genotyping-by-Sequencing (GBS)

DNA extractions and sequencing were performed using DArTseq™ (Diversity Arrays 

Technology Pty Ltd). DArTseq™ represents a combination of a DArT complexity 

reduction methods and next generation sequencing platforms [27]. Therefore, DArTseq™ 

represents a new implementation o f sequencing o f complexity reduced representations 

[33] and more recent applications o f this concept on the next generation sequencing 

platforms [28, 29], conceptually similar to double digest RADseq. A detailed description 

of the DArTseq™ methodology can be found in Kilian et al. [27]. While RADseq 

typically yields markers 85 bp or longer [e.g., 21, 23, 24], DArTseq™’s criteria (see 

below) often produce sequences 69 bp or shorter in length. Compared to other similar
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approaches, DArTseq™ yields a lower density of markers (10’s of thousands and up to 

35,000 loci versus > 800,000 loci with a GBS approach) but has substantially higher 

coverage and results in less missing data [34]. In addition to these advantages of 

DArTseq™, we chose this platform because it can directly score samples as heterozygous 

/ homozygous at each locus with the lower density approach [34] and due to the ease o f 

optimizing the platform for each species as well as its capacity to produce thousands of 

short, high quality polymorphic loci using a custom analytical pipeline [35-37]. Four 

methods of complexity reduction were tested in R. clamitans (data not presented) and 

double digestions with Pstl-Sphl method was selected.

DNA samples were processed in digestion/ligation reactions principally as per 

Kilian et al. [27] but replacing a single .Psft-compatible adaptor with two different 

adaptors corresponding to two different Restriction Enzyme (RE) overhangs. The Pst\- 

compatible adapter was designed to include Illumina flowcell attachment sequence, 

sequencing primer sequence and “staggered”, varying length barcode region, similar to 

the sequence reported by Elshire et al. [29]. The reverse adapter contained flowcell 

attachment region and Sp/zl-compatible overhang sequence. Only “mixed fragments” 

(Pstl-Sphl) were effectively amplified in 30 rounds of PCR using the following reaction 

conditions: 94° C for 1 min then 30 cycles of 94° C for 20 sec, 5$ C for 30 sec, 72 C for 45 

sec, and 72 C for 7 min. After PCR, equimolar amounts of amplification products from 

each sample of the 96-well microtiter plate were bulked and applied to c-Bot (Illumina) 

bridge PCR followed by sequencing on Illumina Hiseq2500. The sequencing (single 

read) was run for 77 cycles.
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Sequences generated from each lane were processed using proprietary DArT 

analytical pipelines (PL). In the primary pipeline the Fastq files were first processed to 

filter away poor quality sequences, such as those with reproducibility below 90%, read 

depth lower than 3.5 for SNPs or 5 for presence-absence markers, and applying more 

stringent selection criteria to the barcode region compared to the rest of the sequence. In 

that way the assignments of the sequences to specific samples carried in the “barcode 

split” step were very reliable. No samples were dropped due to low coverage across loci 

but individual sequences were removed if they did not meet the above criteria. 

Approximately 2,500,000 sequences per barcode/sample were identified and used in 

marker calling. The average read depth across loci was 9.2 reads per individual per locus 

for reference alleles and 6.5 for SNP alleles. Finally, identical sequences were collapsed 

into “fastqcoll files”. The fastqcoll files were “groomed” using DArT PL’s proprietary 

algorithm which corrects low quality base from singleton tag into a correct base using 

collapsed tags with multiple members as a template. The “groomed” fastqcoll files were 

used in the secondary pipeline for DArT PL’s proprietary single nucleotide 

polymorphism (SNP) and SilicoDArT (presence/absence of restriction fragments in 

representation; PA markers) calling algorithms (DArTsoftl4). For SNP calling all tags 

from all libraries included in the DArTsoftl4 analysis are clustered using DArT PL’s 

C++ algorithm at the threshold distance of 3, followed by parsing of the clusters into 

separate SNP loci using a range of technical parameters, especially the balance of read 

counts for the allelic pairs. Additional selection criteria were added to the algorithm 

based on analysis of approximately 1,000 controlled cross populations. Testing for 

deviations from Hardy-Weinberg equilibrium of alleles in these populations facilitated
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selection of technical parameters to effectively discriminate true allelic variants from 

paralogous sequences. In addition, multiple samples were processed from DNA to allelic 

calls as technical replicates and scoring consistency was used as the main selection 

criteria for high quality/low error rate markers. Calling quality was assured by high 

average read depth per locus (average across all markers was over 30 reads/locus).

Marker Selection

Our goal was to isolate single nucleotide polymorphisms (SNP) and presence-absence 

(PA) markers that are sex-linked in R. clamitans. For SNP loci, we define the “reference 

allele” as the allele that was sequenced most often in our data. For sex-linked markers in 

an XX-XY sex determining system, reference alleles will be those found on the X- 

chromosome. Here, “SNP alleles” are those which show polymorphisms relative to the 

reference allele. In an XX-XY system, SNP alleles should be alleles associated with the 

Y-chromosome and, as a corollary, should be on or near the male-determining region if 

the allele is tightly Y-specific. Higher degrees of recombination may be expected 

between sex chromosomes in endothermic species with homomorphic sex chromosomes 

[14, 25, 38]. In an XX-XY system if  the two sex chromosomes recombine, SNP alleles 

should occasionally appear on the X chromosome, particularly in more distal regions of 

the sex chromosomes [25, 39]. If this occurs, then some males might be homozygous for 

SNP alleles at particular loci. Because of this, females could also be heterozygous, 

exhibiting a copy o f the SNP allele. The probability of a female being homozygous for a 

SNP allele is low.
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A previous study on inheritance patterns of an allozyme suggested an XX-XY 

system in R. clamitans [40]. While we assumed an XX-XY system, we also searched for 

loci showing a ZZ-ZW pattern. For evaluating loci associated with an XX-XY system, 

we targeted SNP loci that maximized female homozygosity at the reference allele, 

maximized male heterozygosity, and which minimized homozygosity for the SNP allele 

in both sexes, but particularly for females. Specifically, we kept loci where frequencies of 

female homozygosity for the reference allele were at least 80%, homozygosity at the SNP 

allele were at most 10%, and heterozygosity were no more than 20%. For males, we kept 

loci where frequencies of homozygosity for the reference allele were at most 10% and 

heterozygosity were at least 75%. This allowed sex-linked markers to show higher 

degrees o f SNP allele homozygosity for males if  recombination were occurring. We also 

only included SNP loci which were sequenced for at least 90% of each sex. For PA 

markers we selected loci which had restriction fragments sequenced in at least 90% of 

one sex and not sequenced in at least 90% of the other sex. For both SNP and PA 

markers, we analyzed tadpole and adults data separately and compared results between 

these groups afterwards. We took a similar but opposite approach for targeting loci with a 

ZZ-ZW system.

To assess the genetic association between each locus and phenotypic sex, we 

performed Cochran-Armitage tests on the adult samples with the “independence_test” 

function in the R package ‘coin5. We also used Hamming Distance matrices with a 

custom R script to estimate how well the combined markers perform in predicting 

phenotypic sex. Hamming Distance calculates the number of pairwise differences 

between all individuals across all loci. For all sex-linked loci which met our criteria and
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which had statistically significant associations with phenotypic sex, we used NCBI 

BLAST [41] to discover homologies of sex-linked SNPs markers. Specifically, we 

searched the “nr” database with the default settings in NCBI’s blastn suite. We searched 

using both the REF and SNP alleles and only report blastn hits related to sexual 

development or sex determination and those with e-values of 1.5 or below.

Estimating Random Sex-Linkage

Because high-throughput sequencing provides thousands of markers, we wanted to 

estimate that probability that some of these markers might show random associations 

with sex. This could be particularly problematic if small sample sizes are used to develop 

markers [23]. The following formula describes the probability of a locus being sex-linked 

by chance.

Pi =  0.5n

Here P is the probability that a given locus, i, is sex-linked. The probability that either a 

female is homozygous at a given locus or a male or heterozygous is 0.5. The number of 

individuals sequenced at the locus is n. After sequencing, we multiplied P by the number 

of high-quality SNPs produced to estimate how many SNPs were expected to exhibit a 

sex-linked pattern by chance. Using this calculation, we estimated the estimated number 

of expected sex-linked markers produced by chance across a range of sample sizes and 

loci for comparisons with other studies. We also estimated the number o f expected 

random sex-linked loci for both the tadpole samples as well as the adult samples used 

here.
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Results

Prior to filtering, we sequenced 120,829 SNP loci and additional 92,604 PA 

markers. After filtering, we retained 42,772 SNP loci representing 2,135,560 bp, 

approximately 0.2% of R. clamitans’ genome (~11.9 pg diploid DNA content) [42]. Our 

filtering also yielded 27,850 PA markers, equaling 1,174,376 bp which is approximately 

0.1% of the genome. Based on our selection criteria, a total of 13 SNPs were identified to 

assort to males (Table 2) and these SNPs were accessioned to NCBI’s dbSNP database 

(NCBI accession PRJNA326426, ss# 2019323440-2019323452). For the 13 sex-linked 

SNP loci, the average read depth across the loci is 12.7 (range 7.2-20.6) on the reference 

allele and 9.0 (range 5.0-13.1) on the SNP allele. SNP locus RaclCTOOl was found to be 

perfectly sex-linked in all stages, and if  we had the linkage data, this locus might possibly 

be linked or almost completely linked with the sex determining locus. RaclCT002 was 

perfectly sex-linked in tadpoles and performed almost as well in adults with 4% (n = 2) of 

males exhibiting the genotype most commonly found in females at this one locus. Nine 

SNP loci were independently identified in the tadpole and adult samples. Two loci were 

identified separately each in the tadpole samples and the adult samples (Table 2). 

Cochran-Armitage tests verified significant SNP allelic association with phenotypic sex 

for all loci (x2 = 33.07-74.84, all p < 9.00 e -09). Each marker was homozygous for the 

reference allele in females and heterozygous in males. This confirms an XX-XY sex 

determining system in R. clamitans as previously suggested [37].

Hamming’s Distances calculating pairwise differences between all 13 SNP loci 

(Figure 3) for all adults showed that females are on average 21% dissimilar (±1.6 SE, min 

14%, max 52%) from each other and males are on average 16% dissimilar (±2.2 SE, min
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9%, max 49%). A large part of this variation is due to a single female and five males 

(T0123777 from Sewer3 and T012338, T012340, T012373, and T012374 from Septic4). 

These individuals are discordant across multiple loci and, notably, many of the same loci 

across individuals. However, when looking at the three loci (RaclCTOOl, RaclCT002, 

RaclCT003) showing the highest degree of sex-linkage (Figure 4), all adult females show 

perfect congruence between phenotypic and genotypic sex at all three loci. For males, 

Hamming’s Distances at the top three loci (Figure 4) show that males are on average 6% 

dissimilar (±1.0 SE, min 0.03%, max 35%). Using only these three loci, 91% (n=49) 

adult males show perfect congruence between phenotypic and genotypic sex at all three 

loci. The other 9% (n=5) o f adult males are only discordant at only one locus (n = 2 at 

RaclCT002, n = 3 at RaclCT003). These three loci provide further evidence that the 

individuals previously mentioned which display multiple loci more commonly seen in the 

opposite sex are not sex-reversed but may have inherited a series of linked loci during a 

recombination event in a parental germ line.

Eight PA markers (Table 3) also showed significant sex-linkage (Cochran- 

Armitage; (%2 = 44.42-55.46, all p < 1.05 e -11). For the PA markers, four loci met our 

criteria only in tadpoles and four only in adults, with no locus meeting our criteria in both 

life stages. All PA marker restriction fragments were characterized by their presence in 

male samples and absence in female samples. Hamming’s Distances (Additional File 2: 

Figure SI) showed that these eight PA loci in adults showed that females are on average 

11% dissimilar (±2.1 SE, min 51%, max 5%) from each other and males are on average 

11% dissimilar (±1.5 SE, min 0.04%, max 64%).
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BLAST analysis’. Three SNP markers but no PA markers had BLAST sequence 

homologies (Additional File 3: Table S2) to sex-related sequences. Two SNP loci had 

sequence homology, as identified by our BLAST search, to sex chromosomes in other 

taxa including matches to chimpanzee (Pan troglodytes) and human X-chromosome 

(RaclCT006) as well as chicken (Gallus gallus) Z-chromosomes (RaclCT013). While 

these homologies are on hominid and bird sex chromosomes, possibly indicating 

conserved genomic regions important in sexual development throughout tetrapods, these 

sequence homologies, to our knowledge, do not have known functions. Of particular 

interest is locus RaclCT002, which showed the highest sex-linkage in tadpoles and 

second highest sex-linkage in adults. RaclCT002 exhibited sequence similarity 

(Additional File 3: Table S2) to Dmrtl in three other Ranid frogs (Rana nigromaculata, 

Rana rugosa, and Rana chensinensis) as well as a minnow (Cyrpinodon variegatus). As a 

preliminary analysis, we translated RaclCT002 into an amino acid sequence using 

ExPASy and searched for amino acid homology with UniProt BLAST. This preliminary 

analysis showed 100% homology over seven amino acids (MPKCSRC) with the DM 

binding domain in multiple taxa including the Japanese wrinkled frog (Rana rugosa) and 

the Chinese brown frog (Rana chensinensis) as well as several fishes including rainbow 

trout (Oncorhynchus mykiss), medaka (Oryzias latipes), and zebra fish (Danio rerio).

Estimating Random Sex-Linkage: Across a range of sample sizes and loci, 13-16 

individuals are necessary to minimize the probability of producing less than one spurious 

sex-linked marker (Figure 5, Additional File 2: Figure S2). For our 25 tadpoles, Pt the 

probability that a single locus exhibited a sex-linked pattern by chance was 2.98 x 10'8 

and, of the 42,772 loci, 0.001 are expected to spuriously showed sex-linkage, and
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therefore random sex-linked markers in the tadpoles is highly unlikely. However, because 

our tadpole samples were represented by only six clutches we also performed a more 

conservative analysis were Pt for a sample size of twelve (one male and one female per 

clutch) is 2.4 x 10"4. With just a single male and female from each clutch, it is possible 

that approximately 10.4 loci might show spurious sex-linkage by chance. The analyses 

for tadpoles using either a sample size of 25 or 12 indicate that some loci may be sex- 

linked by chance. For the 72 adults, Pi is 2.12 x 10'22 and the probability that one locus 

spuriously showed sex-linkage was 9.06 x 10‘18. Given our sample size, this probability 

indicates that it is highly unlikely to identify any sex-linked markers by chance in our 

adult samples.

Discussion

Thirteen of 42,772 SNPs showed sex-linkage in R. clamitans, two of which are 

perfectly sex-linked or almost perfectly aligned to phenotypic sex assignment. In 

addition, our analysis produced eight sex-linked markers associated with the presence or 

absence of restriction fragments (PA markers). These loci represent the first sex-linked 

DNA markers in any New World amphibian. Furthermore, all of our markers conform to 

an XX-XY system in R. clamitans as previously inferred through inheritance differences 

in a sex-linked allozyme locus [40]. Our results reinforce the usefulness of methods 

incorporating genome complexity reduction and high throughput sequencing, like 

DArTseq or RADseq, for studying sex determination and identification of sex 

determining modes in non-model organisms, without a-priori sequence information [23].
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Of particular interest is the homology RaclCT002 shows to Dmrtl. In Europe, 

Dmrtlis either sex-linked or likely important in sexual differentiation in several Hylidae, 

Rana temporaria, and Bufo viridis [43, 44]. Furthermore, Dmrtlis an important gene in 

sexual differentiation in the Japanese wrinkled frog {Rana rugosa), despite being 

autosomal [45]. Given the Dmrt family’s ubiquitous role in sex determination and 

differentiation throughout Metazoa [46, 47] the homology of RaclCT002 to several other 

Ranid Dmrtl sequences provides further support for Dmrtlis important in amphibian sex 

determination. However, due to the relatively short sequence length of this marker, more 

work is needed to fully characterize this gene and its functionality in R. clamitans.

Of the 77 adults within the study, a single female and five males are consistently 

discordant at RaclCT003-008, RaclCTOlO, and RaclCTOl 1. One explanation is that these 

loci are linked and lie on region of the Y-chromosome experiencing recombination with 

the X-chromosome, which can even frequently occur in species like humans [48]. While 

these loci typically diagnose sex accurately in the rest of our samples, it is important to 

note possible linkage might produce ambiguous genetic sexes for certain individuals. 

Despite this concern, these six individuals showed concordance between phenotypic and 

genotypic sex in at least two of the three top ranked loci. This pattern suggests that while 

all the identified sex-linked loci can be diagnostically useful, RaclCTOO 1-003 may be the 

most reliable in cases of ambiguous sexing.

The markers developed here are predominantly robust to geographic variation at 

the scale of up to 52 km as well as substantial land use variation among source ponds 

(Figure 1). Interestingly though, tadpoles from Forest5, the northern-most pond, show no 

sex linkage at four SNP and four PA loci (Table 2, 3). No other populations show this.
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While we did not sample adults from Forest5 and the tadpole samples only represent two 

wild-collected clutches, this pattern could result from geographic variation in sex-linkage 

at some loci. In the European common frog, (Rana temporaria), sex-linked microsatellite 

markers originally developed for populations in Finland [14, 30] show decreasing levels 

of sex linkage with decreasing latitude in neighboring Sweden [49, 50]. While our study 

sites represent a much narrower geographic distribution than the latitudinal gradient in 

Sweden, it is possible that sex chromosome recombination or turnover [38] diminishes 

sex-linkage at certain loci. Given the broad range of R. clamitans across much of eastern 

North American (Figure 1 A), it will be necessary to explore potential geographic 

variation in sex-linkage across these loci.

Recently, Brelsford et al. [27] failed to identify sex-linked markers using RADseq 

in R. temporaria, concluding the absence o f genetic sex determination in the population 

where the parents were sampled from. However, this study was attempting to produce a 

linkage map and therefore only used offspring and parents from a single mating.

Brelsford et al. [26] suggested sampling from a broader geographic distribution and with 

more genetic variation may be useful for identifying sex-linked loci. Furthermore, 

Brelsford et al. [44] used a GBS approach on four species of European Hylid frogs. With 

four males and four females of each species, they found between 17-54 putative sex- 

linked SNP loci for each species out o f between 4,043-10,211 possible polymorphic sites 

[41]. However, our analysis (Figure 5, Additional File 2: FigureS2), indicates that the 

sample sizes used for these Hylids is likely to yield 20-40 sex-linked markers by chance. 

This means that many of these Hylid sex-linked markers are likely false positives, 

without validation. Our results suggest that GBS-type methods should target multiple
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individuals from a given location and should focus on multiple, disparate populations. 

This is particularly true in taxa like many amphibians which may be expected to undergo 

sex reversal [14], sex chromosome recombination [38, 51], and sex chromosome turnover 

[7]. Studies wishing to employ similar methods should sample 13 or more individuals 

with a relatively even mixture of both sexes to minimize the probabilities of false- 

positives, though the number of samples needed may also depend on the amount of 

polymorphism present in a population which will likely vary across species.

Importantly, nine SNP loci were independently discovered in both the lab-reared 

tadpole samples as well as the wild-caught adults, increasing our confidence in these 

markers. O f the remaining four SNP loci, one (RaclCT005) was discovered only in adults 

and was possibly not discovered in tadpoles due to geographic variation at Forest5 where 

the locus was not sex-linked. The other marker (RaclCTOl 1), identified only from the 

adult samples, was itself weakly sex-linked among the adult samples with relatively high 

level of female heterozygosity and lower male heterozygosity than other markers and 

might therefore be less reliable (Table 2). The two loci (RaclCTOl2, -013) found only in 

the tadpole samples show high levels of female heterozygosity in adults (Table 2), 

making them less reliable in sex identification. Our analysis indicates that these two loci 

may be sex-linked here by chance due to the smaller tadpole sample size and provide 

further support for using larger sample sizes in future studies.

Sex reversal would be diagnosed by discordance between the phenotypic sex and 

the majority of sex-linked markers, particularly RaclCTOO 1-003. We did not detect any 

clear evidence of sex reversal in our samples. This may be due to a relatively low 

frequency o f sex reversal compared to the sample size from each source pond. In a study
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of sex reversal in the European common frog (R. temporaria), Alho et al. [14] used 79 

adults collected over a three year period at a single site. They found that 5% of genetic 

females (n = 55 total) had a male phenotype. Here we used 77 adults collected from 

seven populations, and all but five individuals were collected during the same year. 

However, the maximum number of females from any pond was five (p = 3.6, SE = 0.5) 

and the maximum number of males was eleven (p = 7.4, SE = 0.8). If sex reversal is 

occurring in R. clamitans, it is possible that our sample sizes at any given site were too 

low to detect it. A richer evaluation of sex reversal in this system must use larger sample 

sizes at a given population, both in adults as well as larval and metamorphosing 

individuals.

Over the past two decades, R. clamitans has emerged as a valuable model species 

for the study of endocrine disruption in both field studies [16, 17, 19, 52, 53] as well as 

experimental research [54, 55]. In laboratory experiments with other amphibian species, 

only two studies have been able to show true sex reversal in response to chemicals using 

sex-linked markers [3, 13]. No study has yet to assess whether endocrine disruption in 

wild amphibians also results in sex reversal. The markers developed here will allow a 

more thorough investigation as to whether R. clamitans populations are experiencing sex 

reversal and at what frequencies.

Conclusions

Methods, like DArTseq or RADseq, combining genome complexity reduction with high 

throughput sequencing, are valuable options for studying the genetic basis of sex 

determination, gaining direct sequence insight, and providing opportunities to discover
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novel genes and sequences in sex determining and sex differentiating pathways. With 

DArTseq we discovered the first sex-linked markers in a North American amphibian and 

elucidated a putative sex determining gene (Dmrtl). The number o f markers developed 

here is impressive given the small proportion of the genome (< 0.5%) analyzed and 

highlights the usefulness of this approach to identifying sex-linked markers. While these 

markers will need to be tested throughout the R. clamitans range, they provide a novel 

tool for studying sex determination and sex reversal in wild populations of this species. 

Our approach also provides information on minimizing probabilities of detecting false- 

positives when planning similar future studies. DArTseq and comparable methods 

promise to advance our understanding o f the evolution o f sex determination in 

amphibians and vertebrates more broadly [5]. The markers we developed provide an 

important step in understanding patterns of sex reversal and sexual differentiation 

variation throughout the R. clamitans range and provide early insight into the evolution of 

sex determination in amphibians.
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Figures

Fore*t5

Forest3

Septic7

Figure 1: The range (A) of R. clamitans in North America with the state of Connecticut 

in black. A map (B) of the nine source ponds in Connecticut used in this study. Enlarged 

are two ponds, one forested (Forest6) and one suburban (Septic7), and their land cover 

within a 200m buffer of the pond perimeter. Dark green = Forest, Black = Paved Surface, 

Light Green = Lawn, Red = Buildings, Orange = Miscellaneous Yard Features. Range 

data for R. clamitans provided by IUCN.
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II Dll"

Figure 2: Gonads of 117 day old female (A) and male (B) from the same clutch collected 

from pond Forest5. The left ovary and testis are in red boxes in each panel. The clutch 

was collected 06 July, 2015; tadpoles were reared in outdoor mesocosms, and were 

sampled on 31 October, 2015. O = ovary, T = testis, F = fat body, K = kidney, and L = 

lung.
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cT-

Septic4 Forest3 Sewer3 WNHL Forest6

Figure 3: Hamming Distance matrix illustrating proportional differences in 13 sex-linked 

SNP markers across all analyzed adults. Sex-linked SNPs were originally identified in 

both lab-reared tadpoles and wild-caught adults. Hamming Distance calculates the 

number o f pairwise differences among all individuals at these loci. Values closer to zero 

(blue) signify high similarity whereas values closer to one (yellow) are more dissimilar 

across the thirteen loci. Colored regions at the top and at the left correspond to source 

ponds. The matrix is clustered by phenotypic males and females, as indicated by symbols 

at the left and top. One phenotypic female is on average 52% dissimilar from all other
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females, showing an ambiguous genotypic sex across the 13 loci. Similarly, four males 

are on average 36% - 49% dissimilar from other males.

9 cf
1 1

Septic4 Forest3 Sewer3 WNHL YP10

Figure 4: Hamming Distance matrix illustrating proportional differences across all 

analyzed adults using only the three most sex-linked SNP loci. Values closer to zero 

(blue) signify high similarity whereas values closer to one (yellow) are more dissimilar 

across the thirteen loci. Colored regions at the top and at the left correspond to source 

ponds. At these three loci, all females show perfect concordance between genotypic and
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phenotypic sex. Most males also show perfect concordance between genotypic and 

phenotypic sex. Five males are discordant at only one of three loci.

_ 12000
40  5,000 Loci
35*5 ioooo -  10,000 Loci
30

 20,000 Loci
8000  40,000 Loci20

6000

4000
20

2000

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Sample Size

Figure 5: The modeled number of loci that are expected to be sex-linked by chance with 

varying sample sizes and number of polymorphic loci assessed. Inset is the same plot but 

focused on the latter half of sample sizes.
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Additional Files

Table S I . Specimen data including Yale Peabody Museum tag numbers for adult 

specimens used in this study.

Table S1. Adult R. clamitans museum specimens used
YalePeabodyMuseum_Tag Pond Sex Other Tag
HERA.015023 Sept c7 Male NA
HERA.015024 Sept c7 Male NA
HERA.015025 Sept c7 Male NA
HERA.015026 Sept c7 Male NA
HERA.015029 Sept c7 Male NA
HERA.015034 Sept c7 Male NA
HERA.015035 Sept c7 Male NA
HERA.015037 Sept c7 Female NA
HERA.015038 Sept c4 Male NA
HERA.015039 Sept c4 Male NA
HERA.015040 Sept c4 Male NA
HERA.015041 Sept c4 Male NA
HERA.015042 Sept c4 Male NA
HERA.015043 Sept c4 Female NA
HERA.015044 Sept c4 Male NA
HERA.015045 Sept c4 Female NA
HERA.015046 Sept c4 Female NA
HERA.015047 Sept c4 Female NA
HERA.015048 Sept c4 Male NA
HERA.015049 Sept c4 Male NA
HERA.015071 Forest3 Male NA
HERA.015072 Forest3 Male NA
HERA.015074 Forest3 Male NA
HERA.015075 Forest3 Male NA
HERA.015076 Forest3 Male NA
HERA.015077 Forest3 Male NA
HERA.015082 Forest3 Female NA
HERA.015083 Forest3 Female NA
HERA.015084 Forest3 Female NA
HERA.015085 Forest3 Female NA
NA Sewer3 Female MRL 939
NA Sewer3 Female MRL 940
NA Sewer3 Female MRL 941
NA Sewer3 Male MRL 942
NA Sewer3 Male MRL 943
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HERA.015142 Sewer3 Male NA
HERA.015143 Sewer3 Male NA
HERA.015144 Sewer3 Female NA
HERA.015145 Sewer3 Female NA
HERA.015086 Winterhill Male NA
HERA.015087 WNHL Male NA
HERA.015088 WNHL Male NA
HERA.015089 WNHL Male NA
HERA.015091 WNHL Male NA
HERA.015092 WNHL Male NA
HERA.015093 WNHL Male NA
HERA.015094 WNHL Male NA
HERA.015098 WNHL Male NA
HERA.015100 WNHL Female NA
HERA.015101 WNHL Female NA
HERA.015102 WNHL Female NA
HERA.015103 WNHL Female NA
HERA.015030 YP10 Male NA
HERA.015148 YP10 Male NA
HERA.015149 YP10 Male NA
HERA.015150 YP10 Male NA
HERA.015151 YP10 Male NA
HERA.015152 YP10 Male NA
HERA.015153 YP10 Female NA
HERA.015154 YP10 Male NA
HERA.015155 YP10 Female NA
HERA.015156 YP10 Female NA
HERA.015050 Forest6 Female NA
HERA.015051 Forest6 Female NA
HERA.015052 Forest6 Male NA
HERA.015053 Forest6 Male NA
HERA.015054 Forest6 Male NA
HERA.015057 Forest6 Male NA
HERA.015058 Forest6 Male NA
HERA.015059 Forest6 Female NA
HERA.015060 Forest6 Male NA
HERA.015061 Forest6 Male NA
HERA.015062 Forest6 Male NA
HERA.015063 Forest6 Male NA
HERA.015064 Forest6 Male NA
HERA.015066 Forest6 Male NA
HERA.015068 Forest6 Female NA
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Forest3 Sewer3 WNHL YP10

Figure S I : Hamming Distance matrix illustrating proportional differences in eight sex- 

linked Presence-Absence (PA) markers across all analyzed adults. Sex-linked PA 

markers were originally identified in both lab-reared tadpoles and wild-caught adults. 

Hamming Distance calculates the number of pairwise differences among all individuals 

at these loci. Values closer to zero (blue) signify high similarity whereas values closer to 

one (yellow) are more dissimilar across the thirteen loci. Colored regions at the top and at 

the left correspond to source ponds. The matrix is clustered by phenotypic males and 

females, as indicated by symbols at the left and top.
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Figure S2: The modeled number of loci that are expected to be sex-linked by chance with 

varying sample sizes and number o f polymorphic loci assessed. This is the same plot at 

Figure 5 but on a log scale. The horizontal red line indicates the sample size at which a 

single locus is expected to be sex-linked by chance for different numbers o f loci assessed.
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Table S2. BLAST results for sex-linked markers including locus name, allele, homology, 

and e-value.
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CHAPTER 4

Wild frog sex reversal can be widespread, bidirectional, and independent of human land 

use

Publication Status: Lambert, M. R., Tran, T., Kilian, A., Ezaz, T., and D. K. Skelly. In Prep.
Wild frog sex reversal can be widespread, bidirectional, and independent of human land 
use. Nature Communications. (Chapter formatted for, and recently rejected from, this 
journal)

Sex determination describes the mechanism guiding bipotential gonads to develop into 

either ovaries or testes1,2. In vertebrates, sex determining modes range from strict 

genotypic sex determination (GSD), in which sex is entirely controlled by gene(s) on sex 

chromosomes, to strict environmental sex determination (ESD), in which rearing 

conditions, like temperature, early in development trigger testis or ovary development1. 

For certain GSD species, environmental effects (GSD + EE) can cause some individuals 

in a population to sex reverse, leading to opposing phenotypic and genotypic sexes1. GSD 

is conserved in mammals and birds,3 whereas non-avian reptiles and fishes show repeated 

transitions between GSD, strict ESD, and GSD + EE1'3. For amphibians, sex 

determination has long been assumed to be strictly GSD, with environmentally-induced 

sex reversal considered abnormal4,5. However, sex determination has not been closely 

studied in wild populations of any amphibian species, leaving the relative genetic and 

environmental mechanisms underlying amphibian sex uncertain. Here we show that sex 

reversal in the green frog (Rana clamitans) occurs widely among wild populations, can 

be frequent within populations, and occurs in both directions (male-to-female and female- 

to-male). Our results uncover a previously unappreciated role for the environment in
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guiding the sexual fate of wild amphibians. While sex reversal has been broadly 

considered an aberrant response to extreme environmental conditions, like high 

temperature or chemical pollution, we found no association between temperature, human 

land use, or water chemistry and sex reversal frequencies. Our findings demonstrate that 

sex determination is not strictly GSD in amphibians, prompting a reconsideration of our 

understanding of the evolutionary history of vertebrate sex determination. These results 

imply that the environment may play a far greater role in sex differentiation across most 

of the vertebrate tree of life than has traditionally been understood and should encourage 

future work in additional amphibian taxa.

Transitions between sex determining modes are frequent among3 and within the 

major vertebrate clades6'8. Environmental contributions to sex determination, either as 

strict ESD or GSD + EE, are widespread in fishes and non-avian reptiles1,7, although it 

was only recently that sex reversal was documented in a wild amniote9. Strict, fixed GSD 

within a major clade is rare, occurring only in mammals and birds2,3. Amphibians are 

believed to only have GSD but also to have undergone at least 32 transitions between 

GSD (e.g., XX-XY vs ZZ-ZW) modes among lineages5. As such, environmentally- 

induced sex reversal is considered an aberrant response to anthropogenic contaminants or 

extreme temperatures1,4,10,1 f  However, there has been no systematic test for the relative 

contribution of genetics and environmental conditions to phenotypic sex in wild 

amphibian populations, particularly in environmental contexts free of extreme 

anthropogenic activities.

Here we report on a study documenting sex reversal in wild amphibians. We 

focused on the common and wide-ranging North American green frog (Rana clamitans)
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inhabiting ponds along a forest-suburban land use gradient (Extended Data Figure 1). 

Previous studies have shown that intersex male green frogs (phenotypic males with egg 

cells in their testes) commonly occur in suburban ponds12,13 and that sex ratios in 

metamorphosing froglets vary along this land use gradient14. Sex ratio biases and intersex 

are widely considered to be evidence of sex reversal in GSD species15' 18. Using high- 

resolution geographic information system (GIS) analyses (Extended Data Figure 2), we 

identified multiple frog ponds surrounded entirely by undeveloped forests and other 

ponds surrounded by suburban neighborhoods. This allowed us to isolate the degree to 

which sex reversal represents a natural process or a response to human activities. We also 

capitalized on novel sex-linked genetic markers we recently developed for green frogs19. 

These markers allowed us to discover, for the first time, the occurrence and prevalence of 

sex reversal in different environmental contexts.

We found that across 464 frogs from 16 different ponds, sex reversal occurred in 

4.5% of all individuals and 75% of populations (Figure 1). Nine frog populations 

exhibited a single direction of sex reversal while three populations exhibited sex reversal 

in both directions (Figure 1). Across all populations, 8.5% (89% credible interval 5.4% - 

13.4%) of genotypic females had a male phenotype, whereas 3% (89% credible interval 

1.8% - 4.9%) of all genotypic males had a female phenotype. Bayesian analyses indicated 

that sex reversal was not correlated with suburban land use, water chemistry, or water 

temperature (Table 1, Extended Data Figure 3, Extended Data Table 4, Supplementary 

Results).

O f the 246 individuals evaluated, 23 had testes (9.3%, 89% credible interval 6.8% 

- 12.9%) that were intersex. O f the intersex frogs, 91% (n=21) were genotypically male
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while the remaining 9% (n=2) were genotypically female, although a higher proportion of 

XX-males were intersex compared to XY-males (Figure 2). A Bayesian analysis 

indicated that intersex males had 60% lower odds of having an XY versus an XX 

genotype (Supplementary Results). Most ponds, including all forested ponds, harbored 

intersex males (Figure 1, Extended Data Table 2). Intersex frequencies were not 

associated with sex reversal frequencies (Figure 1, Supplementary Results) nor were they 

associated with environmental variables (Table 1, Extended Data Table 4, Extended Data 

Figure 3).

Sex reversal in green frogs is not rare, occurring in 12 of 16 populations separated 

by up to 65 km. Our findings show that sex reversal occurred in every forested population 

and that sex reversal frequencies were unrelated to land use, which provides compelling 

evidence that sex reversal is a natural process and not necessarily a response to 

anthropogenic influences. Regardless of the specific factors involved, these results imply 

the environment plays a larger role in determining the trajectories of reproductive 

development in amphibians than was understood previously4,5,10,1 ’.

Despite repeated transitions among GSD modes among amphibians, no extant 

amphibian was thought to naturally exhibit environmentally-sensitive sex determination. 

One study previously identified sex reversal in a single wild frog population but did not 

assess environmental conditions, prohibiting inference as to whether sex reversal is 

natural20. Our discovery reshapes our understanding of the evolution of sex determination 

in one o f the major vertebrate clades (Figure 3). Most mechanistic models of sex 

determination transitions invoke a role for environmentally-sensitive sexual 

development21'23. Our finding suggests it is worth investigating whether environmental
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sex reversal may play a role in the repeated transitions among sex determining modes in 

amphibians, as suggested for reptiles’.

Additionally, we show that sex reversal in a single species can occur in both 

directions and that bidirectional sex reversal occurs within some populations. Laboratory 

experiments show the direction o f amphibian sex reversal can vary by species, demes, 

and environmental conditions24,25. Bidirectional sex reversal, in conjunction with the lack 

of relationships between sex reversal frequencies and environmental variables, might 

suggest that environmental control of amphibian sex may be multifarious and unlikely to 

be driven by a single causal factor. Recent theoretical work posits that sex determination 

in some species may have a “random” component. Despite a genotypic basis to sex, 

variation in multiple environmental conditions at the sensitive time in embryonic 

development could flip sexual differentiation away from the genetically predisposed 

pathway26. It is possible that variation in one or more conditions, like temperature or 

chemistry, is responsible for sex reversal in green frogs. If such “random” sex 

determination is occurring, it may be challenging to identify individual causal agents of 

sex reversal in wild populations.

Given prior results suggesting that intersex and sex ratios in amphibians can be 

related to anthropogenic conditions, the absence of evidence for land use or water quality 

mediated effects in this study is surprising. Based on a large number o f laboratory 

experiments, there is a strong sense among ecotoxicologists that sex reversal and intersex 

are predominantly the result of human factors4127’28. The findings from this study are 

inconsistent with this view, challenging this paradigm and perhaps indicating a more 

complex scenario where both natural and anthropogenic agents result in sex reversal and
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intersex. Additionally, while there is laboratory evidence that amphibian sexual 

differentiation is thermosensitive at extreme temperatures4,29, the role of temperature in 

wild amphibian sexual development has been rarely investigated. We found no evidence 

that pond temperatures influence sex reversal or intersex, but future investigations should 

account for potential temperature and climatic effects.

Our results underscore the importance o f comparative field studies that explicitly 

and quantitatively focus on populations in undeveloped as well as impacted landscapes. It 

is also critical to study the underlying molecular (e.g. genetic and epigenetic) and 

environmental mechanisms that drive unique modes of sex determination maintaining 

population sex ratios as well as transitions between modes of sex determination. Future 

investigations into the patterns of sex reversal in other species and ecological contexts are 

paramount for understanding the evolutionary and ecological consequences of sex 

reversal in amphibians.

Methods Summary

We collected adult green frogs from 16 ponds in Connecticut, USA (Extended Data 

Figure 1), phenotypically sexed frogs by dissection, collected tissue samples, 

histologically analyzed testes for intersex12, and deposited specimens with the Yale 

Peabody Museum. We genotyped frogs at each o f five sex-linked single nucleotide 

polymorphism (SNP) markers19 using two PCR rounds with second-round PCR products 

ligated with sample-specific barcodes and sequenced on an Illumina Hiseq 2500 . To 

measure forested and suburban land cover around ponds, we used custom high-resolution 

GIS land cover data.
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We used Bayes’ Theorem to assign each frog’s genotypic sex given genotypes 

across the five sex-linked markers. To analyze associations between sex reversal and 

intersex frequencies with environmental variables, we used a Bayesian modeling 

framework30. We modeled the probability of either direction of sex reversal and intersex 

as a binomial function of environmental variables (Percent Suburban land cover as well 

as mean pond pH, dissolved oxygen, and temperature), using flat prior distributions for 

intercepts with the map function in the R package ‘rethinking’30. We evaluated 

performance among models using the Widely Applicable Information Criterion (WAIC), 

which are useful for non-Gaussian probabilistic models, as well as weighted Akaike 

model rankings (Table l)30.

Online Content Methods, along with any additional Extended Data display items are 

available in the online version of the paper; references unique to these sections appear 

only in the online paper.
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Figure 1 | Percent of each frog population (left) comprised of sex-reversed XX-males 

and XY-females, arrayed in descending order from greatest frequency of XX-males 

followed by the greatest frequency of XY-females. Percent of phenotypic males with 

intersex testes (right). Intersex and sex reversal frequencies are not correlated. Pond 

names match those in Extended Data Table 2 and COAN, Forest2, Forest5, and Forest6 

are forested ponds.
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XX-Male XY-Male

Figure 2 | Two testicular oocytes from an intersex green frog. XX-males had a higher 

probability o f exhibiting intersex than XY-males. Of phenotypic males histologically 

assessed, 10 were genotypic females and 233 were genotypic males.
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Figure 3 | The distribution o f known vertebrate sex determining modes. Amphibians 

were previously thought to only exhibit strict GSD. GSD is primarily male heterogametic 

(XY) or female heterogametic (ZW) systems. Sex reversal occurs in species with GSD + 

EE and we show here (red dashed circle) that sex reversal is natural in amphibians.
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T ables

Table 1 | Bayesian binomial generalized linear model comparisons

Model WAICa SEb dWAICc dSEd Weighte
Female-to-Male Sex Reversal
Intercept Only 77.10 15.30 0.0 NA 0.34
Temperature 77.80 15.56 0.7 3.52 0.24
PH 78.60 15.54 1.6 0.90 0.16
Dissolved Oxygen 78.80 15.54 1.8 0.77 0.14
Percent Suburban 79.50 15.59 2.5 0.37 0.10
All Variables 82.60 16.19 5.6 3.87 0.02
Male-to-Female Sex Reversal
Intercept Only 91.90 21.92 0.0 NA 0.36
Temperature 93.20 22.12 1.3 0.63 0.19
pH 93.30 22.24 1.4 1.60 0.18
Percent Suburban 93.50 22.17 1.5 0.84 0.17
Dissolved Oxygen 94.60 22.44 2.7 0.77 0.09
All Variables 98.10 22.49 6.1 2.16 0.02
Intersex
All Variables 151.40 20.71 0.0 NA 0.43
pH 153.50 20.60 2.1 5.42 0.15
Dissolved Oxygen 153.50 20.90 2.2 4.73 0.15
Temperature 153.90 20.81 2.6 6.74 0.12
Intercept Only 154.20 20.77 2.8 6.69 0.11
Percent Suburban 155.70 20.93 4.3 6.41 0.05

aSmaller values support b e tte r model fits. Models are ranked from  lowest 
to  highest WAIC.

bEach WAIC estim ate's standard error

cRelative differences betw een a m odel and m odel w ith  the best (lowest) 
WAIC
S tan d ard  error o f dWAIC estimates or the standard error o f the  
difference  betw een a given mode's WAIC and the model w ith the best 
(low est) WAIC.

R e p resen t Akaike weights fo r each m odel. W eights across model sum to 
1. Larger values indicate models w ith higher support and higher 

probabilities o f predictive pow er conditional on all models considered
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Methods

Frog sampling: From 25 April - 21 July, 2016 we collected adult phenotypic female and 

male green frogs from 16 ponds along a forest-suburban land use gradient (Extended 

Data Figure 1). Nine ponds were studied in prior work13,14,31 and we recently acquired 

access to seven others. We collected frogs in buckets containing source pond water 

chilled on ice. Upon returning to the laboratory, we euthanized frogs with an overdose of 

buffered MS-222 and confirmed phenotypic sex via dissection and observation of the 

gonads. After euthanasia, we collected two samples of skeletal muscle from each frog in 

95% ethanol and fixed each specimen in 10% buffered formalin.

Land use classification: Our goal was to classify the degree of suburban land use 

surrounding each of our study ponds. To do this, we used a 2010 statewide orthophoto of 

Connecticut provided by the CT Department of Energy and Environmental Protection. 

This orthophoto was 1 -m resolution, was composed of four bands (infrared and natural 

color), and was taken during leaf-on (Extended Data Figure 2). We performed a 

supervised classification using the spatial analyst tools in ArcMap 10.1 (ESRI). Our 

targeted land cover types included trees, lawns, buildings, and roads or other paved 

surfaces. We supervised the classification with representative pixels (Extended Data 

Figure 2) surrounding each of the sixteen ponds and estimated the percent cover of each 

land cover type. Ultimately, we pooled lawn, building, and paved surface cover types into 

a single “Percent Suburban” predictor variable.

Testicular Histology: For histological analysis, we included all males from eleven ponds 

and randomly selected 22 males the five remaining ponds with higher sample sizes (> 26
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males sampled). Following Skelly et al.12, we removed the left testis from each male. At 

the Histology Core at the Yale School of Medicine, we retained every 20th section 

starting 10 sections into the gonad12,13 and stained sections with hematoxylin and eosin. 

Each section was assessed for intersex (the presence of oocytes) under a Leica BF200 

compound microscope. We only included samples in our analyses which had at least four 

high quality sections. Sections were considered high quality if  the staining was consistent 

and the gonad was predominantly intact.

Sex Genotyping: Tissue samples were preserved in 95% ethanol and transported to 

Diversity Arrays Technology Pty Ltd (Bruce, ACT, Australia) for genetic analysis. We 

genotyped each frog at each of five recently identified sex-linked single nucleotide 

polymorphism (SNP) loci (RaclCTOOl, -003, -005, -007, and -009)19 using DArTMP 

methods. For each locus, females are homozygous for the most common allele (i.e., X- 

chromosome allele) and males are heterozygous (i.e., have both a X- and Y-chromosome 

allele). Depending on the locus, we used either a multiplex or monoplex polymerase 

chain reaction (PCR) with locus-specific primers (Extended Data Table 1) amplifying 

several base pairs around the sex-linked SNP locus. In the first round of PCR, the locus 

specific products were amplified in 30 cycles. In the second round o f PCR, the sample- 

specific barcoded primers were used to identify individual frogs. The products of the 

second round of PCR were then sequenced on an Illumina Hiseq 2500.

We used Bayes’ Theorem to estimate the probability that each frog was a given 

genotypic sex.
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P(Female \ Allele combinations across loci)

P{Allele combination across loci \ Female) * P(Female)
P(Allele combination across loci | Female) * P{Female) + P(Allele combination across loci \ Male) * P(Malt

We used prior combinations of genotypes across loci in the original set of 23 adult 

females and 54 adult males used to identify these sex-linked markers (Lambert et al.

2016b). We assumed the probability of being either sex was 0.5, but found that the value 

of P(Female) and P(Male) do not heavily influence the outcome of this analysis.

For the frogs here, we observed 31 different combinations of genotypes across 

loci for the sequenced markers (Extended Data Table S3). Eighteen of these 

combinations were present in the original set of frogs used to identify the markers. These 

combinations were present in most sampled frogs in the study reported here. However, 

thirteen combinations, representing 88 individual frogs, were not previously observed.

For these 13 combinations, we were not able to use prior combinations of genotypes.

Instead, we used the prior frequencies o f individuals with a given number of male and 

female genotypes for across all markers (e.g., an individual displaying three markers with 

a female genotype and two markers with a male genotype) regardless of the order of each 

locus. In most cases, the phenotypic sex and probable genotypic sex of these individuals 

were concordant.

However, this analysis produced 15 individuals with genotypic sex probabilities 

that were counter-intuitive to the marker genotypes. We consider these counter-intuitive 

because all 15 individuals were phenotypically male (based on external sexual 

dimorphism and histology) and were heterozygous (i.e., the male genotype) at locus 

RaclCTOOl and at one additional locus. However, these individuals were homozygous
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(i.e., the female genotype) at three other loci and were therefore assigned an overall 

female genotype. Locus RaclCTOOl was perfectly sex-linked in the original set of frogs 

used to identify these markers19 as well as every other genotypic male in these data here 

(n = 397 genotypic males between datasets), making it a particularly informative locus 

for diagnosing genotypic sex. If these 15 ambiguous individuals exhibited a male 

genotype at only one more locus, their probability of being genotypically male would 

have been 1.0. Interestingly, most of these individuals were from three ponds (LaurOI, 

Laur02, AV08) in the extreme northern extent of our sampling area, approximately 30 

km away from the northernmost populations we used to identify these markers 

originally19. Additionally, all 15 o f these individuals were homozygous at locus 

RaclCT007, suggesting this locus shows substantial geographic variation in sex-linkage, 

has lost the heterozygous state in some areas, and fails to accurately diagnose sex in this 

region of the species’ range. Sex-linked markers in the congeneric European common 

frog (Rana temporaria) show substantial spatial variation in sex linkage32 and so it is not 

necessarily surprising that some R. clamitans sex-linked markers also show spatial 

variation in sex-linkage. For these reasons, we have coded these individuals as 

genotypically male for our analyses, particularly to minimize inflating the frequency of 

female-to-male sex reversed individuals in the data.

W ater chemistry: At most visits to each pond, we measured water conductivity (specific 

conductance), pH, and dissolved oxygen. For the first two measurements, we used an 

Oakton PCSTestr 35 Multiparameter probe. For dissolved oxygen, we used an YSI 

ProODO Handheld Optical meter. Conductivity in particular is a useful proxy for myriad 

contaminant sources entering urban ponds34. Between 30 June and 13 July, we collected

131



single water grab samples to assay nutrients and E. coli concentrations. For nutrients, we 

pushed a 60-mL water sample through a syringe fitted with a 45-micron filter (Millelex- 

HA Filter Unit, Merck Millipore Ltd), stored the sample on ice, and froze each at -20 °C. 

Twenty-four hours prior to analysis, we thawed nutrient samples at room temperature and 

estimated total nitrogen (TN) and total phosphorus (TP) concentrations following 

Environmental Protection Agency Method 365.4, which uses a persulfate digestion and 

colorimetric standards in conjunction with an auto-analyzer (Astoria2 Analyzer). During 

this same sampling period, we collected 100 mL water samples from just below the 

surface of each pond in sterile plastic containers, chilled samples on ice, and brought the 

samples back to the laboratory to immediately assay E. coli concentrations using the 

United States EPA-approved Colilert system (Idexx Laboratories). The Colilert system 

assays E. coli using a defined substrate technology which fluoresces under an ultraviolet 

light after cleaving 4-methyl-umbelliferyl-p-D-glucuronide (MUG). Upon returning to 

the laboratory, we thoroughly mixed Colilert MUG reagent with each water sample, 

incubated the sample for 24 h in a 35 °C water bath, and estimated the most probable 

number (MPN) of E. coli per sample.

Statistical Analyses: We analyzed putative associations between frequencies of sex 

reversal and intersex with environmental variables within a Bayesian probabilistic 

framework following McElreath30 and using the map function in the R (v 3.4.0) package 

‘rethinking’. To do so, we modeled the probability of masculinizing sex reversal, 

feminizing sex reversal, or intersex as binomial responses and used flat prior distributions 

for intercepts and predictor variables. We focused on Percent Suburban land cover, mean 

pH, mean dissolved oxygen, and mean temperatures as predictor environmental variables.
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While we measured water conductivity as a proxy verifying contamination associated 

with suburban land use1433, we had no reason to expect water conductivity to be related 

to sex. However, we had a priori reasons to predict that the other variables may influence 

amphibian sex14,35'37. Furthermore, because conductivity was tightly correlated with 

suburbanization (see Extended Results below), we did not include it in our models of sex. 

For each the probability of masculinizing sex reversal, feminizing sex reversal, and 

intersex, we developed six models. One model only included an intercept term, four 

models included one of the four environmental variables, and the final model included all 

four environmental variables. We similarly modeled whether intersex frequencies were 

associated with masculinizing, feminizing, or total sex reversal frequencies.

We evaluated performance among models using the Widely Applicable 

Information Criterion (WAIC) which takes the averages of log-likelihoods over the 

posterior distribution of a given model. WAIC values are particularly helpful inference 

metrics for evaluating Bayesian probabilistic generalized linear models because they do 

not rely on a Gaussian posterior distribution, therefore making them useful for binomial 

models like those used here. Furthermore, we assessed the relative predictive power of 

different models by comparing changes in WAIC (dWAIC in Table 1) and weighted 

model probabilities using Akaike weighted ranking (McElreath 2016).

To characterize how land use might be associated with different pond water 

properties (conductivity, pH, dissolved oxygen, temperature, nutrients, and E. coli) we 

used normal linear models which included the percent of suburban land cover 

surrounding each pond as well as sampling date as predictor variables. If sampling date 

was not significant (at p < 0.05) in the model, we instead used linear mixed effects
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models with the “lmer” function in the lme4 package in R, treating sampling date as a 

random effect to account for repeated measures, and treated suburban land use as the only 

fixed effect. For mixed effects models, we calculated an R2 with the “r.squaredGLMM” 

function in the R package MuMIn. We also used linear models to test whether TN, TP, 

and E. coli varied along the suburban gradient.

Data Availability: All whole specimens, tissues, and histological sections have been 

deposited in the Yale Peabody Museum of Natural History (YPM HERA 015904- 

015992, 018641-018672, 018913-019255, 019666). The datasets generated during and 

analyzed during the current study are available in the Extended Data or are available on 

figshare [link available upon acceptance].

Extended Results

Frogs: Pond and frog data are summarized in Extended Data Table 2. In total, we 

collected 464 adult green frogs (p = 29, range = 6-92) from the 16 study ponds. Of this 

sample, we collected a total of 129 phenotypic females (p = 8.1, range = 2-17) and 335 

phenotypic males (p = 20.9, range = 4-75). Most phenotypic females were gravid, but a 

small proportion were spent, newly ovulating, or immature (Extended Data Table 2).

We found that sex reversal occurs across most populations, at low frequencies, 

and bi-directionally. Twelve of the 16 frog populations exhibited at least one direction of 

sex reversal and we found female-to-male sex reversal to be more common than male-to- 

female sex reversal. Specifically, the intercept posterior probabilities of the Bayesian 

GLMs across all sampled frogs indicated that 8.5 % (n=l 1; 89% credible interval 5.4% - 

13.4%) of all genotypic females across ponds had a male phenotype, whereas 3% (n=10;
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89% credible interval 1.8% - 4.9%) of all genotypic males had a female phenotype. 

Contrary to our predictions, there were no relationships between sex reversal frequencies, 

in either direction, and environmental variables (Table 1, Extended Data Table 4, 

Extended Data Figure 3). Posterior probabilities, credible intervals, and proportional 

changes in log odds all indicates that sex reversal was not strongly related to any 

particular environmental variable (Extended Data Table 4). Similarly, WAIC values 

across all models for either sex reversal type were relatively similar and standard errors 

of each models’ WAICs were relatively high (Table 1). Importantly, change in WAIC 

values (dWAIC) between each model and the model with the best (lowest) WAIC were 

generally low. Additionally, the standard errors of estimated dWAIC were relatively high 

compared to actual dWAIC values. In both sex reversal directions, Akaike weighting, a 

probabilistic ranking of a model’s predictive capability relative to other models, ranked 

the intercept-only model as highest for both masculinizing and feminizing sex reversal. 

However, no model garnered a substantial portion of the weight (Table 1).

Of the 246 testes evaluated, 23 (9.0%, 89% credible interval 6.8% - 12.9%) were 

intersex. Of the intersex frogs, 91% (n=21) were genotypically male while the remaining 

9% (n=2) were genotypically female. While the sample size of available XX-male frogs 

was limited, 20% of XX-males evaluated were intersex whereas only 9% of XY-males 

evaluated were intersex (Figure 2). The posterior probability for genotypic sex 

influencing intersex frequencies was 0.28 (89% credible interval 0.10, 0.60). The 

proportional change in odds of being intersex as a genotypic female compared to being a 

genotypic male was 0.40, indicating that the odds of an XY-male being intersex is 60% 

lower than the odds for an XX-male.
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For Bayesian models o f intersex and environmental variables, WAIC and dWAIC 

standards errors were again high and AIC rankings did not apportion a dominant weight 

to any particular model (Table 1). No particular environmental variable exhibited any 

variation with intersex frequencies (Extended Data Figure 3, Extended Data Table 4). 

This result is further supported by data (H.E. Bement and D.K. Skelly unpublished) 

showing equal intersex frequencies in green frog populations from each o f three forested 

and three suburban ponds, indicating that intersex is unlikely to be driven primarily by 

human land use. Models also indicated that intersex frequencies were not associated with 

rates of masculinizing (posterior probability 0.49, 89% credible interval 0.46 -  0.52, 

feminizing (posterior probability 0.53, 89% credible interval 0.49 -  0.56), or total sex 

reversal frequencies (posterior probability 0.51, 89% credible interval 0.47 -  0.54).

Half of ponds surrounded by suburban land cover had intersex males; for 

suburban ponds with intersex males, intersex frequencies ranged from 5.3% - 33.3% 

(Extended Data Table 2). All four forested ponds harbored intersex males with intersex 

frequencies ranging from 4.3% - 18% of males in a given pond (Extended Data Table 2).

W ater Chemistry: Dissolved oxygen, pH, conductivity, and temperature all increased 

with increasing suburban land cover surrounding ponds (Extended Data Figure 1). The 

model (full model R2 = 0.29, p < 0.001) for dissolved oxygen included both Percent 

Suburban (p = 0.002, estimate = 0.0596 ± 0.01865) and Sampling Date (p < 0.001, 

estimate = -0.07253 ± 0.01740). Dissolved oxygen generally declined throughout the 

season by 0.7 mg/L every ten days and, controlling for Sampling Date, dissolved oxygen 

increased by 0.5 mg/L for every 10% increase in landscape composition that was 

suburban land cover (Extended Data Figure 1).
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For pH, the model (full model R2 = 0.22, p < 0.001) included both Percent 

Suburban (p < 0.001, estimate = 0.016062 ± 0.0.003418) and Sampling Date (p = 0.04, 

estimate = 0.006447 ± 0.003156). Generally, pH increased throughout the season by 0.06 

every ten days and, controlling for Sampling Date, pH increased by 0.16 for every 10% 

increase in suburban land cover composition (Extended Data Figure 1).

In the linear regression (full model R2 = 0.44, p < 0.001) for conductivity, Percent 

Suburban was significant (p < 0.001) but Sampling Date was not (p = 0.10). A linear 

mixed effects model treating Sampling Date as a random effect found a significant 

positive correlation between conductivity and the fixed effect Percent Suburban (R2 = 

0.43, p < 0.001, estimate = 6.538 ± 0.8519). Conductivity increases on average by 65.4 

microsiemens for every 10% increase in landscape comprised o f suburban land cover.

For temperature, the model (full model R2 = 0.52, p < 0.001) included both 

Percent Suburban (p < 0.001, estimate = 0.06342 ± 0.01528) and Sampling Date (p < 

0.001, estimate = 0.12419 ± 0.0141). Generally, temperature increased throughout the 

summer by 1.2° C every ten days throughout the summer and, controlling for Sampling 

Date, temperature increased by 0.6° C for every 10% increase in landscape composition 

that was suburban land cover (Extended Data Figure 1).

TN, TP, and E. coli concentrations (non-transformed or ln-transformed) did not 

correlate with suburbanization (all p > 0.1). It is possible that these response variables 

may also require repeated sampling across the season to best understand associations with 

land use33.
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Extended Data Figures and Tables

Extended Data Table 1 | Primer sequences single nucleotide polymorphsim (SNP) sex- 

linked markers

Extended Data Table 1 | Primer sequences  of single nucleotide polymorphsim (SNP) sex-linked markers___________________________________________
Marker Primer SNP______________________ B ases Oligo S equence________________________________________________________________________
D ,„ Tnn, Forward _ . 34 CGA TGG ATC CAG TGC CTG CAG CCA ACA TGT GTT TRaclCTOOl 22:G>A

Reverse 41 CAA GCA GAA GAC GGC ATA CGA GAT CGG TGC ATG CTG AAC AA
IOTnno Forward T 31 CGA TGG ATC CAG TGC CTG CAG ACA GTT GAT G RaclCT003 19:C>T

Reverse 51 CAA GCA GAA GAC GGC ATA CGA GAT CGG TGC ATG CTG AAG GAC ACA GTG CGC
□ Forward .c 0  . 54 CGA TGG ATC CAG TGC CTG CAG ACA AAC TCA TGC TGT GTC TAA TCA CAG CAC AGGRaclCT005 45:G>A

Reverse 41 CAA GCA GAA GAC GGC ATA CGA GAT CGG TGC ATG CAC ATG CC
0  Forward „ „ _ A 23 CGA TGG ATC CAG TGC CTG CAG CTRaclCT007 11:C>A

Reverse 64 CAA GCA GAA GAC GGC ATA CGA GAT CGG TGC ATG CTG TCA AGG ACA GGA CAC ACA GAG GCC GGA G
D Forward 28 CGA TGG ATC CAG TGC CTG CAG CTG GGT CRaclCT009 1 0 . I

Reverse 53 CAA GCA GAA GAC GGC ATA CGA GAT CGG TGC ATG CGA CGA TGA AGG ATC TTG TG
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Extended Data Table 2 | Green frog pond landscape attributes, sample sizes for each 

sex, TO frequencies, and ovarian stage frequencies

Extended Data Table 2 | Green frog pond landscape attributes, sample sizes for each sex, intersex frequencies, and ovarian stage frequencies

Pond Town
Percent
Forest

Percent
Suburban Males

Percent
Intersex3 Females

Ovulating
Ovariesb

Gravid
Ovaries0

Immature
Ovaries'1

Spent
Ovaries8 Total Frogs

Laur02 Avon 46.3 53.7 12 0.0 8 5 0 2 1 20
Septic7 Madison 51.5 48.5 28 9.1 9 1 7 0 1 37
Septic3 Madison 59 41 7 0.0 4 3 0 0 1 11

Sewer3 Trumbull 63.4 36.6 19 5.3 12 4 8 0 0 31
AV68 Avon 63.7 36.3 20 0.0 4 0 4 0 0 24
SepticIO Orange 64.9 35.1 8 0.0 5 2 3 0 0 13
LaurOI Avon 65.7 34.3 20 20.0 3 1 2 0 0 23
AV08 Avon 66.7 33.3 4 0.0 2 0 2 0 0 6
OAHI Woodbridge 83.2 16.8 9 33.3 3 1 1 0 1 12
EMSN Madison 87.9 12.1 43 13.6 7 3 2 0 2 50
WNHL Madison 89.1 10.9 13 8.3 13 2 8 2 1 26
SUHL Madison 96 4 10 0.0 7 1 4 2 0 17
Forest2 Bethany 100 0 29 9.1 15 1 13 0 1 44
COAN Durham 100 0 26 4.3 15 5 8 0 2 41
Forest5 Meriden 100 0 75 18.2 17 5 11 0 1 92
Forest6 New Haven 100 0 13 7.7 4 0 3 0 1 17

aThe percent of male histologically analyzed which exhibit testicular oocytes (TOs) 
bOvulating ovaries were flacid but contained many visible, immature eggs 
cGravid ovaries filled the coelomic cavity and were filled with large, ripe eggs 
immature ovaries were small, flacid, and yellow
eSpent ovaries were stretched, empty, and flacid, containing only a few remnant ripe eggs after recent opposition
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Extended Data Table 3 | Observed sex marker genotype combinations and genotypic 

sex probabilities

Extended  D ata T a b le  3  | O b se rv ed  c o m b in a tio n s  of g e n o ty p e s  a t  e a c h  o f five sex -lin k ed  m a rk e rs3 fro m  frogs c o lle c te d  in 2016  a s  w ell a s  p ro b a b il i t ie s  a frog  is a 
g iven  p h e n o ty p ic  sex given  e a c h  c o m b in a tio n

RaclCT001 RaclCT003 RaclCT005 RaclCT007 RaclCT009 Pr(Genotype Pr(Genotype Pr(Female | 
| Female) | Male) Genotype)

Pr(Male | Noteb 
Genotype)

NA XX XX XX XX 0.83 0.02 0.93 0.07 AlleleSequences
NA XX XY XX XX 0.04 0.00 1.00 0.00 AlleleSequences
NA XY XY XY XY 0.00 0.85 0.00 1.00 AlleleSequences
XX NA NA NA NA 1.00 0.00 1.00 0.00 AlleleSequences
XX NA NA XX XY 0.09 0.00 1.00 0.00 AlleleSequences
XX NA XX XX XX 0.04 0.00 1.00 0.00 AlleleSequences
XX NA XX XX XY 0.09 0.00 1.00 0.00 AlleleSequences
XX XX XX XX XX 0.83 0.00 1.00 0.00 AlleleSequences
XX XX XX XX XY 0.09 0.00 1.00 0.00 AlleleSequences
XX XX XY XX XX 0.09 0.02 0.60 0.40 AlleleSequences
XY NA NA NA NA 0.00 1.00 0.00 1.00 AlleleSequences
XY NA XY XX XY 0.00 0.04 0.00 1.00 AlleleSequences
XY XX XX XX XX 0.00 0.02 0.00 1.00 AlleleSequences
XY XX XY XX XY 0.00 0.04 0.00 1.00 AlleleSequences
XY XY XX XY XY 0.00 0.04 0.00 1.00 AlleleSequences
XY XY XY XX XX 0.00 0.02 0.00 1.00 AlleleSequences
XY XY XY XY XX 0.00 0.02 0.00 1.00 AlleleSequences
XY XY XY XY XY 0.00 0.85 0.00 1.00 AlleleSequences
NA XY XY XX XY 0.00 0.08 0.00 1.00 GenotypeProportions
XX XX XX XY XX 0.09 0.02 0.60 0.40 GenotypeProportions
XX XX XX XY XY 0.04 0.00 1.00 0.00 GenotypeProportions
XX XY XX XX XX 0.09 0.02 0.60 0.40 GenotypeProportions
XX XY XX XX XY 0.04 0.00 1.00 0.00 GenotypeProportions
XX XY XY XX XX 0.04 0.00 1.00 0.00 GenotypeProportions
XY XX XX XX XY 0.04 0.00 1.00 0.00 GenotypeProportions
XY XX XX XY XY 0.00 0.06 0.00 1.00 GenotypeProportions
XY XX XY XX XX 0.04 0.00 1.00 0.00 GenotypeProportions
XY XX XY XY XY 0.00 0.08 0.00 1.00 GenotypeProportions
XY XY XX XX XX 0.04 0.00 1.00 0.00 GenotypeProportions
XY XY XX XX XY 0.00 0.06 0.00 1.00 GenotypeProportions
XY XY XY XX XY 0.00 0.08 0.00 1.00 GenotypeProportions

aAn XX g e n o ty p e  re fe rs  to  a n  in d iv id u a l th a t  is h o m o zy g o u s  fo r t h e  m o s t c o m m o n  a lle le  w h e re a s  a n  XY g e n o ty p e  is an  in d iv id u a l h e te ro z y g o u s  fo r t h e  co m m o n  

a n d  SNP a lle le s

bG e n o ty p ic se x  p ro b a b il i ty  t h a t  a re  b a s e d  o n  A llele S e q u e n c e s  fro m  L am b ert e t  a I. (2 0 1 6 )19, w h e re a s  G e n o ty p e  P ro p o rtio n s  re fe rs  to  p ro b a b il i t ie s  b a se d  o n  th e  
n u m b e r  o f  m ark e rs  t h a t  a r e  e i th e r  XX o r  XY fo r  a g iven  ind iv id u a l
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Extended Data Table 4 | Individual frog metadata including Yale Peabody Museum 

catalog number, sampled pond, phenotypic sex, intersex presence, genotypic sex, and 

genotype at each sex-linked locus.

Extended Data Table 4 | Bayesian univariate posterior probabilities, 
credible intervals, and proportional log odds

Model
Posterior

Probability
89% Credible 

Interval
Propoprtional 

Log Odds3

Female-to-Male Sex Reversal
Intercept Only 0.085 0.054-0.134 NA

Percent Suburban 0.5 0.495-0.510 1

Dissolved Oxygen 0.512 0.462-0.565 1.05

pH 0.57 0.370-0.75 1.78

Temperature 0.435 0.359-0.51 0.77

Male-to-Female Sex Reversal
Intercept Only 0.03 0.018-0.049 NA

Percent Suburban 0.503 0.495-0.507 1.01

Dissolved Oxygen 0.505 0.45-0.562 1.02

pH 0.385 0.185-0.63 0.63

Temperature 0.515 0.453-0.577 1.06

Intersex
Intercept Only 0.09 0.068-0.129 NA

Percent Suburban 0.498 0.493-0.503 0.99

Dissolved Oxygen 0.535 0.505-0.567 1.15

pH 0.639 0.49-0.765 1.77

Temperature 0.54 0.498-0.584 1.17

in d i c a t e s  the  proportional change  in log od d s  o f  a response  variable  

changing with a given predictor variable.  Values closer to 1.0 indicate  no  

change.
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COAN

40 Kilometers

Extended Data Figure 1 | Distribution of study ponds across the state o f Connecticut 

(top). Entirely forested ponds are dispersed across the spatial distribution o f ponds here as 

are ponds with varying degrees of suburban land cover. Pond names correspond to those 

in Extended Data Table 2 and the degree of suburban land cover surrounding each pond 

can also be found in Extended Data Table 2. Representative aerial images of two forested 

ponds and four ponds surrounded by varying degrees of suburban cover (middle). Pond 

dissolved oxygen, pH, conductivity, and temperature all increase with increasing 

suburban land cover (bottom).
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Forest Lawn |  Buildings |  Roads

Extended Data Figure 2 | Example of supervised classification used to derive land 

cover. On the left is a 4-band, 1 -m resolution orthoimage constrained to a 200-m buffer 

surrounding a suburban pond (center). Different color polygons on the image represent 

forest (green), lawn grasses (yellow), buildings (red), and roads (black) used to train GIS 

algorithm to different clusters of wavelengths. Right is the associated image at the 

completion of the classification. We performed the supervised classification 

simultaneously on all 16 ponds, using representative training polygons of all available 

land cover types around each pond to train the model.
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Extended Data Figure 3 | Relationships between frequencies of masculinizing sex 

reversal (top), feminizing sex reversal (middle), and intersex (testicular oocytes; bottom) 

with the Percent of Suburban land cover surrounding ponds, as well as mean pH, 

dissolved oxygen (DO), and temperatures. Sex reversal frequencies were not correlated 

with any environmental variable. Intersex frequencies showed no significant univariate 

relationships with environmental variables but showed a modest multivariate relationship 

with Percent Suburban land cover, mean DO, and mean temperature.
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CHAPTER 5

The roles of sex reversal, sex allocation, and sex-biased mortality as drivers of 

offspring sex ratio variation in wild amphibian populations

Publication Status'. Lambert, M. R., Ezaz, T., and D. K. Skelly. In Prep. The roles of sex 

reversal, sex allocation, and sex-biased mortality as drivers of offspring sex ratio 

variation in wild amphibian populations. Target Journal: The American Naturalist.

Max R. Lambert, Tariq Ezaz, David K. Skelly

Abstract: While the patterns and mechanisms underlying offspring sex ratio variation 

have been extensively studied in most vertebrate clades as well as insects, little attention 

has been given to amphibians. Recent work on the North American green frog (Rana 

clamitans) showed that sex ratios at metamorphosis can vary along environmental 

gradients and are consistently male-biased in forested environments. In recent years, 

experimental work has used sex ratio biases in developing amphibians as a proxy for sex 

reversal, where individuals’ phenotypic and genotypic sexes are opposing. While our 

recent work indicates that sex reversal is natural, widespread, and bidirectional in wild 

adult green frogs, it remains unclear whether sex reversal is the primary cause of 

previously observed sex ratio biases in green frogs. At least two other, non-mutually- 

ex elusive, mechanisms -sex allocation and sex-biased mortality -  could also contribute to 

metamorph sex ratio variation in amphibians. Using novel sex-linked genetic markers, we 

explored the extent to which one or more o f these hypotheses could possibly explain 

phenotypic sex ratio variation in green frogs. While sex reversal was common, sex-
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reversed metamorphs did not explain the observed variation in metamorph phenotypic 

sex ratios, suggesting a larger role for other mechanisms. We found multiple clutches 

with skewed genotypic sex ratios, indicating that breeding by sex-reversed adults may be 

contributing to phenotypic sex ratio variation in ensuing generations. The patterns 

identified here demonstrate the need to reconcile conflicting insight in our understanding 

of amphibian sex from different research venues and suggests we should be cautious 

when attempting to use sex ratio variation as a putative response to contaminants.

KEYWORDS: green frog; Rana clamitans; sex determination; sexual differentiation

Introduction

Patterns o f offspring sex ratio variation and the mechanisms underlying these 

patterns have been long-standing interests of evolutionary ecologists (Chamov 1982, 

Pianka 1999, Hardy 2002, West 2009). While Darwin (1881) was bewildered that animal 

sex ratios were generally poorly documented, substantial work has since been dedicated 

to understanding offspring sex ratio variation across most vertebrate clades as well as 

insects (Fisher 1930, Hardy 2002, West 2009). In particular, theoretical and empirical 

work has illustrated the adaptive value of skewed sex ratios from both parental sex 

allocation in mammals and birds as well as environmental sex determination in reptiles 

and some fishes. Surprisingly, few studies have attempted to document offspring sex 

ratios in amphibians nor the processes which might underlie sex ratio variation.
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In recent years, sex ratio variation in amphibians and fishes has been used as a 

toxicological endpoint in laboratory experiments assessing how anthropogenic 

contaminants influence sexual development (Orton et al. 2006, Pettersson and Berg 2007, 

Hogan et al. 2008, Baroiller et al. 2009, Olmstead et al. 2009, Hayes et al. 2010;

Langlois, Duarte-Guterman & Trudeau 2010, Tompsett et al. 2012, Lambert 2015, 

Lambert et al. 2016, Hoskins and Boone 2017). In these studies, biased phenotypic sex 

ratios are used as a proxy for sex reversal, where it is assumed that a biased phenotypic 

sex ratio occurs when individuals of a given genotypic sex develop as the opposing 

phenotypic sex. However, this assumption has rarely been tested. Some recent work, 

though, has begun to acknowledge that sex-biased mortality may also contribute to sex 

ratio variation (Lambert et al. 2016, Hoskins and Boone 2017).

Little work in general has assessed offspring sex ratios in wild populations of 

amphibians or fishes. Two studies on fishes (the white sucker Catostomus commersoni 

and the viviparous eelpout Zoarces viviparous), found phenotypic sex ratios to be heavily 

female-biased at sites downstream of estrogenic wastewater treatment plant effluent 

(Vajda et al. 2008) or male-biased downstream from androgenic pulp mill effluent 

(Larsson and Forlin 2002), but at parity upstream of this contamination. These results 

imply that sex ratios may typically be equal in these species but can become biased due to 

human activities. However, few studies, including these ones, have verified that 

phenotypic sex ratio biases are actually due to sex reversal.

Recent work from our group found that phenotypic sex ratios of the green frog 

(Rana clamitans) at metamorphosis were consistently male-biased in each of four 

forested ponds and became increasingly dominated by females as ponds were surrounded
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by more suburban land cover (Lambert et al. 2015). Two critical points came from these 

field observations. First, in environments experiencing relatively minimal human impact, 

amphibian offspring sex ratios can be consistently skewed from parity. This challenges 

the common assumption that amphibian sex ratios should naturally be at parity (Hayes 

1998) and suggests that such biases are not necessarily an aberrant response to 

anthropogenic activities. Second, this pattern demonstrates that sex ratios vary along 

environmental gradients, indicating that offspring sex ratios are driven by differences in 

environmental conditions. What mechanisms underlie sex ratio variation in wild 

populations, however, remains uncertain.

Recently, we used novel sex-linked genetic markers to show that environmentally 

induced sex reversal, where an individual’s phenotypic sex has developed opposite its 

genotypic sex, is a widespread and natural characteristic of adult green frogs. These 

results expand the current understanding that sex is strictly genetically controlled in wild 

amphibians (Hayes 1998, Eggert 2004, Nakamura 2009, Sarre et al. 2011, Orton and 

Tyler 2015). Additionally, these results indicate that sex reversal is one of several 

possible explanations for the biased metamorphic sex ratios we previously observed in 

green frogs. However, after initially finding that sex reversal is unlikely the dominant 

cause of phenotypic sex ratio variation in metamorphosing green frogs (see results), we 

set out to explore whether other possible mechanisms might underlie metamorph sex ratio 

variation (Fig. 1). In particular, sex-biased mortality from fertilization to metamorphosis 

as well as differential sex allocation by parents (Fig. SI) are also non-mutually-exclusive 

hypotheses to explain variation in metamorph sex ratio.

149



Here, we describe the results of a study exploring the extent to which sex reversal, 

sex allocation, and sex-biased mortality might contribute to sex ratio variation in wild 

cohorts o f metamorphosing green frogs. Our findings have broader implications for 

understanding the sexual demography and dynamics of wild vertebrate populations which 

have both environmental and genetic contributions to sex determination.

Methods

Metamorphs: In 2016, as part of another study (Lambert et al. In Prep), we surveyed 

ponds at least twice each week and collected larvae as they were metamorphosing (i.e., 

when both forelimbs emerged at Gosner 42 or later; Gosner 1960). These frog 

populations are part have been a part of our continuing work on amphibian sexual 

development (Lambert et al. 2015, 2016, In Prep). Because of ongoing drought 

conditions in Connecticut, we were only able to collect metamorphs from a subset of 

study ponds (Forest5, Septic3, Septic7, SepticlO, Sewer3, and AV08) which had 

maintained water over the winter. This is because green frogs have a uniquely long ( > 1 

year) larval period which typically necessitates tadpoles overwintering between summers. 

Male and female green frogs cannot be distinguished from external characteristics until 

several years post-metamorphosis. We phenotypically sexed all individuals by dissection 

and observation o f the gonads following prior work (Lambert et al. 2015, 2016). We 

genotyped a random subset (minimum of 55% of individuals, but typically 70% or more) 

of each cohort to test for sex reversal. After finding surprising patterns of sex ratios and 

sex reversal in metamorphs from 2016 (see results), we collected a second year of 

metamorph data from Septic7 and another pond, OAHI (studied in Lambert et al. In

150



Prep). For 2017 samples, we genotyped all specimens except one phenotypic female 

from Septic7.

Clutch Genotypic Sex Ratios: Our goal was to explore whether clutch sex ratios in green 

frogs had the potential to differ from parity. Between 01 June and 12 July, 2017, we 

visited two ponds, Forest5 and Septic7, every 1-3 days. We note that this period of time 

does not typically encompass the entire breeding season of the species, however because 

of dry conditions we detected few clutches past 26 June, 2017. We likely saw reduced 

breeding after this time because the two pond basins dried beyond where of the emergent 

vegetation necessary for green frog clutch deposition. While this survey period is not as 

long as in most years, it is relatively comprehensive for this year and allows us to begin 

addressing the degree of sex ratio variation in green frog clutches.

From each fresh clutch observed, we collected a subsample of ca. 150 embryos 

prior to neurulation (Gosner 14 and below), attempting to minimize any environmental 

effects on embryo survival. We reared clutches each in a separate aquarium with 

reconstituted distilled water at 18°C until embryos freed themselves from jelly and so 

they were large enough to maximize cell divisions and DNA yield (Sakisaka et al. 2000, 

Alho et al. 2010). We haphazardly tissued and genotyped 28-30 recently hatched 

embryos from each clutch.

Sex-Biased Mortality. Our goal was to infer sex-biased mortality by assessing changes in 

cohort sex ratios from clutches (see above) and throughout larval development. We 

collected and genotyped 36 larvae from both Septic7 (on 15 October, 2017) and Forest5 

(16 October, 2017). With reference to the long larval period described early, this sample
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collected here represents several months of larval development and exposure to the 

environment prior to overwintering.

Sex Genotyping: We shipped tissue samples to Diversity Arrays Technology (Bruce, 

ACT, Australia) and genotypically sexed all individuals using DArTmp methods 

including two rounds of polymerase chain reaction and sequencing on an Illumina HiSeq 

2500 as described previously (Lambert et al. In Prep).

Statistical Analyses: We analyzed our data within a probabilistic Bayesian framework 

using the maximum a posteriori (map) function in the R (v 3.4.0) package ‘rethinking’ 

following McElreath (2016). To test whether metamorphic phenotypic sex ratios and 

clutch genotypic sex ratios were skewed from parity, we used the map function and a 

binomial likelihood to assess whether the proportion of females in a sample differed from 

a flat prior (i.e., differed from an equal sex ratio). We also developed Bayesian 

generalized linear models (GLMs) to model which environmental variables might be best 

associated with sex ratio and sex reversal frequencies. To do so, we modeled the 

probability of being a phenotypic female or male (sex ratios), as well as masculinizing 

sex reversal or feminizing sex reversal, as binomial responses and used flat prior 

distributions for intercepts and predictor variables. We focused on Percent Suburban land 

cover, mean pH, mean dissolved oxygen, and mean temperatures as predictor variables. 

We note that our prior work found that the diversity o f estrogenic contaminants was 

strongly, positively correlated with the amount of suburban land cover surrounding ponds 

(Lambert et al. 2015). For each response (sex ratios, female-to-male sex reversal, or 

male-to-female sex reversal), we developed a total of 16 models -  an intercept only
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model, four univariate models, and 11 models representing all possible combinations of 

variables.

For Bayesian GLMs, we evaluated performance among models using the Widely 

Applicable Information Criterion (WAIC) which takes the averages o f log-likelihoods 

over the posterior distribution o f a given model. WAIC values are particularly helpful 

inference metrics for evaluating Bayesian probabilistic generalized linear models because 

they do not rely on a Gaussian posterior distribution, therefore making them useful for 

binomial models like those used here. Furthermore, we assessed the relative predictive 

power o f different models by comparing changes in WAIC (dWAIC) and weighted 

model probabilities using Akaike weighted ranking (McElreath 2016).

Results

Sex Genotyping: In total, we genotyped the sex of 918 samples representing 248 

metamorphs, 598 embryos, and 72 tadpoles. For most specimens, count depth was high 

enough to score alleles for both loci, RaclCTOOl as well as RaclCT009. For 2016 

metamorphs, count depth to score alleles was only high enough for RaclCTOOl for many 

individuals. While we interpret results for 2016 metamorphs with caution, RaclCTOOl 

has previously been shown to be accurate in diagnosing sex in Connecticut populations 

from 566 frogs so far (Lambert et al. 2016, Lambert et al. In Prep).

Metamorphs: In 2016, Bayesian analyses found support that phenotypic sex ratios were 

male-biased in two ponds (Fig. S2): Septic7 (30% female, posterior probability 89% Cl 

0.18-0.42) and Septic3 (39% female, posterior probability 89% Cl 0.18-0.42). Sex ratios
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for SepticlO, Sewer3, AV08, and Forest5 were all at parity (41-53% female, posterior 

probability 89% credible interval lower bound 0.27- 0.39, upper bound 0.56 -  0.66). Of 

the four ponds with samples from both 2012 and 2016, two had sex ratios that were 

different between years (Fig. S2). Specifically, while Forest5, an entirely forested pond, 

had an equal sex ratio in 2016, its sex ratio was male-biased in 2012 (32% female, 

posterior probability 89% Cl 0.18-0.46). Additionally, while Septic7, one of the most 

heavily suburbanized ponds, had an equal sex ratio in 2012, it had a male-biased ratio in 

2016.

We were unable to identify any particular suite of environmental variables that 

explained patterns in 2016 metamorph phenotypic sex ratio data. The top five Bayesian 

binomial models had relatively equal support and, combined, accrued ca. 50% of the 

Akaike weighting. Mean pond pH in particular seems to be associated with metamorph 

sex ratios, appearing in four of the top five models (Table SI). Additionally, pH tended to 

have high posterior probabilities for being associated with sex ratios whereas other 

covariates did not (Table 1). Ponds with a more acidic pH had more male-biased ratios 

and sex ratios became more equal as the pH of ponds was neutral or more basic (Fig. 1). 

Suburban land appears in three of the top five models (Table SI) but posterior 

probabilities were generally low (Table 1), suggesting suburban land use is an important 

covariate but not the dominant driver o f sex ratio variation in metamorphosing cohorts 

from 2016. Interestingly, while we found that sex ratios were male-dominated in forested 

environments and more equal in suburban environments in 2012, 2016 cohorts showed 

the opposite pattern where sex ratios were more equal in more forested environments but 

male-biased in suburbanized ponds (Fig. 2).
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In 2016, neither male-to-female (posterior probability 0.49, 89% credible interval 

0.48 -  0.50, odds ratio 0.96) or female-to-male sex reversal (posterior probability 0.50, 

89% credible interval 0.48 -  0.51, odds ratio 0.98) explained sex ratio variation. While 

sex reversal was not obviously associated with sex ratios (Fig. S3), sex reversal 

frequencies were associated with environmental characteristics (Fig. 3, Fig. S4, Fig. S5). 

For male-to-female sex reversal, the top four Bayesian GLMs all included temperature 

(Fig. 3), indicating that higher mean water temperatures are associated with high 

frequencies of male-to-female sex reversal (Table 1, Table SI). A weak positive effect of 

suburban land cover was present in the 3rd and 5th ranked models. Weak negative effects 

o f mean pH and mean dissolved oxygen were also present in the 2nd and 4th ranked 

models.

For female-to-male sex reversal, the three best supported models all included both 

temperature (Fig. 3) and dissolved oxygen (Fig. S5, Table 1, Table SI). The top 

supported model also included pH and the third best model included suburban land cover. 

These top three models garnered 74% of the model weight across all 16 possible models 

(Table 1), showing strong support for models that included both temperature (Fig. 3) and 

dissolved oxygen. Female-to-male reversal showed an opposing pattern with temperature 

compared to male-to-female reversal. Specifically, rates o f female-to-male reversal were 

higher at cooler temperatures. We note however, that we have a limited number of 

populations, and so we interpret the results of these models with care.

In 2017, phenotypic sex ratios at both Septic7 (40% female, posterior probability 

89% Cl 0.29 -  0.5) and OAHI (35% female, posterior probability 89% Cl 0.22 -  0.49) 

were skewed towards males (Fig. S2). In both ponds, we found no evidence of female-to-
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male sex reversal that would directly explain the male-biased phenotypic sex ratios. In 

Septic7, 6% (n=2) of genotypic males exhibited a female phenotype and in OAHI, 9% 

(n=2) of genotypic males exhibited a female phenotype (Fig. S3). Sex reversal 

frequencies were substantially lower in 2017 than in 2016 (Fig. S3).

Clutch Sex Ratios'. In total, we genotyped embryos from seven and 13 clutches, 

respectively, from Septic7 and Forest5. In pond Septic7, clutch sex ratios varied from 

36.7% to 53.6% female. In Forest5, clutch sex ratios varied from 36.7% to 63.3% female. 

Bayesian analyses support male-biased sex ratios for two clutches from Septic7 (S7_l 

and S7_6) and two from Forest5 (F5_l and F5_2) (Fig. 4). The cohort sex ratio estimated 

by summing across clutches for Septic7 also had a significant male bias (Fig. 4). There 

was also support for two clutches from Forest5 (F5_4 and F5_13) exhibiting a female- 

biased sex ratio (Fig. 4).

Sex-biased Mortality: The tadpole cohort sex ratios prior to overwintering in late fall 

2017 were 44.5% females in Septic7 and 50% female in Forest5. These sex ratios are 

virtually identical to the clutch cohort sex ratios from summer 2017 (43.8% female in 

Septic7 and 48.5% female in Forest5).

Discussion

We set out to explore whether three possible processes -  sex reversal, sex allocation, and 

sex-biased mortality -  could potentially contribute to skewed phenotypic sex ratios in 

metamorphosing green frogs. Phenotypic sex ratios of metamorphosing green frogs can 

be associated with environmental characteristics (e.g., a forest-suburb an land use 

gradient; Lambert et al. 2015) and are variable among years. Contrary to expectations,
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sex ratio variation does not appear to be the result of an abundance o f sex-reversed 

individuals comprising metamorphosing cohorts. Additionally, we found little support for 

sex-biased mortality, at least not within the first few months of larval development. Our 

data suggest that metamorph sex ratios have the potential to be skewed beginning at 

fertilization with individual clutches showing biased sex ratios. While ideal conditions 

would have permitted us to sample all populations across multiple years and across life 

stages, drought conditions made it challenging to do this. Regardless of these limitations, 

our data have begun to uncover possible mechanism that have the potential to shape the 

sexual demography of wild frog populations.

Sex Ratios: One unexpected result from this study was the relationship between 

phenotypic sex ratios and environmental variables. In particular, we found that sex ratios 

were at parity in less developed, more forested ponds and male-biased as suburbanization 

intensified. This pattern is in direct contrast with our prior work showing male-biased 

phenotypic sex ratio in forested environments and equal or more female-biased ratios in 

more suburbanized ponds (Lambert et al. 2015). In 2012, all four forested ponds were 

male-biased and suburban ponds were consistently at parity or female-dominated. The 

data collected in 2016 present a surprisingly different pattern from that seen in 2012. It is 

interesting that in both years o f study there are relationships between metamorphosing 

cohort sex ratios and suburban land use but that this relationship is not consistent between 

years. Whether this relationship is also a function of other environmental conditions (e.g., 

wet or drought years) is unclear. The findings presented here and previously (Lambert et 

al. 2015), represent some of the only published data documenting phenotypic sex ratios in 

metamorphosing amphibians from wild populations (but see Berven 1990, Papoulias et
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al. 2013). Our results highlight a critical need for studies documenting phenotypic sex 

ratios across time, populations, and taxa to better understand the variation and drivers of 

an important demographic parameter.

The other unexpected relationship was the relatively strong association between 

pond pH and sex ratios. This builds on our own recent work which suggests that 

amphibian sex ratios can be sensitive to a more diverse suite of chemical parameters than 

has typically been appreciated (Lambert et al. 2015, 2016). Some experiments on a 

poeciliid and five cichlid fishes found that phenotypic sex ratios are male-biased under 

acidic conditions and either equal or female-biased under neutral or basic conditions 

(Rubin 1985). The patterns in these fishes are similar to those observed here with green 

frog metamorphs. While our green frog data are limited, they provide a novel pattern that 

should encourage future research on the effects of pH on sex in anamniote vertebrates. 

Further investigation of the role of pH as well other environmental attributes like salinity 

are critical give the increasing alkalization and salinization of temperate ffeshwaters 

(Kaushal et al. 2018).

Sex Reversal: Surprisingly, we found little evidence that phenotypic metamorph sex ratio 

variation is directly caused by an abundance of sex-reversed metamorphs in a given 

cohort. If male-biased sex ratios at metamorphosis were due to sex reversal, we would 

have expected to find an association between male-biased metamorph phenotypic sex 

ratios and female-to-male sex reversal. Our data find no support that female-to-male sex 

reversal is driving sex ratio patterns. While sex reversal is not the primary cause of
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skewed sex ratios, it is possible that, in some instances, sex reversal contributes to sex 

ratio biases either by directly skewing phenotypic sex ratios or indirectly through 

breeding by sex-reversed parents.

Perhaps one of the most interesting sex reversal patterns here is that sex reversal 

is associated with pond temperatures. More specifically, male-to-female sex reversal 

frequencies increase as temperatures rise whereas female-to-male reversal frequencies are 

highest at cooler temperatures. These patterns are intriguing because they begin to 

suggest that, for green frogs at least, there are advantages to developing as one 

phenotypic sex rather than the other at different temperatures. Our own unpublished 

laboratory experiment on a congener, the wood frog (Rana sylvatica), suggests that 

increasing temperatures not only increases the rate of female-to-male sex reversal 

(opposite to what we see here with green frogs) but also results in poorer somatic 

development in females but not males (Lambert et al. In Prep). This experiment, and our 

work here with green frogs, might show support for the Charnov-Bull model of sexual 

development (Chamov and Bull 1989). Under the Chamov-Bull model, sex ratios 

become skewed toward the sex that develops better under a particular thermal regime, 

thereby maximizing fitness. While this hypothesis was originally modeled for taxa with 

strict environmental sex determination (as is common with temperature and turtles), it 

may be similarly applicable to environmental sex reversal (Fig. 3). While this model has 

only recently been supported empirically under experimental laboratory conditions in a 

lizard (Warner and Shine 2008), its extrapolation to wild populations experiencing 

variable and multifarious environmental conditions is less clear. Although we do not have 

any metric of fitness for these metamorphs, our results provide motivation to begin
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addressing whether sex reversal could be an adaptive process in wild amphibians (Fig. 3), 

as has been shown in fishes and squamates (Conover 1984, Conover and Heinz 1987, 

Warner and Shine 2008, Holleley et al. 2015).

Another interesting correlate of sex reversal was dissolved oxygen. Our Bayesian 

models suggest a pronounced relationship between more hypoxic conditions and higher 

frequencies of female-to-male sex reversal. This is similar to experimental evidence of 

hypoxia induced masculinizing sex reversal in zebrafish (Danio rerio; Shang et al. 2006). 

In amphibians, sex reversal experiments have predominantly focused on chemical 

contaminants and extreme temperatures. Our results should encourage more experimental 

work targeted on other environmental variables, like dissolved oxygen, as well as 

temperature regimes similar to what amphibian larvae actually experience in the wild.

Clutch Sex Ratios'. Two clutches (15% of clutches) from Forest5 and two (29% of 

clutches) from Septic7 were comprised of ~ 2/3 genotypic males. One explanation for 

this is that fathers are regularly contributing a disproportionate number of Y-chromosome 

yielding sperm. This seems unlikely since it is typically believed that such sex allocation 

only occurs by mothers in species where females are the heterogametic sex, as in birds 

(Hardy 2002, West 2009). Another explanation for this pattern is that mothers of these 

clutches are sex-reversed XY-females. In such a scenario an XY-female breeding with an 

XY-male would produce clutches that are 1/4 XX, 1/2 XY, and 1/4 YY. If YY embryos 

are not viable, then clutches would be comprised of 1/3 XX and 2/3 XY embryos. Given 

we found no evidence o f YY individuals in adult R. clamitans cohorts (Lambert et al. In
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Prep) or at any developmental stage here, it is possible that clutches comprised of —2/3 

genotypic males are the results of sex-reversed XY-females mating with XY-males, with 

YY inviability. If male-biased clutches were the result of breeding by sex-reversed 

individuals, it would be some of the first evidence in amphibians that male-to-female sex 

reversed individuals breed in the wild. Breeding by XY-females is believed to help 

rejuvenate degenerated Y-chromosomes (Perrin 2009, Grossen et al. 2012) and the data 

presented here suggest this mechanism may be plausible in wild populations.

We also found two clutches that were —2/3 genotypically female. It is not entirely 

clear what would drive this bias under mating between a single mother and father (Fig. 

SI) in a species like green frogs which have a male heterogametic sex chromosome 

system (Lambert et al. 2016). Female heterogametic species (i.e., ZZ-ZW sex 

chromosome species) are thought to be able to control clutch sex ratios more readily 

because females have both sex chromosomes types and should be able to directly 

manipulate the sex of offspring. This has been observed once before in amphibians. In a 

ZZ-ZW population of the Japanese wrinkled frog (Rana rugosa), it was shown that 

mothers could manipulate clutches to be either male- or female-biased (Sakisaka et al. 

2000). This scenario seems unlikely in a male heterogametic species like green frogs 

unless XY-females are capable of manipulating clutch sex ratios, though to our 

knowledge this has not been documented in any taxon. In the only other study to assess 

amphibian clutch sex ratios, Alho et al. (2010) found several clutches that were 100% XX 

and several that were ~ 2/3 XX, like the clutches we found here. For this latter scenario, 

Alho et al. (2010) interpreted this as a result o f multiple paternity, with one father being a 

sex-reversed XX-male. While the evidence is limited, multiple paternity is believed to be
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common in aquatic anurans (Laurila and Seppa 1998, Vieites et al. 2004, Lode et al.

2005) and is a possible explanation for the two female-biased clutch sex ratios here.

While we are not aware of any evidence of multiple paternity in green frogs, this species 

has complex male behavior consisting of territorial dominant males as well as satellite 

males (Wells 1977, 1978). Although speculative, it is possible that satellite males have a 

role in multiple paternity.

The presence of male- and female-biased clutches, but not clutches comprised of 

only XX embryos, might suggest that XX-male R. clamitans may suffer a fitness cost 

compared to XY-females. Our prior work discovered sex reversal in adult R. clamitans 

was bidirectional, even in the two populations (Forest5 and Septic7) studied here for 

clutch sex ratios. The dearth of clutches containing of only XX embryo clutches contrasts 

with evidence from European common frogs (R. temporaria) in which 9% of XX-adults 

were phenotypically male and three of 18 clutches were found to be comprised entirely of 

XX-embryos (Alho et al. 2010). This result suggested mating between XX-female and 

sex-reversed XX-males. While the number of clutches we were able to sample are 

limited, our data suggest that male-to-female sex reversal does not preclude successful 

reproduction in R. clamitans but that breeding by female-to-male reversed individuals 

may be more restricted. In European R. temporaria, female-to-male sex reversal may not 

be maladaptive. However, in green frogs, it is possible that there is a fitness cost to being 

a female-to-male sex-reversed individual. The results here should encourage more 

research on the reproductive and population consequences of different directions of sex 

reversal. Finally, we cannot discount the possibility of sex ratio distorting meiotic drive 

processes (Werren and Beukeboom 1998, Pipoly et al. 2015). Meiotic drive is
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intragenomic competition leading to the unequal transmission of a gene or chromosome 

relative to its variant (Werren and Beukeboom 1998, Lindholm et al. 2016). When 

meiotic drivers and suppressors are associated with sex-linked genes or sex 

chromosomes, they can result in biased or single sex clutches (Lindholm et al. 2016). 

Meiotic drive has been suggested to more often result in female-biased sex ratios in male 

heterogametic species (Werren and Beukeboom 1998, Pipoly et al. 2015), like the green 

frog, and may explain the two female-biased clutches seen here.

Adults'. Our recent work in adult green frogs found sex reversal to be bidirectional and 

common within and across populations. However, we found no correlations between 

adult sex reversal frequencies and environmental variables despite identifying 

relationships between sex reversal and the environment in the metamorphs sampled here. 

One possible explanation is that adult breeding populations represent an aggregation 

across multiple offspring cohorts. In green frogs, females mature two years after 

metamorphosis whereas males mature three years after metamorphosis and both sexes 

can live for over seven years (Shirose and Brooks 1995). The adult breeding population 

therefore represents an amalgamation of multiple offspring cohorts. Because we found 

that both the direction and frequencies of sex reversal are variable among years, any 

associations between environmental conditions may be obscured when only focusing on 

the adult population. Because the adult population is comprised of multiple cohorts, we 

were likely limited in our ability to detect relationships between the environment and sex 

reversal frequencies in adults. Critical observations of populations across longer time 

scales and among life stages would greatly benefit our understanding of how fluctuations
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in sex reversal, sex-biased mortality, and sex allocation influence sex ratios and 

population dynamics.

Perpetuating a Male-Bias: Models of how sex reversal influence population dynamics 

and persistence typically only accommodate one direction of sex reversal at a time 

(Cotton and Wedekind 2008, Wedekind 2017). These models show that female-to-male 

reversal should theoretically lead to population decline and should reduce the frequency, 

or even lead to local extinction, of the Y-chromosome in the population. Male-to-female 

sex reversal, on the other hand should increase population sizes and will maintain a 

balance o f both sex chromosomes. Our data, here and elsewhere (Lambert et al. In Prep), 

show that it is not uncommon for both directions of sex reversal to occur simultaneously 

in a population. How bidirectional sex reversal influences populations is unclear but it is 

possible that bidirectional sex reversal encourages male-biased phenotypic sex ratios. 

XY-females help propagate male-biased sex ratios in future generations by contributing a 

disproportionate number of males when they breed. XX-males contribute to phenotypic 

male-biases in the short term. One interesting pattern emerging from our work on green 

frogs is the rarity, but not absence, of female-biased sex ratios across life stages. More 

work is needed to understand whether multiple mechanisms acting together across 

generations might perpetuate male-biases in green frog populations and seldom result in 

pronounced female-biased ratios. Additionally, research should contrast this system with 

female heterogametic species to understand whether these same mechanisms more often 

result in female-biased sex ratios.
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A model population: The pond Sewer7 has the richest set of data across life stages and 

years. Data from this pond highlight multiple mechanisms that may simultaneously occur 

and contribute to variation in the sexual demography of wild frog populations. In 2017, 

the genotypic sex ratio of multiple clutches as well as the entire cohort o f sample clutches 

was male-biased. Metamorph phenotypic sex ratios were equal in 2012 (Lambert et al. 

2015) but male-biased in both 2016 and 2017. Additionally, in 2016, metamorph cohorts 

were comprised of both XY-females and XX-males but only male-to-female sex reversal 

was detected in 2017. These data highlight the remarkable variability in sex ratios and 

sex reversal frequencies that can happen within a single population over the course of 

several years. Multiple years o f data from this population illustrate the relatively dynamic 

nature of sex ratios and sex reversal across time and reinforce the need for longitudinal 

studies to better document sexual demography patterns.

Conclusion: Our data begin to shed light on the patterns and processes governing sex 

ratios in metamorphosing amphibian cohorts. We show that phenotypic sex ratios are 

variable between years but that sex ratios are typically associated with environmental 

conditions, although these relationships themselves may vary between years. For well 

over a century, laboratory experiments have used phenotypic sex ratio variation as 

evidence of sex reversal (Witschi 1929, Hayes et al. 2011, Lambert 2015). While recent 

experimental work has begun to question the extent to which sex ratio variation is due to 

sex reversal (Lambert et al. 2016, Hoskins and Boone 2017), it has generally remained
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unclear whether sex reversal drives sex ratio variation in the wild. While we found that 

sex reversal is common in wild metamorphosing green frog cohorts, we do not find 

evidence that sex reversed individuals explain observed variation in phenotypic sex 

ratios. However, breeding by sex-reversed adults, which produces a disproportionate 

number o f one genotypic sex, presents a possible mechanism underlying offspring 

phenotypic sex ratio variation. This work illustrates the need for more experimental and 

natural history research to understand the mechanisms driving phenotypic sex ratio biases 

as well as sex reversal in amphibians.
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Tables

Table 1.Top-ranked Bayesian model estimates for
2016 metamorph cohorts

Rank Model
Posterior
Probability

89%
Credible
Interval

Odds
Ratio

Phenotypic Sex Ratios
1 DO 0.46 

pH 0.70
(0.41, 0.50) 
(0.56, 0.80)

0.84
2.29

DO 0.46 (0.41, 0.50) 0.84
2 pH 0.68 (0.54, 0.79) 2.10

Suburban 0.50 (0.49, 0.50) 0.99

3 Temperature 0.53 (0.50, 0.56) 1.13
Suburban 0.49 (0.49, 0.50) 0.97

4 pH 0.59 (0.49, 0.69) 1.46
Suburban 0.50 (0.49, 0.50) 0.99

5 pH 0.61 (0.51, 0.71) 1.58

Male-to-Female Sex Reversal
1 Temperature 0.61 (0.53, 0.68) 1.55

pH 0.29 (0.16, 0.47) 0.41

2 Temperature 0.57 (0.50, 0.63) 1.3
Suburban 0.52 (0.50, 0.55) 1.07

3 Temperature 0.59 (0.52, 0.65) 1.43
DO 0.41 (0.34, 0.49) 0.71

4 Temperature 0.57 (0.51, 0.52) 1.3
5 Suburban 0.52 (0.50, 0.53) 1.07

Female-to-Male Sex Reversal
DO 0.11 (0.03, 0.35) 0.12

1 Temperature 0.40 (0.34, 0.46) 0.66
pH 0.95 (0.47, 1.0) 20.0

2 DO 0.31 (0.22, 0.41) 0.44
Temperature 0.42 (0.36, 0.48) 0.72

DO 0.32 (0.23, 0.42) 0.46
3 Temperature 0.38 (0.26,0.51) 0.60

Suburban 0.51 (0.49, 0.52) 1.02
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Figures
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Figure 1. Sex ratio variation in metamorphosing amphibian cohorts can be driven by 

three non-mutually exclusive hypotheses -  A) variation in clutch sex ratios, B) sex-biased 

mortality throughout larval development, and C) sex reversal. Clutch sex ratio variation 

could be a consequence o f differential sex allocation by parents and can occur for two 

reasons. One is that one or both parents are sex-reversed and consequently distribute an 

uneven number o f sex chromosomes to their clutch. Alternatively, parents may 

adaptively distribute more of one sex to their clutches depending on ecological 

conditions, though this scenario is more likely in female heterogametic species. Post- 

metamorphic sex-biased mortality may also influence adult sex ratios; however, this was 

not tested here.
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Figure 2. The modeled sex ratio of metamorphosing green frog cohorts in 2016 as a 

function of mean pond pH and the amount of suburban land cover surrounding ponds. 

Mean pond pH was a well-supported predictor o f sex ratios. Male-biased sex ratios are 

associated with more acidic ponds whereas more neutral or basic ponds produce 

relatively even sex ratios. Suburban land cover was a covariate in most o f the top-ranked 

models. In 2012, metamorph sex ratios were male-biased in less suburban ponds but 

more equal in more suburban ponds. This pattern was reversed in 2016 cohorts.
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Figure 3. The modeled probability of female-to-male (top) and male-to-female (middle) 

sex reversal as a function o f mean pond temperature. The bottom panel provides a 

conceptualization of bidirectional sex reversal as a function of temperature, conforming 

to the Chamov-Bull model. In the left blue panel, at cooler temperature, it is 

hypothetically more advantageous to develop as a phenotypic male and so genotypic 

females have higher fitness at cooler temperatures by reversing into phenotypic males. At 

warmer temperatures, the opposite is possible where genotypic males benefit by sex 

reversing into phenotypic females.
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Figure 4. Bayesian posterior probability for genotypic sex ratios of 13 and 7 clutches, 

respectively, from two ponds -  Forest5 and Septic7. The vertical dashed line indicates 

sex ratios at parity (50% female and 50% male). Bars are corresponding Bayesian 89% 

credible intervals indicating whether clutch sex ratios deviate from parity. Higher support 

for biased sex ratios is observed in clutches with credible intervals that minimally overlap 

the vertical line at parity.

179



Supplementary Tables and Figures

Table S1. Bayesian generalized linear model rankings for predictors of sex 
reversal

Model W A IC a SE b dW AIC c dSE d W eighte

Phenotypic Sex Ratios
DO + pH 319.1 6.05 0 NA 0.11

pH + Suburban + DO 319.1 6.93 0 3.06 0.11

Tem perature + Suburban 319.2 6.07 0.1 4.65 0.11

pH + Suburban 319.3 6.15 0.2 4.18 0.1

PH 319.5 5.29 0.3 2.96 0.1

Suburban 319 .5 5.6 0.4 5.34 0.09

Tem perature + pH + DO 320 6.54 0.9 2.21 0.07

Intercept Only 320.8 4.1 1.7 4.56 0.05

Tem perature + pH + Suburban 320.8 6.23 1.7 4.04 0.05

Suburban + DO + pH + Tem perature 320.9 6.89 1.7 3.06 0.05

Tem perature + pH 320.9 5.5 1.8 3.53 0.05

Tem perature + DO + Suburban 321.2 6.15 2.1 4.63 0.04

Suburban + DO 321.7 5.54 2.6 5.42 0.03

Tem perature 322.9 4.23 3.8 4.89 2

DO 322.9 4.04 3.8 4.6 0.02

Tem perature + DO 324.8 4.16 5.7 4.86 0.01

Male-to-Female Sex Reversal
Tem perature + pH 88.7 10.94 0 NA 0.2

Tem perature + Suburban 88.9 10.3 0.2 1.28 0.18

Tem perature + DO 89.1 10.86 0.4 1.31 0.17

Tem perature 90 10.59 1.3 3.96 0.1

Suburban 90.2 10.79 1.5 3.8 0.09

Tem perature + pH + DO 91.1 11.15 2.4 0.25 0.06

Tem perature + pH + Suburban 91.1 10.82 2.4 0.57 0.06

Tem perature + DO + Suburban 93 10.45 4.3 1.5 0.02

pH + Suburban 93.1 10.3 4.4 3.66 0.02

Intercept Only 93.2 10.88 4.5 4.75 0.02

Suburban + DO + pH + Tem perature 93.4 11.17 4.7 3.92 0.02

Dissolved Oxygen 94.1 10.78 5.4 0.92 0.01

pH + Suburban + DP 94.2 10.35 5.5 3.3 0.01

PH 94.4 11.31 5.7 4.4 0.01

Suburban + DO 94.4 10.69 5.7 3.95 0.01

DO + pH 94.7 11.23 6 3.72 0.01

Female-to-Male Sex Reversal
DO + Tem perature + pH 66 7.97 0 NA 0.41

DO + Tem perature 67.3 8.21 1.3 0.94 0.21

DO + Tem perature + Suburban 68.1 7.77 2.1 1.29 0.14
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pH + Temperature______________________70.2 7.95______ 4.2 2.22_____ 0.05
DO + Temperature + pH + Suburban 70.7 5.92 4.8 3.2 0.04
DO + pH + Suburban 70.8 9.02 4.8 1.83 0.04
DO + Suburban 70.9 9.19 4.9 2.03 0.03
Temperature + pH + Suburban 71.3 7.69 5.3 2.51 0.03
DP + pH 72.7 9.16 6.7 4.61 0.01
DO 72.7 9 6.7 4.63 0.01
pH + Suburban 73 8.86 7 2.41 0.01
pH 74.5 8.75 8.5 4.6 0.01
Temperature + Suburban 75.5 8.05 9.5 6.19 0
Temperature 75.7 8.75 9.8 6.14 0
Intercept Only 80.8 8.58 14.8 6.34 0
Suburban 81.3 9.22 15.3 6.17 0
3Smaller values support better model fits. Models are ranked from  lowest to  
highest WAIC.
bEach W AIC estim ate's standard error

cRelative differences betw een a model and model w ith the best (lowest) WAIC  

S tan dard  error of dWAIC estimates or the  standard error o f the difference 
betw een a given model's WAIC and the model w ith  the best (lowest) WAIC.

R ep resen t Akaike weights fo r each m odel. W eights across model sum to 1. 
Larger values indicate models w ith  higher support and higher probabilities of 
predictive pow er conditional on all models considered
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Figure SI. Sex reversal, either female-to-male or male-to-female reversal, produces 

individuals that have opposing genotypic and phenotypic sexes. Mating by sex-reversed 

adults can produce clutches with genotypic sex ratios deviating from parity (equal 

proportions of XX and XY embryos). Here, genotypic sex is signified “X” or “Y”, 

referring to sex chromosomes. Phenotypic sex is signified by female and male symbols. 

Mating here is defined as occurring between only one mother and one father though 

multiple paternity is possible.
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Figure S2. Phenotypic sex ratios are variable among five ponds and between years. 

Vertical bars represent 89% Bayesian credible intervals and the dashed horizontal line 

represents an equal sex ratio. The data displayed are from a subset of ponds which have 

more the one year of data to show variation between years. OAHI only has one year of 

data but is displayed for comparison with Septic7 in 2017. Ponds are arrayed from the 

least suburbanized / most heavily forested (Forest5; 0% suburban land cover within 200m 

of the pond) to the most heavily suburbanized (Septic7; 50% suburban with 200m of the 

pond). 2012 data are a subset from Lambert et al. (2015).
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Figure S3. The percent of each cohort in 2016 and 2017 comprised of sex-reversed and 

sex concordant individuals. XX males are bars with diagonal hashing while XY females 

are bars with checkered hashing. Phenotypic sex ratios are displayed as black dots over 

bars and the dashed horizontal line indicates phenotypic sex ratios at parity (50% female). 

Because of drought conditions, metamorphs could only be sampled from two ponds in 

2017. While male-to-female sex reversal may contribute to male-biased phenotypic sex 

ratios at metamorphosis, it is unlikely the dominant cause.
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Figure S4. Male-to-female sex reversal patterns were predominantly associated with 

increasing pond temperatures. Mean pH, suburban land cover, and dissolved oxygen had 

minimal associations with sex reversal frequencies after accounting for temperature.
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Figure S5. Female-to-male sex reversal patterns were predominantly associated with 

pond temperatures and dissolved oxygen. Pond pH and surrounding suburban land cover 

had minimal associations with sex reversal frequencies after accounting for temperature 

and dissolved oxygen.
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C onclusio n

For over a century, biologists have grappled with how sex is detennined in 

amphibians. Throughout much of the early and middle 20th century, biologists believed 

amphibian sex was determined from combined contributions from both genetic and 

environmental triggers, with perhaps a larger emphasis on environmental conditions. 

However, the current paradigm holds that sex in amphibians is entirely genetically 

controlled and that any environmental influence is abnormal response to human activities. 

By combining laboratory experiments and field studies of wild populations, my 

dissertation illustrates a larger role environmental regulation o f amphibian sexual 

development than is typically recognized.

Findings from Chapters 1 and 2 demonstrate that chemicals produced by plants as 

well as inorganic chemicals can influence amphibian sex ratios and sex-specific somatic 

development. Results like these have typically been associated with synthetic chemicals, 

like many pesticides or pharmaceuticals. My experiments expand our understanding of 

environmentally-sensitive sexual development to include a more diverse suite of 

chemicals. These studies also begin to lay the groundwork suggesting that sex reversal 

may be a more common, and even natural, process than has been typically accepted 

previously. By identifying novel sex-linked genetic markers in Chapter 3, my colleagues 

and I developed a tool allowing us to move beyond using sex ratios as a proxy for sex 

reversal and to test whether sex reversal occurs in wild populations. In Chapters 4 and 5,1 

use these sex-linked markers to demonstrate that sex reversal can occur commonly 

among and within wild green frog populations. I also show that sex reversal is 

bidirectional and, surprisingly, neither direction of sex reversal increases with human
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land use. These results reveal sex reversal as a relatively natural process in wild 

amphibian populations and reshapes our understanding of the evolutionary history of sex 

determination in amphibians. My findings also show that, while sex reversal is prevalent, 

it does not seem to directly result in skewed offspring sex ratios.

That sex reversal is relatively common may not be surprising. Amphibian 

evolutionary history is defined by frequent (at least 32) transitions between various 

genotypic sex determining modes (e.g., XY, ZW, XO, etc.; Evans et al. 2012). While 

mammals and birds exhibit strict male and female heterogamety, respectively, non-avian 

reptiles and fishes exhibit a large number of transitions among sex-determining modes 

like amphibians (Bachtrog et al. 2014, Capel 2017). However, unlike in amphibians, it is 

accepted that some non-avian reptile and fish taxa have sex determining modes that are 

entirely or partially influenced by environmental conditions. Mechanistic models of 

evolutionary transitions among sex determining modes almost always invoke 

environmentally-sensitive sex determination, either as pure environmental sex 

determination or sex reversal (Bull 1981, Quinn et al. 2011, Schwanz et al. 2013, 

Muralidhar and Veller 2018). It is interesting, then, environmentally-sensitive sex 

determination in fishes and non-avian reptiles is accepted as a natural mechanism 

underlying evolutionary transitions in sex determining modes, but amphibians are 

believed to exhibit strict genotypic sex determination with no natural environmental sex 

reversal mechanism underlying transitions among genotypic sex detennining modes. My 

research will ideally begin to encourage biologists to consider whether sex reversal is an 

evolutionarily important process important to the sexual diversity of amphibians.
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This dissertation also provides tantalizing evidence for sex-specific 

developmental responses to different environmental conditions. In Chapter 1 ,1 found that 

male and female wood frog tadpoles metamorphose at equal rates under “clean” 

conditions but that clover root exudate accelerates male metamorphic timing. In Chapter 

2, male and female wood frogs metamorphosed at similar sizes under clean conditions. 

However, in the presence of oak leaf litter leachate, but not maple litter leachate, females 

metamorphosed at larger sizes than males. The presence of sodium chloride, a common 

road de-icing salt, diminished the oak-induced sexual size dimorphism. This is some of 

the first evidence in amphibians that males and females can experience different 

developmental trajectories under various environmental conditions. Researchers are 

interested in how environmental conditions experienced as larvae carryover into later life 

stages (Earl and Semlitsch 2013, Bouchard et al. 2015, Dananay et al. 2015). This 

dissertation demonstrates that sex is an important layer to incorporate when investigating 

these carryover effects. While it may not be surprising that environmental conditions 

might impact females and males differently, this line of inquiry is rarely addressed.

Importantly, this body of work suggests we revise our understanding of 

amphibian sex reversal and sex ratio variation exclusively as a negative response to 

human conditions. A bounty of laboratory research suggests that diverse contaminants 

can influence amphibian sexual trajectories (Hayes 1998, Kloas et al. 2009). How 

findings from these laboratory experiments relate to processes in wild populations is not 

evident. We are sorely in need of research aimed at understanding the relative 

contributions of natural and anthropogenic drivers of sex reversal and other “sexual 

abnormalities”. This work is critical given the extraordinary challenges the international
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community has faced in deciding how and when to regulate endocrine disrupting 

chemicals (Sachs 1999, Deb 2006, Kloas et al. 2009). My results will hopefully spark 

discussion about how we reconcile conflicting information between laboratory and field- 

based studies and translate our understanding of amphibian sexual development and sex 

reversal into appropriate environmental stewardship.

This dissertation has produced a deeper understanding of the role environmental 

conditions play in influencing amphibian sexual development. Yet several, critical 

questions remain. To what extent do various amphibian taxa, or populations of a given 

taxon, sex reverse under similar ecological conditions? Are there contexts where sex 

reversal is adaptive or maladaptive? Or is sex reversal merely a developmental 

abnormality? Theory suggests an interplay between community context, the intensity of 

sexual selection, and the strength of genotypic sex determination (Kirkpatrick and Hall 

2004, Gordon et al. 2012) -  does sex reversal interact with these ecological conditions 

and are there ramifications for evolutionary transitions in sex determining modes? 

Finally, I found little evidence that human activities elevate the frequencies of sex 

reversal or intersex in wild green frogs. Is this because the causes of sex reversal are 

similar in undeveloped and developed landscapes? Or are there different drivers of sex 

reversal in forested and suburban environments that produce similar outcomes? If the 

latter, are there negative consequences associated with the human drivers of sex reversal? 

We are just beginning to understand processes guiding the sexual fate of amphibians but 

the future for this area of research will be increasingly exciting as we continue to develop 

the tools to address these important questions in amphibian reproductive biology.
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