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ABSTRACT
THE EVOLUTION AND ECOLOGY OF INDIVIDUAL SPECIALIZATIONS
AMONGST A GROUP OF DIETARY GENERALISTS
Carl S. Cloyed
April 3,2015
This dissertation examines individual diet specializations (IS) in a group of
ecologically similar and evolutionarily related frogs and toads. Individual specialization

is known to have widespread ecological and evolutionary effects.

In an initial literature review (Chapter 2) I build a comprehensive theoretical
framework showing how different types of population diversity can help, halt, or hinder
sympatric speciation. I argue that IS can be maintained indefinitely in populations yet fail
to lead to speciation because it is influenced by ecological conditions that may change.
Additionally, IS can potentially aid niche partitioning among similar species, increasing
species coexistence and resulting in less of the ecological opportunity required to develop

more discrete polymorphisms.

Stable isotopes are an increasingly common ecological tool for determining diets and
habitat usage. However, to use them accurately, researchers need taxon-specific trophic
discrimination factors and isotopic incorporation rates on any tissue used for stable
isotope analysis. I determined these important isotope properties in adult frogs for the

first time (Chapter 3), which not only allows me to use them in the following sections of

v



my dissertation, but also allows other researchers to use stable isotopes to study frog and

toad diets.

Using stable isotope analyses, I examined how IS is influenced by ecological
conditions (Chapter 4). I measured IS in five species of frogs and toads and determined
which of three ecological parameters (resource diversity, intraspecific competition, and
interspecific competition) affected IS in each species. I found that species differed in
which ecological parameter best explained IS. Resource diversity most frequently
affected IS, with conspecific density second in importance. My results showed that

different ecological conditions support IS in different species.

Finally, again using stable isotopes, I investigated whether intrapopulation niche
variation could aid niche partitioning among the same five species of frogs and toads
(Chapter 5). I found that species differed in their niches, but that subsets of individuals
overlapped among species. The limited number of individuals overlapping between
species decreases their interaction strength, which can contribute to niche partitioning and

thus to species coexistence.
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CHAPTER 1
INTRODUCTION

Ecological studies have traditionally treated individuals equivalently. However,
intrapopulation niche variation can have profound effects on populations and
communities (Tinker et al. 2008; Schindler et al. 2010; Bolnick et al. 2011; Wennersten
and Forsman 2012), and is an important source of variation upon which natural selection
can act (Schluter 2000, 2001). For example, many species that are considered generalist
foragers are actually composed of individuals that only use a subset of the species’
resource spectrum, a phenomenon known as individual specialization (IS; Bolnick et al.
2003; Wennersten and Forsman 2012). Individual specialization can decrease
intraspecific competition (Svanbick and Bolnick 2007; Tinker et al. 2008), decrease
extinction rates (Schindler et al. 2010), and alter the connectivity of energy and nutrients
among habitats (Quevedo et al. 2009; Rosenblatt and Heithaus 2011). Finally, individual
specializations are thought to be the variation upon which natural selection can act to
develop more discrete resource polymorphisms (Schluter 2000; Nosil 2012). These

polymorphisms are candidates for speciation events in sympatry.

There has been a longstanding debate in ecology and evolutionary biology about the
rarity of sympatric speciation. Proponents of sympatric speciation have had recent
theoretical and empirical breakthroughs. For example, theoretical evolutionary biologists

have determined how sympatric speciation can occur in the presence of frequency-



dependent selection (Seger 1985; Doebeli 1996; Dieckmann and Doebeli 1999; Doebeli
et al. 2007), and furthermore, field-based studies have demonstrated that several
speciation events have occurred in sympatry (Schliewen et al. 1994; Feder et al. 2003;
Barluenga et al. 2006; Ryan et al. 2007; Foote et al. 2009; Crow et al. 2010; Kautt et al.
2012). However, despite these breakthroughs, it appears that sympatric speciation is still
uncommon compared to allopatric speciation (Coyne and Price 2000; Ribera et al. 2001;
Fitzpatrick and Turelli 2006; Grant and Grant 2008). One possible explanation for this is
that when population level diversity arises, it may result in several alternative

evolutionary states (Rueffler et al. 2006), and some of these states can prevent speciation.

Among these different evolutionary states are individual specializations, sexual
dimorphisms, polymorphisms caused by heterozygotic advantage, polymorphisms that
are caused by phenotypic plasticity, and genetic polymorphisms not caused by
heterozygotic advantage. Individual specializations are thought to initiate sympatric
speciation and to lead to more discrete genetic polymorphisms. However, they appear to
be quite common (Bolnick et al. 2003; Araujo et al. 2011), and many of them likely do

not lead to more discrete polymorphisms and to sympatric speciation.

Individual specializations may not ever become discrete polymorphisms for two
reasons. First, many individual specializations are often influenced by ecological
conditions, and these conditions can change over time. For example, IS is greater when
intraspecific competition is high (Svanéck and Bolnick 2007; Agashe and Bolnick 2010;
Frédérich et al. 2010; Tinker et al. 2012; Evangelista et al. 2014), when interspecific
competition is low (Bolnick et al. 2003, 2011; however see Bolnick et al. 2010: Abbey-
Lee 2013), and when some form of ecological opportunity is available (Nosil and
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Reimchen 2005; Parent and Crespi 2009; Darimont et al. 2009). These ecological
parameters that influence IS are likely to change over time, and populations can move
between being composed of individual specialists versus of individual generalists (Tinker
et al. 2008). Second, individual specializations may increase species coexistence by
decreasing the interaction strength among competing heterospecifics (Lichstein et al.
2007; Bolnick et al. 2011). This increase in species coexistence can decrease the
likelihood that discrete polymorphisms will develop because more ecologically similar
species in a community will utilize the ecological opportunity that developing

polymorphisms require (Losos 2010).

ORGANIZATION OF DISSERTATION

The focus of this dissertation is to examine the ecological and evolutionary roles of
individual specialization and the ecological causes of it. I examine this both from a
conceptual approach and by studying the individual diet patterns across five species of
frogs and toads: Anaxyrus americanus, A. fowleri, Lithobates catesbeianus, L. clamitans,

and L. sphenocephalus. The dissertation is broken into four sections.

The first section (chapter two) is an intensive review that constructs a conceptual
framework that explains why sympatric speciation is difficult and how different types of
population diversity can prevent or hinder speciation. Sexual dimorphisms and
polymorphisms created by heterozygotic advantage will halt speciation along an
ecological trait. Individual specialization and disruptive selection on other types of

genetically produced resource polymorphisms can hinder sympatric speciation if



ecological conditions are inconsistent or if assortative mating fails to develop and
generate reproductive isolation. It is in this review chapter that I outline how individual
specializations can prevent the development of discrete polymorphisms. In Chapter 3 of
my dissertation I develop tools that I use in Chapters 4 and 5 to investigate the ecological
causes and consequences of these individual specializations (IS). I help determine these

two ecological and evolutionary effects of IS in chapters 4 and 5 of this dissertation.

The second section (chapter three) is a methods chapter in which I performed two
controlled feeding experiments to determine important stable isotope properties, trophic
discrimination factors and isotopic incorporation rates, in adult frogs. I determined these
values for both carbon and nitrogen isotopes in skin, whole blood, and bone collagen in
adult green frogs, L. clamitans. While many studies have determined these taxon- and
sometimes species-specific properties, none have been performed on adult anurans and
very few have been performed on amphibians (Caut et al. 2013). This study will enable
researchers to determine diet and habitat use across short and long timeframes. Given the
rate of extinction and population declines in many anuran species, this information will
prove invaluable to many researchers and land mangers. Furthermore, I use both trophic
discrimination factors and isotopic incorporation rates in the third and fourth sections of

my dissertation.

In Chapter four, I determined the degree of IS in the five abovementioned frogs and
toads and tested how different ecological parameters affect IS in each species. I
determined proportions of prey types for each individual using a Bayesian stable isotope
mixing model and used these proportions to determine within population variability. I
tested how this within-population variability changed at sites with different resource

4



diversity, conspecific density, and heterospecific density. In this section, I showed that
these different ecological parameters affect IS and that species differ in which parameters
affect IS and in the strength of those effects. It is these ecological parameters that
influence IS and may not stay consistent over time, forestalling the development of

discrete polymorphisms.

In Chapter 5, I test niche partitioning among the five species of frogs and toads as
well as how intrapopulation niche variation can contribute to that niche partitioning. I test
how species differ in their nitrogen and carbon isotopes, as well as how species differ in
several morphological traits and in habitat choice. Higher values of carbon isotopes were
associated with terrestrial prey and habitats, while lower values indicated aquatic prey
and habitats. High values of nitrogen isotopes indicated higher trophic level. I found that
species varied in diet, trophic level, and in habitat choice. These differences were
confirmed with stable isotopes, stomach contents, and comparisons of where frogs and
toads were captured in relation to pond edges. Furthermore, trophic level increased within
species as individuals became larger. This ontogenetic change in trophic level altered the
interaction strength between several heterospecific species pairs, thus aiding in niche

partitioning.

In the final chapter of my dissertation I summarize my findings. I also reveal several
future directions. In these future directions I will include a framework for performing
more empirical studies to test hypotheses generated in the first section. I will then go into
ways to help solidify the role of IS as both a starting point for the development of

resource polymorphisms and sympatric speciation as well as an important ecological trait



that may persist indefinitely in populations without ever developing into discrete

polymorphisms.



CHAPTER 11

THE EFFECTS OF POPULATION DIVERSITY ON SYMPATRIC SPECIATION

SUMMARY

The debate regarding the role of geography in speciation is long-standing,
contentious, and ongoing. In general, sympatric speciation is considered rare and
allopatric conditions are more likely to lead to divergence. The following review explains
why sympatric speciation is rare. We lay out how ecological, sympatric speciation can
occur along two axes, degree of divergence in the ecological trait and reproductive
isolation. We map the types of intrapopulation niche variation that can be generated.
These different types of variation include individual specializations, ecologically
reinforced sexual dimorphisms, heterozygotic polymorphisms, and sympatrically
cladogenic polymorphisms. We categorize these types of variation into speciation traps
and speciation obstacles. Speciation traps halt the process of speciation in the trait under
selection and include ecologically reinforced sexual dimorphisms and heterozygotic
polymorphisms. Speciation traps increase population diversity but can decrease the
potential number of species in an area because they inhibit speciation. Speciation
obstacles, on the other hand, are processes that can slow and potentially halt speciation in

otherwise sympatrically cladogenic polymorphisms. These speciation obstacles include



cycles of specialization and disruptive selection as well as the special problem of
developing assortative mating and the resulting reproductive isolation. Finally, we
determine what conditions are needed to increase the likelihood that ecological speciation

happens in sympatry.

INTRODUCTION

Ever since Mayr (1963) declared sympatric speciation impossible for theoretical and
genetic reasons, biologists have been arguing about the frequency and circumstances of
its occurrence (Maynard-Smith 1966; Futuyma and Mayer 1980; Seger 1985; Dieckmann
and Doebeli 1999; Coyne and Orr 2004). There is general agreement that speciation is
more common in allopatry than in sympatry (Coyne and Price 2000; Ribera et al. 2001;
Fitzpatrick and Turelli 2006; Grant and Grant 2008). Most researchers have considered
sympatric speciation to be extremely rare and only influential in small, isolated
environments (Schliewen et al. 1994; Schluter and Rambaut 1996; Barluenga et al. 2006;
Ryan et al. 2007; Bolnick and Fitzpatrick 2007; Kuatt et al. 2012) or in host races of
phytophageous insects (Walsh 1864; Dres and Mallet 2002; Berlocher and Feder 2002).
Some researchers have even suggested abandoning the geographic categorization of
speciation (Butlin et al. 2008; Fitzpatrick et al. 2009). However, geography plays an
important role in speciation because speciation can occur through either genetic drift or
selection in geographic isolation, whereas only selection can produce divergence in
sympatry (Coyne and Orr 2004; Mallet et al. 2009). Further, some theoreticians have
argued that although sympatric speciation is relatively rare, it may be more frequent than

commonly believed (Maynard-Smith 1966; Rosenzweig 1978; Seger 1985; Doebeli



1996; Dieckmann and Doebeli 1999; Doebeli et al. 2007). Recent empirical studies have
provided support for these theoretical arguments by demonstrating that sympatric
speciation can also occur in large, well-connected environments such as oceans (Crow et
al. 2010; Foote et al. 2009; Wolf et al. 2008) and forest matrices (Steinfartz et al. 2007).
We believe that a more comprehensive conceptual framework can better explain the low

rate of sympatric speciation.

So why is sympatric speciation rare? Is it merely because, as Mayr (1963) pointed
out, of the difficulty of developing reproductive isolation? Or are there other evolutionary
phenomena that can prevent speciation in the absence of a geographic barrier? The
former is doubtful because reproductive isolation can evolve rapidly (Rice and Salt 1990;
Hendry et al. 2000; Hendry 2001). However, populations can exhibit a wide range of
resource polymorphisms that can be induced by genetics and/or environmental cues.
These polymorphisms can influence the likelihood of speciation events. As a result, some
investigators have proposed that we consider populations as existing along a continuum
of reproductive isolation, with panmictic populations on one extreme end and complete
reproductive isolation on the other (Hendry 2009; Hendry et al. 2009a). Viewing
populations along this continuum organizes variation of a key parameter to speciation and
helps account for the wide variation that can occur within species. However, it also

ignores many of the other outcomes that could occur in sympatry (Rueffler et al. 2006).

We propose that we instead consider a continuum with two axes, reproductive
isolation and degree of divergence in ecological traits. Using this model, we can map
several types of polymorphisms and determine which types could potentially lead to

speciation and which will generate within-species diversity but ultimately halt the process



of speciation. Rueffler et al. (2006) began organizing various outcomes of disruptive
selection, which included sexual dimorphism, phenotypic plasticity, resource
polymorphisms, and speciation, but did not unify all the components into an overall

framework.

Our review investigates the varied types of population diversity that can evolve and
how they can halt, hinder, or promote the process of sympatric speciation. We define
ecological diversification as any diversity that arises from ecological interactions, such as
foraging, competition, predation, and parasitism. In this review we focus on dietary
diversity in part for simplicity. In addition, dietary diversity both affects and is affected
by competition, which has long been acknowledged as a diversifying force. Finally the
effects of dietary diversification on speciation have received relatively little attention.
The conceptual framework presented in this paper has several advantages. The model
does not dismiss the possibility of sympatric speciation, but proposes a pathway along
which it can proceed. In doing so, the model explains that sympatric speciation is rare
because a variety of evolutionary outcomes can occur in sympatry, some of which can
increase genetic and phenotypic variation in populations yet never lead to speciation.
Finally, the model helps clarify the relationship between ecological factors and
evolutionary diversification, providing guidance for future research into eco-evolutionary

dynamics.
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THE CONCEPTUAL MODEL

Overview: We will first discuss the forms of intraspecific diversity that can arise in
sympatric populations and how they can develop. We present the model on two axes (Fig
1), reproductive isolation and degree of divergence in an ecological trait or set of traits.
Reproductive isolation has long been the defining feature of discrete species (Mayr 1942)
and degree of divergence in ecological trait(s) increases the evolution of polymorphisms
and subsequent speciation (Débarre 2012). The conceptual model has two extreme ends,
a panmictic population in the lower left and two reproductively isolated populations in
the upper right. We place the speciation box in the upper right because diverging
populations must attain reproductive isolation to speciate and because without ecological
divergence between sympatric species one of them will likely be driven extinct by

competitive exclusion (Hardin 1960).

The initial steps towards divergence are the development of different resource
acquisition patterns, which are known as individual specializations (IS), and the
subsequent aggregation of these patterns within populations. Different kinds of
polymorphisms can potentially develop from such aggregations. Polymorphisms that
develop into sexual dimorphisms or that are caused by heterozygotic advantage will be
angenic, unable to speciate along that ecologically diverging trait because of the lack of
reproductive isolation and the loss of intraspecific competition and ecological
opportunity. Other kinds of resource polymorphisms can develop and speciate if certain
obstacles are overcome. Obstacles that can hinder or halt the process of speciation in
these potentially cladogenic polymorphisms include cycles of specialization and

disruptive selection and the difficulty of developing assortative mating. Species can often
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get stuck in these phases indefinitely, which is represented by the model’s circular
arrows. In the below subsections explaining the conceptual model, we first describe the
ways in which resource acquisition patterns can begin to aggregate and how discrete
morphologies may develop from those patterns. We then discuss how these resource

patterns and subsequent polymorphisms affect speciation.

Initial differentiation: individual specialization and the aggregation of patterns: The first
step of sympatric speciation through resource specialization occurs when diverse patterns
of resource use arise among individuals in a panmictic population and in the absence of
any discrete morphotypes (Wennersten and Forsman 2012). These individual
specializations (IS) were once believed to be extremely rare. However, Bolnick et al.
(2003) found evidence that IS occurs in 93 species, and more recent studies have
demonstrated IS in at least 18 more. Our developing knowledge of IS can enhance our
understanding of ecological communities and their evolutionary potential because IS
provides the variation from which discrete resource polymorphisms can evolve (Schluter

2001; Bolnick et al. 2003).

Individual specializations are driven by proximate causes but are also influenced by
ecological conditions. The driving proximate mechanism behind IS is differences in prey
preferences. Those differences in prey choice may arise from learning (Estes et al. 2003;
Sargeant et al. 2005; Sargeant and Mann 2009), trade-offs between habitat and phenotype
(Schluter and McPhail 1992; Schluter 1998; Matthews et al. 2010), or physiology (Afik

and Karasov 1995). The ecological conditions that favor the development of IS are high

12



levels of intraspecific competition and ecological opportunity (Nosil and Reimchen 2005;
Svanbick and Bolnick 2007; Martin and Pfennig 2010; Yoder et al. 2010); these
ecological conditions can promote the development of similar patterns of resource use
among individuals. Intraspecific competition causes individuals to seek out the
alternative prey they are best at capturing (Svanbéck and Bolnick 2005; Tinker et al.
2008). Ecological opportunity is determined by the availability of resources that can be
incorporated into the niche. When ecological opportunity is high, there are many
alternative prey types available if intraspecific competition increases. Ecological
opportunity increases with ecological release (Yoder et al. 2010), which may occur by the
extinction of a predator or interspecific competitor (MacArthur et al. 1972; Losos 2010),
by some mutation (Losos 2010), or by colonization of a new area (Losos 2010),
especially islands (for terrestrial animals) and lakes (for aquatic species), where there are
relatively depauperate assemblages of predators or competitors. The recent radiation of
fish in newly formed northern lakes is thought to have occurred because rare colonization
events offered the colonizers ample ecological opportunity (Schluter 1998, 2001). The
presence of parallel benthic and limnetic morphs in species inhabiting different lakes

lends support to this idea (Nosil 2012).

If the traits associated with IS and other resource specializations are heritable or
environmentally induced, then various morphotypes may develop. The type of
polymorphism that develops will depend upon the genetics of the distinct morphologies
and the environment where the morphotypes are found (West-Eberhard 2003; Bolnick
and Doebeli 2003; van Dooren 2006). If the trait in question depends upon gender, then a

sexual dimorphism can develop (Bolnick and Doebeli 2003). If the polymorphism is
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caused by heterozygotic advantage and overdominance, than a heterozygotic
polymorphism will form (van Dooren 2006). If the trait behind a given IS is not
dependent on gender and heterozygotes do not have any advantage over homozygotes,

than cladogenic polymorphisms may develop.

Sexual dimorphism: Morphological differences between the sexes have intrigued
evolutionary biologists since Darwin and Wallace (Darwin 1871; Wallace 1889).
Although sexual dimorphism is generally attributed to sexual selection, Darwin
mentioned that differences between the sexes could also result from ecological conditions
(Darwin 1859). Furthermore, sexual differences in traits related to foraging or digestive
structures have long been considered a mechanism for intraspecific niche partitioning
(Selander 1966; Schoener 1967; Shine 1989; Pérez-Barberia et al. 2008). We have
included sexual dimorphism in our conceptual model of sympatric speciation because
ecological differences between the sexes can have evolutionary consequences. Both
sexual and natural selection can drive the evolution of differences in body size and
feeding apparatus size/shape simultaneously. Even when differences are driven primarily
by sexual selection, as occurs for example in body size dimorphism in many primates and
pennipeds, those differences can have secondary ecological effects, which have

ramifications for the evolutionary potential of the species in which they occur.

Theoretical work by Slatkin (1984) demonstrated that intraspecific competition was
the primary driver in the development of sexual dimorphism from ecological factors.
Recent work corroborated this finding and showed that when traits associated with
resource acquisition depend upon gender, sexual dimorphism evolves (Bolnick and

Doebeli 2003). When the traits are independent of gender, however, then the resource
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acquisition patterns can develop into resource polymorphisms that can potentially
speciate (Bolnick and Doebeli 2003). These divergent fates are strikingly illustrated by
cichlid species that differ in the genetics of color determination. In a cichlid species pair
in Lake Malawi, coloration is sex dependent (Barson et al. 2007) and a sexual
dimorphism in color has arisen. In contrast, in the Central American genus Amphilophus
gold and dark color morphs are not sex dependent (Geiger et al. 2010; Fan et al. 2012).
The latter cichlids may have already developed reproductive isolation between the color
morphs, and some authors have suggested that sympatric speciation has occurred
(Barluenga et al. 2006; Barluenga and Meyer 2010). In contrast, the Lake Malawi
cichlid species cannot develop reproductive isolation because the sexes will always

choose mates of the opposite color.

Despite the theoretical arguments for the ecological origins of sexual dimorphisms
(Slatkin 1984; Bolnick and Doebeli 2003), there is so far only one strong example in
which ecological pressures have driven the development of a sexual dimorphism: the
differentiation of bill curvature in purple-throated carib hummingbirds, in which males’
and females’ bills are shaped for foraging optimally on different species of Heliconia
flowers (Temeles et al. 2000). The paucity of empirical evidence that clearly
demonstrates this phenomenon is due to the difficulty of identifying purely ecological vs.

purely sexual traits.

The original criterion used to determine whether a trait evolved through sexual or
natural selection was whether it was involved in feeding or courtship (Selander 1966).
But separating traits on this basis may not capture the entire picture of how sexual

selection acts on phenotypes because some traits may be selected for by both sexual and
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natural selection based on ecological factors. For example, it may be more advantageous
for females of some mammalian species to have a more nutritious diet not only because
they have a smaller gut but also because they need the extra nutrients for gestation
(Pérez-Bareria et al. 2008). Similarly, female snakes may have relatively larger heads
than males because that sexual difference in head size either reduces competition for food
between the sexes (Shine 1991) or increases female fecundity. Finally, Temeles (1985)
showed that both natural and sexual selection may be acting to increase body size
dimorphism in bird-eating raptors. Since males and females have different body sizes, a
breeding pair can effectively exploit both larger and smaller prey. Thus having two
differently sized hawks supporting a nest increases the amount of food brought to that

nest, increasing the offspring survival (Temeles 1985).

Traits may originate through sexual selection but then be reinforced through
ecological factors (and although we have as yet no examples, the reverse could also be
true). In a study on emydid turtles, Stephens and Wiens (2009) demonstrated that most of
the sexual size dimorphism in this group was caused by increased fecundity for larger
females. But within the Graptemys-Malaclemys clade, there appeared to be increased
sexual size dimorphism due to ecological factors, a secondary ecological reinforcement
of the existing dimorphism (Stephens and Wiens 2009). A second example of secondary
ecological reinforcement is in the northern elephant seal. Sexual selection has
undoubtedly acted in the evolution of sexual size dimorphism in this species, but the
large size differences between the sexes renders them different ecological species, with
different diets, behaviors, and predation risks (Staniland 2005). Ecological consequences

of sexual dimorphisms in traits that may be related to diet (as well as other ecological
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parameters such predation and parasitism) must be taken into account to understand the

evolutionary history and potential of a species.

Protected polymorphisms: migration-selection and heterozygotic advantage: Levene
(1953) began a promising theoretical inquiry into the maintenance of polymorphisms, a
line of inquiry that would lead to the definition and discussion of protected
polymorphisms. Two types of protected polymorphisms, migration-selection and
heterozygotic advantage, are defined based on the mechanisms that promote them, and
these mechanisms affect whether the polymorphisms can develop in sympatry. In
heterogeneous environments, polymorphisms can be maintained through a particular
migration-selection balance (Ravigné et al. 2009). In the models that predict
polymorphisms, migration between environments is low and selection is strong
(Christiansen 1974; Karlin and Campbell 1981; Biirger 2009). This type of protected
polymorphism is also referred to as local adaptation, whereby populations adapt to local
environments. Since these models predict that polymorphisms are maintained by
differential adaptation to varying habitats, the issue of whether this is occurring within a

sympatric population needs to be raised.

Authors have differed in their definitions of sympatry, resulting in confusion about
whether certain speciation events actually occurred in sympatry. To reduce that
confusion, Fitzpatrick et al. (2008) reviewed the published definitions and organized
them into two groups, biogeographic and genetic. All definitions shared either a high

degree of range overlap (biogeographic) or a high migration rate (genetic). The genetic
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definitions are largely heuristic. They assume speciation began when m=0.5, i.e. when
migration was free, but it is impossible to determine if populations were originally freely
migrating once polymorphisms have developed any reproductive isolation (Mallet et al.
2009). We therefore use a biogeographic definition, in which individuals of diversifying
populations occupy the same space at the same time and frequently encounter one
another (Fitzpatrick et al. 2008). Given this definition, since migration must be high in
order for a population to be considered sympatric, migration-selection models are

unlikely to be relevant to sympatric speciation.

Models that produce polymorphisms from heterozygotic advantage differ in several
ways from models that predict protected polymorphisms from migration-selection (Table
1), although both require strong trade-offs (van Dooren 2006; Ravigné et al. 2009).
Polymorphisms protected by heterozygotic advantage can evolve in panmictic
populations under conditions of heterosis and strong overdominance (Prout 1968; van
Dooren 2006). In constrast, polymorphisms protected by a migration-selection balance
have low migration/dispersal (Levene 1953) and low to intermediate overdominance
(Biirger 2009). Polymorphisms maintained by migration-selection can potentially be
diversifying if one population develops reproductive isolation via selection or drift. This
is the type of situation that is at the very heart of many forms of allopatric speciation.
Heterozygotic polymorphisms, on the other hand, have some protection from speciating
and from disappearing. They are angenic because they require disassortative mating,

which mixes genes among the polymorphisms.
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Sympatrically Cladogenic Polymorphisms: Sympatrically cladogenic polymorphisms
differ from protected polymorphisms in that no heterozygotic advantage or
overdominance occurs and that they can develop beyond morphotypes to speciate in
sympatry. Sympatrically cladogenic polymorphisms can develop either via a genetic

route that starts with a mutation or through developmental plasticity.

Most theoretical considerations of sympatric speciation focus on the genetic model
(Seger 1985; Dieckmann and Doebeli 1999), which therefore needs relatively little
explanation. In this model, a mutation produces a novel phenotype that allows an
individual to specialize successfully upon some underutilized resource and avoid
competition from its more abundant counterparts. The high fitness of individuals with the
mutation will result in its rapid spread through the population. This substitution rate,
however, is generally expected to be relatively slow, which is one explanation as to why
speciation is not a quick process. Disruptive selection drives intermediate phenotypes
between the old and new morphs extinct, at which point assortative mating can maintain
distinct genetic lineages that can develop strong mechanisms for reproductive isolation.
This model has widely been accepted since the modern synthesis of evolution, but has
recently been challenged by an alternative model in which plastic traits can drive some of

the initial steps of speciation.

Phenotypic plasticity has generally become accepted as a strong evolutionary force
(Price et al. 2003; West-Eberhard 2003; Pfennig et al. 2010; however, see Thibert-Plante
and Hendry 2011a). It can result in novel phenotypes that can utilize a previously unused
resource, thereby initiating niche expansion and forming resource polymorphisms that

can then diverge (West-Eberhard 2003; Pfennig et al. 2010). However, plasticity will
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shield the polymorphism from any further divergence unless the traits come under genetic
control and can be inherited. Plastic traits can come under genetic control via a two-step
process, genetic accommodation and genetic assimilation (Schlichting 2004; West-

Eberhard 2003).

When a population encounters a new resource, a plastic response can enable an entire
subset of the population to begin using it as part of its niche. This plasticity could
potentially overcome the problem of slow substitution rates (Price et al. 2003; Ghalambor
et al. 2007), but for this type of polymorphism to proceed toward speciation, the
environmentally determined plastic trait must undergo genetic accommodation, becoming
refined by genetics to allow optimal adaptation (West-Eberhard 2003). If the environment
remains stable, plasticity is no longer advantageous and the trait begins to be genetically
determined (DeWitt et al. 1998). Once genetic assimilation has occurred, the process
toward speciation can proceed along the same path as in the genetic route, where

disruptive selection favors the extreme traits and the intermediate forms go extinct.

The costs of plasticity determine whether a trait will undergo genetic accommodation
and assimilation. They can result from maintenance or production of the plastic trait and
from information acquisition (DeWitt et al. 1998). When these costs are lower than the
benefits of plasticity over time, assimilation is more likely to occur. Plasticity is likely to
be more beneficial in fluctuating or locally variable environments (Svanbéck et al. 2009),
suggesting that stable environments may be more conducive to speciation (Knudsen et al.

2010).
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Clearly, empirical evidence supports the idea that polymorphisms can arise through
either mutation or developmental plasticity (Table 2). Current literature (Table 2)
suggests that the two routes are equally frequent over all taxa, and accordingly, neither
should be ignored if we are to build a complete picture of sympatric speciation.
Phenotypic plasticity appears to be much more common in fishes and amphibians. Many
of the well-studied lacustrine polymorphisms and species complexes in fishes of the
Northern Hemisphere are driven by phenotypic plasticity (three-spined sticklebacks:
Wund et al. 2012; sunfishes: Ellerby and Gerry 2011, Parsons and Robinson 2006; Arctic
char: Adams and Huntingford 2004; Eurasian perch: Svanbick and Eklov 2006; and
Midas cichlids: Muschick et al. 2011). Within amphibians, clades with more plasticity
have more species and utilize more habitats (Pfennig and McGee 2010), and parallel
evolution consistent with the phenotypic plasticity model has occurred within several
anuran taxa (Scaphiopodidae, Pelobatidae, and Pelodytidae: Pfennig and McGee 2010).
Furthermore, proportions of cannibalistic morphs of spade-foot toads (Martin and
Pfennig 2010) and salamanders (Collins and Cheek 1983; Semlitsch et al. 1990) are

driven by changes in their aquatic environments.

Although phenotypic plasticity can also drive polymorphisms in birds (van de Pol et
al. 2009) and mammals (Wolf et al. 2008; Table 2), resource polymorphisms in
mammals, birds, and invertebrates appear to originate more often from genetic mutations.
For example, in mammals, there are genetically distinct morphs of North Atlantic killer
whales, Orcinus orca, (Foote et al. 2009) the domestic mouse, Mus musculus domesticus
in (Hauffe and Searle 1993; Pidlek et al. 2001). In birds, there are genetically distinct

morphotypes in the African finch, Pyrenestes ostrinus (Smith 1993), and the medium
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ground finch, Geospize fortis (Huber et al. 2007), the latter of which has developed some
reproductive isolation (Huber et al. 2007). A marine snail, Litforina saxatilis, developed
from genetically distinct morphs (Conde-Padin et al. 2007) as well as several species of

dipterans (Feder et al. 2003; Diegisser et al. 2007; Simard et al. 2009)

While the literature in Table 2 illustrates how sympatrically cladogenic
polymorphisms develop, it does not demonstrate which mode of development more
quickly leads to speciation. As a result of several factors, the dynamics of the transition
from resource polymorphisms to daughter species will largely be system-dependent, with
some genetic systems moving faster than some plastic systems and vice versa. The tempo
of speciation through the genetic model depends on how the substitution rate is affected
by trait dominance, recombination rates, and relationships among traits. Dominant traits
will have higher substitution rates, but high recombination rates will retard the
development of genetic lineages (Hey and Kliman 2002; Connallon and Knowles 2007).
Linkage between traits can slow speciation if the linked gene is detrimental to the new
morph or speed the process if the linked gene is beneficial (Streisfeld and Rausher 2010).
Epistasis and pleiotropy have similar effects on the substitution rate, slowing it when the
relationships are detrimental and speeding it when beneficial (Hawthorne and Via 2001,
@stman et al. 2012). Furthermore, population size may also affect how quickly one allele
can replace another because of genetic drift at small numbers of individuals (Andolfatto

2007).

Many proponents of the developmental model suggest it is faster because of its initial
speed, when individuals can immediately incorporate a new resource (West-Eberhard

2003, Moczek et al. 2011). However, the plastic traits must become genetically controlled

22



and thereby heritable before speciation can occur. In addition, assimilation may be
subject to substitution rates similar to those for any allele, thus slowing speciation
through the developmental route to the same rate as through the genetic route, at least for
the step of assimilation, and subjecting the process to the effects of the genetic factors
discussed above. Finally, genetic assimilation is unlikely to happen simultaneously
across a population. Instead, it may happen piecemeal, and genetic assimilation itself

may have a substitution rate.

SPECIATION TRAPS

A speciation trap is a polymorphism that increases intraspecific diversity while
preventing speciation based on the trait(s) in question. In our model, the speciation traps
are sexual dimorphisms and heterozygotic polymorphisms. Both types of speciation traps
halt progress towards speciation by reducing intraspecific competition and decreasing
ecological opportunity, and heterozygotic polymorphisms also discourage assortative
mating. Each type of polymorphism is evolutionarily stable and is only a “trap” in the
sense that it prevents any diversification from attaining reproductive isolation. In this
section we look at how each type of speciation trap prevents the development of

reproductive isolation.

Evolutionary ramifications of sexual dimorphisms: Sexual dimorphism can hinder
speciation whenever differences between sexes act to separate their niches. There are

three reasons for this. First, opposing directional selection between the sexes (Fig. 2)
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results in the evolution of sexual dimorphisms that will reduce potentially diversifying
competition. Closely related sympatric species show greater sexual size dimorphism than
do closely related allopatric species (Stephens and Wiens 2009), suggesting that the
evolution of sexual size dimorphism is an alternative way to reduce competition and thus
may inhibit speciation (Bolnick and Doebeli 2003; Stephens and Wiens 2009). Previous
work has also demonstrated that populations with the highest sexual dimorphism exhibit
the least disruptive selection (Bolnick and Lau 2008), similarly suggesting that these
populations are not diversifying in a way that will allow speciation. Second, the two
sexes’ occupation of different subniches decreases ecological opportunity. This can either
prevent a group of conspecifics from occupying that now-used resource space or (from an
allopatric standpoint) prevent a different species from another area from invading the
resource space and differentiating from its source population into a new species. Third,
sexual dimorphism will lead to disassortative mating, which prevents reproductive

isolation.

Niche separation between the sexes appears to be common in sexually dimorphic
species. In all of the 81 species listed in Table 3, which are from eight taxonomic groups,
the two sexes occupy slightly different niches. This non-exhaustive list is strongly biased
toward vertebrates, and specifically toward birds and mammals, which may be an artifact
of research interests rather than a taxonomic bias in the occurrence of the phenomenon.
Differences in body size are responsible for niche differentiation in most of these species.
In primates (Kamilar and Pokempner 2008) and ungulates (du Toit 2005; Pérez-Barberia
et al. 2008), for example, males are often larger, consequently have larger guts, and can

therefore subsist on lower quality food (Pérez-Barberia et al. 2008). Size differences in
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some sea birds (Bearhop et al. 2006; Phillips et al. 2009) and seals (Staniland 2005;
Staniland and Robinson 2008) allow the larger sex to dive deeper and forage farther from
shore. Niche differences can also be related to the size and shape of feeding structures,
such as beaks in birds (woodpeckers: Kilham 1965, Selander 1966; hummingbirds:
Temeles et al. 2000) and mouthparts in invertebrates (Clark 1963; Whiting 1967; Atchley
and Martin 1971). Researchers have inferred that morphological differences between the
sexes cause diet differentiation in numerous other species, including 50 snakes (Shine et
al. 1991), seven anole lizards (Butler et al. 2000), and 17 hummingbirds (Temeles et al.
2010); these species were not included in Table 3 because the relationship between diet

and sex was not directly tested.

Opposites attract: heterozygotic advantage and disassortative mating: Protected resource
polymorphisms that occur in sympatry result from heterozygotic advantage and
overdominance (van Dooren 2006), which can prevent the polymorphism from
continuing toward speciation for two reasons. First, in such polymorphisms, the
heterozygote will by definition have a selective advantage, and dissortative mating is
accordingly favored for homozygotes. Homozygotes will always have a lower fitness
than heterozygotes but will never go extinct because they are a by-product of
heterozygotic mating. Thus the resource polymorphism is maintained, but the selectively
advantageous disassortative mating can prevent the development of reproductive
isolation, and thus halt speciation. Second, the phenotypic differences among polymorphs

reduce intraspecific competition (Bolnick et al. 2003; Svanbéck and Bolnick 2007;
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Martin and Pfennig 2009, 2010; Bernard and Maher 2011). This reduction of intraspecific

competition relieves selective pressures that would otherwise promote speciation.

Evidence of protected polymorphisms maintained by heterozygotic advantage is rare.
Most empirical work on heterozygotic advantage has shown that positive associations
between fitness and heterozygosity are weak at best (David 1998; Ding and Goudet
2005). Most studies that do find a strong selective advantage for heterozygosity involve
genes in the major histocompatibility complex and other host-parasite interactions (Penn
et al. 2002). However, the snail Cepaea nemoralis, which is polymorphic in shell color
and banding, does appear to be a strong candidate for the heterozygotic advantage model
(Cook 2007). Although frequency-dependent disruptive selection from predation was
once thought to drive this polymorphism (Clarke 1969), more recent work has shown that
predation does not appear to be a strong selecting force on this species and that the
dominant phenotypes are heterozygotic (Cook 2007). More work investigating the
frequency of heterozygotic advantage is required before we can satisfactorily determine

its importance as a block to sympatric speciation.

SPECIATION OBSTACLES

In contrast to speciation traps, speciation obstacles do not intrinsically prevent
reproductive isolation but will slow down the process of speciation or keep a population
at a stage of specialization or discrete morphotypes indefinitely. The first obstacle is the
presence of individual specialization, which can promote species coexistence and result

in the loss of ecological opportunity. Two other obstacles, cycles of specialization and
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cycles of disruptive selection, are related to changing ecological conditions that alter

selection pressures. The fourth obstacle is the difficulty of developing assortative mating.

Specialization, coexistence, and the loss of ecological opportunity: Individual
specializations (IS) can decrease the interaction strength among competing species
(Lichstein et al. 2007; Bolnick et al. 2011; Lasky et al. 2014). When individuals use a
smaller subset of the population’s dietary resources, the number of individuals from each
species that overlap in resource use will be reduced (Bolnick et al. 2011; Lasky et al.
2014). As a result, the resources may not become limiting. Individual specializations can
therefore promote species coexistence and increase the number of species present in a
community (Lichstein et al. 2007; Lasky et al. 2014). The greater number of species in a
community will decrease available ecological opportunity that could have been used for
the niche expansion needed to develop more distinct polymorphisms. Therefore, the
effects that IS has on species coexistence may disrupt to the conditions that are required
for sympatric speciation. Indeed, many examples of ecologically driven resource
polymorphisms occur in environments where there are not many heterospecific
competitors (Smith and Skulason 1996; Schluter 2002; Adams and Huntingford 2004;

Knudsen et al. 2006; Costa et al. 2009).

Cycles of specialization: Different ecological conditions favor individual specialists
versus individual generalists (Fig. 3). For example, intraspecific competition increases

individual specialization (IS; Svanbéck and Bolnick 2007; Martin and Pfennig 2009,
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Svanbick et al. 2011; Agashe and Bolnick 2010), while interspecific competition
decreases it (Darimont et al. 2009). Anecdotal evidence also suggests that increased
resource diversity increases IS (Herrara et al. 2008; Matich et al. 2011). Finally, high
predation levels decrease IS because increased predation tends to limit the number of

habitats a prey organism may visit (Aratjo et al. 2011).

Although little empirical research directly tests the idea that populations can switch
between individual specialists and individual generalists, there are four strong examples
of this phenomenon in vertebrates. One study that focused on the effects of resource
diversity on IS found that Egyptian fruit bats (Herrera et al. 2008) showed the highest
degree of specialization in spring, when the greatest number of plant species fruit. The
other three studies demonstrated that individuals specialized when intraspecific
competition was high. For example, individual perch, Perca fluviatilis, specialized more
when intraspecific density was high (Svanbick and Persson 2004), and similarly, sea
otters (Tinker et al. 2008) specialized when food was limited but were generalists when it
was not. In the only experimental work to test whether differences in intraspecific
competition affect IS, Svanbéck and Bolnick (2007) replicated naturally occurring
densities of threespined stickleback in enclosures and found that the high levels of

intraspecific competition at high densities increased IS.

It is well known that ecological pressures are not constant over time: resource
abundances and levels of competition and predation fluctuate. Such natural fluctuations
might prevent specializations from becoming established as polymorphisms, resulting in
no further evolutionary diversification. Accordingly, IS can become as much a hindrance

to the process of speciation as a starting point for it.
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Cycles of disruptive selection: Disruptive selection is an integral part of the development
of new species in sympatry, for it is the evolutionary force that can split a population into
an adaptive landscape with two fitness peaks (Maynard-Smith 1966; Seger 1985;
Dieckmann and Doebeli 1999). Disruptive selection was long thought to be rare and as a
result inconsequential, but recent work has demonstrated that it is more common than
previously thought (Smith 1993; Bolnick 2004b; Calsbeek and Smith 2007; Quesada et
al. 2007; Bolnick and Lau 2008; Martin and Pfennig 2009; Hendry et al. 2009b). This
recent research has also shown that disruptive selection is inconsistent and, by itself,
cannot result in speciation (Nosil et al. 2009). Populations can become stuck in the
disruptive selection phase either due to inconsistent ecological pressures or through lack

of assortative mating (discussed in the following section).

A great deal of research has examined frequency-dependent disruptive selection, but
relatively few studies have considered its long-term effects on population dynamics.
Cycles of disruptive selection can be caused by changes in the relative frequency of
conspecific variants (Hori 1993; Benkman 1996; Bolnick et al. 2004b; Martin and
Pfennig 2009). Strong, frequency-dependent, intraspecific competition initiates disruptive
selection (Seger 1985; Dieckmann and Doebeli 1999; Doebeli et al. 2007) in which rare,
extreme phenotypes experience less competition than more common, intermediate
phenotypes (Seger 1985; Martin and Pfennig 2009; Benard and Maher 2011). Because
these common phenotypes are initially selected against, they will become rare while
extreme phenotypes become more common. At this point, however, the intermediate

phenotype has a selective advantage and selection becomes stabilizing (Lewontin 1958;
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Hori 1993; Bolnick 2004b). This can generate a stable polymorphism with fluctuating
phenotypic frequencies that can inhibit speciation indefinitely. In a review of selection in
natural populations, Kingsolver et al. (2001) found that disruptive and stabilizing
selection were about equally common and equally strong, suggesting that it is possible for

species to be subjected to both disruptive and stabilizing selection at different times.

Changes in other ecological factors such as climatic variation (Hairston and Dillon
1990; van de Pol et al. 2009) and resource distribution (Hendry et al. 2006; Quesada et al.
2007) can also drive changes in selection pressures. For example, a long-term study of a
natural population of oystercatchers showed that selection is stabilizing and favors
generalist individuals in most years (van de Pol et al. 2009). In particularly harsh winters,
however, selection becomes disruptive and favors specialist individuals. Similarly,
anthropogenic changes in resource distributions can alter the fitness landscape. For
example, beak size of Darwin’s Finches on Santa Cruz Island shifted from a bimodal to a
unimodal distribution (Hendry et al. 2006) where humans had modified their resources

but remained bimodal in an unaltered area on the same island (Hendry et al. 2006).

Indefinite disruptive selection: the special problem of assortative mating: A lack of
assortative mating was recognized by Maynard-Smith (1966) as being one of the most
serious obstacles to sympatric speciation because it reduces the genetic differences
between morphs. For example, disruptive selection has been persistent in African
Pyrenestes finches, but because little to no assortative mating occurs, that selection will

not lead to speciation until some mechanism of assortative mating evolves (Smith 1993).
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Greater adaptive divergence and speciation are similarly prevented in sympatric lake-
stream species pairs of three-spined sticklebacks (Hendry et al. 2002), and even a small
amount of gene flow across races has prevented speciation in many host races of

phytophageous insects (Dres and Mallet 2002; Prowell et al. 2004).

Assortative mating can be costly, preventing the development of reproductive
isolation. One common detriment of assortative mating is that the requisite choosiness in
mates may result in a failure to mate (Bolnick 2004a; Kopp and Hermisson 2008).
However, a theoretical model by Kopp and Hermisson (2008) showed that choosiness
was a substantial cost only when females had fewer than ten mating opportunities. In
general, the fitness costs of assortative mating outweigh any selective advantages
associated with it (de Cara et al. 2008). However, in a review Jiang et al. (2013) found

that assortative mating was not uncommon in nature, but was generally weak.

The barrier of assortative mating can be overcome if certain conditions are met. In
one-trait models, in which the ecological and assortative mating traits are pleiotropic, the
development of assortative mating and reproductive isolation is favored because
ecologically driven disruptive selection is by definition associated with assortative mating
(Kirkpatrick and Ravigné 2002; Gavrilets and Vose 2005; de Cara et al. 2008). In two-
trait models, the development of assortative mating is less likely but can occur if the
linkage disequilibirum for the ecological and mating preference traits is high enough to
overcome recombination (Kirkpatrick and Ravigné 2002; de Cara et al. 2008). Finally,
assortative mating is more likely to develop when homozygotes are more fit than

heterozygotes (Otto et al. 2008).
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In sum, disruptive selection can act as a hindrance to speciation or promote it. The
factors that determine disruptive selection, intraspecific competition and resource
diversity, can change over time and cause changes in the occurrence and strength of
selection. Populations can thus be prevented from speciation by cycles of disruptive and

stabilizing selection, as well as by weak assortative mating.

SPECIATION

What it takes to speciate: Moving beyond polymorphisms to reach reproductive isolation
and thus complete the process of speciation depends upon two intertwined factors: the
nature of selection and the strength of assortative mating. There is currently no definitive
answer as to whether speciation is more likely when strong selection acts on a single or
few traits (Maynard-Smith 1966; Schluter 2001; Rundle and Nosil 2005), or when
selection is weaker but multifarious (Rice and Hostert 1993; Via 2001; Dambroski and
Feder 2007). Strong selection alone does not appear to be sufficient to cause speciation
because it is unlikely to be associated with the evolution of assortative mating and thus
may merely entrench a single-trait polymorphism (Nosil et al. 2009). Multifarious
selection (Rice and Hostert 1993; Via 2001; Dambroski and Feder 2007) may seem
inherently more likely to lead to reproductive isolation because of the increased
probability of some form of genetic incompatibility between morphs due to selection on
multiple traits. But multifarious selection is often weak and therefore unlikely to cause

reproductive isolation in the face of high gene flow (Nosil et al. 2009).
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Researchers have used genomics in attempts to elucidate whether strong or
multifarious selection better stimulates speciation (reviewed by Elmer and Meyer 2011),
with inconclusive results. Kuatt et al. (2012) showed that strong selection has occurred on
a small genomic region in two species of the Midas cichlid group (Amphilophus
citrinellus and A. labiatus). However, Kuatt et al. (2012) also found that despite
considerable morphologic differentiation between these two named species, there is also
considerable gene flow between them, indicating that they might not be fully speciated as
previously thought. In contrast, genomic work on two distinct morphs of three-spined
sticklebacks in Paxton Lake suggested that weak, multifarious selection may be driving

their divergence (Arnegard et al. 2014), although speciation is incomplete in this system.

The likelihood of speciation depends on the degree of relatedness between the genetic
traits that determine ecological divergence and reproductive isolation (Hawthorne and
Via 2001; Rundle and Nosil 2005). Speciation is more likely to occur when there are
fewer genes associated with the relationship between the traits causing divergence and
the traits causing reproductive isolation (Gavrilets and Vose 2005; de Cara et al. 2008;
Smadja and Butlin 2011). This was long ago acknowledged by Maynard-Smith (1966),
who declared that one-allele models are more likely to predict speciation than two-allele
models. The single traits of one-trait models are also referred to as magic traits (Servedio
et al. 2011; Thibert-Plante and Gavrilets 2013) because these traits lend themselves to
sympatric speciation. For example, phytophagous insects mate on the plants on which
they feed, a magic trait that can result in host shifts which would promote speciation
(Emelianov et al. 2001). This characteristic makes phytophagous insects appealing for

research on sympatric speciation.
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When two or more traits are involved between the ecological and assortative
mating traits, then recombination can prevent the build-up of linkage. In order to
overcome this problem, either the linkage must be originally very tight or recombination
must be suppressed (Trickett and Butlin 1994). The most common way to suppress
recombination is through chromosomal rearrangements that interfere with meiotic drive,
making hybrids sterile or less fit (Trickett and Butlin 1994; Noor et al. 2001; Rieseberg
2001). Such chromosomal rearrangements have been demonstrated in Drosophila (Coyne
et al. 1993; Navarro and Ruiz 1997; Alvarez-Castro and Alvarez 2005), mice (Hauffe and
Searle 1993; Pidlek et al. 2001), the mosquito Anopheles gambiae (Simard et al. 2009),
and three-spined stickleback (Jones et al. 2012), and they may have contributed to
speciation in the Midas cichlid complex (Kuatt et al. 2012). Further work is required to

demonstrate any generality of this mechanism in promoting the completion of speciation.

One potential way to link the traits of ecological divergence and reproductive
isolation is through sexual selection on ecologically divergent traits (Schluter 2001, 2002;
Maan and Seehausen 2001). This can happen through selection on secondary sexual traits
(Lande 1982), differential mate recognition (Ryan and Rand 1993), or differential use of
mating habitat (Endler 1992). Although this process represents a potential route toward
speciation, it still may present the same problems that arise whenever two or more alleles
are involved if the traits under sexual and ecological selection are not determined by the
same gene. Then, if polymorphisms are to proceed toward speciation, either the genes on
which they are based must be tightly linked or recombination must be suppressed through

chromosomal rearrangement.
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Stored diversity: The polymorphisms and individual specialization discussed in this paper
result in a breadth of diversity that can develop within populations and species. This
diversity can be stored in a population and act as standing genetic variation. The stored
diversity can spread geographically if a group of individuals in the population colonize a
new area and may make possible colonization of areas in which these individuals would
not have been able to successfully establish without the development of intrapopulation
niche variation in sympatry. In these conditions, diversifying processes in sympatry may

facilitate speciation in allopatry.

Standing genetic variation, or stored diversity, contributes more to adaptation than a
given new mutation for two reasons (Barret and Schluter 2007). First, adaptation can
proceed faster from stored diversity because the alleles associated with it have a greater
frequency of occurrence in the population, whereas adaptations from new mutations will
require at least several generations to spread (Innan and Kim 2004). Second, stored
diversity has already been subject to selection and any deleterious alleles will likely have
been removed (Barret and Schluter 2007) increasing the chances that alleles associated

with the stored diversity are advantageous.

There are several strong examples of adaptation occurring from standing variation,
and they are taxonomically diverse. The first and probably best-known example is the
apple maggot fly in the northeastern U.S.A., where standing variation in diapause
behavior from Mexico has facilitated speciation (Feder et al. 2003; Michel et al. 2007). In
this case, standing variation arrived from an allopatric region and was advantageous
when Europeans brought apples, which fruited later than hawthorns and changed the

adaptive landscape. Similarly, variation in bony lateral plates in three-spined sticklebacks
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aided adaptation to freshwater lakes colonized from oceanic habitats (Barret and Schluter
2007). Finally, variation in coat color of mainland populations of the mouse Peromycus
polionotus facilitated the development of the light coat color that was adaptive on
beaches in the Santa Rosa Island population (Hoesktra et al. 2006; Barret and Schluter
2007). The taxonomic breadth and strength of these examples suggest that standing

variation is likely to be broadly important in adaptation and speciation.

Evolutionary and conservation biology offer opportunities to perform empirical
research on how stored diversity can promote speciation in allopatric conditions. The
ways in which invasive species adapt to new environments and native species adapt and
shift ranges in response to climate change may illuminate the relationship between stored
diversity and allopatric speciation. If individuals belonging to some adaptively distinct
subset of a colonization group have relatively high survival rates, researchers can
determine which traits increase their survival and how those traits interact with the
environment to enhance those individuals’ fitness. These special instances of adaptation
and range expansion may provide researchers with the opportunity to design experiments
that can capture the dynamics among colonization, the later evolution of invasive species,
and the population and community dynamics of the source populations. Likewise,
understanding which types of individuals may be more likely to survive along the leading
edge of a range expansion may help managers if ever humans attempt to intervene in

range shifts associated with climate change.
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CONCLUSIONS

Sympatric speciation is rare for several reasons. First, some types of diversification
such as sexual dimorphism and protected polymorphisms can result in speciation traps.
Second, individual specialization and potentially cladogenic polymorphisms can be
subjected to inconsistent ecological pressures, resulting in an absence of speciation.
Species can be stuck in cycles of IS and disruptive selection when the ecological factors
that are driving the specialization or disruptive selection are not maintained over time.
Finally, assortative mating may never develop. As a result of these difficulties, it is rare
that populations traverse the continuum from panmixis to complete reproductive

isolation.
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TABLES

Table 1: Table demonstrating the differences between the two types of protected

polymorphisms in the literature.

Migration-Selection Balance
(Christiansen 1974,

Heterozygote Advantage
(Prout 1968,

Ravigné et al. 2009) van Dooren 2005)
Migration/ Dispersal Low High
Over-Dominance Intermediate High
Trade-Offs Strong Strong
Geographical Overlap Allopatric Sympatry
Diversifying Yes No
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Table 2: List of species in which resource polymorphism originated from either that is
determined either genetically or environmentally (i.e. following the developmental route

of speciation).

Taxonomic
Group Species Route Reference
Arthopods
Tephritis conura Genetic Diegisser et al. 2007
Rhagoletis pomonella Genetic Feder et al. 2003
Anopheles gambiae Genetic Simard et al. 2009
Gastropod
Littorina saxatilis Genetic Conde-Padin et al. 2007
Fish
Pundamilia spp. Developmental Magalhaes et al. 2009
Gasterosteus aculeatus Developmental Wund et al. 2012
Lepomis gibbosus Developmental Parsons and Robinson 2006
Lepomis macrochirus Developmental Ellerby and Gerry 2011

Adams and Huntingford 2004,

Salvelinus alpinus Developmental Andersson et al. 2005
Perca fluviatilis Developmental Svanbick and Eklov 2006
Perissodus microlepis Genetic Hori 1993
Coregonus lavaretus Genetic Dstbye et al. 2004
Cichlasoma managuense Developmental Meyer 1987

Muschick et al. 2011

Amphilophus spp. Developmental

39



Amphibians
Pelodytes punctatus
Spea multiplicata
Pseudacris regilla
Ambystoma taloideum

Ambystoma tigrinum

Aves
Haematopus ostralegus
ostralegus
Pyrenestes spp
Neospiza spp.
Egretta sacra

Geospiza fortis

Mammals
Zalophus wallebaeki
Orcinus orca
Ursus americanus
kermodei
Mus musculus

domesticus

Developmental
Developmental
Genetic
Developmental

Developmental

Developmental
Genetic
Genetic
Genetic

Genetic

Developmental

Genetic

Genetic

Genetic
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Jourdan-Pineau et al. 2012
Martin and Pfennig 2010
Morey 1990
Semlitsch et al. 1990

Collins et al. 1983

van de Pol et al. 2009
Smith 1993
Ryan et al. 2007
Rohwer 1990

Huber 2007

Wolf et al. 2008

Foote et al. 2009

Hedrick and Ritland 2011

Hauffe and Searle 1993



Table 3: Species that exhibit sexual dimorphic traits that affect the ecology between the

sexes, even if that sexual dimorphism is caused by sexual selection.

Sexually
Taxonomic Dimorphic
Group Species Traits Citations
Aves
Neopmorpha acutirostris Bill length, Potts 1885, Buller 1888,
(Extinct) bill depth Selander 1966
Cinclocerthia ruficauda Bill length Selander 1966
Cranial
Sitta pusilla skeleton Norris 1958
Bill length,
Limnodromus scolopaces wing size Pitelka 1950
Limnodromus griseus Bill length Pitelka 1950
Pelvic limb, Rand 1952,
Aechmophorus occidentalis bill length Livezey and Storer 1992

Pelvic limb,

Aechmophorus clarkii bill length Livezey and Storer 1992
Body size,
Acciptier striatus bill size Storer 1952
Accipiter gentilis Body size Hogland 1964
Falco peregrinus Body size Cade 1960
Spheniscus magellanicus Body size Forero et al. 2002
Pygoscelis papua Body size Bearhop et al. 2006
Eudyptes chrysolophus Body size Bearhop et al. 2006
Phalacrocorax verrucosus Body size Bearhop et al. 2006
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Phalacrocorax georgianus

Macronectes carbo sinensi

Macronectes halli

Rynchops niger intercedens

Diomedea exulans

Thalassarche chrysostoma

Phoebastria irrorata

Calonectris diomedea

Calonectris edwardsii

Sula sula

Sula leucogaster

Sula nebouxii

Centurus striatus

Dnedrocopos villosus

Archilochus colubris

Eulampis jugularis

Sephanoides sephanoides

Bill length,

Bill length,
foraging strategy

Bill length,

Bill curvature

Wing length,
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Body size

Body size

Body size

Body size

Body size
Body size
Body size
Body size
Body size
Body size
Body size

Body size

bill depth

bill shape

bill size

Forero et al. 2005,
Phillps et al. 2011,
Phillips et al. 2009,
Liordes and Goutner
2009
Phillips et al. 2009
Mariano-Jelicich et al.
2008
Weimerskirch et al. 1993,
Phillips et al. 2009
Phillips et al. 2009
Awkermen et al. 2007
Ramos et al. 2009
Ramos et al. 2009
Cherel et al. 2008
Young et al. 2010

Zavalaga et al. 2007

Selander 1966
Kilham 1965, Selander

1966

Berns and Adams 2010
Temeles et al. 2000,
Temeles et al. 2009

Gonzélez-Gomez and

Estades 2009



Limosa lapponia
Picoides pubescens

Quelea quelea

Arses telescopthalmus

Vireo olivaceus

Corvus corone

Cormobates leucopaea

Climacteris erythrops

Daphoenositta chrysoptera

Reptilia
Anolis conspersus
Anolis polylepis
Morelia spilota imbricata
Mammalia

Herpestes ichneumon

Vulpes vulpes

Bill and
leg length
Bill length
Bill length
Tail length,
bill width

Bill size
Bill length

Bill and

tongue length

Bill and

tongue length

Bill and

tongue length

Gape width
Body size,

gape width

Head length,

head depth

Condylobasel
length,
canine diameter

Carnassials
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Smith and Evans 1973

Peters and Grubb 1983

Ward 1965

Bell 1982

Williamson 1971

Holyoak 1970

Noske 1986

Noske 1986

Noske 1986

Schoener 1967

Perry 1996

Pearson et al. 2002

Rosalino et al. 2009

Viranta and Kauhala



Mustela vison

Ovis aries

Ovis canadensis

Cervus nippon

Giraffa camelopardalis

Tragelaphus strepsiceros

Rangifer tarandus

Cebus capucinus

Alouatta pigra

Cercopithecus campbelli

Cercopithecus mitis

Cercopithecus petaurista

Cercopithecus pogonias

Erythrocebus patas

Gorilla gorilla

Papio cynocephalus

Body size

Body size
Body size

Body size

Body size and

neck angle

Body size and

neck angle

Body size

Body size

Body size

Body size

Body size

Body size

Body size

Body size

Body size

Body size
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2011
Thom et al. 2004
Pérez-Barberia et al.
2008
du Toit 2005

du Toit 2005

du Toit 2005

du Toit 2005
du Toit 2005
Rose 1994
Kamilar and
Pokempner 2008
Kamilar and
Pokempner 2008
Kamilar and
Pokempner 2008
Kamilar and
Pokempner 2008
Kamilar and
Pokempner 2008
Kamilar and
Pokempner 2008
Kamilar and
Pokempner 2008

Kamilar and



Pongo pygmaeus

Theropithecus gelada

Halichoerus grypus

Arctocephalus gazella
Arctocephalus forsteri
Arctocephalus pusillus

doriferus

Arctocephalus philippii

Cystophora cristata

Mirounga angustirostris
Mirounga leonina
Eumetopias jubatus
Otaria byronia

Odobenus rosmarus

Arachinda

Zodarion jozefienae
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Body size

Body size

Body size

Body size

Body size

Body size

Body size

Body size

Body size

Body size

Body size

Body size

Body size

Body size

Pokempner 2008
Kamilar and
Pokempner 2008
Kamilar and
Pokempner 2008
Staniland 2005,
Tucker et al. 2007,
Lesage et al. 2001
Staniland and
Robinson 2008

Page et al. 2005

Page et al. 2005
Acuna and Francis
1995
Lesage et al. 2001,
Tucker et al. 2009
Le Boeuf et al. 2000,
Staniland 2005
Staniland 2005
Staniland 2005
Campagna et al. 2001

King 1983

Pekar er al. 2011



Gastropoda

Tricola
Echiura
Bonellia
Pterygota
Phymatidae
Chironomidae
Braconidae
Mormoniella vitropennis
Ostracoda

Rutiderma hartmanni

Teeth of radulae

Proboscis size

Size of
raptorial leg

Size of
labial teeth
Mouthpart

Mouthpart

Development

of maxillae
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Robertson 1971

Gould-Somero 1975

Mason 1977

Atchley and Martin 1971
Clark 1963

Whiting 1967

Kornicker 1985



FIGURE LEGEND

Figure 1 —The conceptual model displaying the various potential outcomes of sympatric
animal populations laid out on two axes that both relate to traits, one ecological and the
other to reproductive isolation. In addition to a pathway of ecological speciation, a sexual
selection pathway and ways it can interact with ecological speciation are also presented

with dashed lines

Figure 2 —Diagram showing how sexual dimorphic traits can create sexually dependent

directional selection and separate niche space between the sexes. a) Male and female niche
dimensions before sexual dimorphism occurs. b) Uni-sexual directional selection, in this case

males, relieving competition between the sexes. ¢) Di-sexual directional, divergent selection.

Figure 3 —Ecological conditions that can lead to populations of individual specialists versus

individual generalists.
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Figure 3
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CHAPTER III
TROPHIC DISCRIMINATION FACTORS AND INCORPORATION RATES
OF CARBON AND NITROGEN STABLE ISOTOPES IN ADULT GREEN FROGS,

LITHOBATES CLAMITANS

SUMMARY

Stable isotope analysis is an increasingly useful ecological tool, but its accuracy
depends on quantifying the tissue-specific trophic discrimination factors (TDFs) and
isotopic incorporation rates for focal taxa. Despite the technique’s ubiquity, most
laboratory experiments determining TDFs and incorporation rates have focused on birds,
mammals, and fish; we know little about terrestrial ectotherms, and amphibians in
particular are understudied. In this study we used two controlled feeding experiments to
determine carbon (d"C) and nitrogen (d"°N) isotope TDFs and incorporation rates for
skin, whole blood, and bone collagen in adult green frogs, Lithobates clamitans. The
mean (+SD) TDFs for d"*C were 0.1%0 (+0.4%o) for skin, 0.5%o (+0.5%o0) for whole blood,
and 1.6%o (0.6%o) for bone collagen. The mean (+SD) TDFs for d"°N were 2.3%o
(2£0.5%0) for skin, 2.3%o (x0.4%0) for whole blood, and 3.1%o (+0.6%0) for bone collagen.
A combination of different isotopic incorporation models was best supported by our data.
Half-lives for carbon were 89 and 8 days for skin (two-compartment model), 69 days for

whole blood, and 332 days for bone collagen. Half-lives for nitrogen were 75 days for
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skin, 71 days for whole blood, and 625 days for bone collagen. Our results help fill a
taxonomic gap in our knowledge of stable isotope dynamics and provide ecologists with

a method to measure anuran diets at multiple timeframes.

INTRODUCTION

The use of stable isotopes as natural resource tracers in ecological studies has
exploded over the last two decades (Fry 2006; Newsome et al. 2007; Martinez del Rio et
al. 2009a; Layman et al. 2012). Although stable isotope analysis is an informative tool,
taxon-specific knowledge of two important isotope properties is required to use them
accurately in diet analyses. The first property is the degree of isotopic discrimination that
occurs between trophic levels (Vanderklift and Ponsard 2003; Fry 2006), creating an
offset in the isotope value of the consumer’s tissues relative to that of its prey. Such
systematic and predictable offsets are often called trophic discrimination factors (TDFs;
Tieszen et al. 1983; Hobson and Clark 1992a; Stegall et al. 2008) and knowing their
values is essential to quantifying diet composition via the use of mixing models (Phillips
et al. 2005; Moore and Semmens 2008; Parnell et al. 2010). Across vertebrate taxa, these
TDFs typically range from -0.4 to 7.9%o for carbon and -0.1 to 4.0%o for nitrogen (Caut et
al. 2009), and they often differ among tissues, a phenomenon known as tissue-specific

discrimination (Martinez del Rio et al. 2009a).

The second property is the rate of isotopic incorporation and how it differs among
metabolically active tissues within a species (DeNiro and Epstein 1978; Tieszen et al.

1983; Martinez del Rio et al. 2009b) and among species with different metabolic
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demands (e.g. ectotherms versus endotherms; Bauchinger and McWilliams 2009; Warne
et al. 2010). Some tissues, such as skin and blood plasma, have relatively fast isotopic
incorporation rates and thus provide diet information integrated over short time scales
(days to weeks) prior to collection (Martinez del Rio et al. 2009a). Other metabolically
active tissues, such as bone collagen, incorporate isotopes very slowly (Martinez del Rio
et al. 2009a) and thus provide diet information integrated over much longer time scales
(years). Incorporation rates, however, can vary among species (Martinez del Rio et al.
2009a), and body size, growth rate, and protein turnover have been shown to affect
isotopic incorporation rates (Carleton and Martinez del Rio 2005; MacAvoy et al. 2006;
Martinez del Rio et al. 2009a, Murray and Wolf 2013). Thus, isotope-based ecological
studies require species- and tissue-specific incorporation rates to estimate the time period
to which the ecological information provided by stable isotope analysis pertains. With
this information, stable isotope analysis becomes a valuable tool to make ecological
inferences and to enable the use of different tissues to quantify dietary and/or habitat
switches over time (Tieszen et al. 1983; Hobson and Clark 1992b; Martinez del Rio et al.

2009b).

Trophic discrimination factors and isotopic incorporation rates vary greatly among
taxonomic groups (Vander Zanden and Rasmussen 2001; Vanderklift and Ponsard 2003;
Caut et al. 2009; Martinez del Rio et al. 2009a). While it is essential to evaluate stable
isotope dynamics across diverse species, there is a taxonomic bias in research on TDFs
and isotopic incorporation rates within the vertebrates. Most studies have focused on fish,
birds, and mammals (fish: Bosley et al. 2002; Logan et al. 2006; Suring and Wing 2009;

Carleton and Martinez del Rio 2010; Hussey et al. 2010; Logan and Lutcavage 2010;
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Nelson et al. 2011; Kim et al. 2012; Heady and Moore 2013; birds: Hobson and Clark
1992a.b; Bearhop et al. 2002; Ogden et al. 2004; Cherel et al. 2005; Hobson and
Yohannes 2007; Bauchinger and McWilliams 2009; Connan et al. 2014; mammals:
Tieszen et al. 1983; Roth and Hobson 2000; Lesage et al. 2002; MacAvoy et al. 2006;
Stegall et al. 2008; Florin et al. 2011; Browning et al. 2014). Recent studies have also
investigated TDFs and incorporation rates in reptiles (Seminoff et al. 2007; Reich et al.
2008; Fisk et al. 2009; Seminoff et al. 2009; Warne et al. 2010; Murrary and Wolf 2013).
However, amphibians have largely been ignored (Dalerum and Angerbjorn 2005;
Trakimas et al. 2011). No studies have determined these values for adult anurans and
only one study has investigated these values in tadpoles (Caut et al. 2013). However,
Caut et al. (2013) used whole tadpoles for their experiment and thus did not determine

TDFs or incorporation rates for different tissues.

Here we determine TDFs and isotopic incorporation rates of skin, whole blood, and
bone collagen in adult green frogs, Lithobates clamitans, using two controlled feeding
experiments in which we fed captive frogs a diet of known isotopic composition. In the
first experiment, we fed frogs this diet for a long enough period to be able to determine
TDFs for the three tissues. In the second experiment, we tracked isotopic incorporation
rates after frogs began eating the laboratory (cricket) diet. With the information provided
by these experiments, we not only broaden the general knowledge of stable isotope
dynamics in animals, we also provide researchers with a method to determine diet at
multiple time frames without lethal harm to anurans. Anurans are a globally threatened
taxon (Stuart et al. 2004) that is stressed by habitat loss and degradation (Bonk and

Pabijan 2010; Campos et al. 2013), climate change (Barrionuevo and Ponssa 2008;
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McCallum 2010; McCaffery et al. 2012; Murray et al. 2013), and disease (Kilpatrick et
al. 2010). A non-lethal method to determine diets and potential diet and/or habitat shifts
of frogs and toads brought about by environmental changes will likely prove to be a

useful tool for ecologists.

MATERIALS AND METHODS

Frog Capture and Housing: We used hand nets to capture frogs in September 2011
and July 2013 at Horner Biological Reserve in Oldham County, Kentucky. We
immediately placed the frogs inside plastic containers, 20cm x 14cm x 12cm, with
shredded coconut husk as substrate and a small bowl of distilled water treated with
0.75g/gallon of aquarium salt. We captured 33 frogs in 2011 and 27 frogs in 2013. At the
University of Louisville we kept the frogs in a Precision Scientific Low Temperature
Incubator 815 at 23°C with an average relative humidity of 55%. The light:dark cycle in
the incubator was 16:8 hours, which mimicked summer in Kentucky. We added more
treated distilled water to frogs” water bowls when they were less than half full. The bowls
were cleaned and refilled twice a month, and the entire container was cleaned and fresh
substrate was provided once a month. All frogs were captured, handled, and housed under

the approval of the Institutional Animal Care and Use Committee (UL-IACUC-11015).

Sampling Procedure: Frogs captured on the first trip in 2011 were used in the first
controlled feeding experiment to determine the TDFs of whole blood and skin. These

frogs were fed one cricket per day for 470 days. Crickets were maintained in the lab on
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the same proprietary diet they were fed at the company from which we purchased them.
The mean (+SD) "°C and "N values of these crickets were -21.0%o (+1.0%0) and 3.5%0
(£0.2%0), respectively (N=10). We randomly selected ten frogs and used them to
determine the TDFs of whole blood collected from the lingual vein and skin collected
from a toe clip. When performing these toe clips, we used the second most outer toe on
the front limbs, as these toes do not serve a specific purpose, such as digging or
amplexus. Additionally, to alleviate stress and reduce pain, frogs were injected

intracoelomically with the amphibian safe analgesia flunixin megluminev.

Frogs from the second trip in 2013 were used in the second controlled feeding
experiment to determine the isotopic turnover rates of whole blood, skin, and bone
collagen, and to estimate the TDFs for bone collagen (see statistical analysis section
below). These frogs were fed two crickets a day that had mean (+SD) 6"°C and 8"N
values of -20.1%o (£0.5%0) and 4.6%o¢ (+0.4%o0), respectively (N=15). The stable isotope
values of the crickets were measured at the beginning (N=10) and near the end (N=5) of
the experiment and these values showed that the isotope values remained constant over
the course of the experiment (8"°C: t =-0.223,df = 12.63, p =0.827; 6""N: t =-0.973, df
=12.63, p =0.3489). Because our sampling procedure included a toe clip, we could not
sample individual frogs more than twice. We accordingly designed an experimental set
up that allowed us to sample each frog twice, once in the first four of the eight sampling
days and once in the latter four. Frogs were randomly divided into four groups of six,
with three frogs remaining to replace any frogs that died during the experiment. On a
sampling day, all six frogs in that group were sampled, expect on day 32 when only four

frogs were sampled because of high mortality likely associated with acclimating to the
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laboratory and incubator. Frogs from the first group were sampled on day O (the day they
were captured) and day 32 after the switch to the laboratory diet. Frogs from the second
group were sampled on days 4 and 64 after switching to the laboratory diet. Frogs from
the third group were sampled on days 8 and 128, and frogs from the fourth group on days
16 and 256. In total, frogs were sampled on days 0, 4, 8, 16, 32, 64, 128, and 256 after the

diet switch.

Stable Isotope Analysis: Whole blood and clipped toes were dried in the oven at 60°C for
~48 hours. We removed the skin manually and then separated ligaments and tendons
from the bone. Bone samples from the toe clips were demineralized in 0.5N hydrochloric
acid in a refrigerator for ~24 hrs, after which they were dried in an oven for 48 hours at
60°C. We lipid-extracted bone collagen via three 24-hour soaks in a 2:1
chloroform:methanol solution, after which the bone collagen was thoroughly rinsed in
distilled water and dried in the oven for ~48 hours at 60°C. We weighed sub-samples of
whole blood, skin, and bone collagen to ~0.5mg on a Mettler Toledo AG245 micro-scale
and placed them in 5x3.5mm tin capsules. Carbon (8'"°C) and nitrogen (8'°N) isotope
values were measured at the University of New Mexico Center for Stable Isotopes
(Albuquerque, NM). The samples were combusted in a Costech 4010 elemental analyzer
(Costech, Valenicia, CA) coupled to a Thermo Scientific Delta V mass spectrometer
(Thermo Scientific, Bremen, Germany). Stable isotope values are expressed using delta

notation () in parts per thousand (%), where dX=(R, /R anaua-1)*¥1000, with R

sample

and R, ... the molar ratios of C"*/C'? and N"/N'* of the sample and the standard

reference material. The reference material was Vienna-Pee Dee Belemnite for carbon and
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atmospheric N, for nitrogen. Repeated analysis of in-house reference materials of similar
composition as the tissue we analyzed showed that precision (SD) for 6"°C and 6"°N

values was +0.2%o.

Statistical Analysis: We calculated TDFs as the difference between the 8"°C or §°N
value of the consumer’s tissues and that of its diet, e.g., 8"°C .- 0" Cy.., Which is also

commonly denoted as D"C We used an ANOVA and a post-hoc Tukey’s honest

tissue-diet *
significant differences test to examine differences between the TDFs of each tissue type.
The TDF of bone collagen was estimated from the second controlled feeding experiment.
To derive this estimate, we first had to determine the isotopic values of the wild frog diet.
Because the diet of wild green frogs varies little over time (8"°C range: 1.3%o; 8"°N range:
1.4%o0; N = 100 frogs), we assumed that the isotopic values of their diet similarly varied
little over time. Any differences in isotopic values across tissue types should thus have
resulted from tissue differences in TDFs. Accordingly, to determine the wild frog diet, we
subtracted the TDFs of C and N for skin and blood from the isotope values of these
tissues in Group 1 on Day O (i.e. the tissue values based on wild diet); we averaged these
two values for C and N to obtain the baseline isotopic values for wild frogs’ diet. We then
determined the TDF of bone collagen by finding the difference between the bone
collagen isotope values of frogs from group 1 on day O and the calculated resource
baselines. We used those TDFs to estimate the final stable isotope value for bone

collagen by adding the TDFs of bone collagen to the stable isotope values of the

laboratory cricket diet (8"°C=-20.1%o and 6'°N=4.6%o).
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To model isotopic incorporation we followed the procedure of Cerling et al. (2007)
and Martinez del Rio and Anderson-Sprecher (2008). We first calculated the reaction
progress variable, which can help determine what type of model best fits the
incorporation data. We also used the slopes of these reaction progress variables as
starting values of k and f (see equations below) in iterative, non-linear fitting routines. We
constructed three models per tissue for both 8"°C and 8"°N. The first was a one-

compartment model:

8X, = 8X,, - (8X,, - 8X,)e™, (1)

where 0X, is the isotopic composition at time ¢, 0X,, is the isotopic composition at
equilibrium on the new diet, X, is the initial stable isotope composition before the
switch to a captive diet, and & is the fractional rate of isotopic incorporation. The second

was a two-compartment model:

80X, = 80X, - (X, - X ){pe™ + [(1-p)e™}, (2)

where p is the fractional contribution to the first compartment and fis the fractional
rate of isotopic incorporation for the second compartment. The third was a delayed-
response model, in which there is a measurable delay d in days between the diet switch

and the incorporation of new isotopes into the tissue:

8X, = 8X., - (8X,— 8X,)e* . (3)

To determine which of the three models best fit the data, we used Akaike Information
Criterion corrected for small sample size (AIC_; Burnham and Anderson 2002). The

model that produced the smallest AIC, value was considered the model of best fit. We
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used a linear model to test if frogs grew during our experiment, and found that frogs did
not increase in weight between the day they were captured and the second day on which
that they were sampled (F=0.0004, df=1,20, p=0.98). We therefore did not consider
growth in our models and assumed that all change was due to tissue maintenance. We
calculated the half-life values of each tissue as In(2)/k (Cerling et al. 2007). To test for
differences in isotopic incorporation rate between tissues, we ran two linear models in
which 8"°C and 8N values were the response variables and sample day, tissue type, and
a sample day/tissue type interaction were the explanatory variables. All statistical tests

and calculations were done in R (R Core Development Team 2013).

RESULTS

Trophic Discrimination Factors: Controlled Feeding Experiment #1 : For 8"°C, skin had
the lowest TDF and bone collagen the highest (table 1). There was a significant overall
difference in TDFs among tissues for 6"°C (F=18.58, df=2,22, p<0.001). The TDFs for
&"C differed significantly between whole blood and bone collagen (p<0.001) and skin
and bone collagen (p<0.001). There was no significant difference in TDFs between whole
blood and skin (p=0.199). For 8"°N, blood and skin had similar TDFs, which were lower
than the TDF for bone collagen (table 1). There was a significant overall difference
among TDFs for 8"°N (F=6.218, df=2,22, p=0.007). The TDFs were significantly higher
in bone collagen than in whole blood (p=0.009) or skin (p=0.012) but did not differ

significantly between whole blood and skin (p=0.9919).
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Isotopic Incorporation Rates: Controlled Feeding Experiment #2: For §°C, whole blood
had the fastest incorporation rate, followed closely by skin and much more distantly by
bone collagen (tables 1, 2; fig. 1). For skin and whole blood, 8"C values of the samples
collected on day 256 were within a standard deviation’s length of the mean TDFs from
the resource (tables 1, 2), indicating that they were approaching their equilibrium values.
We therefore felt confident that our asymptote estimate of -18.7%o for 8"°C in bone
collagen was a fair representation of the equilibrium value. A two-compartment model
best described isotopic incorporation in skin (table 3). Delayed-response models best
described whole blood and bone collagen data (table 3), where the delay for whole blood
was 4 days and the delay for bone collagen was 32 days (table 1). The global linear
model that tested for differences in 8"°C values across tissues and over time was
significant (F=120.2, df=5,123, p<0.001, R*=0.823). Values of 8"°C changed significantly
over the course of the experiment (t=17.067, p<0.001). Whole blood values of §"C were
significantly different from those of bone collagen (t=5.121, p<0.001) but not from those
of skin (t=2.409, p=0.843). Finally, 6"°C in whole blood was incorporated at a
significantly faster rate than 8"°C in bone collagen (t=-7.163, p<0.001) but was not

significantly different from skin (t=-0.638, p=0.659).

Similar to 8"°C values, 8"°N values of whole blood had the fastest incorporation
rate, followed closely by whole blood and distantly by bone collagen (tables 1, 2; fig. 2).
The final 6"N values for skin and whole blood were within or close to one standard
deviation of the mean TDF from the resource, suggesting that our asymptote estimate of
7.6%o for 8N in bone collagen was near the equilibrium value. One-compartment

models best described nitrogen isotope incorporation for skin (table 3) while delayed-
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response models best fit the data for whole blood and bone collagen. However, the
difference in AAIC, between the delayed-response model and the one-compartment
model for "N in all tissues was less than 2 (table 3). The global linear model for §"°N
was significant (F=44.13, df=5,123, p<0.001, R’=0.628), and "N changed significantly
over the course of the experiment (t=9.731, p<0.001). Both skin and bone collagen "N
values were significantly different from those in whole blood (skin: t=2.409, p=0.0175;
bone collagen: t=5.121, p<0.001). Nitrogen isotopes were incorporated significantly
faster in whole blood than in bone collagen (t=-5.094, p<0.001) but incorporation rates

did not differ significantly between blood and skin (t=0.443, p=0.6588).

DISCUSSION

We found that diet could be traced via 8"°C and 8'"°N in adult anurans. The 6"°C and
8" N TDFs for bone collagen were significantly greater than those for skin and whole
blood (table 1). The latter two tissues did not differ significantly from each other for
either 8"°C or 8N TDFs (table 1). Isotopic incorporation rates did not differ statistically
between skin and whole blood of frogs for either 8"°C or "N, although isotopic
incorporation rates were slightly faster in whole blood than in skin (table 1; figs. 1, 2).
Bone collagen incorporated both 8"°C and &"°N stable isotopes at a much slower rate than
did skin or whole blood (table 1; figs. 1, 2). In our study species, we estimate that whole
blood and skin integrate diet information from ~2-3 months before capture, and bone

collagen integrates diet information from ~1-2 years before capture (table 1; figs. 1, 2).
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Thus 8"C and 8N can be used to measure diet for at least two discrete timeframes from

a single toe clip collected from wild-caught anurans.

Trophic Discrimination Factors: Trophic discrimination factors can vary greatly among
taxonomic groups and even closely related species (Vander Zanden and Rasmussen 2001;
Vanderklift and Ponsard 2003). In our experiment, TDFs for 8"C in all tissues were
within the range of those for other freshwater and predator species, but these values vary
widely (Vander Zanden and Rasmussen 2001). Compared to other terrestrial ectotherms,
our estimated &"C TDF for skin was higher than that of the lizard species Sceloporus
undulatus and Crotaphytus collaris (Warne et al. 2010) but lower than that of corn
snakes, Elaphe guttata (Fisk et al. 2009). Our 8"C TDF for skin is much lower than that
of two species of marine turtles, Caretta caretta (Reich et al. 2008) and Dermochelys
coriacea (Seminoff et al. 2009). Our TDFs for 8"°C in whole blood were lower than the
TDF:s for this tissue in corn snakes (Fisk et al. 2009), but they are similar to those of the

marine turtles (Reich et al. 2008; Seminoff et al. 2009).

The primary reason TDFs for 8"°C differ among tissues is variation in tissue amino
acid composition (Vander Zanden and Rasmussen 2001; O’Brien et al. 2002; Howland et
al. 2003; O’Brien et al. 2005; McMahon et al. 2010; Newsome et al. 2014). Essential
amino acids undergo little, if any, alteration during assimilation and metabolism and
therefore exhibit small differences in 8'"°C between consumers and resources (O’Brien et
al. 2002; Howland et al. 2003; McMahon et al. 2010). Non-essential amino acids, on the

other hand, can be synthesized de novo by prokaryotic consumers and isotopic
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fractionation associated with their alteration and synthesis results in large variation in
d"C values in both glucogenic and ketogenic amino acids (Hare et al. 1991, O’Brien et
al. 2002; Howland et al. 2003; McMahon et al. 2010; Newsome et al. 2011, 2014). Thus
8"C values of different tissues and their associated TDFs vary depending on the relative
contribution of essential and non-essential amino acids in each tissue type. In mammals,
proteinaceous tissues are composed of a greater percentage of non-essential (60-72%)
than essential amino acids (28-40%) (Newsome et al. 2014; Wolf et al. in review). As a
result, the isotopic composition of non-essential amino acids likely play a stronger role in

determining TDFs, particularly for carbon isotopes.

We do not have a good understanding of the amino acid composition of frog tissues.
However, two studies showed that skin peptides of two ranids, Lithobates palustris and
Rana dybowskii, were rich in the essential amino acids arginine and leucine (Basir et al.
2000; Jin et al. 2009), and contained several other essential amino acids including
threonine and valine (Basir et al. 2000). The presence of many of these essential amino
acids in frog skin provides a possible mechanism for this tissue’s small TDF. Similarly,
in whole blood a greater concentration of the essential amino acids compared to the non-
essential could explain why the whole blood TDF in our frogs was small, and future
studies that investigate the amino acid composition of frog blood across taxa would be
useful. Bone collagen in frogs has a relatively greater amount of non-essential amino
acids, such as alanine, proline, serine, and glutamate (Dohi et al. 2004). The greater
proportion of non-esssential amino acids in bone is consistent with the larger TDF in

bone in our frogs.
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The TDFs for 8N in L. clamitans were similar to those of other ureotelic species
(Vanderklift and Ponsard 2003). Most of the previous studies on terrestrial ectotherms
and marine reptiles did not examine nitrogen isotopes, making comparisons difficult.
However, TDFs for "N in whole blood of our green frogs were nearly identical to those
of freshwater turtles (Seminoff et al. 2007). In our study, there was a greater similarity in
nitrogen TDFs than in carbon TDFs when comparing across tissues, which is a common
trend in many vertebrates (Bearhop et al. 2002; Lesage et al. 2002; Seminoff et al. 2009).
The TDFs for bone collagen were higher than those for skin and whole blood for both
8N and 8"C, but the difference between bone collagen and the other tissues was much
less for nitrogen than for carbon isotopes (table 1). The similarity of the TDFs for 8"°N
among ureotelic species is consistent with the idea that the mode of excretion of
nitrogenous waste drives these TDFs (Vanderklift and Ponsard 2003); however, mode of
excretion does not explain differences in TDFs across tissue types, which may instead

result from differences among amino acids.

For 6"°N analysis, individual amino acids are typically grouped into two categories,
trophic and source amino acids (McClelland and Montoya 2002; Schmidt et al. 2004;
Popp et al. 2007; Lorrain et al. 2009). Similar to the non-essential and essential amino
acids categories often associated with 8"°C analysis, trophic amino acids often have large
discrimination values and source amino acids have little to no discrimination
(McClelland and Montoya 2002; Schmidt et al. 2004; Lorrain et al. 2009). Trophic and
source amino acids can vary among species (Bloomfield et al. 2011; Hoen et al. 2014),
and in order to determine which amino acids are trophic and which are source,

compound-specific stable isotope analysis will need to be performed on L. clamitans.
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Such analysis may illuminate why TDFs for 8"°N differ little among tissues relative to

those for §"C.

Isotopic Incorporation Rates: We found that whole blood had the fastest incorporation
rates for both 8"°C and 8'°N but they were similar to the rates in skin for both isotope
systems (tables 1,2; figs. 1, 2). Bone collagen incorporated 8"C and "N isotopes at
much slower rates (tables 1, 2; figs. 1, 2). Given that frogs are indeterminate growers and
that healthy, wild frogs will grow slowly over their lifetime, isotopic incorporation would
occur during that growth. However, since frogs did not grow appreciably during our
experiment, we hypothesize that all of the observed isotopic incorporation was associated
with tissue maintenance. Protein turnover rate, and not basal metabolic rate, has been
shown to be the principal factor in controlling isotopic incorporation among species
(Bearhop et al. 2002; Martinez del Rio et al. 2009a). Our results corroborate others’
findings that adult and slow-growing ectotherms have lower incorporation rates than
similarly sized adult endotherms (Hobson and Clark 1992b; Bearhop et al. 2002;

Seminoff et al. 2007; Fisk et al. 2009; Murray and Wolf 2013; Browning et al. 2014).

Many studies have shown similar incorporation rates for 8"°C and 8"°N, including
studies of loggerhead turtles, Caretta caretta (Reich et al. 2009), great skuas, Catharacta
skua (Bearhop et al. 2002), and winter flounder, Pseudopleuronectes americanus (Bosley
et al. 2002). However, in our study, isotopic incorporation rates of " °C and 6"°N were
similar in skin and whole blood but not in bone collagen (tables 1, 2), where 6"°N was
incorporated at half the rate as 8"°C. Others have also found that 6"°C and &"°N are
incorporated at different rates. In juvenile corn snakes (Elaphe guttata), for example,

"N was incorporated at one-third the rate of 8"C in liver, at one-fifth the rate in blood,
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and one-tenth the rate in muscle (Fisk et al. 2009). Natterjack toad (Bufo calamita)
tadpoles incorporated "N at half the rate of 8"°C, while western spadefoot (Pelobates
cultripes) tadpoles had different incorporation rates of 8"°C and "°N depending on diet
composition (Caut et al. 2013). On a diet of zooplankton, Pelobates cultripes tadpoles
also incorporated 8N at two-thirds the rate of 8"°C, but when fed macrophytes and algae
they incorporated 8"°C at half the rate and one-fifth the rate of 8"°N, respectively (Caut et
al. 2013). These results suggest that 8"°C and 8'’N may not be incorporated in the same
way by all species and that diet may influence the relative incorporation rates of 8"°C and

O8N in different tissues.

Few studies have used the reaction progress variable and AIC, to determine best
fitting models to quantify isotopic incorporation rates. While these studies frequently find
that one-compartment type models best fit the data, it has become clear that more than
one type of model is often needed to best explain isotopic incorporation across several
tissues even in a single species (Kurle 2009; Warne et al. 2010; Heady and Moore 2013;
Murray and Wolf 2013). No one type of model consistently fit our data best (table 3),
although one-compartment and delayed-response models generally performed better than
two-compartment models. The incorporation rate of 8"°C for skin was the only rate that
was best fit by a two-compartment model (table 3; fig. 1). Delayed response models best
fit 8°C trends in whole blood and bone collagen. For 8N, delayed response models best
fit the data for whole blood and bone collagen while a one-compartment model best fit
skin; however, the AAIC, values were less than two between these models, (table 3),
suggesting that for 8"°N the one-compartment and delayed response models may explain

the data equally well. Overall, the AAIC, values are much smaller for "°N than for "°C,
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a difference that may be driven by a larger variance in the 8"°N data (table 2; fig. 2). This
larger variance suggests that individual variation may be greater for 8"°N than for "C

incorporation rates.

While laboratory studies have recently used multi-compartment models in describing
isotopic incorporation, less is known about how to interpret these models in ecological
field studies. Interpreting single compartment models is much more intuitive, but how are
the two half lives of two compartment models combined so the ecologists can draw
meaningful conclusions regarding a relevant time frame? Carleton et al. (2008) suggested
weighting the half-lives, such that each half-life is multiplied by p or 1-p from equation 3
before being summed. Applying the delayed response models should be similar to the
one-compartment models, where the half-life is applied directly. In the delayed response
models, the fractional rate of isotopic incorporation, k, is higher than in respective one-
compartment models, suggesting the delay increases k, and the delay does not need to be

added to the half life to obtain a suitable timeframe for the stable isotope data.

Our examination of TDFs and isotopic incorporation rates in adult anurans provides
useful information for understanding stable isotope dynamics. We help fill a taxonomic
gap in our knowledge of TDFs and isotopic incorporation rates. Our results also highlight
the complicated process of isotopic incorporation within a species, where different tissues
and isotope types can be best described by different models and 6"°C and "N can be
incorporated at similar rates in some tissues but not others. In addition, by determining
the TDFs and isotopic incorporation rates for adult anurans, we have provided a method
for ecologists to measure and monitor diets over multiple time frames. Globally, anurans

face many problems and are recognized as one of the most imperiled taxa on the planet
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(Stuart et al. 2004). Anurans are especially vulnerable to novel diseases (Kilpatrick et al.
2010), habitat degradation/loss, and climate change (Barrionuevo and Ponssa 2008; Bonk
and Pabijan 2010; McCallum 2010; McCaffery et al. 2012; Campos et al. 2013; Murray
et al. 2013). Using stable isotope analyses on skin and bone collagen will allow
researchers to identify any dietary response to changes such as habitat loss if the frogs are
sampled at appropriate times. Researchers could also use this technique to characterize
any habitat shifts that occur in response to habitat change or loss. Furthermore, our results
show that researchers can get all this information from a simple toe clip and do not need

to obtain any blood, which can be difficult for many small species.
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TABLES

Table 1: Isotopic incorporation curve of best fit (lowest AIC,), half-lives, and trophic
discrimination factors (A) for skin, whole blood, and bone collagen in §°C and 6"°N. * A
for bone collagen was estimated by establishing a resource baseline before capture with
isotope values of skin and whole blood and finding the difference between those

baselines and the day 0 samples for §°C and "N values in bone collagen.

Equation of Best Fit t;» (Days) A (£SD)
ARC
Skin -19.9-4.9((0.82¢ %71 +(0.18¢ %74 1%: 88.7 0.1 (0.4)
2M:7.6
Whole Blood -19.7-4.7¢000998t4) 69.3 0.5(0.5)
Bone Collagen -18.7-4.7¢0002087(:32) 332.1 1.6 (0.6)*
APN
Skin 6.9-2.6¢ 000928 74.65 2.3(0.5)
Whole Blood 6.3-2.2£00097908) 70.8 23(0.4)
Bone Collagen 7.6-2 70001109032 625.0 3.1 (0.6)*
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Table 2: Mean 8"°C and 8"°N values in skin, whole blood, and bone collagen over the course of the feeding experiment.

Sample Skin  8”C  Whole Blood 8°C  Bone Collagen 8°C  Skin 8N Mean Whole Blood 8°N  Bone Collagen

Day Mean (+SD) Mean Mean (=SD) Mean &N Mean
(xSD) (=SD) (xSD) (=SD)

0 -24.8 (0.5) -24.5 (0.5) -23.3(0.6) 4.3 (0.7) 4.1 (0.6) 4.9 (0.6)
4 -24.8 (0.6) -24.6 (04) -23.6 (0.5) 4.2(0.2) 4.2(0.5) 5.0(0.5)
8 -24.0(0.2) -24.2(0.2) -23.6 (0.5) 4.7 (0.6) 4.2 (0.7) 49 (1.0)
16 -23.4(0.3) -239(0.1) -23.5(0.5) 4.8 (0.3) 45(04) 49(04)
32 2232 (0.6) 2237 (0.5) 3.1 (1.1) 47(0.5) 4.1(03) 49(02)
64 -224(04) -22.3 (0.6) -23.1 (0.3) 5.0(0.3) 4.8 (0.8) 49(04)
128 21.7(0.5) 2210 (0.3) 223 (09) 6.4 (0.8) 6.0 (0.3) 54(0.7)

264 -199(0.2) -19.7 (04) -21.6 (0.2) 69(04) 6.3(0.3) 55(0.7)
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Table 3: AIC, and AAIC, values for each model across both isotope types and all tissues
types. Rows that are in bold indicate best-fitting models for that tissue and isotope type.
The AAIC, values marked with an asterisk are close enough to the values of models with

lowest AIC, that the two models may fit the data equally well.

Tissue Model AIC, AAIC,
d"C
Skin
One-compartment 72.62 6.48
Two-compartment 66.14 0
Delayed response 80.54 14.4
Whole Blood
One-compartment 55.75 6.76
Two-compartment 58.37 9.38
Delayed response 48.99 0
Bone Collagen
One-compartment 76.93 3.65
Two-compartment 79.28 6
Delayed response 73.28 0
0N
Skin
One-compartment 73.35 0
Two-compartment 75.66 231
Delayed response 73.69 0.34%
Whole Blood
One-compartment 82.71 1.54%*
Two-compartment 85.03 3.86
Delayed response 81.17 0
Bone Collagen
One-compartment 68.14 0.12%
Two-compartment 70.37 2.35
Delayed response 68.02 0
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FIGURE LEGEND

Figure 1 —Isotopic incorporation curves for 8°C in a) skin (two compartment model), b)
whole blood (delayed response model), and c) bone collagen (delayed response model).
Diagnostic reaction progress variable, Ln(1-F), for d) skin, ) whole blood, and f) bone

collagen. See Table 1 for regression equations and half-lives.

Figure 2 —Isotopic incorporation curves for 8"°N in a) skin (one compartment), b) whole
blood (delayed response model), and c) bone collagen (one compartment). Diagnostic
reaction progress variable, Ln(1-F), for d) skin, e) whole blood, and f) bone collagen.

See Table 1 for regression equations and half-lives.
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CHAPTER 1V
DIFFERENT ECOLOGICAL CONDITIONS SUPPORT INDIVIDUAL
SPECIALIZATION IN CLOSELY RELATED AND ECOLOGICALLY SIMILAR

SPECIES

SUMMARY

Individual differences of diet in generalist foragers has important implications for
ecology and evolution. Recent research has shown that individual specialization (IS) is
influenced by ecological parameters such as ecological opportunity, intraspecific
competition, and interspecific competition. However, the ecological parameters have
inconsistent effects on IS. Most studies on IS have focused on a single species, and we
are not familiar how ecological parameters affect IS differently in different species. We
determined IS in five species of frogs and toads and tested whether IS was influenced by
resource diversity, conspecific density, and heterospecific density. We used an AIC
approach to determine which parameters best described IS in each species. We found that
different ecological factors influenced IS in different species. Resource diversity and
conspecific density most frequently were the ecological parameter best at explaining IS.
Furthermore, the direction of the relationship was not always in the predicted direction

many for all species. These results highlight that the dynamics of IS may differ among
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even closely related species. Likewise, parameters such as resource diversity and

conspecific density do not always have the predicted positive relationship on IS.

INTRODUCTION

Research over the last decade has demonstrated the importance of individual dietary
specialization (IS) in generalist predators (Schluter 2002; Bolnick et al. 2003; Lichstein et
al. 2007; Tinker et al. 2008; Schindler et al. 2010; Bolnick et al. 2011; Wennersten and
Forsman 2012). At the ecological level, IS helps maintain high biodiversity by
increasing population stability (Chamberlain et al. 2005, Schindler et al. 2010) and the
likelihood of species coexistence (Lichstein et al. 2007; Bolnick et al. 2011). In addition,
IS can affect the movement of energy, breaking links between habitats when individuals
use only one habitat type (Quevedo et al. 2009) or creating links between habitats when
individuals share a common habitat type but differ in their alternative types (Rosenblatt
and Heithaus 2011). At the evolutionary level, IS can be the variation that natural
selection acts upon to develop resource polymorphisms, which can potentially speciate

(Schluter 2002, 2001; Nosil 2012).

Just as IS has ecological consequences, it is also influenced by ecological factors. The
best understood of these is intraspecific competition, whose effects on IS have been well
studied in both the field and the laboratory (Svanbéck and Bolnick 2005, 2007; Darimont
et al. 2009; Bolnick et al. 2010; Frédérich et al. 2010; Martin and Pfennig 2010; Agashe
and Bolnick 2010; Tinker et al. 2012, Evangelista et al. 2014). An increase in

intraspecific competition can increase IS by driving individuals to use novel or less
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preferred prey types. There are two ways in which a population’s niche can expand
during times of high intraspecific competition while the widths of individual niches
remain similar (Svanbick and Bolnick 2005). Individuals can differ in their rank order of
less preferred prey items or can have the same rank order of prey but differ in when they
switch to those alternative prey types depending on the frequency of the top ranked prey
(Svanbick and Bolnick 2005). Network analysis has demonstrated that both types of
expansion are possible in natural populations (Araujo et al. 2008; Pires et al. 2011; Tinker
et al. 2012). However, intraspecific competition may not always be a diversifying force.
When the consumer has particularly strong effects on prey resources, than many prey
resources will be depleted before intraspecific competition is high (Jones and Post 2013).
Finally, other ecological or genetic complications may prevent intraspecific competition

from increasing IS (Parent et al. 2014).

Although theory suggests that interspecific competition will reduce niche widths and
IS, emperical evidence is inconclusive (Van Valen 1965; Bolnick et al. 2003; Bolnick et
al. 2010; Araujo et al. 2011; Abbey-Lee et al. 2013). Some studies have found a general
pattern that populations in depauperate assemblages have more IS (Costa et al. 2008;
Darimont et al. 2009). Direct work on individual and population level responses to
interspecific competitors is mixed (Bolnick et al. 2010; Abbey-Lee et al. 2013). For
example, Bolnick et al. (2010) found that threespined stickleback increased IS when
released from competition with cut-throat trout but not when released from competition
with prickly sculpin, while Abbey-Lee et al. (2013) found that eastern mosquitofish
increased IS when interspecific competition was greater. The possibility of differential

effects on species coexistence may explain the discrepancy between theory and patterns
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in natural populations (Lichstein et al. 2007; Bolnick et al. 2011; Lasky et al. 2014). In
the former example, the competitive effects of each heterospecific competitor, cut-throat
trout and prickly sculpin, may have different effects on the foraging behavior of
threespined sticklebacks. Likewise, the high IS in the eastern mosquitofish despite high
interspecific competition may be the result of increased species coexistence through IS in

this system (Lichstein et al. 2007; Bolnick et al. 2011; Lasky et al. 2014).

Ecological opportunity increases IS (Nosil and Reimchen 2005; Parent and Crespi
2009; Darimont et al. 2009). Ecological opportunity is the availability of resources
caused by lack of interspecific competition, low predation, high resource diversity, and
other habitat variables. Ecological opportunity is a difficult concept to measure and
studies have used allochthonous energy inputs (Darimont et al. 2009; Evangelista et al.
2014), habitat size (Nosil and Reimchen 2005), or have composed an index (Parent and
Crespi 2009; Martin and Pfennig 2010). The latter studies included resource diversity as
species richness. However, including only resource richness may overlook an important
factor of how resource diversity, and thus ecological opportunity, affects IS. Many
predators decide which prey items to take based on their frequency in the environment
(Pyke et al. 1977; Svanbick and Bolnick 2005) and a more even distribution of resources
may better support IS. Despite this possibly important interaction between ecological

opportunity and IS, no one has directly tested how resource diversity influences IS.

Most studies on IS have focused on a single target species. While many of these
studies have illuminated the importance of individuality, studies investigating the causes
of IS have been conflicting (Svanbick and Bolnick 2005, 2007; Darimont et al. 2009;

Frédérich et al. 2010; Jones and Post 2013; Evangelista et al. 2014; Parent et al. 2014).
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Increased intraspecific competition and ecological opportunity generally increase IS,
while increased interspecific competition is thought to decrease IS (Svanbéck and
Bolnick 2005, 2007; Darimont et al. 2009; Frédérich et al. 2010). However, as mentioned
above, there seem to be fairly frequent exceptions to these patterns (Jones and Post 2013;
Evangelista et al. 2014; Parent et al. 2014). A possible explanation is that individuals of
different species respond differently to these ecological conditions. Increasing the
number of species that are included into these types of studies may help elucidate why

individuals of different species react differently to different ecological conditions.

Individual specialization in diet of generalist predators is frequently measured with
stable isotopes or with stomach contents. The former method, stable isotope analysis
(SIA), is a more robust method than stomach content analysis (SCA) because isotopes are
incorporated into tissues over time, offering a longitudinal diet perspective (Bearhop et
al. 2004; Matthews and Mazumder 2004; Araujo et al. 2007), while SCA only provides a
brief “snapshot” of what the individual consumed just prior to capture. Furthermore,
many tissues have different incorporation rates and can be compared to determine how
consistent individual diets remain over time (Martinez del Rio et al. 2009). Despite these
differences in the ability to accurately measure IS in diet, researchers still use SCA as a
method to determine individual diets (Chaouch et al. 2012; Sharpe and Chapman 2014;

Salividio et al. 2015; Sanchez-Hernandez and Amundsen 2015).

In this study we investigated IS in five species of frogs and toads, Anaxyrus
americanus, A. fowleri, Lithobates catesbeianus, L. clamitans, L. sphenocephalus. We
tested whether resource diversity and intraspecific and interspecific competition affected

IS, which we measured by calculating the dissimilarity of diet within species. We used an
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information criterion framework to compare how well different models explained
patterns of IS for each species. Additionally, we compared IS measured with SIA and

SCA to determine if the latter overestimates among-individual differences.

MATERIALS AND METHODS

Study Site: This study was performed at ten small ponds in Bernheim Arboretum and
Research Forest, Clermont, Kentucky, U.S.A. Bernheim Arboretum and Research Forest
is located in the Knobs region of Kentucky. Ponds varied from 41m* to 1329m’ in size
and were situated on ridges. Eight of the ten ponds were in forest interior and two were
on the edge between a forest and small grassland. White oak-black oak (Quercus alba-Q.
velutina) and white oak-chestnut oak (Q. alba-Q. prinus) were the most common forest
types in Bernheim. The most abundant understory plants were Smilax spp.,

Toxicodendron radicans, Leersia oryzoides, and Microstegium vimineum.

Frog Capture and Processing: We collected frogs and toads from April through
September in 2011 and 2012 and from April-June in 2013 and 2014. We captured frogs
and toads with hand nets in and around ponds starting 30 minutes after sunset and
continuing for an average of 55 minutes. Captured frogs and toads were placed in plastic

containers.

We obtained stomach contents with a gentle stomach flushing technique (Solé€ et al.

2005). We caught any expelled stomach contents in a cup and then stored them in 95%
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ethanol. The prey present were identified later in the laboratory and used to select
appropriate prey items on which to run stable isotope analysis (SIA; Bearhop et al. 2004;
Polito et al. 2011). Prey groups for SCA included orthopterans, formicids, coleopterans,
miscellaneous flying prey, and miscellaneous non-flying prey. Miscellaneous non-flying
prey included spiders and insects from the families Pentatomidae, Reduviidae,
Membracidae, as well as other non-flying hemipterans and larval lepidopterans. The
miscellaneous flying prey group included flying hymenopterans, most insects in Diptera,
flying hemipterans such as Cicadellidae, Cercopidae, adult lepidopterans, and adult
odonates. We divided stomach contents into these prey groups because of their frequency

in certain species’ stomachs.

Frogs and toads were individually marked with a unique combination of toe clips to
prevent resampling. Skin and bone from these toe clips was used for SIA. The clipped
toes were placed in a chilled cooler in the field, dried for 48 hours at 60°C, and then
stored in a cool, dark drawer in the laboratory. After the toe clip, frogs were released at
the site where they were captured. All frogs were captured and handled under the
approval of the Institutional Animal Care and Use Committee (UL-IACUC-10037 and

UL-IACUC-13026).

Stable Isotope Analysis: We removed the skin manually and then separated ligaments
and tendons from the bone. Bone samples from the toe clips were demineralized in 0.5N
hydrochloric acid in a refrigerator for ~24 hrs, after which they were dried in an oven for

48 hours at 60°C. We lipid-extracted bone collagen via three 24-hour soaks in a 2:1
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chloroform:methanol solution, after which the bone collagen was thoroughly rinsed in
distilled water and dried in the oven for ~48 hours at 60°C. We weighed sub-samples of
whole blood, skin, and bone collagen to ~0.5mg on a Mettler Toledo AG245 micro-scale
and placed them in 5 x 3.5mm tin capsules. Carbon (8'"°C) and nitrogen (8'°N) isotope
values were measured at the University of New Mexico Center for Stable Isotopes
(Albuquerque, NM). The samples were combusted in a Costech 4010 elemental analyzer
(Costech, Valenicia, CA) coupled to a Thermo Scientific Delta V mass spectrometer
(Thermo Scientific, Bremen, Germany). Stable isotope values are expressed using delta
/'R

notation (8) in parts per thousand (%o), where 06X = (R, 1) * 1000, with

sample standard ~

R, and R, ... the molar ratios of C"*/ C'> and N"°/ N'* of the sample and the standard

sample
reference material. The reference material was Vienna-Pee Dee Belemnite for carbon and
atmospheric N, for nitrogen. Repeated analysis of in-house reference materials of similar

composition as the tissue we analyzed showed that precision (SD) for 6"°C and 6"°N

values was + 0.2%eo.

We used the stable isotope values of prey found in stomach contents to determine
prey groups for SIA, which were primarily differentiated by ecological functional group.
For the toad species, the groups of arthropod prey included terrestrial herbivores, non-
flying terrestrial predators, flying terrestrial predators, and Formica ants. The terrestrial
herbivores included several species in the order Orthoptera, herbivorous Coleoptera, adult
and larval Lepidoptera, and species from the hemipteran families Cicadellidae
(leafhoppers) and Issidae (planthoppers). Non-flying terrestrial predators included several
predatory Coleoptera species, parasitic and predatory wasps, and several predatory

species from the hemipteran families Pentatomidae, Reduviidae, and Nabidae. Flying

83



terrestrial predators included adult odonates and one Asilidae (robber fly) species. For the
true frog species, we did not include the Formica ants because they were rarely found in
stomach contents, but did add an aquatic category because the frogs were more likely to
have aquatic prey in their stomachs and to be found in and around the ponds. The aquatic
prey group included a newt species (Notopthalmus viridescens), Lithobates spp. tadpoles,
a species of whirlygig beetle (Gyrinus sp.), several species of water boatmen from the
hemipteran family Corixidae, and a crayfish (Cambrus sp.). We used the mixing model
stable isotope analysis in R (SIAR) to determine the proportion of each prey type for all
individuals (Parnell et al. 2010). We used trophic discrimination factors described by

Cloyed et al. (In Review).

Prey Collection: To determine resource diversity, we collected arthropods around a
pond within 10 days of sampling frogs or toads from that pond. To collect ground
dwelling arthropods, we placed pit-fall traps on a 2m wide transect that began at the
pond’s edge and continued 130m into the surrounding habitat. Two 7.5cm diameter pit-
fall traps were placed 0-2m, 13-15m, 28-30m, 113-115m, and 128-130m from each pond;
one trap was placed on the left half of the transect and the other on the right. The two
traps at each distance were 1-2m from one other. All traps were left open for 48 hours,
after which the contents of traps were collected and taken to the laboratory for
identification. Within several minutes after contents from pit-fall traps were collected, we
took sweep-net samples to collect flying arthropods and arthropods in foliage close to the
ground. Each sample consisted of 20 sweep-steps, and samples were taken at Om, 15m,

30m, 115m, and 130m from each pond. We did not sample aquatic insects because they
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were the least common prey group in true frog diets. Collected arthropods were taken to
the laboratory for identification. We summed prey from all sweep-net and pitfall traps for
each pond, calculated the proportion of prey for each prey category, and used these
proportions to calculate resource diversity with the Shannon-Weiner index. When
calculating these resource diversities, we used arthropods collected at all locations for
both toad species and for L. sphenocephalus, but for L. catesbeianus and L. clamitans we
used just the arthropods collected up to 30m from the pond because these frogs species

were never found further than 30m from the pond.

Population Surveys: On nights that we sampled ponds for resource diversity, we also
performed 20-mintue scan searches for anurans starting 30 minutes after sunset. In these
surveys, we searched pond edges and the habitats surrounding the ponds up to 100m from
the pond edge and counted and identified to species all frogs and toads. We calculated the
conspecific densities at ponds by dividing the total number of individuals from each
species by the area of the pond. For L. catesbeianus and L. clamitans we calculated
heterospecific density by subtracting conspecific density from the total density of L.
catesbeianus, L. clamitans, and L. sphenocephalus. For both toad species, A. americanus
and A. fowleri, we obtained heterospecifice densities by subtracted conspecific density
from the total density of A. americanus, A. fowleri, and L. sphenocephelus. To obtaine
heterospecific densities for L. sphenocephalus, we totaled the density of all frogs and
toads and subtracted L. sphenocephalus density. We calculated heterospecific densities in
this way because both L. catesbeianus and L. clamitans do not overlap spatially with both

of the toad species and vice versa. Lithobates sphenocephalus, however, overlaps
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spatially with the other true frogs and with the toads.

Statistical Analyses: To test for consistency of individual diets across time we
performed Pearson’s correlations between skin and bone collagen. In skin, 8"°C has a
half-life around 96 days and 8"°N has a half-life around 75 days (Cloyed et al. in review).
In bone collagen, "C has a half-life of 332 days and 6"°N has a half-life of 625 days
(Cloyed et al. in review). Approximately 29% of 8"C in the two tissues represents the
same time period and thus the same diet, and about 12% of the isotopes of nitrogen
represents the same time period. Accordingly, between-tissue correlation coefficients that
are approximately 0.29 for 6"°C and 0.12 for "N indicate that the organism has shifted
its diet and the isotopic similarity between tissues is due only over lap in time periods.
Correlation coefficients significantly higher than these values indicate that individuals

have remained similar in diet across time frames.

To measure IS, we grouped each frog and toad species by pond and calculated the
proportional dissimilarity (PD) in diet. Proportional dissimilarity was calculated as 1

minus the proportional similarity:
Proportional similarity = 1-0.5%2(p;-q;),

where p;;is the proportion of diet type j in individual i’s diet, and g; is the mean
proportion of diet type j for the population (Bolnick et al. 2002). The PD values vary
from O to 1, where O indicates complete overlap between an individual and the
population, and 1 indicates no overlap between an individual and the population. We

used this measure on data from both SIA and SCA. For the analyses on ecological causes
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of IS, we used isotope data only from skin because we had a greater number of samples

of skin than of bone collagen.

To test which ecological parameters affected IS, we constructed general linear models
in which populations’ average PDs were the response variables and resource diversity,
conspecific density, and heterospecific density were the explanatory variables. All
explanatory variables were averaged by pond. Seven models were constructed for each
species and included all possible combinations of the explanatory variables (Table 1).
Due to residuals of the models not meeting the normal assumptions, we estimated the
slopes of the relationships and the standard error of those slopes using a MCMC
bootstrapping approach, where resampling was done 50,000 times (Manly 2006). We
then calculated the 95% confidence intervals from these bootstrapped estimates. We
compared these models within each species using Akaike’s Information Criterion
corrected for small sample sizes (AIC_; Burnham and Anderson 2002; Johnson and
Omland 2004; Stephens et al. 2005). As is standard practice, we considered the model
with lowest AIC, value to be the model of best fit. We ranked the models based on how
well they fit the data by calculating AAIC,: AAIC, = AIC,; — AIC,,, where AIC; is the
AIC, value of model i and AIC,, is the AIC, value of the best fitting model. To determine
the relative significance of the models, we calculated their normalized Akaike weights
w,, (Johnson and Omland 2004), where w,, = exp (-0.5 * AAIC,)) / =% _, exp (-0.5 *
AAIC)). Since the normalized weight of the best model for most species was below 0.9,
indicating other models also had substantial support, we performed model averaging
(Burnham and Anderson 2002), which provides more robust model variances and

increases parameter estimates’ reliability. To determine the relative importance of factors
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included in the models, we calculated the normalized Akaike weight for each parameter,
w;,, Which is the sum of the w,, values in which that parameter is present (Gotanda et al.,

2009). A w; =1 would indicate a parameter present in all models.

To test for differences in PD values calculated from SIA and SCA, we used a paired
samples t-test. For this analysis we used only individuals for which we had information
from both SIA and SCA. We calculated the differences in PD values measured from both

methods and tested whether those differences overlapped with zero.

RESULTS

Correlations Between Skin and Bone Collagen: Correlations between skin and bone
collagen among the five species varied, but most were significant. Anaxyrus americanus
had significant correlations between the two tissues but fairly low correlation coefficients
(Fig. 1a; carbon: t =3.045, df =21, p = 0.006, ’=0.55; nitrogen: t=2.15,df =21,p =
0.043, 1% = 0.42). Anaxyrus fowleri likewise had significant correlations but much higher
correlation coefficients than A. americanus (Fig 1b; carbon: t = 5.606, df =31, p < 0.001,
rr=0.71; nitrogen: t =6.787,df =31, p <0.001, r* = 0.77). Lithobates catesbeianus had
the highest correlation coefficients for both 8"°C and 8N values (Fig 1c; carbon: t =
8.671,df =64,p <0.001, r*=0.73; nitrogen: t = 13.261, df = 64, p < 0.001, r* = 0.86).
While, L. clamitans had a significant correlation in 8"C values, the correlation
coefficient was low (Fig 1d; t =4.048, df = 100, p < 0.001, r* = 0.38). The "N values in

L. clamitans, on the other hand, were highly correlated (Fig 1d; t =10.922,df = 100, p <
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0.001,1* = 0.74). Lithobates sphenocephalus did not have significant correlation between
the two tissues for either isotope type (Fig le; carbon: t =2.049, df = 18,p =0.06,r’ =

0.43; nitrogen: t= 1.666,df =18, p =0.113, ¥ =0.37).

Degree of IS: The amount of IS varied among species, but overall was low (Table 1).
Both of the toads had similar PD values. Anaxyrus americanus had a mean (= SD; N) PD
value of 0.08 (£ 0.02; N =54), and A. fowleri had a mean of 0.08 (+0.01; N = 37).
Among the true frogs, L. catesbeianus had the highest PD values, with a mean of 0.10 (=
0.04; N = 68), followed by L. sphenocephalus with a mean of 0.08 (+ 0.03; N = 38), and
L. clamitans with a mean of 0.07 (= 0.01; N=75). The amount of variation of isotopes
among species also varied (Fig. 2a, b and Fig. 3a-c). In general, both the toad species
overlapped in isotopic space and fed mostly on Formica ants, spiders, and terrestrial
herbivores (Fig. 2a, b). Lithobates catesbeianus had the most within-species variation in
isotopic values and fed mostly on non-flying terrestrial predators, spiders, and flying
terrestrial predators (Fig. 3a). The isotopic values of both L. clamitans and L.
sphenocephalus were all centrally located in the terrestrial prey space, indicating that

members of these two species fed fairly evenly amongst those prey groups (Fig. 3b, c).

Ecological Correlates of IS: The parameters included in the best-fit models of PD
varied across species. In general, models with only one explanatory variable best fit the
data (Table 2). Resource diversity was the only variable in the best-fitting models for A.

americanus and L. catesbeianus (Table 2a, c). In the case of L. catesbeianus, the best-fit
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model weight was high and the other models were poor predictors of proportional
dissimilarity (Table 2c). For A. americanus, the two models that contained only
heterospecific or conspecific density were also reasonable predictors of the data (Table
2a). In A. fowleri, the two one-variable models that included conspecific density and
resource diversity best explained IS (Table 2b). Heterospecific density best explained
patterns of IS in L. clamitans, followed by conspecific density (Table 2d). The model
with only conspecific density best explained proportional dissimilarity in L.
sphenocephalus, but models with conspecific density and resource diversity also had
similarly high weights and may explain the data equally well as does conspecific density

(Table 2e).

The weights of each variable also differed among species (Table 3). Resource
diversity had the highest weights for both A. americanus and L. catesbeianus (Table 3a,
¢).In L. catesbeianus, the 95% confidence intervals (CI) of the estimated slope did not
include zero (Table 3c), but in A. americanus, the 95% CI just crossed zero. Conspecific
density had the highest weight in A. fowleri, but resource diversity, which had a similar
weight, was the only variable for which the 95% CI of the estimated slope did not cross
zero (Table 3b). Conspecific density also had the highest parameter weight for L.
sphenocephalus, but both resource diversity and conspecific density had fairly high
weights as well (Table 3e). Heterospecific density was by far the highest weighted
parameter for L. clamitans and the estimated 95% CI of the slope of this parameter did

not cross zero (Table 3d).

The relationships between IS and the ecological parameters (resource diversity and

conspecific and heterospecific density) were not always consistent or in the predicted
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direction. Resource diversity in A. americanus, A. fowleri, and L. catesbeianus had the
predicted positive relationship with IS (Fig. 4a, b, ¢). However, there was a negative
relationship between resource diversity and IS in both L. clamitans and L.
sphenocephalus (Fig. 4d, ). Conspecific density in A. americanus and A. fowleri had the
predicted positive relationship with IS (Fig. 5a, b), but there was almost no trend in either
L. clamitans or L. sphenocephalus (Fig. 5d, e). Interestingly, there was a fairly strong
negative relationship between conspecific density and IS in L. catesbeianus (Fig. 5c).
Heterospecific density in L. catesbeianus, L. clamitans, and L. sphenocephalus had the
predicted negative relationship with IS (Fig 6c¢, d, e), but there was no relationship
between these two factors in A. fowleri (Fig. 6b) and there was a slightly positive one in

A. americanus (Fig 6a).

Comparison of SCA and SIA: In all species, the PD values were much greater when
calculated from stomach contents than when calculated from the results from stable
isotope mixing models (Fig. 7; A. americanus: t = 12.78,df =29, p < 0.001; A. fowleri: t
=8.36,df =21, p <0.001; L. catesbeianus: t =9.45,df =24, p <0.001; L. clamitans: t =

13.6,df =34, p <0.001; L. sphenocephalus: t = 6.23,df =10, p <0.001).

DISCUSSION

The amount of IS varied among frog species but overall was relatively low when
measured with SIA and high when measured with SCA (Fig. 7). Furthermore, the relative

amount of IS varied widely for one species depending on whether the calculation of IS
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was based on SIA or SCA. Lithobates catesbeianus had the most between-individual diet
variation calculated from SIA and the second most when calculated from SCA, but its
sister species, L. clamitans, had the least between-individual variation when measured
with STA and the most when measured with SCA (Fig. 7). Lithobates sphenocephalus
and A. americanus had similar levels of IS and ranked second or third based on either
measure. The other toad species, A. americanus had the second most individual variation
when measured with SIA and the third most when measured with SCA, while A. fowleri
had the second lowest when measured with SIA and the lowest when measured with SCA
(Fig. 7). In addition to the amount of IS varying among species, the ecological parameters
that most affected IS also varied among species, but most commonly included resource

diversity and conspecific density.

Comparing Isotopes from Different Tissues: In our study, we compared short-term
isotopic data from skin to the long-term data from bone collagen (Fig. 1). All species
except L. sphenocephalus had statistically significant relationships between skin and
bone collagen in both 8"°C and "N values. However, the correlation coefficient varied
considerably among species. Lithobates catesbeianus had the highest correlation
coefficients, indicating that individuals were consistent in diet over time (Fig. 1¢). The
8"C and 8"N values in L. catesbeianus were greater in skin than in bone tissue,
indicating an increase in terrestrial habitat use and trophic level in more recent diets, but
individuals that had high isotope values in bone collagen also had high isotope values in
skin (Fig. 1c; Cloyed and Eason In Prep). For 8"°C values, the lower values in bone

collagen may represent isotopic memory from the aquatic stage of their life history
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(Perkins and Speakman 2001). This isotopic memory is more detectable in §"°C than in
8" N because 6"°C values differ between terrestrial and aquatic habitats more than 6"°N.
Anaxyrus fowleri also had high correlation coefficients and indicated that individual’s
diets remained similar between the two tissue types (Fig. 1b). In A. fowleri, many
individuals had higher 6"°C values in skin and the lower values in bone collagen likely
represent isotopic memory. Values of 8"°N, on the other hand, were very similar between
the two tissues (Fig. 1b). Lithobates clamitans had lower correlation coefficients for §"°C
values, indicating that individuals may not stay consistent in their diet choice over time
(Fig. 1d). Values of 8"°N were highly correlated, even if shifting up in skin (Fig. 1d).
This increase in 8'"°N values demonstrated that individual frogs increase their trophic
level throughout their lives (Post 2002). Anaxyrus americanus, while having relatively
more IS when measured through SIA and SCA, had relatively lower correlation
coefficients. Anaxyrus americanus had higher 8"°C and 8"N values for skin. Like A.
fowleri, lower values of 8"C in bone collagen were likely isotopes in the tissue from the
aquatic stage of their life history and the higher values in skin represent the more
terrestrial diet that they consume as adults. For "N values, A. americanus had much
higher values in skin than carbon, indicating that individuals increased the trophic level at
which they feed throughout their adult lives (Post 2002). Lithobates sphenocephalus had
low correlation coefficients and followed no particular pattern in isotopes between skin
and bone collagen (Fig. 1e) and therefore likely change their diet between the two time

frames represented by skin and bone collagen.

Ecological Causes of 1S: Previous studies have identified several factors that
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influence IS—resource diversity, intraspecific and interspecific competion —but often yield
conflicting results among species. For example, while most studies have found that IS is
greater in areas that have more resources or a more heterogeneous habitat (Darimont et
al. 2009; Parent and Crespi 2009; Martin and Pfennig 2010; Matich et al. 2011), some
species do not respond to ecological opportunity and resource diversity in the same way
(Evangelista et al. 2014). When intraspecific competition is high, some studies found that
IS increased (Svanbick and Bolnick 2007; Tinker et al. 2012; Darimont et al. 2009;
Frédérich et al. 2010) but others found that IS decreased (Jones and Post 2013; Parent et
al. 2014). Studies on the relationship between interspecific competition and IS have also
been inconclusive. On the one hand, many studies have found that when fewer
heterospecific competitors are present, the diet of a species or population is more
variable, resulting in a wider niche (Costa et al. 2008; Darimont et al. 2009). The
adaptive radiation of lacustrine fishes of the northern latitudes is believed to be the result
of only a few fish species colonizing new lakes at the glacial retreat and developing
morphotypes adapted to the different microhabitats (Schulter 2000), but direct tests have
found that the relationship between interspecific competition and IS is species specific
and not all species respond in to heterospecific competitors the same way (Bolnick et al.
2010; Abbey-Lee et al. 2013). Despite the inconsistency of how these ecological
parameters affect IS, our study is the first to compare these parameters amongst a suite of

ecologically similar and evolutionarily related species.

We found that the models that best explained the patterns of IS for each species
included single ecological factors (Table 2). In general, resource diversity had the

greatest effect on IS among species. For A. americanus and L. catesbeianus, the best-
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fitting model included only resource diversity (Table 2a, c). In addition, while the model
with the highest weight for A. fowleri included only conspecific density, it had a similar
AIC, value to the model that only included resource diversity (Table 2b). Indeed,
resource diversity in A. fowleri was the only parameter that had an estimated slope where
the 95% CI did not cross zero (Table 3b). While both conspecific density and resource
diversity may be important in determining IS in A. fowleri, resource diversity may have a
more significant effect (Figs. 4b, 5b). Heterospecific density by far had the highest model
and parameter weight for Lithobates clamitans and the lowest AIC, value (Tables 2d, 3d).
The IS in L. sphenocephalus was best explained by conspecific density, but both resource
diversity and conspecific density had similar model and parameter weights, as well as

similar AIC, values (Tables 2e, 3e).

Resource diversity had strong effects on IS in the predicted positive direction for A.
americanus, A. fowleri, and L. catesbeianus (Figs. 5a, b, c and 6a, b, c). Both A.
americanus and A. fowleri are active foragers that move around in search of prey (Wells
2007), and L. catesbeianus is a sit-and-wait predator (Bury and Whelan 1986). Resource
diversity, however, may act in the same way to increase IS in both foraging modes. For
toads that actively move around, greater prey diversity will result in more frequently
encountered alternative prey. Likewise, for L. catesbeianus that sit and wait for prey to
come to them, higher resource diversity will result in more alternative prey passing
through more frequently. Different individuals may select prey depending upon the
prey’s shape and how it moves (Ewart 1974; 2004). As such, the importance of resource
diversity on IS may be fairly widespread among different taxonomic groups and foraging

techniques. However, the positive effect resource diversity has on IS is not universal. For
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both L. clamitans and L. sphenocephalus there was a negative trend between resource
diversity and IS (Fig. 4d, e). The trend in both of these species is slight and there may be
no relationship (Table 3d, e). In the case of L. clamitans, there is very little diet variation
between individuals and this small amount of variation may not be affected by ecological
parameters. While ecological opportunity and its associated resource diversity increase IS
in many species (Nosil and Reimchen 2005; Parent and Crespi 2009; Darimont et al.
2009), our results combined with at least one other study demonstrated that it is not

ecologically universal (Evangelista et al. 2014).

Conspecific density also had strong effects on several species. In both the toad
species, the relationship trended in the predicted direction, where there was greater IS at
sites with more conspecifics (Fig. 5a, b). Like many other studies, at sites with greater
conspecific density, individuals are forced to specialize on underutilized prey (Svanbéck
and Bolnick 2005; Tinker et al. 2012; Pires et al. 2011). However, all the true frogs had a
negative relationship between conspecific density and IS. Jones and Post (2013) found
that high intraspecific competition can decrease IS when the consumer has strong
interaction effects on its prey populations. In these cases, by the time the consumer
population reaches high densities, many of the prey will be gone or infrequent enough
that they are not worth searching for and all the individuals use the same remaining
resources. In the case of the toads, they are both active foragers and their populations are
fairly evenly spread across of the landscape (Forester et al. 2006). As a result, they may
not reach high enough densities at any given location to have strong effects on their prey
populations. Both L. catesbeianus and L. clamitans, on the other hand, do not venture far

from the pond and their populations are localized (Werner et al. 1995). As a result they
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may have a stronger interaction effect on their prey. While no studies have directly tested
the interaction strength these frogs and toads have on their prey populations, some work
on invasive L. catesbeianus populations have suggested that do have strong effects
(Wang et al. 2007; Li et al. 2011). Lithobates catesbeianus, though, is known as a
superior competitor to many species (Werner et al. 1995; Hecnar and M’Closkey 1997)
and may have strong interaction effects while L. clamtians is a less strong competitor and
its interactive strength may not be as strong. Furthermore, outliers drive the negative
relationship in both species, especially L. catesbeianus (Fig. 5c, d), suggesting that a
threshold density of conspecifics may exist. After which that threshold density is past the
interaction strength between predator and prey will cause a negative relationship between
conspecific density and IS. Finally, L. sphenocephalus is more like toads in that they are
active hunters, but they are usually less frequent than the other frogs and therefore may

not be greatly affected by conspecific density.

Heterospecific density overall had the weakest effect on IS. Only in L. clamitans did
the best-fitting model contain heterospecific density (Table 2d). The strong effect
heterospecific density has on PD values for L. clamitans may be driven by the
competitive relationship with L. catesbeianus. Lithobates catesbeianus is a superior
competitor to L. clamitans (Werner et al. 1995; Hecnar and M’Closky 1997) and
represents most of the heterospecifics that L. clamitans will encounter given that both
species commonly occur near ponds. At ponds where L. catesbeianus densities were
high, L. clamitans may have not had many opportunities to specialize on alternative
resources because the larger and competively superior L. catesbeianus was either

comsuming them or otherwise preventing L. clamitans from gaining access to these prey.
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Our results help illustrate how interspecific competition affects IS, where there are often
species-specific responses (Bolnick et al. 2010; Abbey-Lee et al. 2013). In our system,
interspecific competition affects IS only in the species that forages in close proximity to a
superior competitor. Overall, heterospecific density had a fairly predictable, negative
relationship on PD values for all species expect L. sphenocephalus, which had no

negative or positive trend between these parameters (Fig. 6a-e).

Comparing IS with SIA and SCA: Measuring IS when using different methods
provided drastically different results (Fig. 7). Neither may give a completely accurate
view of between-individual diet variation. In our system, SIA likely underestimated IS
because many diverse prey taxa are lumped into broad ecological functional groups. Diet
diversity could be reduced when these functional groups are lumped together. On the
other hand, SCA likely overestimated IS, because SCA will only capture a snapshot of
the individuals’ diets and does not provide the longitudinal data that are necessary to
assess IS (Bearhop et al. 2004). There is general agreement that SIA is a superior method
for calculating IS to SCA and fecal content analysis because it does not incorporate diet
data longitudinally (Bolnick et al. 2003; Bearhop et al. 2004; Matthews and Mazumder
2004; Araujo et al. 2007). Additionally, SIA has the advantage of comparing diet data
from different times through the use of multiple tissue types (Martinez del Rio et al.

2009).

Studies using SCA have frequently found higher amounts of IS than studies using

SIA. For example, diet variation in a larval frog was much greater when measured with
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SCA than with SIA (Schriever and Williams 2013). The PD values for brown trout were
high when using SCA (PD = 0.31-0.54; Sanchez-Hernandez and Amundsen 2015) but
lower when using SIA (PD =0.14-0.5; Evangelista et al. 2014). This regularity in SCA
producing greater PD values is consistent with the idea that SCA and similar methods
such as fecal content analysis overestimate IS. However, while SCA may overestimate
IS, it is difficult to say how accurate SIA is at measuring it. It is likely that in many
systems, such as ours, SIA may underestimates IS. Future studies are needed to determine
how accurate SIA is at estimating IS and how consistent that accuracy is among different
systems. These studies should combine three or more methods of diet analysis and these
could include: fecal content analysis, behavioral analysis, fatty acid analysis, as well as
SCA and SIA. Additionally, these studies should include repeated samples of fecal
content, behavioral observations, or stomach contents to help determine repeatability of

these measures.

Conclusions: Our results have demonstrated that the amount of between individual diet
variation can differ among species. In several species, there were high correlations
between earlier diets and more recent diets, although this was not always the case.
Additionally, different ecological parameters affected between-individual diet variation
among species. Resource diversity had a strong effect on three of five species, and
heterospecific and conspecific density had weaker effects than did resource diversity.
Heterospecific density had a weak to moderate effect on three of five species, and
conspecific density had a weak to moderate effect on two of five species. Our results

suggest that the ecological parameters that affect IS are species specific, and that it is
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inaccurate to assume that intraspecific competition always increases IS or that
interspecific competition always decreases it. Furthermore, ecological opportunity and/or
resource diversity may not always result in increased IS. Finally, different methods of
measuring diet can result in drastically different measures of IS, and SCA likely
overestimates it. However, we do not know how accurate SIA is at measuring IS and

more studies are needed to determine its accuracy.
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TABLES

Table 1: The average proportional dissimilarity (PD) + standard deveiation (SD) at each pond for each species.

PD (= SD) PD (+ SD) PD (+ SD) PD (+ SD) PD (= SD)
Site A. americanus A. fowleri L. catesbeianus L. clamitans L. sphenocephalus
Back-of-Nowhere 0.08 (0.001) Not Captured 0.11 (0.0071) 0.08 (0.041) 0.07 (0.046)
Cattail Puddle 0.11 (0.048) 0.09 (0.063) 0.14 (0.065) 0.06 (0.04) 0.03 (0.017)
Honeyhole 0.10 (0.044) 0.07 (0.05) Not Captured Not Captured 0.12(4)

Mudhole Not Captured 0.06 (0.21) 0.12 (0.051) 0.07 (0.024) Not Captured
Platform Pond 0.07 (0.041) 0.09 (0.049) 0.12 (0.041) 0.07 (0.044) 0.08 (0.045)
Tannin Pond North ~ Not Captured Not Captured Not Captured 0.09 (0.035) Not Captured
Tannin Pond South ~ Not Captured Not Captured Not Captured 0.05 (0.027) 0.08 (0.029)
Vernal Pool 0.10 (0.61) Not Captured 0.05 (0.023) Not Captured Not Captured
Wilson Road South ~ 0.05 (0.024) 0.06 (0.031) 0.14 (0.023) 0.07 (0.03) 0.09 (0.045)

Wilson Road North ~ 0.06 (0.033) 0.07 (0.26) 0.05 (0.015) 0.07 (0.042) 0.09 (0.03)
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Table 2: Ecological parameter models for each species. RD = Resource Diversity, CD =
Conspecific Density, HD = heterospecific density. The model with the lowest AIC, value
is model of best fit. W, is the model weight and represents the ability of the model to
describe the data. Higher model weights indicate a more important model. a) Anaxyrus
americanus, b) A. fowleri, c) Lithobates catesbeianus, d) L. clamitans,e) L.

sphenocephalus.
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a)

Model AIC, AAIC, Wi
PD~RD -23.88 0 0.675
PD~HD 22143 245 0.192
PD~CD 21 2.88 0.16

PD~RD+CD 99 13.98 0.0006
PD~CD+HD 99 16.43 0.0006
PD~RD+HD -8.28 15.60 0.0002
PD~RD+CD+HD 31.82 55.7 8.04E-13
b)

Model AIC, AAIC, W,
PD~CD -22.15 0 0.532
PD~RD 2175 043 0.439
PD~HD -16.94 521 0.039

PD~RD+CD 6.9 29.05 2.636E-7
PD~CD+HD 7.81 29.96 1.659E-7
PD~RD+HD 8.11 29.86 1.429E-7
PD~RD+CD+HD 42 64.15 6.248-15

©)

Model AIC, AAIC, W,,
PD~RD -23.93 0 0.965
PD~HD -16.11 7.82 0.019

PD~RD+HD -13.92 9.38 0.006
PD~CD -13.71 10.22 0.006
PD~RD+CD -12.36 11.57 0.003
PD~CD+HD -6.27 17.66 3499E-5
PD~RD+CD+HD 26.59 50.52 5.216E-12
d)

Model AIC, AAIC, Wi
PD~HD -37.86 0 0.744
PD~CD -35.60 226 0.24
PD~RD -29.62 8.24 0.012

PD~RD+CD -26.62 1124 0.003
PD~RD+HD 2421 13.84 0.001
PD~CD+HD -24.02 13.84 0.0001
PD~RD+CD+HD 1536 5322 1.008E-11
€)

Model AIC, AAIC, Wi
PD~CD -15.38 0 0.369
PD~RD -15.25 0.13 0.345
PD~HD -14.87 0.52 0.285

PD~CD+HD -2.53 12.84 0.0006

PD~RD+CD -1.32 14.06 0.0002

PD~RD+HD -1.26 14.12 0.0003
PD~RD+CD+HD 39.14 54.52 5.34E-13
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Table 3: The parameter weights, averaged beta, and 95% CI of the averaged beta. W, is the

Akaike weight for each parameter, which is the sum of the model weight values, w,,, in
which that parameter was present. Resource diversity for A. fowleri and L. catesbeianus

was the only ecological parameter that did not cross zero. a) Anaxyrus americanus, b) A.

fowleri, c) Lithobates catesbeianus, d) L. clamitans, e) L. sphenocephalus.
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a)

Parameter W, Averaged Beta 95% CI
Diversity 0.676 0.097 -0.024 t0 0.218
Conspecific 0.161 2.66 -4.717 to 10.042
Density
Heterospecific 0.165 0.029 -0.284 to 0.342
Density
b)
Parameter Wi, Averaged Beta 95% CI
Diversity 0432 0.097 0.017 to 0.177
Conspecific 0.536 0.622 -0.707 to 1.952
Density
Heterospecific 0.032 0.018 -0.239 t0 0.276
Density
)
Parameter W, Averaged Beta 95% C1
Diversity 0.952 0.326 0.084 to 0.568
Conspecific 0.009 -0412 -2.555t01.729
Density
Heterospecific 0.051 -0.133 -1.097 to 0.832
Density
)
Parameter W, Averaged Beta 95% CI
Diversity 0.154 -0.024 -0.096 to 0.048
Conspecific 0.49 -0.123 -0.587 to 0.342
Density
Heterospecific 0.468 -0.072 -0.318t0 0.174
Density
€)
Parameter W, Averaged Beta 95% CI
Diversity 0.162 -0.048 -0.223 10 0.128
Conspecific 0.173 0.056 -1.092 to 1.205
Density
Heterospecific 0.666 -0.072 -0.229 t0 0.084
Density
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FIGURE LEGENDS

Figure 1 —Correlation between carbon (top row) and nitrogen (bottom row) stable
isotopes in skin (y-axis) and bone collage (x-axis). The line has a slope of one and
intercept of 0, points above the line mean individuals have shifted their diet recently. a)
Anaxyrus americanus, b) A. fowleri, ¢) Lithobates catesbeianus, d) L. clamitans,e) L.

sphenocephalus.

Figure 2—8"C and 8"N biplot for a) Anaxyrus americanus and b) A. fowleri.

Figure 3—8"C and 6"N biplot for a) Lithobates catesbeianus, b) L. clamitans, and c) L.

sphenocephalus.

Figure 4 —Resource diversity versus proportional dissimilarity. Each point represents a
pond and the line is the slope of the relationship. a) Anaxyrus americanus, b) A. fowlert,
¢) Lithobates catesbeianus, d) L. clamitans, e) L. sphenocephalus. Proportional

dissimilarity calculated from stable isotopes in skin.

Figure 5—Conspecific density versus proportional dissimilarity. Each point represents a
pond and the line is the slope of the relationship. a) Anaxyrus americanus, b) A. fowlert,
¢) Lithobates catesbeianus, d) L. clamitans, €) L. sphenocephalus. Proportional

dissimilarity calculated from stable isotopes in skin.
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Figure 6 —Heterospecific density versus proportional dissimilarity. Each point represents a
pond and the line is the slope of the relationship. a) Anaxyrus americanus, b) A. fowleri, c)
Lithobates catesbeianus, d) L. clamitans, e) L. sphenocephalus. Proportional dissimilarity

calculated from stable isotopes in skin.

Figure 7—Barplot with proportional dissimilarity values measured with SIA (black bars)
and SCA (grey bars). Anam = Anaxyrus americanus, Anfo = A. fowleri, Lica = Lithobates

catesbeianus, Licl = L. clamitans, Lisp = L. sphenocephalus.
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Figure 2
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Figure 6
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Figure 7
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CHAPTER V
NICHE PARTITIONING AND THE ROLE OF INTRAPOPULATION NICHE

VARIATION IN STRUCTURING A GUILD OF GENERALIST ANURANS

SUMMARY

We investigated niche partitioning in five species of frogs and toads: Anaxyrus
americanus, A. fowleri, Lithobates catesbeianus, L. clamitans, and L. sphenocephalus.
We used stable isotopes and stomach contents to measure diets of the five species. We
assessed differences in snout-vent length and examined whether those differences were
related to diet variation. Additionally, we determined if species differed in their habitat
use by measuring the distance between the locations of frogs and toads and the pond
edge. We found that species differed significantly in isotope values. Values of 6"°N
indicated that L. catesbeianus foraged at the highest trophic level of the considered
species, and A. fowleri foraged at the lowest. Anaxyrus americanus, L. clamitans, and L.
sphenocephalus had intermediate 8"°N values. Within most species, larger individuals
had higher 6"°N values. Thus the 8N values of longer A. americanus and L. clamtians
individuals tended to overlap those of shorter L. catesbeianus. Lithobates sphenocephalus
followed the same pattern at several sites. The "°N values of shorter A. americanus and
L. clamitans individuals tended to overlap those of smallest species, A. fowleri. Values of

8"C indicated that A. fowleri, A. americanus, and L. sphenocephalus foraged in primarily
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terrestrial habitats while L. catesbeianus and L. clamitans foraged closer to ponds and on
more aquatic prey. Our five species also differed in the prey that was found in their
stomachs. Both A. fowleri and A. americanus took significantly more ants than the other
species, and L. sphenocephalus took significantly more orthopterans than other species.
All species preyed upon beetles more than would be expected based on environmental
availability, and all species took non-flying prey in greater proportion than flying prey.
Our results demonstrate the importance of considering individual-level variation when
investigating niche partitioning, as such variation can affect the degree of overlap among

species.

INTRODUCTION

Ecologically similar, sympatric species must partition their niches to avoid
competitive exclusion (MacArthur 1958; Hardin 1960; Toft 1985; Siepielski and McPeek
2010). Niche partitioning has taken a central role in many population and community
ecology studies, as it resolves the paradox between early theoretical/laboratory studies
demonstrating competitive exclusion and the fact that many ecosystems have ecologically
similar species that do not drive one another extinct (Gause 1932; Hutchinson 1959,
1961). Many fundamental ecological studies investigated how similar species can coexist
(Homage to Santa Rosalia and the Hutchinsonian niche; Hutchinson 1959, 1957), how
such species can divide seemingly homogenous resources (MacArthur’s Warblers and the
paradox of the plankton; MacArthur 1958, Hutchinson 1961), and how similar two

species can be before one starts to exclude the other (Limiting similarity; MacArthur and
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Levins 1967). Thus, niche partitioning has been a central idea in ecology for over half a

century.

Understanding how species partition their niche remains an active and important part
of ecological research (Chesson 2000, Martin and Martin 2001, Siepielski and McPeek
2010, Correa and Winemiller 2014). Species can partition their resources a variety of
ways. In many traditional studies on resource partitioning, researchers consider how
environmental heterogeneity can enable species to differentially access resources. Species
can feed in different habitats and microhabitats (Navarro et al. 2009; Symes et al. 2013;
Cloyed 2014), on different items (Pulliam 1985; Beaulieu and Sockman 2012), at
different times (Chesson 2000; Reum & Essington 2008), and by using different foraging
methods (Toft 1980; Frere et al. 2008; Knickle and Rose 2014; Newell et al. 2014,
O’Neill and Gibb 2014). While many of these studies demonstrate niche partitioning,
they do not consider the role that individual and/or ontogenic trait variation may play in

niche partitioning (Hirai and Matsui 2002, Lasky et al. 2014).

Recent studies on generalist foragers have demonstrated that individuals of some of
these species act as specialists and only take a subset of the species’ resource spectrum
(Bolnick et al. 2003, Wennersten and Forsman 2012). These intraspecific trait variations
can take many forms (Bolnick et al. 2003), including between sexes (Meik et al. 2012;
Grant et al. 2014; Rossman et al. 2015), individuals (Aradjo et al. 2007; Tinker et al.
2008; Agashe and Bolnick 2010; Wennersten and Forsman 2012), and body sizes in
species that are indeterminate growers and have size-structured populations (Hirai and
Matsui 2002; Rudolf and Rasmussen 2013; Ortiz-Serrato et al. 2014; Zhao et al. 2014;

Nifong et al. 2015). Variations of these types have important ecological and evolutionary
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consequences (Bolnick et al. 2011). For example, intraspecific trait variations can
increase population stability through the portfolio effect (Schindler et al. 2010) or
through reduced intraspecific competition (Svanbédck and Bolnick 2007; Tinker et al.
2008). Individual trait variation may promote species coexistence if it decreases the
number of individuals from each species that are actually overlapping in niche space
(Lichstein et al. 2007; Lasky et al. 2014). Furthermore, considering individual trait
variation in studies of niche partitioning may help clarify some results in which it is hard
to detect species differences. Trait variation at the individual level can reduce
intraspecific competition, deteriorating niche boundaries and allowing for more overlap

among species (Bolnick et al. 2011; Paine et al. 2011; Siefert 2012; Lasky et al. 2014).

In this study we investigated resource partitioning in five frog and toad species,
Anaxyrus americanus, A. fowleri, Lithobates catesbeianus, L. clamitans, and L.
sphenocephalus. These frogs and toads represent an excellent system to test resource
partitioning and the role of intrapopulation trait variation has on species coexistence for
two reasons. First, older studies on the diets of these species have shown that they have
large dietary overlap (Hamilton, Jr. 1948; Hamilton, Jr. 1954; Bush and Menhinick 1962;
McKamie and Heidt 1974). Although competition has not been studied across all five of
our study species, some research has adressed competition between species pairs within
this group. Lithobates catesbeianus is more likely to be found in ponds and to take a
greater proportion of aquatic prey than L. clamitans (Werner et al. 1995). Additionally, L.
catesbeianus is a superior competitor to L. clamitans (Hecnar and M’Closkey 1997), but
a laboratory study demonstrated that L. clamitans is competitively superior to A.

americanus (Sams and Boone 2010). Second, these species of frogs and toads are
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generalist foragers (Hamilton, Jr. 1948; Hamilton, Jr. 1954; Bush and Menhinick 1962;
McKamie and Heidt 1974) and therefore offer an opportunity to investigate the role
intrapopulation niche variation has on aiding niche partitioning. Studies on generalist
frogs have found evidence of intrapopulation niche variation in frog species (Araujo et al.
2009; Benard and Maher 2011). Several species of frogs, including L. catesbeianus,
increase their trophic level with increasing SVL (Harai and Matsui 2002; Ortiz-Serrato et

al. 2014).

We used a multi-faceted approached to determine niche partitioning and to
investigate the possible role intra-population niche variation has on this partitioning. To
measure diets, we used both stable isotope analysis (SIA) and stomach content analysis.
Additionally, we measured morphological traits to test whether diet patterns correlated
with morphology, and we measured how far frogs and toads were found from the pond
edge to measure spatial partitioning. We used the morphological variables to determine if

individual patterns varied in a manner that would be conducive to species coexistence.

MATERIALS AND METHODS

Study Site: This study was performed at ten small ponds in Bernheim Arboretum and
Research Forest, Clermont, Kentucky, U.S.A. Bernheim is located in the Knobs region of
Kentucky. Ponds varied from 41m’ to 1329m” in size. Eight ponds were in the forest
interior and two were on the edge of a forest and small grassland. White oak-black oak

(Quercus alba-Q. velutina) and white oak-chestnut oak (Q. alba-Q. prinus) were the most
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common forest types in Bernheim. The most abundant understory plants were Smilax

spp., Toxicodendron radicans, Leersia oryzoides, and Microstegium vimineum.

Frog Capture and Processing: We collected frogs and toads from April through
September in 2011 and 2012 and from April-June in 2013 and 2014. We captured frogs
and toads with hand nets in and around ponds starting 30 minutes after sunset and
continuing for an average of 55 minutes. When frogs and toads were captured, their
initial location was marked and they were placed in plastic containers. Each evening after
frogs and toads were collected, we measured the distance from their initial locations to
the pond edge. When frogs were initially in the pond, we recorded the distance as a

negative number.

We measured morphological variables with a Swiss Precision Instruments dial caliper
to the nearest millimeter. To test whether morphology was correlated with diet, we
measured morphological variables relating to feeding: gape width, mandible length, and
head depth (Benard and Maher 2011). We also measured morphological variables related
to jumping: snout-vent length (SVL), the lengths of the right femur, tibia, and the
combined length of the metatarsals and fourth phalange (Nauwelaerts et al. 2007). We
additionally created the variable leg length by summing the lengths of the femur, tibia,

and meta-tarsal/phalanges.

We obtained stomach contents with a gentle stomach flushing technique (Solé€ et al.
2005). We caught any expelled stomach contents in a cup and stored them in 95%

ethanol. The prey present were identified later in the laboratory. Prey groups for stomach
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content analysis included orthopterans, ants, coleopterans, miscellaneous flying prey, and
miscellaneous non-flying prey. Any insect in the taxa Orthoptera, Coleoptera, or
Formicidae (ants) was placed in its taxonomic group. Miscellaneous non-flying prey
included spiders and insects from the families Pentatomidae, Reduviidae, and
Membracidae, as well as other non-flying Hemipterans and larval lepidopterans. The
miscellaneous flying prey group included flying Hymenoptera, most insects in Diptera,
flying Hemipterans such as Cicadellidae, Cercopidae, adult lepidopterans, and adult
odonates. We divided stomach contents into these prey groups because of their frequency

in certain species stomachs.

Frogs and toads were individually marked with a unique combination of toe clips.
Skin from these toe clips was used for SIA. The clipped toes were placed in a chilled
cooler in the field, dried for 48 hours at 60°C, and then stored in a cool, dark drawer in
the laboratory. After the toe clip, frogs were released at the site where they were
captured. All frogs were captured and handled under the approval of the Insitutional
Animal Care and Use Committee at the University of Louisville (UL-IACUC-10037 and

UL-TACUC-13026).

Stable Isotope Analysis: After samples were dried, we manually separated the bone of the
toe from the skin and ligaments with an Xacto® knife. Each skin sample was weighed to
between 0.3-0.7mg in tin capsules on a Mettler Toledo AG245 micro-scale. Samples
were analyzed at the University of New Mexico’s Center for Stable Isotopes. The

samples were combusted in a Costech 4010 elemental analyzer (Costech, Valenicia, CA)
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coupled to a Thermo Scientific Delta V mass spectrometer (Thermo Scientific, Bremen,

Germany).

Stable isotope values were expressed with the standard delta notation (8) in parts per
thousand (%), where OX=(R,,i/Ryungara=1)*1000, where X is 8"°C or "N and R, and
R,,.qua are the molar ratios of C'*/C'? and N"*/N' of the sample and the standard reference
material. The reference material was Vienna-Pee Dee Belemnite for carbon and

atmospheric N, for nitrogen.

Prey Collection: To determine local abundances of prey species, we collected arthropods
around a pond within 10 days of sampling frogs or toads at that pond. To collect ground-
dwelling arthropods, we placed pit-fall traps on a 2m wide transect that began at the
pond’s edge and continued 130m into the surrounding habitat. Two pit-fall traps were
placed 0-2m, 13-15m, 28-30m, 113-115m, and 128-130m from each pond; at each of
these five sites on a transect, the two traps were placed on opposite sides of the transect
line and 1-2m apart. All traps were left open for 48 hours, after which the contents of
traps were collected and taken to the laboratory for identification. Within a few minutes
after contents from pitfall traps were collected, we took sweep-net samples to collect
flying arthropods and arthropods in foliage close to the ground. Sweep netting took place
at Om, 15m, 30m, 115m, and 130m and used 20 of C.S.C.’s sweep-steps at each location.
Collected arthropods were taken to the laboratory for identification. We summed prey
from all sweep-net and pitfall traps for each pond, calculated the proportion prey for each

prey category, and used these proportions as estimates of the frequency of prey in the
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environment.

Statistical Analyses: We used principal components analysis (PCA) to organize
morphological variation, and made size adjustments with the method advocated by
Berner (2011). We used ANOVA or the Kruskal-Wallis test to determine differences
among species in the first two axes produced in the PCA, SVL, and distance to pond. To
test for pairwise differences between species in these traits and in distance to pond, we
used Tukey’s Honest Significant Differences test when an ANOVA was used and
pairwise Wilcoxon tests with Bonferroni-adjusted p values when a Kruskal-Wallis test

was used.

We performed a MANCOVA to determine differences in isotopic values among
species, years, and sexes. We included the values for the first two axes from the size-
adjusted PCA and SVL in the analysis. We included SVL because frogs are known to
change their diets as they grow larger (Hirai and Matsui 2002). To determine if stable
isotope baseline values varied among sites, we included site in the initial model. If site
was significant, then we nested further analyses by site. Non-significant factors were
dropped from further analyses. We performed follow-up ANCOVAs for §"°C and 8"N.
Differences between species pairs for each C and N isotopic values were then determined

with Tukey’s Honest Significant Differences test.

We performed ANOV As for each prey group on the numbers of individuals captured
to determine if there were differences in numbers of prey among ponds. We also

calculated Chesson’s alpha (Chesson 1983) on the prey groups for SCA. Chesson’s alpha
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compares prey frequency in stomachs to prey frequency in the environment and is
therefore a measure of selectivity (Chesson 1983). Chesson’s alpha ranges from O to 1,
where O represents complete avoidance of a prey type and 1 represents complete
preference for a prey type. Given that we had five prey groups, a Chesson’s alpha of 0.2
for a particular prey group implies that the frequency of prey in stomach contents
matches the frequency of the prey in the environment. We used a perMANOVA in the R
package Vegan (Oksanen et al. 2013) to determine differences among species, site, and
date. All non-significant factors were dropped. This perMANOVA was done with 50,000
permutations using the Bray distance measure. We followed this perMANOVA with
individual permutation tests between species to determine which species were
significantly different from each other. These tests were done with 50,000 permutations
using Markov chain Monte Carlo methods. All statistical analyses were done in R (R

Core Team 2013).

RESULTS

Morphology and Distance to Pond: We performed PCA on 54 A. americanus, 37 A.
fowleri, 68 L. catesbeiuanus, 75 L. clamitans, and 38 L. sphenocephalus. In the PCA, the
first axis explained 72% of the morphological variation and loaded most strongly with leg
length (0.48), while the second axis explained 20% of the variation and loaded mostly
strongly with gape width (0.86). There were significant overall differences among species
in the first PCA axis, associated with size-adjusted leg length (ANOVA: F=102.2,

df=4,256, p<0.001). We used a Tukey’s Honest Significant Differences test to determine
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pair-wise differences between each of the species. These differences were significant
between L. clamitans and three other species, including A. americanus (p<0.001), A.
fowleri (p<0.001), and L. catesbeianus (p<0.001). There were also significant differences
in size-adjusted gape width between L. sphenocephalus and A. americanus (p<0.001), A.
fowleri (p<0.001), and L. catesbeianus (p<0.001). There were also significant overall
differences among species in the second PCA axis (F=54.81, df=4,256, p<0.001).
Lithobates sphenocephalus differed significantly from all four other species (p<0.001 for
each comparison), but there were no significant differences between any other species

pair.

Species differed significantly in SVL (ANOVA: Fig. 1a; F=119.3, df=4,237,
p<0.001). Tukey’s Honest Significant Differences test showed that L. catesbeianus was
significantly longer than the other four species (L. clamitans: p<0.001; L.
sphenocephalus: p<0.001; A. anaxyrus: p<0.001; and A. fowleri: p<0.001). In addition,
L. clamitans was significantly longer than L. sphenocephalus (p=0.003), A. anaxyrus
(p<0.001), and A. fowleri (p<0.001), and L. sphenocephalus was significantly longer than

the two toads (A. americanus: p=0.0532; and A. fowleri: p=0.0126).

Distance to pond edge varied significantly among species (Fig. 1b; Kruskal-Wallis
test: X*=212.18, df= 4, p<0.001). Pairwise Wilcoxon tests showed that A. fowleri toads
were found at significantly greater distances from ponds than were members of the other
species (A. americanus: p=0.001; L. sphenocephalus: p<0.001; L. catesbeianus: p<0.001;
and L. clamitans: p<0.001). Anaxyrus americanus toads were also found farther from

ponds than were any of the frog species (L. sphenocephalus: p<0.001; L. catesbeianus:
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p<0.001; and L. clamitans: p<0.001). Lithobates sphenocephalus occupied sites at greater

distance from pond than either L. catesbeianus (p<0.001) or L. clamitans (p<0.001).

Stable Isotope Analysis: Isotopic values varied among sites (Pillai=0.4744, F=8.71, df =
8,253, p<0.001), and we therefore nested further analyses by site. The MANCOVA
indicated that species differed in C-N isotopic space (Fig. 2; Pillai=0.719, F=35.53,
df=8,253, p<0.001) and that within species the body length of individuals influenced the
isotopic space they occupied (Pillai=0.259, F=44.06, df=1,253, p<0.001). The C and N
isotopic ratios of the study species were not significantly affected by year (Pillai=0.0241,
F=2.621, p=0.075), sex (Pillai=0.007, F=0.919, df=2,249, p=0.4), or the morphological
traits that were incorporated in PCA axes one (Pillai=0.016, F=1.963, p=0.143) and two
(Pillai=0.008, F=0.372, p=0.372). We therefore dropped these variables from further

analyses.

Follow-up ANCOVAS for each isotope type revealed similar results. For nitrogen
isotopes, species differed in isotopic space (Fig. 3a; F=55.87, df=4,253, p<0.001) and
individuals with longer SVLs had higher nitrogen isotope values (Fig. 4a; F=57.49,
df=1,253, p<0.001). Anaxyrus fowleri had the lowest nitrogen isotope values, indicating
that this species was feeding at the lowest trophic level. Anaxyrus americanus, L.
clamitans and L. sphenocephalus had intermediate nitrogen isotope values, indicating that
these species feed at intermediate trophic levels. Lithobates catesbeianus had the highest
nitrogen isotope values (Fig. 3a). For carbon isotopes, we found that each species had

different isotopic spaces (Fig. 3b; F=64.52; df=4,255, p<0.001) and within each species
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individuals with longer SVL generally had higher carbon isotope values (Fig. 4b;
F=38.56, df=1,255, p<0.001). In general, A. americanus, A. fowleri and longer L.
catesbeianus individuals had higher carbon isotope values and L. clamitans, L.

sphenocephalus and smaller L. catesbeianus had lower carbon isotope values.

For each species, we used linear models nested by site to better understand the
relationship between each isotope type and SVL. When accounting for differences in
isotope values among sites, individuals of A. americanus, L. catesbeianus, and L.
sphenocephalus with longer SVL had higher 8N values (Fig. 5a,c.d; A. americanus: t=
4.028, df=9, 54, p<0.001; L. catesbeianus: t=8.3, df="7,60, p<0.001; L. clamitans:
t=2.708, df= 9,64, p=0.009). Individuals of A. americanus and Lithobates
sphenocephalus that had longer SVL did not have higher 8"°N values (Fig. 5b.e; A.
fowleri: t=0.158, df="7, 30, p=0.875; L. sphenocephalus: t=1.815, df=9, 29, p=0.0799).
Individuals of both A. americanus and L. catesbeianus with longer SVL also had higher
8"C values (Fig. 5a,c; A. americanus: t=3.79, df=9, 44, p<0.001; L. catesbeianus: t=3.96,
df=7,60, p<0.001). Individuals of A. fowleri, L. clamitans, and L. sphenocephalus with
longer SVL did not have significantly different 8"°C values (Fig. 5b,d.e; A. fowleri:
t=1.427, df=7, 30, p=0.164; L. clamitans: t=0.879, df=9, 64, p=0.383; L.

sphenocephalus: t=1.157, df=9, 29, p=0.257).

Prey Availability: We tested for differences among sites of each prey type using
ANOVA. The numbers of orthopterans and ants captured in pit-fall traps and sweep-net

samples differed significantly across sites (Table 1; orthopterans: F=2.723, df=8, 43,
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p=0.009; ants: F=2.7, df=8, 43, p=0.01). A Tukey honest significant differences test
found that the numbers of orthopterans differed significantly only between Mud Hole and
Tannin Pond North (Table 1; p=0.0191). Ants were significantly more/less abundant at
Tannin Pond North than at Cattail Puddle (Table 1; p=0.007) or Mud Hole (p=0.023) but
did not otherwise vary significantly across sites. Beetles, miscellaneous flying prey, and
miscellaneous non-flying prey did not differ significantly among sites (Table 1; beetles:
F=0.981, df=8, 43, p=0.478; miscellaneous flying prey: F=1.238, df=8, 43, p=0.292;

miscellaneous non-flying prey: F=1.72, df=8, 43, p=0.101).

Stomach Content Analysis: We obtained stomach contents from 36 A. americanus, 26 A.
fowleri, 39 L. catesbeianus, 100 L. clamitans, and 30 L. sphenocephalus. The proportions
of prey present in stomachs differed significantly among species (Fig. 5, Table 2;
F=7.159, df=4,146, p<0.001), sites (F=1.545, df{=8, 146, p=0.026), and dates (F=1.5,
df=70, 146, p<0.001). In general, both toad species preferred ants while the three frog
species avoided them (Fig. 6; Table 2). L. sphenocephalus preferred orthopterans while
the other species avoided them to varying degrees (Fig. 6; Table 2). However, all five
species either preferred or took coleopterans in proportion to environmental abundances,
preyed upon miscellaneous non-flying predators more than miscellaneous flying
predators (Fig. 6), and preyed upon miscellaneous flying prey less than environmental
abundances would predict. Since more ants were found in stomachs of both toad species,
sites that had more toads compared to true frogs had more ants. Similarly, orthopterans
were more common in stomachs at sites where more L. sphenocephalus individuals were

present. Both toad species as well as L. sphenocephalus were more common in the spring
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than during the summer. Stomach contents obtained from early in the year had more ants

and more orthopterans.

DISCUSSION

We examined isotopic niche, stomach contents, morphology, and habitat selection
to determine how five species of frogs and toads coexist. These five anurans partitioned
their resources and habitat in complex ways. Although any particular species differed
from each of the others on at least one of these measures, no two species differed
significantly from one another on all measures. We also found intrapopulation variation

in niche that may influence interspecific competition.

Niche partitioning: Overall, species varied in trophic level, as indicated by 8" N values.
In general, larger species had higher 8"°N values, indicating that they occupied higher
trophic positions (Post et al. 2002; Martinez del Rio et al. 2009). Lithobates catesbeianus,
the species with the longest SVL, had the highest 8'"°N values and foraged at the highest
trophic level. A. fowleri, one of the two smallest species, had the lowest 8'"°N values and
thus foraged at the lowest trophic level. Anaxyrus americanus, L. clamitans, and L.
sphenocephalus occupied similar, intermediate trophic positions (Fig. 3a), but they
differed in other key ecological factors. Anaxyrus americanus had the smallest SVL (Fig.
la), foraged farther from the ponds (Fig. 1b), and took significantly more ants (Fig. 6,

Table 1) than did either L. clamitans or L. sphenocephalus. Lithobates sphenocephalus
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had a smaller SVL (Fig. 1a), was found farther from ponds (Fig. 1b), and took more

orthopterans (Fig. 6, Table 1) than L. clamitans.

Our frog and toad species also differed significantly in 8"°C values, which vary
depending on the consumption of resources from aquatic (lower 8"C values) versus
terrestrial (higher 8"°C values) habitats (Newsome et al. 2007). Both toad species had
high 8"C values (Fig. 3b), indicating that aquatic prey and habitats were not important
foraging areas for these toads; these results are supported by our habitat selection data,
which showed that both toad species were found relatively far from ponds (Fig. 1b), and
by previous studies showing that toads did not visit ponds except for breeding (Rothermel
and Semlitsch 2002; Forester et al. 2006). Lithobates sphenocephalus was intermediate
between the two toads and the other two frog species both in 8"°C values (Fig. 3b), and in
the distance from ponds at which they foraged (Fig. 1b). An earlier study similarly found
that L. sphenocephalus often ventured into upland habitat and farther from water between
breeding periods (Graeter et al. 2006). Lithobates catesbeianus frogs had the lowest 6"°C
values in our study and were found close to ponds and frequently in them. A previous
study found that Lithobates catesbeianus preyed upon aquatic organisms more frequently
than did L. clamitans (Werner et al. 1995), which could explain the lower 8"C values of
L. catesbeianus. However, Werner et al. (1995) also found that L. catesbeianus
individuals were located closer to bodies of water and were more often in water than
were L. clamitans frogs. In contrast, we found no significant difference in distance to
pond between the two species, and we found them in ponds at equal frequencies (Fig.

1b).
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Stomach contents help elucidate niche differences among these ecologically and
evolutionarily related species. Ants formed a greater proportion of the diet in the two toad
species than in any of the frog species (Fig. 6, Table 2), supporting older studies
suggesting that toads in general often prey upon ants more than do most frog species
(Toft 1980, 1985). However, according to stomach contents, A. americanus is more of a
generalist, while A. fowleri specializes on ants and coleopterans (Fig. 6, Table 2).
Lithobates sphenocephalus was the only species to take orthopterans in numbers greater
than expected based on orthopteran abundance (Fig. 6, Table 2). Non-flying,
miscellaneous prey are more frequent than flying, miscellaneous prey in the stomachs of
all frogs and toads in our study (Fig. 6, Table 2), a bias that may result from a greater

difficulty of capturing flying prey.

The significant variation we found in the stomach contents among sites and dates is
likely attributable to site and seasonal variation in the frequency of each anuran species.
Several sites consistently had relatively more A. americanus, A. fowleri, and L.
sphenocephalus. At those sites, ants and orthopterans were more abundant in stomach
contents because ants were frequent prey for the toad species and orthopterans were
frequent prey for L. sphenocephalus. At other sites, where L. catesbeianus and L.
clamitans were more abundant, beetles and other miscellaneous non-flying prey were
more frequent as stomach contents. Additionally, both toad species and L.
sphenocephalus were more likely to be captured in spring and early summer than the
other two species, which were more frequently captured in mid to late summer. As a

result, stomach contents from early in the field season were more likely to include ants
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and orthopterans, while stomach contents from later in the season were more likely to

include beetles and miscellaneous non-flying prey.

In our system, stomach contents provided diet data slightly different from the results
of the isotopic analyses. Stomach content analysis and stable isotope analysis each
provided a unique perspective on anuran diets and, when combined, aided in
understanding the multifaceted niche partitioning that can occur in natural populations. In
some systems, researchers can compare the same prey groups between stomach contents
and stable isotope analysis, and in those studies results from the two kinds of analyses are
similar (Jansen et al. 2013; Ruiz-Cooley et al. 2006). However, such direct comparisons
are often not possible, and consequently many researchers have similarly found that the
two-pronged approach using both kinds of analysis provides two different perspectives
into diet and or habitat use (e.g. Polo-Silva et al. 2013; Bosley et al. 2014). Stomach
content analysis can provide not only short term diet information (Kolts et al. 2013;
Connan et al. 2014), but also much more detailed taxonomic information about prey
(Kolts et al. 2013; Polo-Silva et al. 2013; Bosley et al. 2014). Stable isotopes can help
determine trophic structures (Post 2002) and define sources of carbon when habitats and

diets vary in their 8"°C values (Newsome et al. 2007).

Intraspecific niche variation: The relationships between isotopic niche and SVL that we
observed across species also occurred within species. Within most species in our study,
larger individuals had higher 8" N values (Fig. 5a-€): within sites there was a significant

positive relationship between 6"°N values and SVL for A. americanus, L. clamitans, and
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L. catesbeianus. Longer A. americanus and L. clamitans individuals had "N values
similar to those of shorter L. catesbeianus individuals (Fig. 5a, ¢, d). The "N values of
longer A. americanus and L. clamitans overlapped with those of shorter L. catesbeianus
individuals (Fig. 5c, d, e). Shorter individuals of both A. americanus and L. clamitans
overlapped more with A. fowleri individuals, which were overall the shortest species. At
some sites, 8"°N values of longer L. sphenocephalus overlapped those of shorter bodied
L. catesbeianus individuals (Fig. 5c, e). Lithobates sphenocephalus had the smallest
sample size and was the most infrequent frog found at our study sites. The relationship of
body size and trophic level in L. spehnocephalus may be more pronounced with a greater

sample size.

This intrapopulation niche variation caused by size can potentially alter competitive
interactions and affect niche partitioning (Lichstein et al. 2007; Bolnick et al. 2011;
Lasky et al. 2014). In indeterminate growers such as anurans, the variation in body size
across the ontogeny of the individual may contribute to intrapopulation niche variation,
as in age-structure populations there will be individuals of many sizes (Hasumi et al.
2010; Cogdlnicean et al. 2013). In the case of L. catesbeianus, during the early part of the
adult phase of their life history they will overlap in trophic level with several of the other
species of frogs and toads, but once they reach ~120mm SVL, they begin to occupy a
higher trophic level than the other species and are freed from trophic overlap with the
other study species (Fig. 5¢). For the other species, many of them will change
competitive interactions across the adult phase of their life history, such that early in their
lives they will not be in competition with the same species as later in their life. Since only

a proportion of the population is therefore competing with heterospecifics, the interaction
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strength of that competition is reduced and this can aid niche partitioning. Furthermore,
body size has important effects on diet and many indeterminate growers vary their diet
across their lives (Hirai and Matsui 2002; Hampton 2011; Heupel et al. 2014; Ortiz-
Serrato et al. 2014). Other studies of diet in anurans have demonstrated that overlap
among species depends on body size and that changes in body size through ontogeny can
change competitive interactions (Werner 1994; Werner et al. 1995; Hirai and Matsui
2002; Benard and Maher 2011; Ortiz-Serrato et al. 2014). Between L. catesbeianus and
L. clamitans competition changes throughout the life cycle. Individuals of the two species
that are similar in size at metamorphosis have greater diet overlap, but as L. catesbeianus
becomes larger than L. clamitans their diets diverge (Werner et al. 1995). While little
work has studied how intrapopulation niche variation can influence species coexistence,
this line of research should be investigated in a large range of taxa to test for its

generality.

The relationship between individual size and trophic level in these frogs and toads is
not as simple as it might seem. The immediate explanation would be that as individuals
become longer they eat larger prey and those larger prey should be higher on the trophic
level. For many vertebrate taxa, individuals and species that are larger are assumed to
feed at higher trophic levels because they feed on larger prey (Brose et al. 2005). Larger
prey are assumed to be at higher trophic levels than smaller prey. However, amongst the
arthropods that comprise the diets of the majority of our frogs and toads, there is no clear
relationship between trophic level and body size (Brose et al. 2005). Indeed, many of the

largest arthropods in our study sites were orthopterans, which are primary consumers
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(Cloyed, personal observations). This suggests that larger individuals may not merely be

selecting larger prey but may be selecting prey that are themselves predators.

Intrapopulation niche variation associated with individual size may result from both
ontogenetic change and individual variation. While frogs are indeterminate growers and
longer individuals are often older, tadpole development and size at metamorphosis will
also determine how long an individual becomes (Collins 1979; Ficetola and Bernardi
2000). Faster-developing tadpoles may be shorter at metamorphosis and subsequently be
shorter throughout their mature stages of life (Ficetola and Bernardi 2006). As a result,
the intrapopulation variation in size in our study species may be caused by both the
effects of ontogeny in indeterminate growers and inter-individual morphological
differences associated with tadpole development and metamorphosis. This may be
especially true of L. catesbeianus, a species in which individuals that overwinter as
tadpoles have very large body sizes at metamorphosis (Boone et al. 2004; Cloyed,
personal observation). However, better studies are needed to understand the link between
tadpole development and size at metamorphosis and how size at metamorphosis may

generate variation in the diets of adult frogs and toads.

Values of 8"°C also varied with size within A. americanus and L. catesbeianus. In
general, larger individuals of both of these species had higher "°C values (Fig. 5a, ¢). In
the smaller individuals, a small amount of the isotopes in their skin may have remained
from the aquatic tadpole phase, as the half-life of carbon isotopes in frog skin is about 90
days (Cloyed et al. in review). In larger individuals, any isotopic memory from the
tadpole stage or the post-metamorphic stage will have been lost. Indeed, others have

found ontogenetic shifts in diet between tadpoles and frogs using stable isotopes

135



(Jefferson and Russell 2008; Trakimas et al. 2011; Huckembeck et al. 2014). While L.
sphenocephalus did not overall have significantly higher 8"°C values with larger SVL,
there was an positive trend at several sites (Fig. 5e), indicating that they too moved away
from aquatic habitats as they grew larger. Lithobates clamitans, on the other hand, did not
show any overall trends between SVL and 8"C values (Fig. 5d), and L. clamitans may
continue to use more aquatic habitats and prey as they grow larger. Stomach contents
help illuminate niche differences among these ecologically and evolutionarily related
species. As mentioned above, both toad species take ants in much greater proportion than
any of the frog species (Fig. 6, Table 2). Toads frequently prey upon ants more than most
frog species (Toft 1980, 1985). However, A. americanus is more a generalist according to
stomach contents, while A. fowleri specializes on ants and coleopterans (Fig. 6, Table 2).
Lithobates sphenocephalus was the only species to take orthopterans in great numbers
(Fig. 6, Table 2). Non-flying, miscellaneous prey are more frequent than flying,
miscellaneous prey in the stomachs of all frogs and toads in our study (Fig. 6, Table 2).

This bias towards non-flying prey may result from difficultly in capturing flying prey.

Variation in the stomach contents among sites and across dates is likely
attributable to the frequency of each species at different sites and at different times of the
season. Several sites had relatively more A. americanus, A. fowleri, and L.
sphenocephalus and relatively fewer L. catesbeianus and L. clamitans. In stomachs at
those sites, ants and orthopterans were more common because ants were a common prey
type of both toad species and orthopterans were a common prey type of L.
sphenocephalus. At sites where L. catesbeianus and L. clamitans are more common,

beetles and other miscellaneous non-flying prey were more common stomach contents.
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Additionally, both toad species were more likely to be encountered earlier in the season,
as was L. sphenocephalus. Stomachs examined earlier in the season are likely to have
more orthopterans and ants compared to stomachs examined later in the season, which

are more likely to have beetles and other miscellaneous non-flying prey.

In our system, stomach contents provide diet data slightly differently than the isotope
data does. We found that stomach content analysis and stable isotope analysis each
provided unique perspectives of anuran diets and, when combined, aided in
understanding the multifaceted resource partitioning that can occur in natural
populations. In other studies on diet that have combined stable isotope and stomach
content data, many have found that the two-pronged approach provide two different
perspectives into diet and or habitat use (Polo-Silva et al. 2013; Bosley et al. 2014). In
many of these studies, stomach content analysis provides not only short term diet
information (Kolts et al. 2013; Connan et al. 2014), but can provide much more detailed
taxonomic information (Kolts et al. 2013; Polo-Silva et al. 2013; Bosley et al. 2014).
Stable isotopes can help inform trophic structures (Post 2002) and sources of carbon
when habitats and diets vary in their 8"°C values (Newsome et al. 2007). Other systems
have the ability to compare the same prey groups between stomach contents and stable

isotope analysis (Jansen et al. 2013; Ruiz-Cooley et al. 2000).
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TABLES

Table 1: Mean proportion (+SD) of each prey group by site.

Site Orthoptera Beetles Ants Misc. Flying Misc. Non-Flying

Back-of-Nowhere  0.11 (x0.07)  0.18 (z0.17)  0.14 (z0.05)  0.27 (x0.11) 0.30 (+0.09)
Cattail Puddle 0.08 (£0.04) 0.07 (£0.04) 0.06 (+0.06)  0.43 (+0.14) 0.37 (+0.12)
Honey Hole 0.08 (£0.08) 0.13(+0.04) 0.07 (+0.04)  0.25(+0.19) 0.47 (+0.19)
Mud Pond 0.13 (£0.11)  0.11 (#0.10)  0.08 (+0.13)  0.35 (+0.08) 0.33 (+0.17)
Platform Pond 0.13 (£0.03) 0.09 (+0.04) 0.20 (+0.08)  0.25 (+0.07) 033 (+0.11)
Tannin Pond North  0.01 (£0.02) 0.17 (£0.04) 0.29 (#0.11)  0.29 (+0.08) 0.23 (+0.07)
Tannin Pond South  0.06 (£0.03)  0.10 (+0.05) 0.19 (#0.12)  0.33 (+0.14) 0.33 (+0.15)
Vernal Pool 0.14 (£0.10)  0.08 (+0.08)  0.12 (+0.06)  0.21 (+0.12) 0.45 (+0.06)
Wilson Road North ~ 0.08 (x0.06)  0.13 (#0.07)  0.15(£0.10)  0.28 (+0.12) 0.36 (+0.09)
Wilson Road South  0.07 (x0.07)  0.12 (#0.05) 0.16 (+0.11)  0.35 (+0.14) 0.29 (+0.11)

138



Table 2: Results from between species permutation tests of Chesson’s alpha selectivity
index. Probability values have been Bonferroni adjusted. Negative t-values indicate that
the latter species in the listed pair take less than the former species. Anam= Anaxyrus
americanus, Anfo= A. fowleri, Lica= Lithobates catesbeianus, Licl= L. clamitans, Lisp=

L. sphenocephalus.

Species Orthoptera Coleoptera Ants Misc. Flying Misc. Non-
Interaction Flying
Anam-Anfo  t=-0.350 t=2.307 t=-0.344 t=-3.762 t=-5.027
p=0.363 p=0.007 p=0.326 p<0.001 p=<0.001
Anam-Lica t=0.0021 t=0.001 t=-14.03 t=2.9 t=1.96
p=0.494 p=0.495 p<0.001 p=0.001 p=0.019
Anam-Licl t=3.028 t=2.371 t=-10.79 t=3.226 t=1.336
p=0.001 p=0.006 p<0.001 P<0.001 p=0.077
Anam-Lisp t=3.552 t=-0.506 t=-5.968 t=-0.42 t=1.511
P<0.001 p=0.315 p<0.001 p=0.346 p=0.056
Anfo-Lica t=0.326 t=-1.079 t=-13.15 t=2.742 t=4.451
p=0.375 p=0.143 p<0.001 p=0.002 p<0.001
Anfo-Licl t=3.405 t=-2.031 t=-9.923 t=4.619 t=4.117
p<0.001 p=0.028 p<0.001 p<0.001 p<0.001
Anfo-Lisp t=3.707 t=-3.27 t=-5.522 t=1.244 t=2.739
p<0.001 p=0.002 p<0.001 p=0.098 p=0.002
Lica-Licl t=3.088 t=-0167 t=2.997 t=-0.272 t=-5.803
p<0.001 p=0458 p=0.001 p=0417 p<0.001
Lica-Lisp t=3.577 t=-2.1 t=1.159 t=-4.597 t=-1.642
p<0.001 p=0.025 p=0.116 p<0.001 p=0.06
Licl-Lisp t=2.307 t=-1.995 t=-0.392 t=-4.271 t=0.922
p=0.007 p=0.038 p=0.368 p<0.001 p=0.159
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FIGURE LEGENDS

Figure 1—a) Snout-vent length (mm) by species. Anaxyrus americanus and A. fowleri
were the smallest species, followed by Lithobates sphenocephalus and L. clamitans.
Lithobates catesbeianus was the largest species but also had the largest variance, with
individuals falling within the body size range of all other species. b) Distance to pond
(m) by species. Both toad species are infrequently found near ponds and A. fowleri
generally are found further from ponds than A. americanus. Lithobates clamitans and L.
catesbeianus have about an equal distance to pond, with both species frequently found in
the pond (negative numbers). Lithobates sphenocephalus is found further from ponds

than the other two frog species but closer than both toad species.

Figure 2—Stable isotope biplot with mean (+SE) of each species. Higher 8'"°C values
indicate more terrestrial diet and lower &"°C values indicate more aquatic diet. Red circle
= Anaxyrus americanus; orange triangle = A. fowleri; purple cross = Lithobates

catesbeianus; blue diamond = L. sphenocephalus.

Figure 3—a) 8" N values by species. Anaxyrus americanus, Lithobates clamitans, and L.
sphenocephalus have similar 8"°N values while L. catesbeianus has higher "N values
and A. fowleri has lower values. b) 8"°C values by species. Anaxyrus americanus and A.
fowleri have similar 8"°C values; L. clamitans and L. sphenocephalus have similar §"°C
values; L. catesbeianus has the lowest 8"°C values but also has the greatest variance and

overlaps with all other species.
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Figure 4—a) "N values by Snout-Vent Length (SVL). Higher 8N indicates higher
trophic levels. Red circle = Anaxyrus americanus; orange triangle = A. fowleri; purple
cross = Lithobates catesbeianus; blue diamond = L.
sphenocephalus. b) 8"C values by SVL. Higher 6"°C values indicate a diet based on
more terrestrial resources and lower 8'°C values indicate diet with a larger aquatic

component.

Figure 5—8"N values (top row) and 8"C values (bottom row) versus snout-vent length
(SVL) for each species: a) Anaxyrus americanus,b) A. fowleri, c) Lithobates
catesbeianus, d) L. clamitans, e) L. sphenocephalus. Open box = Back-of-Nowhere, open
circle = Cattail Puddle, right-side up triangle = Wilson Road North, cross = Wilson Road
South, open diamond = Platform Pond, open box with an x = Tannin Pond North, upside-
down triangle = Tannin Pond South, closed box = Honeyhole, closed circle = Mudhole,

closed triangle = Vernal Pool.

Figure 6—Mean Chesson’s alpha for each prey group on all species. All species prey
upon beetles about equally and all species prey upon miscellaneous non-flying prey than
miscellaneous flying prey. The two toad species, Anaxyrus americanus and A. fowleri,
prey upon ants the most. Lithobates sphenocephalus prey upon orthopterans more than
the rest of the other species. Red = A. americanus; orange = A. fowleri; purple = L.

catesbeianus; blue = L. sphenocephalus.
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Figure 6
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CHAPTER VI

SUMMARY AND FUTURE DIRECTIONS

SUMMARY

This dissertation has built a framework for considering the effects of population
diversity on sympatric speciation and used that framework to test hypotheses regarding
causes and consequences of between individual diet variation in a group of generalist
frogs and toads. In the second chapter, I explored many types of a population diversity
that can arise and how that diversity can affect speciation in sympatry. In the third
chapter, I used two controlled feeding experiments to determine important stable isotope
properties. In the first experiment, I determined the trophic discrimination factors for
skin, whole blood, and bone collagen in adult green frogs, Lithobates clamitans. In the
second experiment, I determined the isotopic incorporation rates for those same tissues. I
used stable isotope analysis in the two field study chapters and this data aided that
analysis. Additionally, this data will be valuable to other ecologists and conservation
biologists who study frogs and toads, a globally threatened taxonomic group. In the third
chapter, I measured the amount of individual specialization in five species of frogs and
toads and compared how different ecological parameters affect individual specialization
in each species. I found that different species had differing amounts of individual

specialization and that different ecological conditions supported individual specialization
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in different species. This is a type of diversity that can last indefinitely in natural
populations because individuals may switch between acting more as a specialist during
certain ecological conditions and as a generalist during other conditions. In the fourth
chapter, I investigated niche partitioning within the same group of frogs and toads and
how individual diet differences within species can affect that niche partitioning. I found
that diet variation within populations can decrease the interaction strength among
competing species, aiding niche partitioning and species coexistence. This increase in the
number of species within a community will result in the loss of ecological opportunity,
which is required for discrete resource polymorphisms to evolve. Therefore, individual
differences that support niche partitioning may help maintain themselves as indiscrete

variation within populations.

FUTURE WORK

Each chapter of this dissertation has opportunities for future research. The second,
fourth, and fifth chapters of the dissertation provide valuable insights into eco-
evolutionary dynamics. As such, they provide us with hypotheses that we can use to
better understand the relationships between ecological conditions and evolutionary
dynamics. The third chapter provides vital information for ecologists and conservation
biologists studying anurans and begins to fill a taxonomic gap in our knowledge of
trophic discrimination factors and isotopic incorporation rates. We will separately discuss

the potential future research that each chapter generated.
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There are many potential avenues of research that arise when considering the
evolutionary outcomes of sympatry from the framework presented in this chapter. First,
we need more documentation of individual diet variation and the mechanisms behind the
variation. Increased attention needs to be paid to the genetics of these individual diet
variations and researchers need to test how different genetics may lead to sexual
dimorphism, protected polymorphisms, or cladogenic polymorphisms. Second, future
research can attempt to gain a better understanding of the two types of cladogenic
polymorphisms, those arising from developmental plasticity versus genetic variation.
Researchers can work to document incidences in which morphs develop or have
developed from both routes and the rates of speciation associated with each of these types
of cladogenic polymorphisms. More research can test the hypothesis that the effects of
fluctuating population levels and fluctuating intraspecific competition on selection
pressures result in stable polymorphisms. In order to understand the final difficult steps of
sympatric speciation, the relationships between genes promoting divergence of ecological
trait(s) and the genes promoting reproductive isolation must be elucidated. Finally,
invasive species biologists can help illuminate the role that sympatric diversification has
on the colonization success of exotic species by linking the diversification processes that

occurred in sympatry with the invasive ability of different subsets of the population.

While our controlled feeding experiments begin to add amphibian data to the
general understanding of trophic discrimination factors and isotopic incorporation rates,
more experiments need to be done on more species and on more tissues. Do these
properties vary among families? For instance, do toads have different values for these

properties than true frogs? And are there differences in species in tropical environments
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or for species adapted to more arid environments? Studies of this nature may be able to
divide whole blood into red blood cells and blood plasma, the latter of which would have
a very short halflife. Additionally, studies may include tissues such as ligaments and
muscle, as they may have more intermediary turnover times between skin and bone

collagen.

In the five species of frogs and toads that we studied, there was overall a low
amount of individual specialization when measured with stable isotopes and a much
greater amount when measured with stomach contents. Stable isotopes are likely to
underestimate the degree of individual specialization because of the coarse division of
prey groups. Stomach contents are likely to overestimate individual specialization in most
systems because it assumes that an individual’s entire diet breadth is captured in that one
sampling event. Studies that use several different methods to describe diets should be
used to best determine how to measure individual specialization. In particularly, those
studies should combine stable isotopes with multiple other methods such as stomach

content and fecal analysis on repeatedly captured individuals.

In addition to studying the best way to measure individual specializations, future
work can expand on how individuals’ diets respond to different ecological conditions.
While our study shows that ecological parameters can increase or decrease individual
specialization and that these parameters may vary among species, we do not track
individuals as they become more specialists during certain ecological conditions and
become generalist during other conditions. Manipulative laboratory studies on
invertebrates could be performed in which individuals are subjected to periods of high

and low resource diversity and their dietary decisions are compared between the two
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periods. Likewise, similar studies can be performed using different conspecific and

heterospecific densities.

Finally, very few studies have investigated the effects of intrapopulation niche
variation on niche partitioning. In addition to the chapter in this study, we are only aware
of one study (Lasky et al. 2014) that empirically showed that variation within populations
can aid niche partitioning. However, we do not know how general this relationship is. We
encourage more studies on niche and resource partitioning to include individual
differences in diet and/or another important niche parameter. With a better understanding
of when and how these individual-level differences aid niche partitioning, we can better
understand how this relationship could help maintain indefinite and indiscrete,

ecologically relevant population variation.
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