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ABSTRACT

Behavioral interactions among individuals can have complex effects on trait evolution. In
this study | quantify the strength of correlation between aggressive and advertisement calls in the
chorus frogPseudacris feriarugto assess whether male-male aggressive interactions may have
contributed to observed patterns of reproductive character displacement (RCD) in the
advertisement call. Male frogs use aggressive vocal signals in defense of calirzgpdite
facilitate spacing in breeding choruses. Males that successfully defend their dtalingly
benefit from higher reproductive success. Consequently, intrasexual selection may act on the
evolution of aggressive signals. Selection acting on one call type (aggressive or advertisement)
could promote evolution of other calls in the vocal repertoire via indirect selection. If call types
are evolving together, selection on aggressive signals may indirectly cause RCD of
advertisement calls. Given the similarities of aggressive call charactetsthe displaced traits
of advertisement call characteristicdHseudacris feriaruml hypothesize that maiaale
aggressive interactions may have influenced the observed RCD in advertisement signals. To
assess whether this is a possible mechanism of observed RCD in populafofesiafum |
compare aggressive and advertisement vocalizations among individuals and across populations
to determine if call types covary and may be evolving together. Both advertisement and
aggressive calls were recorded from the same individual and an average of 15 individuals were
recorded per population. Populations targeted include those where RCD has been observed (FL,
GA and SC - sympatry) and where it has not been observed (AL, NC, VA and SC - allopatry).

| find that all homologous signal traits measured between call types are positively
correlated, and that patterns of character displacement are largely consistent bdiwgesca
Furthermore, evidence suggests strong selection on both signal types, supporting a role for
intrasexual selection in contributing to character divergence in this species. Thisréssarc
important implications for our understanding of the mechanisms of character displacement and
the evolution of vocal signals in anuran amphibians. Intra- and intersexual selection may not be
mutually exclusive forces driving character divergence (Berglund 1996). This research
contributes to our understanding of the mechanisms of character displacement by exploring an
understudied potential agent of selection in promoting signal divergence: intrasexual selection

via male-male competition. Research in reproductive character displacement has long focused on
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inter-species interactions. Few studies have examined the role of aggression in reproductive
character displacement (but see Adams 2004; Grether 2009 for interspecific aggression studies)
and to my knowledge no study has probed the role of intraspecific competition in influencing
reinforcement. If traits contributing to RCD exhibit correlated variation with other secondary
sexual traits, then it becomes necessary to re-evaluate the target(s) of selectigrstdiisss

ideal for addressing these questions because it has multiple lines of evidence in support of RCD
via reinforcement, asymmetric character displacement resulting in study populations of high
variability in the traits of interest, a lek breeding system in which it is likely that bothlde

choice and male-male competition play a role in mating success, and structurally similar
secondary sexual characteristics used in mate choice and conspecific competitidit (acous
signals) which may evolve together given the likelihood of genetic constraints on anuran call

production.



CHAPTER ONE

DESCRIPTION OF ADVERTISEMENT AND AGGRESSIVE SIGNALS IN
PSEUDACRIS FERIARUM

Introduction

Acoustic signals mediate mate choice, resource defense, and species recognition (Wilkins
et al. 2013). These functions are often critical to the reproductive fithess of acoustigaling
organisms and therefore acoustic signal divergence has been a focus in speciation research.
Sexual selection is considered a driving force in acoustic signal divergence (Searcy & Andersson
1986; Jones 1997, see Wilkins et al. 2003 for review). Previous research, however, has focused
on the role of mate preference for advertisement signals in promoting divergence, while few
studies have explored the role of intrasexual selection in this process. Furthermore, genetic
correlations of different signal types in the vocal repertoire of a species may confound our
interpretations of the forces contributing to the evolution of communication mechanisms.

In the first chapter of this thesis, | characterize the advertisement and aggressivie calls
the upland chorus frog, while in the second chapter | examine the relationship between call
types. Quantifying the strength of phenotypic correlation between aggressive and advertisement
calls in the chorus frodseudacris feriarumprovides some indication as to whether nrabde
aggressive interactions may have contributed to observed patterns of reproductive character

displacement.

Study System

The upland chorus fro,seudacris feriarumis a small hylid tree frog occupying much
of the eastern continental U.S. It inhabits uplands in the Piedmont and lowlands where its range
extends into the Coastal Plain, often following river drainage systems. Grassy swales, moist
woodlands, river-bottom swamps and areas surrounding ponds, bogs and marshes make up the
primary habitat of this species (Conant and Collins 1998). Breeding takes place between late
December and early April. In southern parts of its range breeding typically takes place earlier in
the season. Breeding aggregations form after initial cooling and subsequent warm rains. Males of
the species call for several weeks to months. Females often arrive synchronously, pyesumabl
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stimulated by calling aggregations of males and the appropriate environmental conditions, and
will typically finish breeding within 3 nights post arrival (personal observations).

Much of the early taxonomic work on tRseudacrigtrilling frogO species group focused
on dorsal patterns, morphological features, electrophoretic data, acoustic characters and habitat
preferences (Schwartz and Schwartz 1952; Schwartz 1957; Hedges 1986; Cocroft and Ryan
1995). Extensive phylogenetic analyses conducted by Lemmon et al. (2004, 2007a,b) elucidated
relationships within the genus and provided further insight into the patterns of speciation in this
group. Lemmon et al. (2007b) found support for two genetically distinct coastal and inland
clades ofP. feriarum,with the Coastal clade &f. feriarumshowing recent northward expansion
(Lemmon and Lemmon 2007b, Lemmon and Lemmon 2008). Inland and coastal clades of
feriarumexperience different levels of secondary contact with congeners. Interactions between
these congeners, past and present, have likely influenced contemporary acoustic signals since
acoustic traits are the primary cues used in species recognition and mate discriminiaison in t
group (Blair 1964).

Congeners are thought to influence male and female reproductive behavior at syntopic
breeding sites. When congeners coexist in sympatry, spatial and temporal segregation as well as
character displacement may result as a consequence of maladaptive heterospeeadtoim
(Brown and Wilson 1956). These interactions between species may also intensify interactions
within species. For instance, a shortened breeding season and/or higher density of individuals
occupying limited suitable habitat could stimulate a shift in the social context diifiyee
aggregations, thereby causing a species to undergo behavioral divergence (or evolution) (Leary
et al. 2008, Leary 2014). In the context of sexual selection in frogs such behavioral adaptations
include changes in mate discrimination and modifications in male calling strategies.

Reproductive character displacement (RCD) is the evolution of a prezygotic isolating
trait in sympatry to prevent maladaptive hybridization (Brown and Wilson 1956, Howard 1993).
Pseudacris feriarunmas undergone RCD in its advertisement signal in several populations where
it has presumably come into secondary contact with congéhergyrita andP. brimleyi
(Fouquette 1975, Lemmon 2009). RCD in this species is driven, at least in part, by intersexual
selection via female choice for advertisement signals of conspecific mates gne2®09;

Lemmon and Lemmon 2010). Advertisement signals have diverged in different call
characteristics (pulse rate and/or pulse number) in different populations. The direction of signal



evolution may be influenced by varying combinations of closely related species present in the

community withP. feriarum

Aggressive Calls and Behavior in Anurans

In anurans, aggressive calls are primarily used to defend calling sites and mediate inter-
male spacing in breeding choruses (Wells and Schwartz 2007). In some cases this behavior may
also be directed towards male congeners (Schwartz and Wells 1984). Males that successfully
defend their calling site likely benefit from higher reproductive success by reducing signal
interference with near neighbors and gaining access to females. Territorial defense W@ acous
signaling between males has been shown to affect mating success in birds, bats and anurans
(Yasukawa et. al 1980; Behr et al. 2006; Meuche et al. 2012). To my knowledge, there is nothing
known of the differential mating success of males that successfully defend ternitories
Pseudacrisbut there is information suggesting that males that do not successfully defend calling
sites are at a disadvantage in terms of mating su®at&dlite males have been identified in
several species éfseudacrifRoble 1985; Platz and Lathrop 1993; Owen 2003) and Platz and
Lathrop (1993) never observed a satellite male obtaining a mate even though 60.5% of choruses
of Pseudacris triseriatavere observed to have at least one satellite male. Chorus tenure is often
cited as a predictor of male mating success (Wells 2007) suggesting that males tlaant maint
calling site and tenure in the chorus likely benefit from higher reproductive success.
Consequently, male-male competition for calling sites may result in differentisgvsatccess
in Pseudacris feriarumAnurans often mediate agonistic encounters with the use of aggressive
signals; therefore the characteristics of aggressive signals may be subject twualrsslection
in male-male competition.

Aggressive calls in frogs may take forms similar or dissimilar to other calls in the vocal
repertoire and can be complex or relatively simple. When structurally similar to advertisement
calls, aggressive calls tend to differ in temporal characteristics (number of notes, arfd rate
notes), or call repetition rate (Wells 2007). When call types are structurally different they may be
composed of different kinds of notes within a call, different frequencies, and may either be
pulsed or pure tone calls (Wells 2007). In addition, some frogs produce graded aggressive signals
(Grafe 1995; Wells and Schwartz 1984b) and at least one species has been described as

producing aggressive calls on a continuum (transitioning from advertisement to aggressive) in



response to decreasing distance between male#\(eig crepitansWagner 1989b). Signal

plasticity in the production of graded aggressive signals is thought to allow males to display
aggression toward other males while maintaining some level of attractiveness tsfaMaile

most studies find aggressive calls to be unattractive to females (Wells 2007), kim@eo4)

found that female cricket frogé\¢ris creptian} preferred calls with temporal properties typical

of interacting males to calls of undisturbed males. The authors suggest that grading of aggressive
signals may be a way to increase attractiveness to females. Additionally, Marshg2@02)

tested spring peepeilRseudacris cruciferin binary choice experiments to assess the strength of
female choice on varying proportions of aggressive and advertisement signals. They presented
females with two stimuli: one that contained a ratio of aggressive and advertisense(et tber

25:75 %, 50:50 %, 75:25 % aggressive) and one that strictly played advertisement or aggressive
signals. They found 25-50% of females chose a stimulus that contained a proportion of
aggressive calls relative to stimuli broadcasting only advertisement calls. Thistsubges
aggressive signals may not be entirely unattractive to females, and in some cases may even be
more attractive in certain social contexts such as high chorus density. Furthermore, these two
species are closely related to the focal species of this study, suggesting thdtpdhsitihe
behavioral responses of both sexes to aggressive and advertisement call types may also be
similar in this system.

Among Pseudacrisaggressive and advertisement calls are structurally very similar
(Figure 1.1). IfPseudacris feriarumboth aggressive and advertisement calls have similar
spectral characteristics but differ in temporal characters. For example, aggrelésivaveaa
higher pulse number and pulse rate. Owen (2003) used a phylogenetic comparative method to
investigate the evolution of advertisement and aggressive call types across thesgeniagris
He concluded that the two call types are not independently evolviPgeindacrispecies, and
that aggressive calls of each species were more similar to their respective eteartisall than
they were to calls of another species in the genus. In a comparison of aggressive and
advertisement call types in the fraggndropsophus ebraccatumany aggressive and
advertisement call characteristics were shown to covary within a population (Reichert 2013a).
These two studies lend support to the possibility that structurally similar aggressive and

advertisement calls may exhibit correlated trait evolution.



If call types are evolving together by genetic correlation of signal types, selection on
aggressive signals may indirectly result in RCD of advertisement calls. This scenario is
significant because it illustrates how multiple processes may be driving the pattern af RCD
advertisement calls rather than the single process (reinforcement) suggested by Lemmon (2009)
and Lemmon and Lemmon (2010).

Methods

Data Collection

Aggressive (AGG) and advertisement (ADV) calls were recorded from individual males
in target populations that span the observed variability in advertisement calls. Target populations
included those in sympatry (FL, SC: Colleton and GA, VA) wherieriarumhas undergone
RCD, and sites in allopatry (SC: Greenwood and NC) where RCD has not occurred (Fig. 1.2).
AlthoughP. feriarumfrom Alabama (AL) have not undergone RCD, they are not allopatric, and
instead are in the presence of the mountain chorusHsaydacris brachyphona

Recordings of advertisement calls and aggressive calls from each male were collected
using a Fostex (FR-2LE) recorder and Sennheiser directional microphone (ME-66). First,
advertisement calls were collected from non-provoked males. Then | presented males with a
playback stimulus of a synthesized or recorded advertisement call to elicit aggressiviheal
aggressive call is produced when the aggressive threshold, defined by the lowest amplitude
required to elicit an aggressive response, has been reached. The threshold is positively correlated
with the amplitude of the nearest calling neighborOs advertisement call (Rose & Brenowitz
1991). If the stimulus presented initially is above the aggressive threshold, the focal male may
abandon his calling site (P. Owen, personal communication). Given this feature of aggressive
behavior, the playback stimulus was presented initially at low amplitude. If an aggressive
response was not elicited at the initial dB level of the playback stimulus, | playedribisti
again after 30 seconds, increasing the amplitude by roughly 4 dB until the threshold was reached
and an aggressive call produced. The amplitude at which the aggressive threshold was reached
was not measured. However, it was relatively easy to identify aggressive calls from
advertisement calls as males typically exhibited behavioral modifications such asapisonot
towards the speaker, and produced calls in short bouts (3-5 calls) relative to advertisement calls
that were distinguishable by ear, identified by increased pulse repetition rate and pulse number.
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Similar methods of eliciting aggressive calls from frogs have been used in the literature
(Marshall et al. 2003; Owen 2003; Owen & Gordon 2005). A list including which stimulus type
was used for each male can be found in Appendix A (A.4).

Early on during the course of the playback experiments | used only a synthesized
recording with mean characteristics of allopaideriarum(Allo_Synth_16C). This stimulus
was generated by Alan Lemmon using a custom script in conjunction with the program
JOSHSYN written by JJ Schwartz. Temperature affects temporal properties of {{Betisll
1957; Gerhardt and Huber 2002; Narins et al. 2005) and males are likely only to recognize and
respond to acoustic stimuli that have appropriate temporal properties. | also used natural
recordings of males in the field as playback stimuli when the ambient temperature was very
different from the temperature at which the primary stimulus was synthesiz€d, Tits
method resulted in the use of 11 different stimuli in the field. For a complete list of #reliff
stimuli used in the playback experiment, their characteristics, and which individuals were
presented with each stimulus type see Appendix A (Table A.2, A.3 and A.4 respectively).

A total of 97 individuals were recorded for both call types. On average 22 (n = 7-62 calls)
advertisement calls, and 19 (n= 2-107 calls) aggressive calls were collected for each individual
(See Appendix A; Table A.5). Individuals for which fewer than two calls per call type were
recorded were excluded from further analyses. After recording, each male was captured by hand.
Snout-vent length and temperature data was recorded and used in analyses to test for their effect
on call characteristics. If a significant relationship with temperature existedhaeacteristics
were corrected for temperature prior to statistical analyses.

Sound Analysis

Acoustic signals were analyzed in SoundRuler (v9.4.0) and call variables important for
species recognition (Gerhardt & Huber 2002) were extracted from the SoundRuler raw output
values using a script written in JAVA by Alan Lemmon (Extractor4.0). For each male and each
call type the average of each call characteristic was calculated. A congiletethie call
variables analyzed and a description of their measurement can be found in Appendix A (Table
A.1). Frequency measurements were taken from spectrograms generated with fast fourier
transform (FFT) length of 1024 and 900 samples of overlap among subsequent FFTs. A total of

2082 advertisement and 1860 aggressive calls were measured.



Temperature Correction

Call variables were corrected for temperature prior to further statistical analyses when
they were strongly affected by temperature. The temperature correction involved estimating, for
each variable, the slope of the line of best fit to the regression of that variable on temperature,
taken at the time of recording. Each variable and each call type was tested separately for a
relationship with temperature. Population specific temperature corrections were done for
sympatric localities (Colleton Co., SC, FL, GA, VA), because calls are known to vary in
different parameters in sympatry due to patterns of character displacement. | applied a single
temperature correction for all allopatric localities (AL, NC, and Greenwood Co., SC pooled)
because these populations were not expected to have significant differences in thgir calli
characteristics (Lemmon 2009).

The temperature correction follows that of Platz and Forester (1988) who use the value of
the slope of the regression of each call variable on temperature to convert the calls to a common
temperature. The slope is used in the following formula to convert all call charactassfics
they were recorded at the same temperature. A common temperatuy€ efdchosen for the
conversion because this was the average temperature at the time of recording for all males in t
data set. The formula used is as follows:

e N L N DL B B T (S Y
where (CV) represents the call variable, (T) the temperature of the water in which the male was
calling at the time of recording, aht ! the slope of the regression of the call variable on the
ambient &mh) temperature.

Aggressive and advertisement calls were temperature-corrected in the same way when
temperature affected them in the same way, i.e. slopes equal (ANCOVA; p<0.01). It is important
for this analysis that temperature effects be corrected in the same way for the tyyoesaith
order to compare calls directly. For each call variable | used ANCOVA to test for equal slopes in
the regression of the variable on temperature. When slopes were not significantly different
between call types, | averaged the two slopes (! ! » , !/2] and used the average slope of

the relationship to correct ADV and AGG call characteristics for temperature, assfollow
e O (A s Y| R R O B Y (< )



Normality

Normality was assessed using a Shapiro-WilkOs test (alpha = 0.05) in JMP Pro 11.0 after
temperature correction procedures described above. Normality was assessed for each call
variable separately, by locality and call type. Taken together this resulted in 110 separate test
for normality (5 localities x 11 call variables x 2 call types). For each call variable thexeawe
total of 10 different tests for normality (5 localities x 2 call types). If more than 1/10 of these
combinations had a non-normal distribution, I transformed the variable for all localities and call
types, otherwise | did not transform the variable. Because | wish to make comparisons between
call types I transformed both call types, even if only one of the call types showed significant
departure from normality. Seven of eleven variables were non-normally distributed for one or
more localities, but only 3 variables consistently had a non-normal distribution (i.e., multiple
localities had a non-normal distribution for 3 variables). For the four variables that only had a
non-normal distribution in one locality or call type, | did not transform the variables. The other 3
of 11 call variables, mean pulse shape on, mean pulse shape off, and call shape were not
normally distributed and were normalized using logit, exponential, and log normal (base 10)
transformations, respectively. All data transformations were done in JMP Pro 11.0.

Effect of Using Different Stimuli on Pulse Number: Response of Males to Different Stimuli
Within a Locality

It has been demonstrated that males sometimes respond to calls of other males by
matching their call characteristics, especially the number of notes in the call (&ch9&6;
Velasquez et al. 2014). Therefore, when more than one stimulus was used for a given population
(NC, SC, and VA) | tested for an effect of the stimulus type on the malesO aggressive and
advertisement pulse number characteristics within the population. In most cases (except VA) |
excluded from these analyses stimuli for which 3 or fewer individuals were tested. |
subsequently subsampled the data randomly to ensure equal sample sizes among stimuli and
within each locality. If the playback stimulus had a significant effect on pulse numberct expe
that presenting different stimuli (with different pulse numbers) in a given locality wasud ne
males responding with differing mean pulse numbers in their ADV and AGG calls.



Effect of Using Different Stimuli on Pulse Number: Response of Males to the Same
Stimulus Across Localities

A total of 48 individuals that were recorded for both ADV and AGG calls were exposed
to the same stimulus, 16C_Allo Synth. | used these data to test for differences between
populations in pulse number when the same stimulus type was used in playback experiments. |
chose to exclude the VA locality from this analysis because it was only represented by two
individuals for the 16C_Allo Synth stimulus. Therefore this analysis included a total of 46
individuals. Differences in the mean pulse number across localities (t-test, ANO\éAgstad
for each call type separately, and F-tests were conducted first to meet assumptions of
homogeneity of variance prior to using t-test and ANOVA. | chose to only test for an effect of
the stimulus on pulse number because anurans have been shown to match calls of playback
stimuli in pulse number (Velasquez et al. 2014). Therefore, if there were a significanoeffec
the stimulus on pulse number, | would expect that males from different localities would respond
similarly to the same stimulus, eroding any true population differences in pulse number that
might be detected.

If the stimulus pulse number (Allo_Synth_16C; n = 19 pulses) had a strong effect on the
average pulse number of the ADV and AGG calls produced by a given male, | would expect
there to be no significant difference in the average pulse number of the ADV and AGG calls
produced by males at different localities. In other words if the stimulus used had a significant
effect on the focal male in the playback experiment | would expect that the response of these
males would be homogenized across populations, such that all males would respond similarly
with respect to pulse number.

Accuracy in Defining Call Types

Discriminant Function Analysis (DFA) is a multivariate method that identifies Hoed
maximize discrimination between groups and minimize overlap between them. It also can be
used to identify predictor variables that contribute most to the variation between groups. | used
DFA to (1) identify the accuracy with which | was able to define aggressive and advertisement
calls both within and across individuals and (2) determine which variables contributed most to

the variation between call types.



Accuracy in defining call types was assessed at two levels; within individual amales
across males. For the within-males analysis | analyzed every call a male madenmdiagec
session, which included three call types: advertisement and aggressive calls and alllsther ¢
(classified as intermediate; INTM). Note that these data are not temperature dprectre
they normalized because the analysis is done at the level of the individual, and in thissease the
conversions of the data are not necessary. This is because a single individual was recorded at
only one temperature. A subset of the total number of individuals recorded in this study (N = 43)
were analyzed for all recorded calls a male produced. Individuals from all localities were
included in this subset of the data to represent the species as a whole. Pre-defined groups (ADV,
AGG, INTM) were compared to those predicted by the discriminant analysis to generate a
percent accuracy value in defining groups. Percent accuracy is determined by measuring the
concordance between calls | identified as belonging to a certain class and those thmargcrim
analysisclassifiedto each class for each individual. For all individuals (within-males DFA) |
took the average of this value as the overall measure of accuracy in defining calls. For the across-
male DFA | used the average call characteristics for each male where callaistiestvere
both temperature corrected and transformed as described above. Therefore, for each male only
two calls were analyzed for the across male data, one ADV and one AGG call (N =97 x 2 call
types = 194).

Variables Discriminating Call Types

DFA can also be used to identify predictor variables that contribute to the maximum
difference between groups. The discriminant function is a linear combination of variables that
maximizes the difference between groups, here, call types among individuals. | used DFA to
identify the call variables that best differentiated call types. The DFA was pedarmthe
complete call data set of 97 individuals with two groups ADV and AGG call types, for which the
mean call variable was used for each male and each call type. These data wereutemperat
corrected and normalized as described above.

Comparing Means of Aggressive and Advertisement Signals
A central question in comparing signal types in this species is how shared call
characteristics differ between them. | used multiple t-tests to test for different® mean
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values of each call characteristic, with sequential Bonferroni correction for 11 comparisons of
call characteristics (Rice 1989). F-tests were used prior to these analyses to identify the
appropriate t-test for equal (studentOs two-sample t-test) or unequal variances (WelchOs two-
sample t-test).

Variability of Aggressive and Advertisement Signals

The variability in call characteristics both within and between males was ¢atttda
determine (1) if AGG calls are more variable than ADV calls, and (2) if the amaia-
variation is higher than within male variation for a given call characteristic. The ceetfiot
variation (CV) is a useful metric for describing variability and represents the standard deviation

as a percentage of the meén ( ('IT) 1" 1. These values have been used to describe call

characteristics as either static or dynamic traits in the evolution of femalespiedef anurans
(Gerhardt 1991, Reichert 2013a). Dynamic traits (CV > 12%) may be subject to strong
directional selection and static traits (CV < 5%) may be subject to selectionstediiizing or
weakly directional. | use this metric to further understand which traits of aggressive and
advertisement calls may respond to selection and if patterns of variability diffes acros
geographic localities.

Calculations for CV were made for pooled allopatric localities and each sympatric
locality separately on the average call characteristics for each male, and includenpettatiere
corrected and transformed variables. Logit transformed values for pulse shape on were excluded
from these analyses because this transformed variable included negative and positiveovalues
which a mean and standard deviation could not be calculated.

Additionally, the CV was estimated to determine the variability of a call chardicteris
both within males (CVw) and among males (CVa). CVw is calculated by using the raw trait
values for each male (not temperature corrected, nor transformed) to calculate the standard
deviation as a percentage of the mean. Then the average of the CVw values for each male was
taken to estimate the CVw for a given locality. The CVa is calculated by taking the standard
deviation of a call characteristic for all males from a given locality (temperaitnected and
transformed variables) divided by the mean for all males in that locality. Finally theadMzec
divided by CVw (CVa/CVw), which represents the amount of among male variation for a given
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call characteristic with respect to the variability within males. A value gréwterlt indicates a

variable for which there is greater variation among males than within.

Results

Temperature Correction

Variables significantly affected by temperature include call rate, call duration ard puls
rate. In two cases, the slopes were significantly diffddept, ! !! . !, therefore | corrected
each call type in these localities separately. In both Colleton Co., SC and in allopatry (AL, NC,
Greenwood Co., SC data pooled) the slope for the regression of the call variable call rate, was
significantly different between call types. Therefore call rate was corrected for gsizigpa 1
above for each call type separately for those two localities. For all other variablegiallopat
localities (AL, NC, and Greenwood Co., SC) were pooled and individualsO calls from these
localities were corrected with the same formula, while sympatric localitiess soerected with
region-specific temperature corrections (Colleton Co., SC, FL, GA, VA). A complete list of the
data used in the temperature corrections can be found in the appendix (Table A.6 and A.7).

Effect of Using Different Stimuli on Pulse Number: Response of Males to Different Stimul
Within a Locality

Given that multiple stimuli were used in the playback experiment, | tested for an effect on
the pulse number of malesO advertisement and aggressive calls when exposed to different stimul
| found that there was no significant difference in the response of males to differentistitimeli
same locality, with respect to call type using a t-test (NC and SC; two stimuli in eachtipopula
and a one-way ANOVA (VA, four stimuli). In NC there was no difference in the mean pulse
number response of males in either ADV or AGG signals when comparing the use of
Montgomery_6.2C stimulus and Montgomery_8.7C stimulus (p = 0.739, N = 7,6). Similarly, in
SC there was no difference in the mean pulse number response of malesO ADV and AGG signals
when tested with the Colleton_11.8C stimulus versus the Allo_Synth_16C stimulus (p = 0.108,
N =5, 5). Lastly, when comparing the use of four different stimuli used in Virginia (One-way
ANOVA) | find that there was also no significant difference in the mean pulse number response
of malesO advertisement and aggressive calls across the stimuli tested (p = 0.808, N = 4, 3, 4, 5).

Refer to Table 1.1 for a complete list of results. These results suggest that within ag@opulati
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there is no difference in the mean pulse number of individualsO AGG and ADV calls when
exposed to different stimuli. Therefore, | do not find evidence that using different stimuli had a
significant effect on malesO pulse number response, justifying including all individuatsawithi

locality/population for analysis.

Effect of Using Different Stimuli on Pulse Number: Response of Males to the Same
Stimulus Across Localities

Population level differences were evident in the response (pulse number) of males to the
same stimulus in both malesO advertisement calls (ANOVA;= 31.46, p < 0.0001) and
aggressive calld (y» = 10.81, p < 0.0001)(Fig. 1.3). A list of means and standard deviations are
provided in Table 1.2. These results further support the inclusion of all individuals tested with
different stimuli in the analyses, and suggest the stimulus used did not have a signfecant ef
on the average pulse number of AGG and ADV calls at each locality.

Accuracy in Defining Call Types
Percent accuracy in defining within-male call groups (ADV, AGG and INTM) was
estimated at 89.04 +/- 5.33%. Most of the discrepancy was due to inclusion of the intermediate
(INTM) calls, as when this analysis was redone to include only ADV and AGG calls thetpercen
accuracy was 99.49 +/- 1.56%. To determine whether INTM calls were more similar to ADV or
AGG calls | ran the analysis coding INTM calls as both ADV and AGG. When INTM calls were
coded as ADV calls the percent accuracy was 98.36 +/- 2.09%. When INTM calls were coded as
AGG calls, the percent accuracy in defining groups dropped to 90.5 +/- 5.35%. This suggests
that INTM calls are more similar to ADV calls than to AGG calls. This resglbmsistent with
Owen (2003) who demonstrated that unlike oPegudacrispeciesP. feriarumdo not show
strong evidence of grading their signals in a transitional manner from ADV to AGG signals.
The percent accuracy in defining ADV and AGG calls when using the average call
characteristics for each male (across males DFA) was 98.45%. Three of the ninety-¢&ven cal
classified as AGG calls were predicted to be ADV calls in the DFA. Thestasssied
individuals were from AL, NC, and VA, which are all localities in which the vocal signal is not
displaced. This suggests that aggressive calls recorded in non-displaced locayities more
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similar to advertisement calls recorded in displaced localities. Taken togbdser résults
suggest an ability to separate the call types for further comparisons between them.

Variables Discriminating Call Types

Because there are only two groups (ADV and AGG calls) to discriminate there is only
one resulting discriminant function. The resulting discriminant function (WilkOs Lambda =
0.189, p<0.0001) clearly separates the call types into two distinct groups (Figures 1.4, 1.5). The
variables most correlated with the linear discriminant function are call rate, callydlgy gulse
number, and pulse rate, meaning these variables contribute most to the differences between ADV
and AGG call types. Standardized scoring coefficients are listed in Table 1.3 and can be
interpreted as the relative importance of each variable in predicting call type. Scoring
coefficients (after standardization to account for variation due to scale of measurement) a
useful in deciding which variables affect classification of groups the most, in other words it
provides information as to which variables were most important in discriminating groups. Higher
coefficients mean that the variables contributed more to the discrimination between groups.

For the variables that had high standardized scoring coefficients | used bipartition plots to
show the separation between sets of related variables. Pulse number and pulse rate, and call duty
cycle and call rate are inherently related variables. Pulse number and pulse rate tend to covary
across the species calls (all populations), and call duty cycle is determined in some gdhart by ca
rate, where call duty cycle 2##$%&"()*$, "#1"#$ ' ' ). Bipartition plots show both the mean
centroids for each call type, and their position with respect to the discriminant axis.dllysenti
the DFA is repeated for each of these sets of variables, and the plots provide a visual for the
separation between call types when a subset of the most important variables in disegmina
call types are considered in the model (Figure 1.4).

Taken together, the results suggest an ability to clearly define aggressive and
advertisement calls. It also demonstrates that the variables that most cleairlyicise
aggressive and advertisement calls are call rate and call duty cycle, followed by pudse rate
pulse number. This analysis confirms observations in the field and suggests that males are
modifying advertisement calls when producing aggressive calls, mostly by increasing the rate at
which the calls are given which in turn increases the calling effort (call duty cycle). Adijtiona

pulse rate and pulse number are increased in the process.
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Comparing Means of Aggressive and Advertisement Signals

Aggressive and advertisement calls differ in several characteristics. | find thabthe t
call types differ significantly in 5 of the 11 call characteristics quantified. Whemeasavere
unequal | used a WelchOs Two SampledT-otherwise | used a standard Two Sample T-test.
Results from this analysis are listed in Table 1.4. Call characteristics that afieangi
different between call types are pulse number, pulse rate, call duty cycle, call rate and puls
duration (ttest, sequential Bonferroni correction). In all but one case, for the variable pulse

duration, mean values of aggressive calls are greater than those of advertisement calls.

Variability of Advertisement and Aggressive Signals

The primary use of the coefficient of variation was to determine if AGG calls are more
variable than ADV calls, and if the among-male variation is higher than within-maleoariat
for a given call characteristic. To address the first question | calculated the CV both veiksn m
(CVw) and among males (CVa) for each locality as described above. To address the second
guestion, | compared the ratio of these two coefficients (CVa/CVw) to determine if anadag-
variation is higher than within-male variation for a given call characteristic. In generacAlGG
characteristics are more variable than ADV call characteristics when taking intdecaisn
the variability in call characteristics both within and among males. Within male Vigyiabcall
characteristics was generally less than among male variability. A completediginvoAnd CVa
results are provided in Table 1.5.

Variability both within and across acoustic signals of males was generally greater in
aggressive calls than advertisement calls. Static call variables (CV < 5%) of ADMGBa#Is
were dominant frequency and pulse shape off. Dominant frequency has a strong negative
relationship with body sizia this species (ADV +' =0.15, p = 0.0002; AGG!-' =0.15,p =
0.0002). All other call variables were classified as intermediate or dynamic in terms bfiiaaria
and are discussed below.

Coefficient of Variation Within Males (CVw)

The coefficient of variation within males was taken as the average for all malea from
given locality. The grand mean (and standard deviation associated with this mean) was
calculated for each call characteristic for a given male from the complete sk$ @fora each
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male. The CV was calculated for each male and then averaged to obtain the grand CVw for each
locality. This variable represents the average variability of each maleOs catkecisticacin a

given locality. For all variables the CVw calculated was higher in AGG calls than in Al3/ c

The least variable call characteristics within males (CVw < 5%; each localilyylendominant
frequency peak, pulse duration, pulse rate, and pulse shape off for ADV calls. For AGG calls the
CVw for pulse duration (7.5-11.2%) and pulse rate (11.6-15.3%) were more variable, but
dominant frequency peak and pulse shape off remained static (CVw < 5%). All other variables
had coefficients of variation that were greater than 5% for both call types.

Additionally, homologous call characteristics between call types that had low within-
male variability in ADV calls, and therefore might be expected to be under stabilizing or weakly
directional selection, were typically intermediate in their variability in AGGscdlhis was the
case for pulse duration (range CVw = 7.5 - 12%) and pulse rate (range CVw = 11.6 - 15.3 %) of
aggressive calls (Figure 1.6). Higher variability in aggressive call pulse rate and pulse duration
suggests that modification of traits that are typically static (CVw < 5%) in advertiseatsn(in
production of aggressive calls) may provide the variability in advertisement call traits that
necessary for selection to act. This may be true if the increased variability in aggraksisge c
correlated with variability of advertisement calls.

Although pulse rate was found to be static within individual male ADV signals (CVw
<5%), pulse number was slightly more variable (6.5% < CVw < 7.5%). In AGG calls pulse
number was much more variable within males (11.5% < CVw < 22.3%). These data suggest that
males may modify the pulse number of their calls in both ADV and AGG calls (see Figure 1.7).
Studies have shown that many species of males increase the attractiveness ofMreai#\by
increasing pulse number and call duration (Straughn 1975; Wells and Schwartz 1984a; Klump
ard Gerhardt 1987; Edwards et al. 2002; Martinez-Rivera and Gerhardt 2008). It is possible that
some plasticity in pulse number of both call types is advantageous in the context of attracting a
mate and defending calling sites.

The coefficient of variation among males and within males was plotted for all variable
and for each locality (N = 50; 10 variables x 5 localities). Aggressive and advertisement variation
among males (CVa) was positively correlated 0.82,p = 3.5e-13; Figure 1.8, k), as were
CVw values ( = 0.54,p = 5.5e-5). These results suggest that males that produce more variable
aggressive calls also produce more variable advertisement calls.
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Coefficient of Variation Among Males (CVa)

The coefficient of variation among males (CVa) was calculated using the grand mean
(and standard deviation associated with this mean) from the average call charaaiégsiits
male in a given locality. The CVa then represents the average variability across malegm a gi
locality. In only one instance, for the variable pulse shape on, ADV calls were more variable
than AGG calls but this difference was negligible (<2% difference between the average CVa
(ADV) and average CVa (AGG) with all localities combined). The only variable that
consistently had low variability among localities (CVa < 5%) was pulse shape off, and this
variability was consistent across call types. All other variables had on average high CVa values
(>10%) across localities, except for dominant frequency peak, which had CVa values just under
6%. These data suggest that variability in call characteristics of this speciaensligegreater
among males than within males. Indeed, when the ratio of the two CV values (CVa/CVw) is
calculated | find that 7 of 10 variables examined have higher variability among than within
males. The 3 variables that have higher variability within than among males are call duty cycle
call shape, and pulse shape off. Bar plots of the CVa for each variable are plotted in Figure 1.8.

The CVa values are largely consistent with CVw results, but were generally greater than
within-male estimates of variability across traits (CVa > 10%). Dominant frequency&vasly
variable that had CVa values consistently under 10% for both call types (4.3% < CVa < 6.8%).
Among male variability was greater than within male variability for all but 3 of 10 traits
examined. The 3 traits with CVa/CVw ratio values that were less than one, meaningweét&in-
variation was higher than among-male variation, were call duty cycle, call shape and pulse shape
off. Call duty cycle likely can change as males adjust their call timing in the presenhberof ot
males. Becaude. feriarumtypically duet with neighboring males, adjustments in their call
timing may result in high variability for call duty cycle within individuals, whereas across
individuals the average call duty cycle is more consistent. Call shape is the most highlg variabl
characteristic included in the analysis, and this is especially true for aggressivé lwalinay
be attributed to movement during aggressive calling which likely altered the shape of the
waveform as males produced their calls. Movement during aggressive calling was frequently
noted (personal observation). Pulse shape on the offset is likely more variable in aggressive calls
because often the final notes of the aggressive call would have reduced amplitude modulation, a
pattern that was not always consistent across the total number of aggressive calls produced by a
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given male. The average value for pulse shape off for each male, and subsequently each
population (grand mean used in calculation of CV among males) would then reflect this variation
in the CVa of the variable pulse shape off.

Discussion

Discriminating Call Types

Advertisement and aggressive signals are similar, but several variables clearteleline
the two call types. The variables that differentiate call types in the discrimmalgsis are
temporal characters that include call rate, pulse rate, call duty cycle and pulse number. The
structural similarity of aggressive calls to advertisement calls in this sgeggest that these
calls share a common mechanism of production, and that aggressive calls are a modification of
advertisement calls. The increase in these homologous call characteristics froto AB'G
signaling may be coupled with increased energy expenditure (Taigen and Wells1985), because
faster rates of calling should increase oxygen consumption and decrease glycogen reserves.
Therefore, aggressive calls may be more costly to produce than advertisement signals, which in
turn may be an indicator of a maleOs condition and his willingness to defend a calling site (Wells

2007 and references therein; Dyson et al. 2013).

Comparing Means of Aggressive and Advertisement Signals

In large part the same variables that discriminate the two call types (call duty alicle, c
rate, pulse number, and pulse rate) are also significantly different between call types when me
are compared using a t-test with table-wide Bonferroni adjusted alpha for comparison of multiple
call variables between call typds-¢ ! ! 1IN =97, 97, p < 0.0045). The only variable that
did not load significantly on the discriminant function axis was pulse duration, for which the
mean difference between call types was significant (p < 0.0045). Aggressive signals have higher
trait values for all variables that were significantly different between call gyt for pulse
duration. Pulse duration in aggressive calls is shorter than in advertisement calls. Call duration of
the two call types did not significantly differ in their meahs,( =17.532 . =17.532p =
0.232), however mean pulse ralte,( =17.532),. = 28.485, p < 0.0045) and pulse number
("re =23.798), , =36.166, p < 0.0045) do significantly differ between call types. Therefore,
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this species produces a greater number of shorter pulses at a faster rate in aggressive calls
without simultaneously modifying the call duration.

Martin (1972) distinguishes frog call production mechanisms by using three different
classifications. Type I calling frogs produce a single call by a continuous contraction of their
thoracic muscles which forces air from the lungs, through the larynx and to the vocal sac. As air
passes through the larynx, it vibrates the vocal chords producing sound. Frogs with Type | call
production have passive amplitude modulation that can result in pulsed calls via vibration of
arytenoid cartilages, which attach to the vocal folds. Passive amplitude modulation deears w
air pressure builds in the lungs and is then released abruptly by the opening of arytenoid
cartilages that are typically shut when males are not calling. Release of this stoggdcanses
the elastic properties of the arytenoid valve to vibrate the arytenoid cartilages periodically,
producing pulsatile structure in the call as air passes through the larynx. The pulses produced by
this mechanism are characteristic of short rise times to peak amplitude and exponeayiaf de
the pulse shape as the amplitude drops with air pressure (Gerhardt and Huber 2002). In Type |
calling frogs, pulse rate and call duration are typically correlated, such that a shorter calhdurati
is coupled with a faster pulse rate call (several members of the Befaydlartin 1972). This
mechanism of producing pulsed calls is in contrast to active amplitude modulation, which is
characterized by repeated contraction/relaxation of the thoracic muscles, resulting imvjihlses
more gradual rise and fall times (Type Il and Il calling frogs). The difference between Type Il
and Type llI calling frogs, is that in Type Il callers, males lack arytenoid cartilage modulation in
their calls and use active amplitude modulation, while Type Il frogs have both active and passive
amplitude modulation.

In Acris crepitangadvertisement and aggressive calls) Bndtreckeri(presumed
aggressive call), species that have similar call structu?e feeriarum calls are produced with a
single exhalation of air as in Typ&ufospecies. Although, when tested experimentally on
euthanized animals, Gridi-Papp (2003) found that induced airflow through the larynx is not
sufficient to produce pulses in the calls of these species. He hypothesized that some other
mechanism must be involved in amplitude modulation and suggested that the laryngeal
constrictor muscles may provide some active amplitude modulation in these calls by creating

tension on the arytenoid cartilages to allow for periodic vibration. In the absence of some other
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amplitude modulating mechanism, the arytenoid cartilages remain open as air is expelled through
the larynx, resulting in an absence of pulses.

The mechanism of call production has not been studiBdfieriarum although the
mechanism proposed by Gridi-Papp (2003) seems plausible. The faster pulse rate of aggressive
calls is likely attributed to a faster (but smooth) contraction of the thoracic muscles (persona
observation in field). This faster contraction may contribute to a higher activation pressure
opening the larynx, which may in turn contribute to a faster rate of vibration of the arytenoid
cartilages and faster rise and fall of each pulse in the call. The faster rise #intefall each
pulse may explain the shorter pulse duration of aggressive calls. The ratio of the pulse rise and
fall time is not significantly different between advertisemént ( ! 10.335, SD = 0.056) and
aggressive calld (~ ! 10.333, SD = 0.071), meaning the shape of the pulse does not change;
t(192) = -0.277, p = 0.782). Pulse rise time of advertisenhept (! '0.0017, SD = 0.0003) and
aggressive calld (~ ! 10.0015, SD = 0.0004) and fall timd ({ ! '0.0050, SD = 0.0007)

(" !10.0047, SD = 0.0007)), the raw variables used in the calculation of pulse shape, are
significantly shorter in duration in aggressive callgyg, 45 (192) = -2.508, p = 0.013;

eagoona 1(192) = 0.333, p = 0.071). These variables, when added together are equivalent in
value to the measure of pulse duration. Taken together, this likely explains the difference in
pulse duration between calls. Though, a higher activation pressure should result in a call that has
a faster pulse rate and is shorter in duration according to Martin (F7#2)iarummay change

this expected relationship by increasing the air volume in their lungs before exhalation to attain a
faster rate aggressive call with the same duration as an advertisement signal (personal
observation).

There is no significant difference, after table-wide alpha adjustment for multiple
comparisons!( = 0.0045), between the mean dominant frequency peak of aggréssive(
2845.246) and advertisement calls,( ! 12906.637); p = 0.018. Although insignificant, there is
a trend toward lower dominant frequency aggressive calls. This is not surprising, as many
anurans have been shown to lower the frequency of their aggressive calls in agonistic
interactions (Wells 2007 and references therein). Because the dominant frequency of aggressive
calls are not significantly different from advertisement calls, a result that istrisvith work
done by Owen (2003) in this species, this may mean that frequency is not as important of an
indicator of aggressive intent or fighting ability in this species. Accordingly, other call
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characteristics that do differ significantly between call types may be more impartaatiating

the outcome of aggressive interactions between individuals.

Variability of Call Types

The following discussion on variability of call types focuses largely on variability among
males in a population (CVa), because this is where the greatest information is in predicting
evolutionary patterns from phenotypic distributions. To simplify these interpretations, | direct
this discussion toward sympatric populations where reinforcement is suggested to be operating
(Fouquette 1975, Lemmon 2009, Lemmon and Lemmon 2010) and to the traits associated with
observed divergence, in order to understand what the patterns of variability across call types and
populations might suggest in terms of the population response to selection. Variables that had
consistently low variability were dominant frequency and pulse shape off. These variables are
likely constrained by morphology and this may explain their low variability both within and
among males. This is not to say that the evolution of body size is constrained in this spécies, jus
that the relationship between frequency and body size may limit the ability of the frog to produce
certain frequencies (but see Drewry et al. 1982). Martin (1972) analyzed the vocal chords of
Bufotoads and found that the length of the vocal chords was negatively related to the dominant
frequency of frog call, such that longer vocal chords result in lower dominant frequency calls.
Vocal chord length is likely to scale with body size. Fine-tuning of the tension of vocal chords by
laryngeal muscles can also modify the frequency of the call, and is probably the cause of the low
to high Ofrequency sweepO that is attributed to this species calls.

Pulse rate also had low variability in advertisement calls, but much higher variability in
aggressive calls for all populations. Variability in pulse rate was highest in FL and GA
advertisement and aggressive calls, and very high in GA aggressive calls. In SC, variability in
pulse rate was fairly low for both call types when compared to the other localities. Higher
variability in pulse rate of advertisement and aggressive calls might suggest weakigraitect
or disruptive selection on this trait, while low variability in pulse rate in SC might suggest
stabilizing selection.

Pulse number is also most variable in advertisement and aggressive calls recorded in FL
and GA, with the highest variability in GA. SC also has the lowest variability in pulse number.

These results are consistent with interpretations for variability in pulse rate. Hepgedtdhat
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there may also be stabilizing selection on pulse number in SC, while in FL and GA selection on
aggressive and advertisement pulse number might be weakly directional or disruptive.

Production of aggressive tslikely involves behavioral/physiological change rather than
morphological change. Call characteristics that are more labile in their evolution are generall
controlled by physiology and behavior, whereas those that are more constrained and resistant to
change are tightly linked to morphology (Ryan 1988; Cocroft and Ryan 1995). Therefore, |
would expect that the traits that change between advertisement and aggressive calls and tha
evolve in aggressive calls across populations would be traits under behavioral and/or
physiological control. Characteristics that are considered more lalfieudacrisare call rate,
call duty cycle, call duration and pulse rate according to Cocroft and Ryan (1995), but would
likely also include pulse duration and pulse number. For all of these traits, | find that they are
more variable both within and among maleOs aggressive calls than advertisement caltde(see T
1.5 for a complete reference regarding CV values).

The intermediate to high variability in most call characteristics suggests thabintios
acoustic signal traits measured may not be under stabilizing selection but could be under
disruptive selection or are phenotypically plastic. Phenotypic plasticity in acogstadisg has
been described in many species of anuran amphibians (Gerhardt et al. 2000; Wells and Schwartz
2007 and references thereinsid¢l 2014). Disruptive selection should create variation in the
population by increasing the range and frequency of phenotypes in the population (Rueffler
2006). This variability is, in either scenario, important because it allows for the opportunity for
selection to act. Whether or not selection may be operating on both signal types remains to be
determined, although current evidence suggests directional positive selection for pulse number
and/or pulse rate in advertisement signals in sympatry (Lemmon 2009, 2010, unpublished data).

Aggressive signals iRseudacris feriarunrseem to have evolved as a modification of
advertisement signals, where the difference between them can be attributed to physiological
adjustments in call timing. Of course, the converse could also be true where traits used in mat
attraction have evolved from traits used in male-male competition (Berglund 1996, Borgia 2006).
Characteristics that distinguish them are call duty cycle, call rate, pulse rate anaupoibez. In
all of these cases males increase aggressive trait values relative tsachaticalls, suggesting
that aggressive calls may indicate increased calling effort to receivers. Wheq tesa
difference in trait means between call types, | find that the same characténetidstinguish
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call types (DFA) are significantly different in their mean trait values. In addition to these
characteristics, pulse duration differs between call types. Pulse duration is sigiyit@rter in
aggressive calls suggesting that oscillatory structures of the larynx that produce pulsedlin the ca
move more quickly in aggressive calls, shortening the length of pulses as well as increasing the
rate at which pulses are produced.

Conclusion

Variability among individuals is generally greater than the variation within individuals
suggesting that there is significant variation at the population level for most traitglstndie
addition, variation is greater in aggressive calls than it is in advertisement catts tfaghave
consistently low variability both within and among males are pulse shape on the offset and
dominant frequency. Both are likely constrained by morphology, whereas individual males, to
some extent, may be able to modify other call characteristics. In general these highlg varia
call characteristics are probably more labile in their evolution. Pulse rate is more highly
stereotyped among males in a population, while pulse number is slightly more variable. This
suggests that pulse rate is probably an important species recognition cue, which is an observation
supported by work in other anurans (Gerhardt 1994; Edwards et al. 2002). Pulse number is
generally more variable among males suggesting that males may modify this trait in different
behavioral contexts. This may be of functional significance in increasing attractiveness
potential mates (Welch et al. 1998; Wells 2007), or potentially increasing display of aggressive
intent or condition toward other males. A decoupling of the positive relationship between pulse
rate and pulse number, that is typically evident in allopatric populations, is occurring in
sympatry. This finding suggests that decoupling the covariation between these traits may be a
fundamental step in acoustic niche partitioning in sympatry. Finally patterns of variabil#y in c
traits are consistent across call types, suggesting that variability in one call typepulation is
strongly associated with variability in the other. This suggests that selection actingeorcalit
type may reduce or increase the variability of the other. Taken together these results represent the
first comprehensive description of geographic variation in mating and aggressive signals in

chorus frogs.
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Table 1.1. Effectof using different acoustic stimuli in playback experimens. Resultscomparing the mean pulse number of malesO ADV and
AGG callsacross stimuli and within each locality. TabResandC. provide the raw data used in analyses, while taBlesdD. list statistical
results of each testState Tested@presents the locality where data was collected(@tade Rec.@esignates thsite where the stimulus
recording was made. In tablésandC., ®N StimulusQs the number of pulses in the stimulus aRd Males@epresents the mean and standard
deviation ED) of recorded males from the locali)State TestedO

A. Raw data for Advertisement Calls

Males
NC Montgomery _8.7C | NC 6 22| 2032 3.02
NC Montgomery _6.2C | NC 7 24| 2082 1.99
SC Colleton 11.8C SC 5 34 34.03 1.48
sC Allo_Synth_16C - 5 19| 34.16 2.59
VA Colleton 11.8C SC 4 34 20.31 1.9
VA Macon_13.7C AL 3 19 214 3.36
VA Montgomery_11.9C| NC 4 21 20.39 2.83
VA Sussex_13.2C VA 5 19 19.67 1.71
B. Results for Advertisement Glls
Test F-ratio F d(];e(r':l;m’ p-value | T-ratio | Tdf | p-value
Stimuli tested iNC: Montgomery_8.7C versus Montgomery 6.2C
F-test- Levene 0.516 (1,11 0.488 - - -
T-test (equal variances) - - - -0.357 11 0.728
Stimuli tested ir5C. Colleton 11.8C versus Allo_Synth_16C
F-test- Levene 2.062 (1, 8) 0.189 - - -
T-test (unequal variances) - - - -0.099| 6.363 0.924
Stimuli tested inVA: Colleton_11.8C vs. Macon_13.7C vs. Montgomery @€ Sussex_13.2C
ANOVA (equal variances) | 0.325] 3| 0.808] - | - | -
*P <0.05

24



Table 1.1.D Mntinued

C. Raw Data for Aggressive Calls

Fested | StmulusName | 2O I N | g | pr | SO PN
NC Montgomery_8.7C | NC 6 22 37.04 4.42
NC Montgomery_6.2C | NC 7 24 31.42 7.45
SC Colleton 11.8C SC 5 34 45.76 4.33
SC Allo_Synth_16C - 5 19 50.05 7.46
VA Colleton 11.8C SC 4 34 3551 4.45
VA Macon_13.7C AL 3 19 37.19 5.64
VA Montgomery_11.9C| NC 4 21 37.04 4.27
VA Sussex_13.2C VA 5 19 34.78 8.85
D. Results for Aggressive Calls
Test F-ratio Eec:.)(num, p-value | T-ratio | T df p-value
Stimuli tested iNC: Montgomery_8.7C versus Montgomery 6.2C
F-test- Brown-Forsythe 4912 (14,11)| 0.048* - - -
T-test (unequal variances) - - - 1.679| 9.929 0.124
Stimuli tested ir5C. Colleton 11.8C versus Allo_Synth_16C
F-test- Levene 6.794 (1,8)| 0.031* - - -
T-test (unequal variances) - - - -1.111| 6.423 0.307
Stimuli tested inVA: Colleton_11.8C vs. Macon_13.7C vs. Montgomery @49 Sussex_13.2C
ANOVA (equal var.) | 0.138] 3| 0.935 -] -

*P <0.05
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Table 1.2.Response to stimuli: pulse number
List of means and standard deviations for pulse rarmmbADV and AGG calls of males
responding to the 16C_Allo_Synth stimulus.

Locality '(I??[IJIe N | Mean | SD

AL ADV 18 | 20.43 | 2.78
FL ADV 13 | 25.54 | 3.79
GA ADV 7 |27.88 | 4.13
SC ADV 8 |34.13 | 342
AL AGG 18 | 32.54 | 6.69
FL AGG 13 | 37.50 | 8.53
GA AGG 7 12927 | 955
SC AGG 8 |48.88 | 6.11

Table 1.3.DFA: Standardized scoring coefficients
Standardized scoring coefficierfts the discriminant function between and ADV and AG&H types.
Variables contributing most to the variation betwésncall types are in bold font.

Call Characteristic Standardized Scoring Coefficient
Dominant Frequency Peal -0.147927
Call Duty Cycle 0.5467775
PulseNumber 0.406015
Pulse Duration -0.004173
Call Duration 0.149606
Call Rate 0.6419752
Pulse Rate 0.2268081
Pulse Shape -0.030248
Call Shape -0.084864
Pulse Shape On 0.1317792
Pulse Shape Off -0.035315
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Table 1.4. Tests for equal variances and meamhgtween call types

Tests for equal variances and meahs1 call characteristics with. Where variances were siganifly
different WelchOs TwBample ttest was used.-RPalues denoted with (*) arsignificant after sequential
Bonferroni correction for multiple comparisons. CDC = call duty cyiel = pulse number, CR = call
rate, PR = pulse rate, PD = pulse duration, DFP = dantifrequency peak, CS = call shape, CD = call
duration, PSOn = pulsshape on, PSOff = pulse shape off, PS = pulse shape.

F-Test Results T-Test Results
mean mean
Variable | df  p-value F T-test ADV AGG df p-value
CDC 97 0.008984 0.586| WelchOs Tw&ample 0.404 0.558 181.599 <2.2el6*
PN 97 4.56E05 0.431| WelchOFwo-Sample 23.798 36.166 167.497 <2.2el6*
CR 96 2.15E09 0.283| WelchOs Tw&ample 0.317 0.463 146.254 <2.2el6*
PR 96 4.07E11 0.246| WelchOs Tw&ample 17.532 28.485 140.522 <2.2el6*
PD 97 0.4751 0.865| Two Sample 0.007 0.006 194 3.6e4*
DFP 97 0.9649 0.991| Two Sample 2906.637 2845.246 194 0.018
CSs 97 0.1856 0.763| Two Sample 0.757 0.695 194 0.067
CD 96 0.8809 0.970| Two Sample 1.311 1.264 192 0.232
PSOn 97 0.4231 1.177| Two Sample 0.358 0.255 194 0.237
PSOff 97 0.1952 1.302| Two Sample 0.869 0.873 194 0.437
PS 97 0.02001 0.621| WelchOs Tw&ample 0.335 0.333 183.969 0.767
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Table 1.5. Coefficient of variation by bcality

Call

Type County N | State | Statistic DFP CDC PN PD CD CR PR PS CS PSOff | PSOn
Mean 2837.15| 0.47 | 33.58| 0.0068 | 1.76 | 0.28 | 19.11| 0.33 | 0.86 0.87 -
SD 17294 | 0.04 | 2.81 | 0.0009 | 0.18 | 0.03 | 1.59 | 0.05 | 0.17 0.02 -

ADV Colleton 16 SC | Cva 6.10 7.84 | 836 | 12.6340| 10.50| 9.86 | 8.30 | 16.33 | 19.96| 2.25 -
CVw 1.98 804 | 710 | 4989 | 578 | 7.80 | 3.36 | 7.15 | 43.81| 3.10 | 10.20
CVa/CVw 3.08 098 | 1.18 | 25321 | 182 | 1.26 | 247 | 2.28 | 0.46 0.72 -
Mean 2743.40| 0.63 | 48.06| 0.0062 | 1.66 | 0.39 | 29.85| 0.31 | 0.90 0.88 -
SD 185.28 | 0.04 | 575 | 0.0010| 0.19 | 0.04 | 352 | 0.07 | 0.25 0.03 -

AGG Colleton 16 SC | Cva 6.75 6.05 | 11.97| 16.5843| 11.59| 9.91 | 11.80 | 21.55| 27.78 | 3.79 -
CVw 3.65 8.99 | 11.99| 7.4671 | 10.13| 10.06 | 11.70 | 12.27 | 57.18 | 3.24 | 13.84
CVa/CVw 1.85 0.67 | 1.00 | 22210 | 1.14 | 098 | 1.01 | 1.76 | 0.49 1.17 -
Mean 3044.04| 0.39 | 25.54| 0.0065 | 1.08 | 0.35 | 20.41| 0.36 | 0.67 0.86 -
SD 14499 | 0.06 | 3.79 | 0.0005| 0.24 | 0.05 | 2.78 | 0.04 | 0.12 0.01 -

ADV Liberty 13 FL CVa 4.76 1494 | 1485| 8.3532 | 13.38 | 13.43 | 13.64 | 10.40| 1855| 1.53 -
CVw 2.15 14.16| 7.49 | 53877 | 7.61 | 13.01| 3.78 | 9.86 | 3049 | 3.47 | 1381
CVa/CVw 2.21 1.06 | 1.98 | 15504 | 1.76 | 1.03 | 3.61 | 1.05 | 0.61 0.44 -
Mean 2987.37| 0.57 | 37.50| 0.0059 | 1.12 | 0.51 | 32.06| 0.35 | 0.53 0.87 -
SD 129.78 | 0.06 | 853 | 0.0004 | 0.22 | 0.09 | 545 | 0.05 | 0.20 0.01 -

AGG Liberty 13 FL CVa 4.34 10.49 | 22.73| 6.6271 | 20.01 | 17.45| 17.00 | 1450 | 37.34| 1.70 -
CVw 2.75 12.45| 11.49| 8.0370 | 13.55| 9.87 | 12.31| 13.78 | 70.91| 3.43 | 16.05
CVa/CVw 1.58 084 | 198 | 08246 | 148 | 1.77 | 1.38 | 1.05 | 0.53 0.50 -
Mean 3097.64| 0.41 | 27.88| 0.0068 | 1.02 | 0.34 | 20.06| 0.33 | 0.91 0.87 -
SD 186.74 | 0.04 | 4.13 | 0.0010| 0.09 | 0.05 | 299 | 0.07 | 0.24 0.03 -

ADV Miller 7 GA | Cva 6.03 9.77 | 14.82 | 14.2598| 8.66 | 13.41| 1491 | 21.27 | 26.52 | 2.96 -
CVw 1.60 1041| 6.55 | 3.9359 | 578 | 11.15| 249 | 6.82 | 43.22| 2.37 7.94
CVa/CVw 3.76 094 | 226 | 3.6230 | 150 | 1.20 | 599 | 3.12 | 0.61 1.25 -
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Table 1.5.DContinued

Call

Type | County | NSt gousic | bre | cpc | PN | PD | ¢ | cR | PR | Ps | cs | psoff | Pson
Mean 2877.89| 0.47 | 29.27| 0.0070 | 0.90 | 0.59 | 31.42| 0.40 | 047 | 086 | -
SD 19552 | 0.13 | 955 | 0.0013 | 0.14 | 0.12 | 9.41 | 0.14 | 023 | 002 | -
AGG Miller 7| GA |cva 6.79 | 26.81 | 32.63 | 18.8336| 15.57 | 19.99 | 29.96 | 35.18 | 49.83| 255 | -
cvw 401 | 24.76| 22.30| 11.1819| 21.23 | 16.14 | 15.30 | 17.72 | 96.64 | 6.05 | 14.92
cva/cvw | 169 | 1.08 | 146 | 1.6843| 073 | 124 | 196 | 1.99 | 052 | 042 | -
Mean 2024.84| 0.41 | 20.11| 0.0069 | 1.26 | 0.35 | 16.08 | 0.34 | 0.73 | 088 | -
Sussex SD 160.07 | 0.03 | 1.95 | 0.0009 | 0.18 | 0.05 | 2.24 | 0.05 | 0.23 | 0.04 | -
ADV | Southampton| 22| VA | cva 547 | 828 | 9.68 | 12.9961| 14.53 | 14.50 | 13.91 | 14.11 | 30.89| 4.06 | -
Prince cvw 173 | 9.05 | 7.09 | 53524 | 6.41 | 7.85 | 3.85 | 10.79 | 57.34| 2.95 | 7.28
cva/cvw | 317 | 092 | 1.36 | 24281 | 227 | 185 | 361 | 1.31 | 054 | 138 | -
Mean 2009.55| 0.54 | 34.69 | 0.0065 | 1.24 | 0.46 | 28.84| 0.32 | 0.71 | 088 | -
Sussex SD 139.37 | 0.04 | 5.65 | 0.0009 | 0.18 | 0.07 | 413 | 0.05 | 0.17 | 003 | -
AGG | Southampton| 22| VA | cva 479 | 7.93 | 16.30| 13.5350| 14.80 | 16.00 | 14.33 | 14.77 | 23.37| 343 | -
Prince cvw 334 | 12.36| 12.61| 7.5481 | 10.86 | 12.79 | 11.60 | 14.60 | 72.69 | 5.38 | 18.45
cva/cvw | 143 | 064 | 129 | 17932 | 136 | 1.25 | 1.24 | 1.01 | 032 | 064 | -
Mean 2846.34| 0.38 | 20.63 | 0.0066 | 1.28 | 0.31 | 16.29 | 0.33 | 0.73 | 0.87
Macon AL | sD 158.18 | 0.04 | 2.43 | 0.0009 | 0.17 | 0.03 | 1.22 | 0.06 | 0.23 | 0.04 | -
ADV | Montgomery| 40 | NC |cva 556 | 10.82 | 11.79 | 14.1295| 12.88 | 9.25 | 7.49 | 19.16 | 31.66| 476 | -
Greenwood sc | cvw 187 | 12.76| 7.32 | 47930 | 6.18 | 12.44| 4.44 | 837 | 49.17| 3.17 | 8.80
cva/cvw | 296 | 0.85 | 1.61 | 29479 | 2.00 | 074 | 1.69 | 2.29 | 064 | 150 | -
Mean 2798.71| 055 | 32.99 | 0.0060 | 1.23 | 0.46 | 26.08| 0.33 | 0.70 | 087 | -
Macon AL |sD 176.53 | 0.05 | 6.24 | 0.0009 | 0.20 | 0.06 | 424 | 0.07 | 0.25 | 003 | -
AGG | Montgomery| 40 | NC |cva 631 | 9.59 | 18.91| 14.7823| 16.12 | 12.87 | 16.25 | 20.17 | 35.23| 369 | -
Greenwood sC | cvw 325 | 10.93| 14.22| 8.6894 | 12.40| 11.36 | 14.98 | 13.60 | 90.60 | 4.97 | 14.62
cva/cvw | 1.94 | 088 | 1.33 | 1.7012| 130 | 1.13 | 1.00 | 148 | 039 | 074 | -
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Figure 1.1.0scillograms ofP. feriarum aggressive and advertisement calls

Oscillograms of amplitude vs. time for advertisem@jtand aggressive calls (B) from a single
individual from FL.The top panel represents a bout of calling, whiéelibttom panel of each figure is a
close up of a single call.
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Figure 1.2.Sampling localities
Points on the map represent sampling localitief®fstudy organisnPseudacris feriarumSix

populatons delimited by region are represented here and include those in Fldetdam®, Georgia,
South Carolina, North Carolina, and Virginiistributiondata downloaded as a shape file from IUCN

database.
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Figure 1.3.Effect on receivers wherusing the same stimulus
Boxplots showing the mean values and interquarditeyes for advertisement and aggressive call pulse
number among localities. Each data point represents an indidddahdividuals included in this

analysis were exposed to the same stimulus, 16C_Allo_Synth.
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Figure 1.4.Partition plots based on the across males DF#hen only the four most importaptedictor
variablesare consideredd) pulse number and pulse rated B) call duty cycle and call rate. Poi(s

and X)represent raw data values for each individual. Fiikedircles represennean values of x and y
for each call type. The diagonal (discriminant asisparates call types based on probability of
assgnment to either call type. OOO represents ADV signals, WtllénOicates AGG signalRed OXO or
000 symbotspresenindividuals that were misclassified as belonging to either group.
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Figure 1.5.Distinguishing call types using DFA score plots

Histogramgepresent the frequency distribution of standardizedesdor each individual on the
discriminant function axis along theaxis (across males DFA). There is clear separation of the call types
on the discriminant function axis.
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Figure 1.6Bar plots of the within-male coefficient of variation (CVw)for pulse rate and
pulse duration. In all localities aggressive calls (within-males) have higher varidinlity t
advertisement calls.
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Figure 1.7. Variability in ADV and AGG signals in pulserate and pulse number

Density plots represent the distribution of indivadkiwithin a given locality for the mean call
characteristic of interest, were blue density distributionsegreesentative of advertisement (ADV)
signals and red density distributions are representatiaggressive (AGG) signalBensity plots are

drawn by locality: pulse rate (A) and pulse number (B).
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Figure 1.8Histograms of the coefficient of variationamong males (CVafor all localities plotted by
call characteristic. Plots a) through j) represent CVa valuesaidr variable. Gray bars represent AGG
calls and white bars represent ADV calls following the keytHerfirst plot a). Panel k) shows that
variability is highly correlated between call types. Significartge €0.001 denoted with ** symhol
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Figure 1.8- Continued
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CHAPTER TWO

THE RELATIONSHIP BETWEEN ADVERTISEMENT AND AGGRESSIVE CALLS IN
PSEUDACRIS FERIARUM

Introduction

Sexual Selection irPseudacris

Sexual selection is considered a driving force in acoustic signal divergence (Searcy &
Andersson 1986; Jones 1997; see Wilkins et al. 2003 for review). Selection on male
advertisement signals &f feriarumhas been quantified by Lemmon and Lemmon (2010) by
assessment of fitness throughout the life cycle of hybrid malResfefiarumandP. nigrita. This
included measures of fithess from the fertility and viability of hybrids to their abilityrexcatt
potential mates. Hybrid males were found to have intermediate call characteristosparison
to parental species, which suggests that call characteristics are herithblegtaho formal
estimates of heritability were quantified. The major result of this study was that hydde&® m
feriarumwere strongly selected against by female choice on advertisement signals. Thie estima
of sexual selection against hybrid malesO @its-0.95) was found to be 4x greater than the
strongest mechanism of natural selection tested, hybrid male st&#ty0(23). These data
suggest that sexual selection on acoustic signal traits is an important isolatingismch®.
feriarum

Sexual selection may also operate on acoustic signals in male-male competitive
interactions, specifically on aggressive signals, which mediate competitive filmiesaaamong
males. Although differential fithess of aggressive males in comparison to non-aggredss’ze ma
has not been quantified in this system, it is possible that aggressive males that @gtscont
benefit from higher reproductive fitness, as has been shown in frogs (Arak1983), birds
(Yasukawa et. al 1980), bats (Behr et al. 2006) and many other species. Furthermore, if the
acoustic signal traits that are subject to female choice are the saméataitanfer a
competitive advantage in male-male competition (increased pulse rate and/or pulse number),
then male-male competition may precede female choice and females may be selettiitg f
that have already undergone one round of selection. In this way, the two mechanisms of sexual
selection would be reinforcing (Hunt et al. 2009). For example, in WoodhouseOs toads, higher
calling rates of advertisement signals function in both male competition and mate clhaice, w
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males with higher calling rates have been shown to have higher reproductive success (Sullivan
1983a).

Acoustic signals with different functions (mate advertisement and male-competition) but
that are produced by similar morphological or physiological mechanisms, may be more likely to
evolve together, making it difficult to disentangle the target of selection in the evolution of
acoustic signal traits. This is probably especially true if these different signal types
(advertisement and aggressive) are structurally very similar, as has been shown in one species of
anuran amphibian (Reichert 2013a). Structurally similar in this context means they are nearly
identical, with aggressive signals arising as a modification of advertisemeris ¢igneen
2003). For example, animals may increase the number of notes or calls and/or the repetition of
notes or calls. Reichert (2013c) also examined the correlation between aggressive and
advertisement signals of another anuran and found that the two call types did not consistently
covary because they were structurally dissimilar. If a general pattern exists, where diyuctural
similar call types tend to covary, then indirect selection of genetically correkdtégpes might
be a widespread phenomenon. Specidaselidacrisn the Otrilling claded (Moriarty and
Cannatella 2004; Lemmon 2007a) have highly similar aggressive and advertisement calls (Owen
2003), and patterns of RCD kh feriarumprovide a unique opportunity to test for repeated
patterns of covariation between call types. Sexual selection via mate-choiceemgiusitive
directional selection for advertisement signal traits that are in many ways soralggressive
signals (increased pule rate and number). Strong patterns of covariation between call types would
lay the groundwork for testing the influence of intrasexual selection on aggressive signals in

driving signal divergence of advertisement calls.

Correlated Trait Evolution

Identifying direct and indirect selection on phenotypic traits can help to clarify the targets
of selection when phenotypic traits are correlated. Direct selection on a trait occurs wheésn the
a causal relationship between the trait value and an organismOs fitness. A trait undergoing direct
selection is also known as the target of selection. On the other hand, a trait that is daovrglate
a trait under selection will appear to also be under direct selection (Conner and Hartl 2004), but
is under indirect selection. Traits that are tightly correlated may be better understoajas bei
integrated and may be constrained to covary during the course of evolution (Ambruster et al.

39



2014) when they are part of the same developmental module. Correlational selection is yet
another mechanism by which phenotypic correlations manbaportant factor to consider in
the evolution of signal traits. Correlational selection differs from indirect selectibatiit is
selection for combinations of traits, where evolution may result in a change in the strength of
correlation between phenotypic traits.

The inherent nature of phenotypic correlations and their effect on the perceived targets of
selection were carefully considered by earlier investigators (Darwin 1859; Pearson 1903;
Dobzhansky 1956; Gould and Lewontin 1979), however it wasnOt until Lande published his
seminal work in 1979 and later, Lande and Arnold, in 1983, that evolutionary biologists
routinely considered contributions of direct and indirect effects on estimates of natural and
sexual selection. A classic example of indirect selection on phenotypic traits obsceriagyet
of selection is in male fungus beetles (Conner 1988). Here the selection differential, the withi
generation differences in the mean phenotype after selection, was similar in magnitude and
direction for two phenotypic traits, elytra (hardened wings) length and horn length. Conner used
the Lande and Arnold equation (1983) to determine which of the two highly correlated traits was
the target of selection, and found that the directional selection gradient (direct stfength o
selection) was positive only for horn length. The author concluded that increased horn length
likely gave males a competitive advantage in male-male competition, thus increasifinédss
in the population by increased probability of insemination of females. Accounting for genetic
correlations among traits that give rise to phenotypic trait correlations can help to elingdate
targets of selection in natural populations.

Competition and Reproductive Character Displacement

Competition has long been recognized as an important factor shaping the abundance and
distribution of organisms. Gill (1974) defines competition as Omutually negative effects of
density on the logarithmic growth rates of populations.O But two more general types of
competition have been routinely defined in the literature. One tyg@lsitative competitign
which is competition between organisms for a limiting resource. The superior competitor is one
that has a higher rate of obtaining the limiting resource. Acquisition of the limiting resource
lowers the fitness of competitors by depletion of the resource, which may allow the superior
competitor to contribute more to reproduction. The second type of competitmarfsrence
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competition which is competition between organisms using allelopathic chemical or display
behavior. This type of competition indirectly reduces the ability of a competitor to obtain
resources, and therefore also contributes to a reduction in fitness of the inferior competitor.

Several predictions exist to explain the outcome of interspecific competition and the
evolution of agonistic behavior. Some of the earlier predictions come from Lorenz (1966) who
argued that aggression between species would be selected against, and that animals should avoid
costly competition with heterospecifics. On the contrary, Cody (1969) posited that interspecific
competition and territorial behavior may be adaptive, and could result in convergence of
agonistic signals that allow competitors to compete in common environments.

There are exceptions to this principle such that species do not necessarily need to be
completely excluded from a shared environment, but can coexist by reinforcement of
reproductive barriers, shifts in resource use, or by strengthening competitor recognition cues.
Character displacement, first defined by Brown and Wilson (1956) is a pattern of phenotypic
differentiation in sympatric species that have recently come into secondary contact. Brown and
Wilson (1956) distinguished two types of character displacement: reinforcement and ecological
character displacement (ECD). RCD driven by reinforcement describes selection against
hybridization (Blair 1955; Howard 1993), and ECD describes phenotypic divergence to reduce
competition between overlapping populations (Brown and Wilson 1956).

Where does character displacement due to inter- and intraspecific aggression fit in this
scheme? Brown and Wilson (1956) argued that aggression (direct competition) should be
separate from the mechanism of exploitative competition in generating ecologicaleharact
displacement. Pfennig and Pfennig (2012) suggest that character displacement resulting from
interspecific aggression may either be considered ECD (indirect or competition for resources) or
RCD (competition for mates). Grether et al. (2013) offer that phenotypic evolution caused by
interference competition between sympatric species, including defense of space élayjtori
should be designated as agonistic character displacement (ACD) regardless of overlap of
resource use. This type of character displacement could result in the evolution of divergent or
convergent phenotypes. Interspecific interference competition may be a factor contributing to
divergence of aggressive signals, but to my knowledge between-species aggressive interactions
have never been observedPAseudacrisand it is on the rare occasion that heterospecifics are
found calling together in syntopy, or at shared breeding sites.
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An alternative scenario is that intraspecific competition may promote character
divergence and potentially lead to character displacement (Dayan and Simberloff 2005; Bolnick
2004). This is analogous to between species interactions promoting character displacement,
except here, intraspecific competition for limiting resources (access to mategiaglimi
resources) may result in trait evolution. This process is termed Qintraspecific character
displacementO (West-Eberhard 2003). One mechanism that might generate this pattern is
disruptive selection where mean trait values are disadvantageous, and extreme phenotypes are
selected for. Disruptive selection can result in various outcomes such as increasexhyariati
long-standing genetic variation in a population, oscillations in trait optima as in predatory prey
dynamics, or even sympatric speciation (Rueffler 2006). Increased variability via disruptive
selection on phenotypic traits might actually facilitate character displacenfenhi@g®and
Pfennig 2009). IlPseudacrisintrasexual selection on aggressive calls might generate variability
in advertisement calls (through indirect selection on advertisement signals) anddacilita
intersexual selection via female choice. Alternatively, a random mutation might produce
heritable variation in acoustic signals, but if heritable variation is already preseat in t
population (via aggressive calls) then the process of reinforcement may occur in a shorter
amount of evolutionary time. If male-male competition results in disruptive selection and a
bimodal trait distribution, female choice may exert selection on a wider distributiontsf(frai
correlated trait evolution also causes advertisement signals to diverge). If disrugtitieosel
produces a phenotypic trait distribution that is bimodal, and reinforcement is operating in
sympatry, female choice would be predicted to select for mean trait values in themoéct
acoustic signal space away from a heterospecific signal. In this way, the two mechanisms of
sexual selection would be working in tandem in sympatry, where disruptive selection on
aggressive signals generates variation in advertisement signals and facilitates RCD.

The idea that intraspecific aggressive interactions might promote signal divergence of an
aggressive trait within species, and, via correlated trait evolution, potentially drive (batcil
divergence in a reproductive isolating trait (i.e., advertisement signals) is novel. To my
knowledge RCD facilitated through correlated trait evolution has not been considered in previous
studies. A resurgence in the consideration of trait divergence resulting from aggressive
interactions between species has prompted some researchers to include agonistionateract
character displacement theory (Pfennig and Pfennig 2012; Grether et al. 2013), lag this h

42



focused largely on interspecific interactions and not intraspecific interactions. | propose that
intraspecific competition for access to mates may be a significant mechanastitating
divergence of sexually selected traits, particularly if male sexual signals are uedaosegand
traits that are the target of female choice are genetically constrained to evolveaigithate
competition traits.

In this chapter | detail the relationship of call characteristics both within and betwieen ca
types inP. feriarumto understand patterns of trait covariation in acoustic signals. In addition,
calculation of selective gradients on each call type are used to identify potentil tdrge
selection, at the level of individual call characteristics, and more generally on tmerditfall
types themselves within each population sampled. If the strength of selection isisimilar
magnitude and direction for homologous traits of each call type, this would suggest that selection
may be acting on both call types and that either intrasexual selection, intersexuarsealecti
both are important mechanisms contributing to patterns of RCD in this species. Alternatively
selection gradients on homologous traits between call types may be opposing and this might
suggest that genetic correlations between traits may override selection in somesn3taisce
interpretation can be gathered from identification of the direction and amount of trait change
from allopatry to sympatry in both call types. For instance, if there is evidence for a strong
phenotypic correlation between the amount of change in call characteristics of eactyggnal
within a population (i.e., same degree of signal divergenbeth call types), relative to the
ancestral state (allopatry = Obefore selection stateO), this would suggest thatithe gene
correlation between call types constrains them to evolve together. If patterns of trait change do
not mirror selective gradients, this may mean that one call type could be identified as driving the
other. A potential outcome of this analysis is that aggressive calls are experiencirectiornsel
and thus would not be implicated in driving patterns of RCD. Analysis of the covariation
between call types is complementary to the analysis of selective gradients, as aviétiont
pattern of correlation between signal types, the possibility of indirect selection on adwenttise
signals (via selection on aggressive signals) driving signal divergence in advertisement signals

becomes unlikely.
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Methods

Correlation Within Call Types

Testing for phenotypic correlations among call characteristics within call pypesles
some indication as to whether call characteristics might be expected to evolvertdgette
genetic correlations among traits. In addition, it is interesting to know whether or not the same
patterns of covariation exist between call types, to examine the potential for calltypes t
experience similar responses to selection. | tested for correlations between eacrabéd! (N
= 97) and body size (N = 84) using PearsonOs correlation coefficient calculated in R (v3.1.2). A
smaller sample size is used for correlations with body size because | was unable taadlapture
individuals after recording. Significance values were computed for each correlation coefficie
using HolmOs p-value adjustment for multiple comparisons. With this method each p-value is
adjusted by multiplying the p-value by the number of pair-wise tagtsl{/2 = 66). | also tested
for significant differences between correlation coefficients within each signaldiypariables
that were significantly correlated within at least one signal type. Significastoegtevas carried
out using the method of Steiger (1980) in the OcocorO package in R (Diedenhofen 2015).

Correlation Between Call Types

To examine the possibility of correlated trait evolutio®irferiarum | tested for the
strength of correlation between homologous call variables of each call type. All individuals were
used in this analysis (N = 97) and for each call variable the correlation coefficient between the
mean call characteristic of the ADV signal and the mean call characterisie AGG call for
all males was estimated, i.e., each individual is the unit of replication in thegsemna#
significant correlation between traits, especially traits marked by character dmplacpulse
number and pulse rate), may indicate an opportunity for indirect selection to have driven the
present-day observations of character displacement in sympatry.

Measurement of Selective Gradients on Each Call Type
Selective gradients can be used to measure the strength of selection on phienotypi
characteristics through multivariate regression (Lande 1979) and are appropriate for identifying

the target(s) of natural or sexual selection. The Lande and Arnold (1983) equation for
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multivariate directional selection is writtenlasz = G', where! z is the vector of differences in

the mean phenotypic trait values before and after selection in one generation, G is a genetic
variance-covariance matrix, ahdhe vector of partial regression coefficients of relative fitness

on each of the traits included in the analysis. Using this approach enables the measurement of
direct and indirect effects of each trait on a single trait under selection (Lande and Arnold 1983).
This is advantageous in this system for two reasons. The advertisement signal traits under
sdection inP. feriarum(pulse rate and pulse number) tend to positively covary across allopatric
populations, and across species, but not in symgtfieriarumlocalities where RCD is evident
(Lemmon 2009; Lemmon unpublished data). Therefore one might expect the strength of
selection on these two traits in sympatry to be dissimilar, consistent with previous work
(Lemmon 2009). However, selection gradients have never been tested on individual call
characteristics in this way and directional selection may be acting on a combinatioreahpils

and pulse number or on either pulse number or pulse rate primarily. Second, it is the central goal
of this study to understand the target of selection (call type) in the observed patterns of character
displacement. Identification of positive correlations between homologous call traissiree in

ADV and AGG call types permits the testing of the relative strength of selection onalach c

type. Comparison of the selective gradients on the call characteristics of each callitype

provide information as to whether selection is stronger on one call type compared to another, and
whether or not selective pressures are consistent or opposing across advertisement and
aggressive signal types in sympatry.

The change in the mean trait value for each call charactetigtigyas calculated as the
change in the mean trait value of a given call characteristic from allopatry (NC: Montgomery,
and SC: Greenwood pooled) to sympatry. Here, | treat the mean phenotypic trait in allopatry as
the mean of the population Obefore selectionO, and the mean in sympatry as Oafter selectionO.
Each sympatric population was analyzed separately because each population is expected to be
experiencing different selective pressures (Lemmon 2009). The allopatric populations were used
consistently across analyses as a baseline from which character change in sympatryedas deri
Allopatric populations in NC: Montgomery and SC: Greenwood are part of the same lineage, the
coastal clade d?. feriarum(Lemmon and Lemmon 2008), so it seemed appropriate to combine
these localities in the context of phylogeny. The population of animals recorded in Macon: AL,
belong to the Oinland clade®.d&riarumand are sister to sympatric localities where character
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displacement has occurred in GA and FL. Character displacement in SC: Colleton may represent
an independent evolutionary event in which character displacement has occurred because these
populations identify genetically with the Ocoastal cladeGfafiarum This makes it difficult to

define a Obefore selectionO population to compare across displaced localities. For these |
analyses, | used pooled allopatric localities, NC: Montgomery and SC: Greenwood, to represent
the Obefore selectionO scenario in calculatidrisasfd G, the genotypic covariance matrix.

The G matrix was not actually obtained in the current study, and usually involves
calculations of heritabilites and covariance in traits from multiple families osay generations
(Steppan et al. 2002). Instead, a phenotypic variance-covariance matrix (P) was used as a proxy
for the G matrix. The P matrix has been substituted for the G matrix in other studies, and has
been shown to be proportional in many cases to the G matrix, making it a suitable alternative in
the Lande equation (Cheverud 1988).

An assumption of this approach is that the phenotypic traits included in the analysis are
under selection. The traits marked by RCD in this system are clear choices for inclusion in the
analysis, but other traits may have indirect effects on the observed divergence of pulse number
and pulse rate divergence in sympatry, that have not been considered previously in this way. For
this reason, | only include pulse number and pulse rate in these analyses, but rureaddition
selection gradient analyses including traits that differ between populations: catdatall duty
cycle, and call duration. This model, which includes call rate, call duty cycle and call dunation i

addition to pulse number and pulse rate will hereafter be called the Oextended modelO.

Standardization of Selective Gradients

Phenotypic measurements of call characteristics used to calculate thexranditi are
all on different scales. However, each of the call characteristics included are orothealat
making them appropriate characters for this analysis because the response of selection should be
measured on absolute terms, where the difference between phenotypic traits is meaningful (i.e.
traits should be on ratio scale with value 0, meaning at value 0, there is no quantifiable amount of
that variable). Call characters that were transformed for purposes of normality (call shape, pulse
shape on, and pulse shape off) were not included in this analysis. Because the remaining trait
values are on different scales they must be standardized before analysis so that select
gradients can be compared within and between call types. | chose to use mean standardization
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and standardized variables used in the calculations of lzo#imd P by the mean call

characteristics in allopatry. Allopatric localities were chosen in calcul&ingcause,

presumably, selection is not acting on call traits in allopatry, and the covariance structllre of ca
variables in allopatry are likely the most appropriate representative of the speciesxG! rnatri

was standardized by divididg , by the allopatric mean for each trait,Before calculating the P
matrix, each individualOs raw trait value was standardized by the mean for the individualOs
population. The P matrix was determined by first estimating the P matrix of each allopatric
population (NC: Montgomery, N = 17; SC: Greenwood, N = 5) and then weighting each by their
respective mean to calculate the pooled phenotypic variance-covariance matrix representing both
allopatric localities. This approach is expected to reduce error in inflating estimate ofliariabi

in each trait, which is an important predictor of the evolvability of traits included in the analysi
The following formula illustrates how the pooled covariance mdtrixgo, , Was estimated

(Eq.2.1):

Ppogigop ! W(!!!! i)

where,P represents the phenotypic covariance matrix,raitd respective sample size.

With the known! z and P, it is then possible to solve 'fothe vector of selective
gradients for each trait. This is accomplished by simply multiplying the left hand side of each
side of the equatiohz = P', by the inverse of the P matrix,' . The inverse matrik,' ',
multiplied by P results in the identity matrix, and thus P cancels out on the right hand side of the
equation. All matrix math was computed in R (v3.1.2). The inverse P matrix is then multiplied
by the vector of z values for each trait, and the resulting product is a vector of selective
gradients on each trait. The beta values in the remaining vector are the regressionntsefficie
derived from the Lande equation and represent the strength of selection on the trait oflinterest,
The selective gradients, by way of mean standardizmgnd P, then, are also mean-
standardized themselves and can be interpreted as the change in mean fitness per unit change in

mean trait value, after mean standardization, following Hansen and Houle (2008).

Standardization of! Vector Length
The Lande (1979) equation makes the assumption that selection is being measured in a

single generation. Therefore, the selection gradients calculated in this approach are expected t
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be quite large, representing many generations since character displacement has resulted in the
present-day phenotype in sympatric localities. Standardizing the selective gradients by lthe lengt
of the vector, or the vector norm, makes the beta values relative to 1, where they can then be
interpreted and compared for relative strength of selection. The vector norm is calculated by
summing the product of the squared selective gradiérits €ach call variablen]) for each call

type, and then taking the square root of this sum (Eq. 2.2). Each beta value is then divided by the
vector norm so that they all scale to the length of the vector. This makes it so that the beta value

are comparable across call characteristics and call types.

I"#$%&"#$% | !!\/(!!!)! i) e )ttt (Eq.2.2)

There is no intercept in this regression model, as is typical of any linear regression model, and in
some ways it may be thought of as the allopatric position in the fithess landscape, or tige starti
position from which change is expected after an episode of selection, resulting in the present-day
OselectedO phenotype in sympatry.

Results

Correlation Within Call Types

When investigating the correlations among variables within calls, | find that 16
combinations of traits are significantly correlated within at least one call typeofieation
matrix is provided in Table 2.1. | limit the interpretation of these correlations to only those that
are significant after Holm-adjustment of p-values, and to those that have direct and indirect
effects on the primary traits of interest, pulse rate and pulse number.

Call duty cycle (ratio of call duration to call period), better summarized as the proportion
of time spent calling, is highly positively correlated with pulse numberQ.689) and call
duration ¢ = 0.594) in ADV calls, and pulse number50.597), call duratiorr (= 0.596) and
call shaper(=0.370) in AGG calls. Positive correlations between call duty cycle and pulse
number and call duration are intriguing for several reasons. First, pulse number and call duration
are highly positively correlated themselves ( ! 10.619,!,.. ! 10.717), such that males with a
greater number of pulses in their call also have a longer duration call. Given the relationship
between call duration and pulse number, it is reasonable to assume that as a male oatrease

duration, and simultaneously the number of pulses in his call, he spends a greater proportion of
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time calling (high CDC) relative to a male that has a shorter call duration with few pulsgs in hi
call, holding calling rate constant. This is not to say that throughout a night of chorusing this
increased calling effort in males with long duration calls can be sustained as longsawithale
short call duration, only that males with longer calls at the time of recording also spentia greate
proportion of time calling. Taigen and Wells (1985) found that calldytd versicolortree frogs
showed an inverse relationship between call rate and call duration, such that males with a long
call duration called at slower rates. Méleversicolorwith longer calls also spent less total time
calling throughout a night of chorusing compared to males with shorter call durations.

Call duty cycle might also be expected to increase with the rate of calling. However, for
both call types this relationship is not significapt: ( = 0.021!,.. ,=-0.255). When
considering frogs from displaced localities separate from non-displaced localities opposing
relationships between call rate and call duty cycle exist. In non-displaced localltigdCAand
SC: Greenwood, excluding VA) call rate and call duty cycle are positively correlated=
0.322, p = 0.0430;~ =0.307, p=0.0536; N = 40, 40), and negatively correldied € -
0.252, p = 0.0138;~ =-0.556, p =0.0004; N = 36, 36) in displaced localities (SC: Colleton,
GA, FL). Although not all of these correlations are significant, the trend suggests that higher
rates of calling are associated with lower calling effort (CDC) in sympatry. This pattargeaty
driven by call duration. In allopatry, call duration in advertisement and aggressive calls does not
differ between populations (Tukey HSD, p > 0.05). In sympatry GA and FL frogs have shorter
advertisement call durations compared to allopatry and sympatric SC (Tukey HSD, p < 0.05).
Aggressive calls in FL and GA are also shorter in duration when compared to SC and SC:
Greenwood (allopatry), but are roughly equal in length when compared to NC (p = 0.99).
Sympatric SC has the longest call duration compared to all populations (Tukey HSD, p <
0.0001), for both advertisement and aggressive calls. Therefore, the negative trend in the
relationship between call duty cycle and call rate in sympatry might be explained by call
duration, where FL and GA frogs call at faster rates, but have a shorter call duration (and lower
CDC), and SC frogs call at slower rates but have a longer call duration (high CDC). Call duty
cycle is only significantly increased in SC for both call types. Although SC frogs call at a slower
rate, their call duration is much greater than any other population. Similarly, FL and GA frogs
have a slightly decreased call duration but call at slightly faster call rates congpalieather
populations, and so the call duty cycle is not substantially different form other populations
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because the relationship between the two variables in FL and GA is more proportional than in
SC.

Considering only the combinations of traits that were significantly correlated within at
least one of the call types, half (8/16 combinations of traits) were significantly catraetatess
both call types (Table 2.2). In other words, significant correlations within one call type, were
only significant in the other call type half of the time. Testing the null hypothesis thatlthese
correlations do not differ between call types, | find that 6 of 16 combinations of traits
significantly correlated in either ADV and AGG call types showed different patterns of
covariation between signal types (!., '#1.. ). Of these 6, two trait combinations that were
highly correlated within both call types were significantly different between call typasud f
my interpretation on between-call type correlations with respect to only those correlations that
were significant within both call types. The correlations between call rate and calbpet
0.0223) and call rate and pulse number (p = 0.0395) within call types were significantly different
between call types. In both cases, aggressive calls had higher negative correlationraeefficie
between these combinations of traits than did advertisement calls.

Call rate is a variable shared between these two different correlations, and whengssessi
the relationship between pulse number and call duration, | find that these are also correlated,
with a trend towards higher correlations in the AGG call (p = 0.1159). This may suggest tighter
constraints on aggressive calls than in advertisement calls in terms of the relatiotvebgnbe
calling rate and call duration (and consequently pulse number), and perhaps that males are
producing aggressive calls at the maximum extent (rate and duration) at which this relationship
can be driven. The relationship between call rate and call duration is depicted in figure 2.1. Here,
aggressive calls are produced at much higher call rates without change in call duration. Increased
calling rate is expected to be more energetically costly (Taigen and Wells 1985; Lemmon 2009
for energetics in advertisement signal$oferiarun), but aggressive calls are typically
produced in bouts of 3-5 calls, suggesting that the higher energetic cost of producing aggressive
calls may not be as costly as predicted, if high calling rates are not sustained for very long
periods of time, or are separated by periods of silence.

Among the 16 significantly correlated trait combinations examined for potential
differences in the strength of correlation between call types (Table 2.1), 12 have higher
correlation coefficients in AGG calls than in ADV calls. In 6 of these 12 trait conntonsat
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correlations between traits in aggressive calls were substantially higher than ateerttisalls
(p < 0.05). ADV and AGG correlation matrices are significantly differeht (186.89,df = 66; p
< 0.043) when comparing overall matrix similarity (Steiger 1980, Revelle 2015). Although,
when testing for equality of correlation coefficients between call types%£!,.. ), | find that
the covariation in traits is only significantly different in 6 of 16 cases.

Pulse number and pulse rate are also significantly correlated within call types when all
populations are considered simultaneously (=0.483, p < 0.001;. =0.508, p < 0.001).
Although these correlations are not incredibly strong, one might expect there to be a similar
pattern of reproductive character displacement in sympatric populations (i.e., pulse number and
pulse rate consistently covary across localities with displaced signals). However,¢he thre
localities with displaced pulse number and pulse rate do not share a common pattern of pulse rate
and pulse number covariation within advertisement call types, relative to allopatry. When
populations are pooled by allopatry (NC, SC (allopatry)) and sympatry (SC, FL, GA), the trend
in the relationship between pulse rate and number, although insignificant, is in opposing
directions! !l mygioee: | U 1T T 5 hggen 11T 111" ) This suggests that the
relationship between pulse number and pulse rate may be decoupled in sympatry (but see SC
(allopatry) in Table 2.3; Figure 2.2).

Correlation Between Call Types

The correlations between call types were estimated for each variable measured. For each
individual recorded (N = 97) | plotted that individualOs mean call characteristic for its
advertisement call and aggressive call (x-axis = Advertisement, y-axis = Aggressive;2Egjure
and estimated PearsonOs correlation coefficjefur (the relationship between homologous
characters of each call type. | repeated this for each of the 11 call characteris$iaechdéor
all variables, ADV and AGG signals are significantly correlated (rarg6.31 b 0.77) after
sequential Bonferroni correction. Some correlation coefficients are higher than others, and these
patterns generally corroborate the coefficient of variation analyses discussed in Chapter 1 of this
thesis, where traits with higher variability among males also have lower correlatiocieosfi
between call types. A complete table of results from this analysis can be found in thexappendi
(B.1)
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Measurement of Selective Gradients on Each Call Type

One approach to visualizing the correlated response of aggressive call types to selection
in advertisement calls is by measuring the correlation between the change in the mean trait
values [ z) for each call characteristic from allopatry to sympatry (Figure 2.4). If the response to
selection is correlated between call types, then this may provide additional support for the idea
that indirect selection may be acting on one or the other signal types. | find that correlations
between z (advertisement) arldz (aggressive) are only significantly correlated in two
sympatric localities, SQ € 0.95; p <0.001) and Flk € 0.92; p <0.001). In SC pulse rate is
displaced very little in a positive direction for both call types, while call duty cycledwadtion,
and pulse number have a greater magnitude mean trait chader(both call types compared
to allopatry. Additionally, call rate is slightly reduced in SC for both call types, while thegavera
pulse shape, dominant frequency, and pulse duration are not different from allopatry. In FL call
duration is reduced, and just as in SC, pulse duration does not change from allopatry to
sympatry. However, all other call characteristics in FL are increased relative tdrgloptn
pulse number and pulse rate having the greatest magnitude increase. For each other sympatric
locality, there does not appear to be a strong correlation betveeedues for each call type. In
VA, this correlation is negative € -0.51, p = 0.19). Here, pulse number and pulse rate are
slightly reduced relative to allopatric advertisement calls (consistent with Lemmon 2009), but
have increased trait values relative to allopatry with respect to aggressive calls.

Analyses of selection gradients on each call variable were calculated using twantiffere
data sets. First | used the characteristics that are known to be under selection in #ss/&peci
female choice. Second, | used a larger data set that included call variables that diffezed be
populations after confirmation with ANOVA analysés,( , p < 0.001). In addition to pulse
number and pulse rate, variables that significantly differed among populations were call duty
cycle, call rate, and call duration. At some level, the call characteristics inctuttexisecond
dataset may also be under indirect selection, and this might change the strength or direction of
selection on the traits that have already been shown to be important in this system. When using
these two different datasets I find that the results are not consistent between them. Whe
considering the two traits of primary interest alone in the model, pulse rate and number, | find
that selection gradients are generally in the same direction and magnitude in both call types
(Figure 2.4) where selection is the strongest. However, when including additional call variables,
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| find that this changes the direction of selection on pulse number and pulse rate such that they
are instead, consistently opposing between the two call types (Figure 2.4).

Selection Gradients: Pulse Rate and Pulse Number

Selection gradients calculated using only pulse number and rate suggests that selection
acting on pulse rate and pulse number is consistently strong between call types, and operating in
the same direction. In general, these patterns are consistent with those reported in advertiseme
signals undergoing reinforcement (Lemmon 2009). In terms of how | present these data, | will
consider the strength of selection to be moderate if it is less than 0.5, and strong if it is greater
than 0.5. | also only report on selection gradients that were calculated using pulse rate and pulse
number only, in the model. In each of the following paragraphs | interpret selection gradients by
focusing on each locality, and what these selection gradients might mean in light of what is
known about character divergence in each of these populations (Figure 2.4).

In AL (figure 2.4, a) there is moderate directional selection for increased pulse number in
aggressive calls' (= 0.41), and essentially no selection on pulse number in advertisemerit calls (
=-0.08). When considering pulse rate, there is strong directional selection for slower pulse rate
in both advertisement (= -0.99) and aggressivé (= -0.91) calls. Although AL frogs actually
have slightly reduced pulse number in advertisement and aggressive calls relative to allopatry the
selection gradient was positive on aggressive call pulse number. Parallel strength aod diecti
selection on pulse rate in both call types suggests selection is strong on both of these signals.

In FL and GA, analyses of selection gradients yield similar results, which is not too
surprising considering these populations belong to the same genetic lineage (Lemmon 2007a)
and are sympatric with the same heterospeéfiaigrita. The patterns observed complement
findings of Lemmon (2009), in that there appears to be moderate to strong positive directional
selection on pulse numbér{ =0.37!, ! I'Il")and strong directional selection for
increased pulse rate,( =0.93!» ! 'l )in advertisement calls. However, aggressive calls
do not share a similar pattern with respect to pulse number. In aggressive calls there is moderate
directional selection for a reduction in pulse number (=-0.36, - ! - 0.54) relative to the
Obefore selectionO condition in allopatry. With respect to pulse rate, selection gradients are

equivalent or nearly equivalent between call types inlrk ( =0.93)! . ! 0.93) and in GA
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(! =0.85!= 1 0.80). Overall, the strength of selection on pulse rate is stronger than on
pulse number suggesting that pulse rate is the primary trait under selection in these populations.

In FL there is a very strong correlation between call types with respect to the change in
mean phenotype from allopatry to sympatry,(figure 2.4, b). Where selection gradients are
opposing between call types for the same variable, it is useful to see if the directian of tra
change is in agreement with selection. This may inform which call type is driving the other.
Mean pulse number and pulse rate increase in both call types relative to allopatry (i.e., positive
I ). This means that while selection is actually acting to reduce pulse number in aggedissive ¢
the genetic correlation between call types is overriding selection and driving pulse number to
increase despite selection against it. In GA selection gradients on pulse number are iaragreem
with patterns of mean trait change (figure 2.4, c), and so presumably genetic correlation between
call types is not influencing patterns of displacement in pulse number. In both FL and GA it
cannot be determined at this time whether selection on pulse rate in either call type might be
driving the other to diverge. This is because in both populations, the selection gradient is equally
strong on pulse rate for both call types, and the direction of trait change is proportional between
call types (i.e.!l" py 1 I" ).

In VA there is weak directional selection for a reduction in pulse number for both
aggressive and advertisement cdllg;( =-0.31! ! -0.38). These results are also
consistent with patterns of RCD documented in advertisement calls in VA (Lemmon 2009).
However, patterns of selection are strongly opposing for pulse rate, with strong selection for
decreased pulse rate in advertisement caks-0.95), and increased pulse rate in aggressive
signals { = 0.93). Selective gradients are generally in agreement witlalues obtained for
pulse number and pulse rate. However there does appear to be a slight discrepancy in pulse
number of aggressive calls. Pulse number of aggressive calls has increased slightlyaelative
allopatry, but the selection gradient for pulse number suggests negative directional selection.
Therefore, there may be some influence of the genetic correlation between call types in driving
pulse number change in aggressive calls despite selection against it. The correlagen!betw
values is actually negative for this population making it unique among the populations studied.

In SC pulse number is under strong positive directional selection in both call types (
=0.93,!= ! 0.75). Selection on pulse rate in advertisement signals is positive, but only

moderate in strength (; = 0.37), while selection on pulse rate of aggressive calls is negative
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and fairly strond! » =-0.661). The strong correlation betweenadvertisement andz
aggressive indicate that the two call types are genetically constrained to evolve together. It
impossible to say whether or not selection on pulse number is indirectly driving one of the call
types to evolve because the strength and direction of selection are very similar and are in
agreement with the direction of trait change from allopatry to sympatry'(ie., ! " . ).

This means that either call type, or both could be contributing to patterns of RCD (increased
pulse number) in advertisement signals. With respect to pulse rate, it appears that the genetic
correlation between call types may be driving pulse rate of the aggressive call to inckesaise (al
slightly), even though the direction of selection is for a reduction in pulse rate. In this scenario,
positive directional selection on advertisement pulse rate may be driving aggressive ptise rate
increase via genetic correlations among call types.

It is also useful to consider the relationship between pulse rate and pulse number for each
call type individually (right panel; figure 2.4). An intriguing pattern is that selective gradients on
each call trait (pulse rate and pulse number) are parallel in advertisement signals and opposing in
aggressive signals. This result seems contradictory when taking into account the strong
correlation between homologous traits of ADV and AGG calls, and the strong correlations
between z advertisement andz aggressive in some populations (SC and FL). This discordant
pattern is driven by the direction and amount of change in the mean phenaypédach
population relative to allopatry (Table 2.4). This pattern suggests that it is advantageous for
males to increase either pulse number (SC and AL) or pulse rate (FL, GA and VA) of aggressive
signals, but not both simultaneously, while in advertisement signals it is advantageous to

increase or decrease both simultaneously.

Selection Gradients: Extended Model

In addition to calculating selection gradients on the primary traits of interest, | chose to
also calculate selection gradients on additional call characteristics that magidyeselection.
Additional traits include call duration, call rate, and call duty cycle, all of which difterdesn
populations in both advertisement and aggressive calls (ANOMA;, p < 0.001). ANOVA
results for each of these call characteristics are listed in the appendix (Table B.2.). When
additional variables are added to the model, the magnitude and direction of selection changes in
pulse rate and pulse number, to the point where all populations share essentially the same pattern
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of selection with respect to pulse rate and pulse number (Figure 2.5). This is an unusual result,
because it does not reflect the current understanding of selection operating in advertisement
signals in sympatry. For instance, in FL and GA, the expectation is for positive directional
selection on pulse rate in advertisement signals, yet there is no evidence for this when including
all variables in the model. Positive directional selection on pulse number in advertisgmalst s

is in line with expectations for FL, GA, and SC, but not for VA. Instead Lemmon (2009) found
that pulse number was actually slightly lower in VA when compared to allopatric populations.
Mean pulse number does not significantly differ between VA and Allopatry

(T 0 WD ggie 11" 18; p = 0.96), but it does not increase in value either, relative to the
allopatric populations sampled. A complete table of selection gradients and parameidesli

in the extended model are provided in the appendix (B.3 and B.4)

The interpretation of these selection gradients should be approached with caution, as
many assumptions of the model (as stated in the methods section) are made that cannot be fully
validated with the current data. Given the opposing results from the two datasets, it lsatlear t
inclusion of different variables can have a large effect on the resulting selection gradients
Because it is not known if additional variables are under selection in these calls, | focus my
summary of this data on selective gradient analyses using the two variables that are known to be
under selection in the advertisement signal. The pattern suggests that in populations where there
is marked divergence in pulse rate and pulse number (FL, GA, and SC), selection on aggressive
and advertisement calls is similar both in direction and in magnitude. This suggeststtiiatsel
may be operating on aggressive calls and therefore could be contributing to patterns of
displacement in these sympatric localities.

Discussion

Correlated Traits Within and Between Call Types

Correlations between call characteristics within each signal type are generallyecdnsis
(i.e, the same traits that are strongly correlated within one signal type are also stronglyedorrelat
in the other). Of particular interest is the covariation between pulse rate and pulse number and
other variables measured in each signal type, because these data might help to inform predictions
of signal divergence and better inform potential targets of selection. | find that pulse number is
significantly positively correlated with call duration and call duty cycle in both call typése P
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number is also highly correlated with pulse rate, but at closer inspection, this relationship was
broken in sympatric populations. This means that sympRitrieriarummodify the pulse rate

and number of their calls in an unpredictable manner in sympatry. The finding that pulse number
and call duration are significantly positively correlated, and that pulse rate and call duration are
significantly negatively correlated (before temperature correction of calls) in both call types
means that call duration may be an additional factor to consider in signal divergence, because
variation in this trait directly affects the primary traits of interest in this study.

Correlations between homologous call characteristics between call types were ia# posit
and significant. This means that for an increase in any of the trait values measured in
advertisement calls, there was a corresponding increase in that trait value in aggriéssive ca
This is a significant finding, and to my knowledge has only been documented in acoustic signals
in one other species, a neo-tropical hylid tree flxgndropsophus ebraccat(Reichert 2013a).
Furthermore, this finding has strong implications in RCD research and suggests that the targets
of selection may be confounded by indirect selection via correlated trait evolution. This result
enabled further analysis and insight into the targets of selection in this system, whichgsetis

in the following section.

Selection Gradients

Analyses of selection gradients on the two call types suggest that selection imgperati
aggressive signals. When only pulse number and pulse rate are used in the calculation of
selection gradients some clear patterns emerge. First, selection on advertisdmens€alFL,
and GA is largely consistent with the hypothesis of reinforcement driving RCD (Lemmon 2009).
| find that there is strong positive directional selection on pulse rate in both FL and GA, and in
pulse number, moderate (FL) to strong positive directional selection (GA). In aggressive calls,
there is also strong positive directional selection on pulse rate that is equivalenttiordaed
strength to selection on pulse rate in advertisement signals. This suggests that increased pul
rate in sympatry may be advantageous in both call types, but at present it is impossible to tell if
one call type might be driving this pattern in the other. More work is needed to measure the
fitness of individuals that produce higher pulse rate aggressive calls to confirm the evidence
presented here that selection is operating on pulse rate of aggressive signals. In FL | find
evidence that suggests the genetic correlation between call types may be causing pulse number of
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aggressive calls to increase, despite selection favoring a reduction in pulse number. In GA this
pattern is not supported, and instead the data suggest that selection to decrease pulse number of
aggressive calls is not influenced by genetic correlation between call types. The findthg that
strength of correlation betweérz aggressive traits andz advertisement traits is weak in GA (r

= 0.24, figure 2.4, c), but very strong in FL (r = 0.92, figure 2.4, b) supports the idea that genetic
correlations may have a greater affect on acoustic signal evolution in FL than in GA. Admitted|
the sample size is very low (N = 7) in GA, and if more individuals were recorded, a tighter
correlation might exist given that the orientation of traits along the regression fit igrsmil

both populations.

Selection gradient analyses in 8Cferiarumalso support results reported by Lemmon
(2009). In advertisement calls there is evidence of strong positive directional selection on pulse
number and moderate to weak positive directional selection on pulse rate. Pulse number is also
under strong positive directional selection in aggressive calls. This might suggest that
mechanisms of sexual selection (female choice and male-male competition) magdaac
parallel with respect to selection on pulse number. Here, the data do not support the hypothesis
that selection for increased pulse number of aggressive calls is driving pulse number divergence
in advertisement calls, but importantly, they also do not refute it. More work is needed to
determine the reproductive fitness of males producing high pulse number aggressive calls
compared to those that produce intermediate or low pulse number calls. | also find evidence that
pulse rate may be constrained to increase slightly in aggressive calls, despite pasteong of
negative directional selection. This is driven by the high correlation betweaggressive traits
and! z advertisement traits (r = 0.98, p = <0.001; figure 2.4, e), suggesting genetic correlations
are influencing trait change in this population.

The patterns of selection in SC are opposite of those in VA, which is interesting because
populations in SC and VA are influenced by the same heterospecific community. In VA there is
weak directional selection to reduce pulse number in advertisement calls and strong directiona
selection to reduce pulse rate. In aggressive calls there is strong directional selecticras®ei
pulse rate and weak directional selection to decrease pulse number. These pattern®of selec
appear to be influenced slightly by genetic correlation between call types, with respect to pulse
number. In addition, the negative correlation (r = -0.51; figure 2.4, d) betweaggressive
traits and z advertisement traits suggests that R Aeriarummay be constrained in the
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direction of signal evolution (Wilkins et al. 2013 for review). This may in part explain why
signal divergence is opposite of that in SC despite both populations having similar community
composition in sympatry.

Although character displacement has not been documented in AL: Macon, these results
suggest that a slower pulse rate aggressive and advertisement call may be advantageous in this
population. Interactions with a third congeneric spe&ebrachyphonaat this contact zone
may be influencing these patterns. More work needs to be done to investigate the potential for
reinforcement against hybridization at this contact zone to drive patterns of divergence in
advertisement calls, and to determine if males are at a fithess advantage indrfitaspe
competition when producing slower pulse rate, increased pulse number aggressive calls.

There are several assumptions to the proposed method of estimating the strength of
selection that should be noted. The use of allopatry as a Obefore selectionO representation of
sympatric populations before character displacement evolved is observational. There is some
indication that character displacement has evolved independently in two linedgdsrairum
the inland (FL and GA) and coastal (SC) clades. As such, using a single Obefore selection®
allopatric population to calculate selective gradients may not be appropriate given the two
lineages may have evolved from ancestors with different call characteristics. Send, thi
approach makes the assumption that the divergence observed has a genetic basis, which has not
been formally tested in this species (but see Lemmon and Lemmon 2010). The model also
assumes that selection, and not some other evolutionary process such as genetic drift,
introgression, or founder effects cause the observed trait divergence. There is strong evidence for
reinforcement (via intersexual selection) as the process driving signal divergence in
advertisement calls, but there is currently no supported hypothesis indicating the mechanism
driving selection in aggressive calls of this species. This may explain contrasting \ndsarit
using the extended model. In some instances selection gradients were switched in direation whe
including additional traits, and the general pattern of selection on pulse number and pulse rate
was consistent across all populations (but see SC; figure 2.5). This suggests that inclusion of

additional traits in the model may seriously confound overall patterns of selection.

In summary, strong patterns of consistent character divergence in both call types in FL
and SC suggests that genetic correlations between call types can influence patterns of
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reproductive character displacement in this system. The correlation bétweggressive traits

and! z advertisement traits in VA also support this notion, but to a lesser extent. Why this
correlation between aggressive and advertisement calls is remarkably strong in some populations
and weak in others remains an open question. Overall, | find evidence that selection is acting on
aggressive signals, and in many cases the strength and direction of selection is consistent
between call types. In FL and GA | find evidence for strong selection on increased pulse rate,
and in SC, strong selection for increased pulse number. Presently there is no ability to determine
which of the two forces, intra- or intersexual selection is most important in driving the observed
patterns of RCD in this species. The next step in determining if intrasexual selection is trul
important in character divergence in this system is to test males in competitivetiotesrand
determine which aggressive call traits winning and losing males express. However, this would
not be a conclusive experiment, and reproductive fitness of aggressive vs. non-aggressive,
inferior, and subordinate males would also need to be quantified, answering an essential
guestion: Do males that successfully compete for a calling site also sire morengffsfative

to males that lose contests or adopt a different behavioral strategy (e.g., satellite behavior)?
Furthermore, the relative proportion of individuals in a population that are subject to both forms
of sexual selection would also be important to consider in determining which of the two
mechanisms of sexual selection contributes more to total selection on male sitm@Htnat et

al. 2009). This would effectively weight the strength of selection by either mechanism with the
proportion of individuals actually experiencing that selection pressure. If there is no evidence of
selection on male aggressive calls in the field then selection is operating on adeeitisem

signals, which is causing indirect selection on aggressive calls. Overall, the direction and
magnitude of selection gradients suggest that character divergence may actually be driven by
both mechanisms of sexual selection, and this seems like a more probable scenario then either

mechanism acting alone.

Total Selection on Male Fitness

Female choice and male-male competition are probably not mutually exclusive
mechanisms contributing to signal divergenc® irfieriarum,as this may be true in many
lekking species of animals (Berglund 1996, Borgia 1979, Hunt et. al 2009). This species of
amphibian typically forms large choruses and competes for often limited calling space in the
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breeding pool. However there does appear to be considerable variation in the size of both the
breeding pools and populations across the geographic distribution. Behavioral strategies in male
competition in this species involve both direct competition (aggressive signaling and fighting for
territories) and more passive means competition (satellite behavior). Successfullyimgpmpet
males that maintain chorus tenure post-competition probably benefit from increased mating
success. IIP. triseriatg a closely related species, no satellite males were ever observed
obtaining a mate (Roble 1985), and in other species of frogs, satellite males have much reduced
mating success compared to calling males (Krupa 1989). This indicates that subordinée satell
behavior may also result in reduced mating succeBsferiarum

If territory owners have already successfully competed for access to females, then female
choice may be limited to a pool of successful competitors. In this way, the two mechanisms
would act in concert, with selection operating on traits involved in male-competition preceding
selection acting via female choice. An interesting question in this system is, dmalale-
competition and female choice work in parallel? Analysis of selective gradients oraédgpec
suggest that selection is acting in complimentary ways on the two call types in sympatric G
FL, and SC, where reinforcement is occurring.

In sequential selective episodes (male-male competition followed by female choice),
selective pressures are often in the same direction. In a meta-analysis of totaledextiahs
80% of empirical studies indicated parallel selective pressures on the same trait when
mechanisms of sexual selection act sequentially (Hunt et al. 2009). Therefore, it appears more
likely that mechanisms of sexual selection act in parallel when the samareaitsed in male-
male competition and female choice sequentially. Mechanisms of sexual selagtalso act
simultaneously, where male-male competition and female choice select from the sam
distribution of male traits (Hunt et al. 2009). It seems more likely that sequential episodes of
sexual selection are acting in this system given that several researchers have noted more
aggressive calling earlier in the evening before calling sites are established andevefdes f
arrive to the chorus. Based on the analyses of selective gradients, an emerging hypothesis is that
increased pulse rate (FL and GA) and pulse number (SC) may be traits under selection in malesO
aggressive calls. These traits may be important indicators of a maleQOs fightingratbdy
condition. If aggressive males that win fights are those with increased pulse rate or pulse number
aggressive calls, then they may gain better access to females. However, advertigaalent s
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also function in male-male competition, and are thought to instigate aggressive calling, usuall
by triggering an amplitude threshold when the distance between two advertising males is
sufficiently decreased. This suggests that intra- and intersexual selection are acting
simultaneously on advertisement calls, where both males and females are evaluating
advertisement calls, and selection is acting on the same distribution of traits in thiseaheant
signal. Because signal traits are highly correlated between call types, femalessakctieg

for males that win contests indirectly, because these are the males that are szpneskeat

breeding chorus after male-male competition has taken place.

Potential Mechanisms of Intrasexual Selection

What are the traits that determine success in male-male competition in adgustica
signaling animals? Bradbury and Vehrencamp (1998) suggest that birds modify signals used to
attract mates when repelling males by increasing calling rate and duty cycle. Calbrate a
duration are predictors of contest winners in tarbush grasshoppers (Greenfield and Minckley
1993). In anuran amphibians increased calling rate (Sullivan 1983a) and lower call frequency
(Arak 1983; Wagner 1989a; Reichert and Gerhardt 2013) have been implicated in settling
disputes in agonistic encounters and resulting in successful contest competition, asosensest
in the above examples typically retreated from dominant males or adopted a subordinate
behavioral strategy such as satellite behavior. | do not find evidence that dominant frequency
significantly differs between call types, consistent with Owen (2003), suggesting thahtpweri
the frequency of aggressive catisy not be an indicator of the outcome of malale
competition in this species. Some anurans have been reported to use graded aggressive signals in
aggressive encounters, which may function to maintain some level of attractiveness in the
presence of females, and/or reduce the energetic cost of aggressive signalingliwhile st
displaying aggressive intent (Wells and Schwartz 1984; Wagner 1989b; Grafe 1995; Reichert
and Gerhardt 2013). It is unknown which signaling traits confer a competitive advankage in
feriarum,but in addition to pulse rate and number, call duration, call rate, call duty cycle appear

to be good potential candidates.

Selection on aggressive calls may initiate divergence in sexual signaling traits involved i

competition and may simultaneously generate variation in advertisement signals, allowing for
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sekction via female choice to act. This is especially true if traits used in mapetbom and
female choice are genetically correlated. There are several ways in which this may necur. O
possible mechanism to explain divergence in aggressive signals, consistent with divergence i
advertisement signals in this species, is through direct competition between maldsatsuch t
males with more elaborate, energetically costly sexual signals benefit from higher repeoducti
success. In this species, this would equate to positive directional selection on pulse number
and/or pulse rate of aggressive signals conferring a selective advantage maieale-

competition. This process would act in parallel with mechanisms of female choich,halsic

been shown to result in positive directional selection on maleOs advertisement signatsy(Lemm
2009). Evidence of similar selection gradients on each call type promotes this idea.

Why might intrasexual selection on aggressive signals be important in sympatry if this
process does not rely on the presence of heterospecifics to influence divergence? An interesting
avenue of exploration is geographic variation in relative sex-ratios, mating strategies, and
population density among populationsRsfeudacris feriarupgparticularly between sympatric
and allopatric localities, and what their potential effects may be on the mechampiogesl in
sexual selection. There is some indication that population size is much larger in regionB.where
feriarum (E.M. Lemmon, personal communication; personal observation) has invaded coastal
plain habitat along major river drainage systems that traverse the Piedmont and flow into upper
Coastal Plains regions of the eastern U.S. (Batts 1960; Fouquette 1975), entering into sympatry.
Along these river drainage systerRs feriarumutilizes the river floodplain regions for breeding.
Why population size might be larger in these regions is unknown, but it may be a more suitable
habitat, offering a potentially longer growing season, higher developmental rates due to
increased temperature, a more permanent supply of water, and other resources in comparison to
piedmont breeding localities which typically consist of more sparse ephemeral breeding sites
restricted to depressions at lower elevations that may be fewer in number and smakber in siz
(Sias 2006; E.M. Lemmon personal communication).

Another observation that has not been quantified isRthtgriarummay be more
explosively breeding in southern sympatric populations (FL, GA, SC and AL). This may be for
several reasons, including regional climactic differences, a temporal shift in breedinglto avoi
heterospecifics, or an opportunistic shift in breeding time that follows that of major river
flooding in early spring. Although anecdotal, increased population density and mating strategy
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shifts from prolonged to explosive breeding would have important implications for this research.
In explosively breeding frogs, male-male competition is expected to be the greatest determinant
of male mating success, whereas in prolonged breeding populations females are expected to
arrive at breeding congregations asynchronously, promoting decreased male competition for
access to females (Wells 2007). Females may exercise choice of mates morelyreguent
prolonged breeding populations. Furthermore, intraspecific aggression may increase with
population density, and this might cause disruptive selection on male traits under selection
(Bolnick 2004; Qvarnstrom et al. 2012). This could occur if variation in phenotypic traits already
exists at low population densities, and are infrequent relative to the mean phenotype. Aggressive
calls are indeed more variable in their characteristics than advertisement signdis and t
variability is correlated between call types (Ch.1 of this thesis). At high densities, orgavittm
more similar phenotypes, may compete more often and more intensely for the same resources.
Organisms with extreme aggressive phenotypes might be afforded avoidance by neighbors with
dissimilar phenotypes, and may compete more effectively in agonistic interactions, providing an
advantage in establishing and maintaining a calling site. What determines the dltmeageof

a male in the outcome of aggressive encounters of males has yet to be determined for this
species, but | propose that population density may drive disruptive selection in male aggressive
signals in sympatry.

The following is a speculative scenario by which two such negative frequency-dependent
traits may be favored in male-male competitio®irferiarum creating disruptive selection in
the aggressive signal phenotype. This process is facilitated by increased population density
(Bolnick 2004) in sympatry, following a shift from prolonged breeding to more explosive
breeding. In this scenario male-male competition should intensify (Wells 2007) and increased
energy expenditure may be afforded when the length of the breeding season is shortened. |
propose that at lower population densities the mean aggressive phenotype (proportional pulse
rate and pulse number) is favored, but at high population densities the extremes of these
combinations of traits may be favored (Figure 2.6).

Disruptive selection is indicative of increased variability within populations (Rueffler
2006), a pattern that is consistent with the estimates of variability in aggressive @jlpelsst
number and call duration in sympatry, especially in GA and FL. Call duration is strong correlate
of pulse number and pulse rate in this species. Increased calling rate and call duration have been
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shown to be important determinates of mating success in some frogs (Gerhardt, 1991; Sullivan
and Hinshaw 1992; Tarano and Herrera 2003), and a strong negative relationship between call
duration and call rate has been well documented in frog calls (Wells 2007) such that high call
duration typically results in a lower calling rate, and vice versa. It is therefore unlikelyalest m

may increase the intensity of their aggressive signals by simultaneously increasing eatira

call duration due to energetic constraints. Therefore, disruptive selection on call duration might
mediate character divergence in pulse rate and pulse number. Selection for extreme phenotypes,
short call duration (and fast pulse rate) and long call duration (and increased pulse number),
might be advantageous for two reasons; (1) they are afforded reduced aggression from dissimilar
neighbors and (2) yet still convey high resource holding potential (RHP; Parker 1974),
competitive ability in resource defense, by signaling a more energetically costlyntsiils T

likely because an increase in these traits relates to increased energy expenditureagedincre
oxygen consumption and reduced energy reserves, which may be an indicator of quality both to
males and females (Taigen and Wells 1985, Wells 2007), and males likely evaluate one another
based on their RHP and engage in agonistic interactions with competitors that have shared
characteristics, or characteristics that are indicative of reduced RHP with reshechselves

(Parker 1974). Chorus attendance is often the most cited predictor of male mating success in
frogs (Wells 2007; and references therein), so males with the average aggressive phenotype
(proportional pulse rate and pulse number call) may engage in aggressive bouts more frequently
and for longer periods of time which could reduce chorus tenure, resulting in adoption of
potentially less favorable behavioral strategy, satellite behavior.

In the proposed scenario, the extremes represent two different calling strategies that
might be favored in aggressive contests. Coupled with female choice on advertisement signals, it
is then interesting to wonder how one strategy might be more favorable than another in the
context of reinforcement. The extreme aggressive phenotype, by genetic correlation, results in
advertisement calls with similar structure. Therefore disruptive selection on the aggsessal
would simultaneously increase variability in the advertisement call providing variation for
female choice to act. If the mean phenotgipd either of the extreme phenotypes are more
similar to a heterospecific, selection should in time favor the alternative extreraés Thi
significant, because amomgeudacrispecies of the Otrilling cladeO, pulse rate and pulse number

are primary traits that distinguish species (Cocroft and Ryan 1995) and contribute to acoustic
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niche partitioning in sympatric species (Lemmon 2007).

In SC,P. feriarumhas a higher call duration and pulse number, and sometimes interacts
with heterospecific®. nigrita, andP. brimleyiin breeding aggregationB. brimleyihas a very
fast pulse rate call with high pulse numbers, Bndigrita has a very slow pulse rate call with
pulses that are fewer in number than in datleriarumandP. brimleyi Therefore, selection
acting to increase call duration and pulse number in aggressive calls, and consequently in the
advertisement call, could potentially result in high fitness in both male-male coompatitl
female choice in s species assemblage. Alternatively, in FL and GA, the high pulse rate and
short call duration aggressive call may be selected for in both context®? Hermrumis only
interacting withP. nigrita,and as such, the high pulse rate and short call duration phenotype
would be expected to result in high fitness in both modes of sexual selection. In this way, the
process of reinforcement itself may reinforce either extreme phenotype generated by disruptive
selection in aggressive calls.

To gain further insight into the targets of selection in this system some fundamental
guestions about the nature of the selective process of females and males on the traitsimvolve
character displacement need to be explored further. For instance, males are able to perceive both
aggressive and advertisement signals, but do females perceive them in the same way (i.e., the
same neural processes), and what might their ultimate response be to aggressive signals? Rose
and Brenowitz (2001) found thBseudactis regillanales probably use discrete OchannelsO to
process aggressive and advertisement calls in central nervous system. They concluded this afte
testing to see if elevated exposure to advertisement signals in males (increasied amiing
up the amplitude threshold of receivers) would result in decreased thresholds (accommodation)
when the same males were sequentially presented with aggressive calls. Aggmgssise si
required different thresholds than advertisement calls, suggesting discrete signal processing
pathways exist for each call type. Perhaps females have lost connectivity of these neural
pathways if aggressive calls are not functionally relevant to their evaluation process inghoosi
a mate. Alternatively, females may be able to differentiate aggressive from seiverti
signals, and this may provide an exaptation for sexual selection to operate. This speculation may
hold relevance in the analysis of the evolution of advertisement calls in theRpudacris
(Cocroft and Ryan 1995). Most (if not all) lineages in the genus have pulsed aggressive calls
(Owen 2003) and pulsed advertisement calls, yet one clade has pure tone advertisement calls.
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This clade ofPseudacrisspecies is the sister group to the Otrilling cladeO of chorus frogs
(Lemmon et al. 2007a; Barrow et al. 2014). Perhaps, through the course of evolution, the pulsed
aggressive call served as an exaptation for selection on advertisement signals, during which
advertisement signals transitioned to become more like aggressive calls in structurama bec
what were formerly aggressive signals. In other words, the function of these two signal types
may be switched in different selective environments (community composition, increased signal
interference, etc.)

Furthermore, aggressive signaling in anuran amphibians is being re-examined with the
potential to express much more functionality than previously anticipated. For example,
aggressive signaling may function to increase a malesO attractiveness as a lésxdimg cal
chorus (Reichert 2011) and may be used to suppress calling of neighboring males via hormonal
mediation of androgen levels (Leary 2014), which are known to promote the vocal activity of
chorusing frogs (Wilczyinski et al. 2005; Leary 2009). In addition, it is interesting to wonder if
aggressive calls might also be used to reset the neural counting process of females (Rose and
Brenowitz 2001; Edwards et al. 2002), to increase attractiveness to females as maleg adverti
and compete for the ability to mate with the same proximate female. Edwards et al (2002) found
that female frogsO neurons count the pulses of maleOs calls, and without the appropriate number
of consecutive pulses at the correct pulse rate, they are unable to generate the action potential
required to relay a response to motor neurons. With respect to these findings, a hypothesis that
warrants testing is whether aggressive calls, which have a faster pulse rate thareadbrartis
signals, may reset the neural counting process of females. This may divert a femaligds atte
awayfrom rival males. The potential for aggressive calls to promote behavioral shifts in both
sexes is an ongoing area of research with potential to elucidate the interplay between differe
mechanisms of sexual selection and promote our understanding of how the two mechanisms
might act in concert in the evolution of vocal communication.

Alternatively, aggressive signals might be plastic, and the high variability seen among
males in aggressive call traits is a result of plasticity in calling behavior. Hovpdwaarotypic
plasticity in aggressive signaling might also promote character divergence in that tixeabili
exhibit plasticity in pulse number or pulse rate might be heritable and plasticity in thisse tra
may eventually become canalized (Pfennig and Pfennig 2009) when selective pressures promote

such change. In animals with graded aggressive signals, males are thought to increase the
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intensity of their aggressive signal, while still being able to maintain some levélactiseness

to females (Grafe 1995). Wh@&seudacris regillaandP. crucifermales are continuously

prompted with a playback stimulus, their aggressive threshold is raised, and as a result they
habituate to neighborQOs calls, meaning they respond with aggressive calls less intissely or
frequently after continued exposure to their neighborOs advertisement call (Rose and Brenowitz
1994; Marshall et al. 2003). At high chorus densities, the expectation is that the aggressive
threshold would be raised to the point at which males habituate to one another, and aggressive
calling is ceased in the face of continuously being exposed to the high amplitude calls of
neighbors. However, if males use aggressive calls in unexpected ways, such as to gain a leading
caller status (Reichert 2011), or to suppress calling of neighboring males (Leary 2014), it seems
it would still be advantageous to produce aggressive calls in high density choruses. Personal
observations suggest that males continue to give aggressive calls in high-density choruses,
despite the expectation for a reduction in aggressive calling.

Conclusion

The results suggest that aggressive signals may very well contribute to patterns of
reproductive character displacement in this system. This conclusion is formed from multiple
lines of evidence: the positive correlation between homologous call characteristiesrbesi
types, correlated change in both signal traits from allopatry to sympatry (Figure 2.4), and results
of strong selection gradient analyses on pulse rate and pulse number in aggressive calls that
parallel those of advertisement calls. There is currently inconclusive data to suggase ttet
might be causing the other to diverge. Although much is known about the selective pressures
acting via female choice in this system (Lemmon 2009), there is nothing known of the
mechanisms of intrasexual selection via male-male competition, nor the genetidioarrela
between and within call types (i.e., G matrix structure). Therefore, analyses of selectiontgradie
should be considered as an exploratory approach in investigating the targets of selection in the
evolution of signal traits iR. feriarum This research leads to predictions about how selection
might operate on aggressive signals in this species, and more broadly how genetic correlations
might influence patterns of reproductive character displacement in acoustic signals.
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A first step in understanding whether or not males actually have a competitive advantage
based on the characteristics of their aggressive calls, is to test pairs of malegm@michelet
which call characteristics mediate the outcome of agonistic encounters. If tradsrifea a
winning status in these contests are increased pulse number or pulse rate, this might support
directional or disruptive selection on male aggressive acoustic signals. Ultimadsky ttaits do
not confer a fitness advantage unless males that successfully compete for caflirayesialso
those males that obtain mates and reproduce. Therefore, in addition to this type of experiment it
would be imperative to also demonstrate that aggressive contest winners have higher mating
success relative non-aggressive males or contest losers.

The results suggest that more work is needed to disentangle the targets of selection in this
system with respect to influence of aggressive call evolution, which has not been previously
considered. Overall patterns of character displacement and selection on advertisésrenet cal
consistent with previous work supporting reinforcement. This work is novel in that it
demonstrates the possibility for RCD to be driven both by intrasexual and intersexual selection
via correlated trait evolution. Mechanisms of intrasexual selection in promoting divergent
phenotypes in sympatry have focused largely on direct heterospecific interactions, but this work
suggests that intraspecific interactions may be partly responsible for the observed patterns of
reproductive character displacement in sympatry. These results contribute to a growing body of
literature on the influence of matealecontest competition in speciation, and promote the role

of intrasexual selection in contributing to patterns of reproductive character displacement
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Table 2.1Correlations within call types

Symmetric correlation matrighowing the correlation coefficients (ithin call types. Correlation coefficients were edéted within each call
type where ADV call characteristic correlations are above the diagonad\@Gdcall correlations below the diagonal. Coefficients irdare
significant after Holm adjustment ofyalues for  (n-1)/2 = 66) pairwise comparisons.

Snout Dom. Call Pulse Pulse
Vent Freq. Duty Pulse Pulse Call Pulse Pulse Call Shape Shape
Length Peak Cycle Number Duration Duration Call Rate Rate Shape  Shape On Off
(SVL) (DF) (CDC) (PN) (PD) (CD) (CR) (PR) (PS) (CS) (PSOn) (PSOff)
SVL - -0.390* 0.020 -0.203 -0.084 0.095 0.016 -0.235 0.057 -0.068 0.228 0.254
DF -0.393* - -0.016 0.059 -0.192 -0.227 0.118 0.007 0.105 0.011 -0.133  -0.265
CDC 0.096 0.018 - 0.689** -0.078  0.594** 0.021 0.183 0.044 0.125 -0.123 0.067
PN -0.049  -0.091 0.597** - -0.074  0.619** -0.339* 0.483** -0.052  0.190 -0.253  -0.038
PD -0.112  -0.077 -0.361* -0.266 - -0.049 0.086 0.062 -0.114 0.028 -0.336* -0.282
CD 0.102 -0.103 0.596**  0.717* -0.210 - -0.646** -0.144 -0.139 0.118 -0.035 0.027
CR -0.085 0.030 -0.255 -0.541* 0.155 -0.790** - 0.328 0.106 -0.104 -0.025 0.014
PR -0.186 0.092 0.145 0.508** -0.108 -0.122 0.195 - 0.050 -0.012 -0.265 -0.116
PS -0.021  -0.113 -0.376* -0.208 0.114 -0.287 0.250 0.019 - -0.122 -0.096  -0.075
CS 0.023 0.008 0.370* 0.236 -0.118 0.456** -0.340*  -0.161 -0.564** - 0.164 0.421*
PSON 0.103 0.005 -0.014 -0.208 -0.205 -0.002 0.087 -0.262 -0.059 0.151 - 0.631**
PSOff 0.202  -0.199 0.180 0.106 -0.298 0.264 -0.195 -0.135 -0.313  0.269 0.607** -

N = 97; PearsonQOs produnbment correlatior;

*P<0.05; *P<0.001
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Table 2.2.Differences between call types: withircall correlations

Significant correlations within call types tested égjuality between call types. Correlation coeffits,
w4 and!l ,in bold font are significant at alpha = 0.05. Steiger (1980) method was usddulaton
of p-values for test of signifant differences between correlation coefficiehts, and!

Trait1 | Trait 2 Doy Iy N z p
CDC PN 0.689** | 0.597* | 97| 1.207 0.2274
CD CR -0.646** | -0.790** | 97 | 2.2847 | 0.0223*
PSOn | PSOff | 0.631** | 0.607* | 97| 0.3122 | 0.7549
PN CD 0.619** | 0.7a7* | 97| -1.572 | 0.1159
CDC CD 0.594* | 0.596* | 97 | -0.0252 | 0.9799
PN PR 0.483** | 0.508* | 97 | -0.2594 | 0.7953
PSOff Cs 0.421** 0.269 | 97| 1.3237 | 0.1856
SVL DF 0.390* -0.393* | 84| 0.0483 | 0.9615
PN CR -0.339* | -0.541** | 97| 2.0589 | 0.0395*
PD PSOn | -0.336* -0.205 | 97| -1.258 | 0.2084
CDC Cs 0.125 0.370* | 97| -1.9351 | 0.053
PS Cs -0.122 | -0.564** | 97 | 3.8839 | 0.0001**
CD Cs 0.118 0.456** | 97 | -2.8591 | 0.0042**
CR Cs -0.104 -0.340* | 97| 1.8203 | 0.0687
CDC PD -0.078 -0.361* | 97| 2.5514 | 0.0107*
CDC PS 0.044 -0.376* | 97 | 3.6244 | 0.0003**

N = 97, PearsonOs produmbment correlatiorr; *P<0.05; **P<0.001

Table 2.3.Relationship between pulse rate and number by locayi

Correlations ) and slopesn() and their associatedyalues for the relationship between pulse nhumber
andpulse rate for each population and call type. OADV & AGGO ciomslatere estimated with
combined data from both call types, while columns labeled OABYOAGGO are correlations between
pulse number tested within in each call type, by locality. Negativrelation coefficients, slopes and
their associated-palues are listed in bold font.

ADV & AGG ADV AGG
Locality N r p m r p m r p m

FL 13| 0.70 0.00 0.85|-0.27 0.37 -0.37| 0.47 0.11 0.73

SC 16 | 0.81 0.00 1.15|-0.13 0.62 -0.24| 0.26 0.33 0.42

VA 21| 0.85 0.00 1.01| 0.11 0.64 0.10| 040 0.07 0.56

AL 18| 090 0.00 1.21| 0.45 0.06 1.05| 0.77 0.00 1.05

NC 17| 092 0.00 1.18| 0.26 0.32 0.45| 0.83 0.00 1.44

SC (allopatry) 5] 091 000 160|-0.71 0.18 -2.09| 050 0.39 1.12

GA 7 | 062 0.02 049]| 031 050 0.43] 0.80 0.03 0.82
Allopatry (NC, SC_allo)| 43| 0.90 0.00 1.21| 0.13 0.57 0.42| 0.70 0.00 1.19
Sympatry (FL, GA, SC)| 72| 054 0.00 0.75]| -0.24 0.16 -0.50| 0.27 0.11 0.50
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Table 2.4! zand P: pulse rate and pulse number

Advertisement (ADV) and aggressive (AGG) data used taitatke selective gradients where only pulse
number and pulse rate are included in the model. Values of the R aratt z vectors are standardized
by the trait mean in allopatry for each call typparately.

ADV P Matrix ADV ! z Vectors

PN PR Trait AL FL GA VA SC
PN  0.01114 0.00084 PN -0.017 0.229 0.341 -0.030 0.615
PR  0.00084 0.00482 PR -0.049 0.226 0.204 -0.035 0.147

AGG P Matrix AGG! z Vectors

PN PR Trait AL FL GA VA SC
PN 0.03286 0.01788 PN  -0.025 0.124 -0.123 0.043 0.440
PR 0.01788 0.01529 PR -0.060 0.196 0.172 0.076 0.114

Figure 2.1 Relationship between call rate and call duration

Relationship between call rate and call duratioaduertisement!() and aggressive'( signals. Data
points aremean values for each population, and in all popatati aggressive calls haaénigher calling
ratebut not signifcantly different call duration when compared to advertisement calls.
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Pulse Number by Pulse Rate: Allopatry and Sympatry

o _|
O
A
o _| A
Lo
A

= o
()] < A
O
§ A
Z A A
D]
K%}
g 8 - A R

o _|

AN

ADV A AGG
S - Allo  FL GA SC
| | | | | |
10 20 30 40 50 60

Pulse Rate (pulses/s)

Figure 2.2Correlation between pulse rate and pulse number

Correlaion between pulse rate and pulse number when both call types are cehsides figure
demonstrates that the traits that are likely the targetdexftem in RCD are correlated between call
types. In addition slopes and intercepts vary between populations. Se@Tator a complete list of
statistics on these correlations. All correlations deyid¢tere are significant at P < 0.05.
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Figure 2.3 Scatterplot: pulse rate and pulse number

Correlation coefficients and lines of best fit shogvthepositive correlation between homologous call
characteristics between ADV and AGG call types. Each data point eepsessingle individual and for
each plot the »axis represents values of ADV calls and thaxis represents AGG call trait values. The
final plot in the bottom right hand corner is the standardizedage for each of the 11 call characteristics
where each of the 11 data points represents thageeall characteristic for pooled ADV and AGG
calls. Standardization was done so that each variable was constmampdint between 0 and 1 by
multiplying or dividing by a factor of 10 so thatabavariable could be plotted on the same scale. [akis
plot, OStandardized Averages for Each VariableO, provides aonishaldverall strength @rrelation
between traits in ADV and AGG signal typ&€orrelation coefficients significant at P < 0.00hded
with ** symbol.
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Figure 24 Correlations in ! z and selection gradients by locality

Left panel: The change it z (allopatry to sympatryis correlated between call types. Correlations
between z Advertisement antlz Aggressive are plotted above for each locality, where each point
represents a single call characteristic denoted byatagiters. Gray regions arnd the regression fit
represent 95% C.DF = dominant frequency peak, CDC = call duty cyEld, = pulse number, PD =

pulse duration, PD = pulse duration, CD = call duration, CR =ratd] PR = pulse rate, PS = pulse shape.
Right panel: Selection gradiets measured in pulse rate and pulse number for each locality angpeall

a) AL, b) FL, c) GA, d) VA, e) SC.
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Figure 2.4DContinued
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Figure 2.5Bar plots: selection gradients on pulse humber andate

Bar plot of selection gradients for palaumber (PN) and pulse number (PR) after inclusion ofiaddit
variables in the model (call duration, call rate and call dutyedy8ed bars measure the selection
gradients on AGG calls and blue bars measure selective gradiehB\oaoalls for each locality.

Fithess

Phenotype

Figure 2.6 Disruptive and negative frequencydependent selection

Diagram representing how different aggressive cadinpliypes might result from disruptive selection,
especially at high population density. In figuk¢ disruptive selection on aggressive calls is depicted,
where the red line denotes a Obefore selection@apopumean in which pulse rate (PR) and pulse
number (PN) are proportional ), and the black line represents Oafter selectionOe vextreme
aggresive call phenotypes are selected for. In this scemadigiduals have a fithess advantage by either
calling with a long duration call (and by correlation a sloaat rate, and greater number of pulses), or
by calling at a faster rate which would caaseoncomitant decrease in call duration and increase in pulse
rate. FigureB) describes a situation in which there is density faeduency dependent selection driving
disruptive selection of phenotypes. At low densities the strength of tgethspendentselection is
weakened. At high densities, common phenotypes amecetdased disadvantage because animals with
similar phenotypes should engage in more aggressiveaatiens. Figure B isnodified from Bolnick
(2004).
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APPENDIX A

CHAPTER ONE SUPPLEMENTAL MATERIAL

Table A.1 Annotation of call variables measured

Call Variable

Description

Transformation

Dominant frequency peak (DF)
(Hz)

Call dominant frequency at the call maximum
amplitude

NA

Call duration (CD) (s) Duration of call from 10% maximum amplitude| NA
(call onset) to 10% maximum amplitude (offset

Call rate (CR) (calls/s) 1/ time from 10% maximum amplitude (call NA
onset) to 10% maximum amplitude (onset) for
next call

Call duty cycle (CDC) Call duration / time from 10% maximum NA

amplitude (call onset) to 10% maximum
amplitude (onset) of next call

Call shape (CS)

Call Rise time/ Call fall time = Duration of call
from 10% maximum amplitude (call onset) to
maximum amplitude / Duration of call frof®%
maximum amplitude (call onset) to maximum
amplitude

Logit; y = log(x/1-x)

Pulse number (PN)

Number of pulses in the call

NA

Pulse duration (PD) (s)

Duration of pulse from 10% maximum amplitug
(pulse onset) to 10% maximum amplitude (offs

NA

Puls rate (PR) (pulses/s)

1/ time from 10% maximum amplitude (pulse
onset) to 10% maximum amplitude (onset) of
next pulse within call

NA

Pulse shape (PS)

Pulse rise time/ Pulse fall time = (Duration of
pulse from 10% maximum amplitude (onset) tg
maximumamplitude / Duration of pulse from
maximum amplitude to 10% of maximum
amplitude (pulse offset))

NA

Pulse shape on (PSOn)

Duration of pulse from 10% to 50% maximum
amplitude (onset) / duration from 10% to 90%
(onset)

Exponential

Pulse shape off (PSOff)

Duration of pulse from 50% to 10% maximum
amplitude (offset) / duration from 90% to 10%

(offset)

(basel0) log
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Table A.2 List of stimuli used in playback experiment

For each county the number and name of the stinuded in playbackxperiments to elicit aggressive
calls are provided. OStated® and OCounty® headers represeitrtivenecamales were the stimulus was
used. OStimulusO refers to the name of the stimulus used andetheanajiven as the temperature at
which the call was recorded (natural advertisemeltg)céollowed by the state and county in which the
animal was recorded. Only one stimulus was used that wasesjzgt and the name of this stimulus is
OAllo_Synth_16CO. The column labeled ONo. Individyzis€ens the number of individuals for which

the corresponding playback stimulus was used to elicit aggressive calls.

State County Stimulus No. Individuals
SC Colleton 11.8C_SC_Colleton 5
SC Colleton Allo_Synth_16C 8
SC Colleton 10.5C_SC_Caolleton 3
SC Greenwood 7C_SC_Greenwood 5
FL Liberty Allo_Synth_16C 13
AL Macon Allo_Synth_16C 18
GA Miller Allo_Synth_16C 7
NC Montgomery 11.8C_SC_Colleton 1
NC Montgomery 6.2C_NC_Montgomery 7
NC Montgomery 8.7C_NC_Montgomery 6
NC Montgomery 10.5C_SC_Colleton 2
NC Montgomery 11.9C_NC_Montgomery 1
VA Prince George 13.7C_AL_Macon 2
VA Southampton 11.9C_NC_Montgomery 1
VA Southampton Allo_Synth_16C 2
VA Southampton 13.7C_AL_Macon 1
VA Sussex 11.8C_SC_Colleton 4
VA Sussex 13.2C_VA_Sussex 5
VA Sussex 11.9C_NC_Montgomery 3
VA Sussex 9.8C_NC_Montgomery 2
VA Sussex 8.7C_NC_Montgomery 1
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Table A.3 Call characteristics of acoustic stimuli used in playback exgriments
The name of the stimulus is in the first column anllimns followingrepresent variables, abbreviated with capitol letteia dable A.1.
Statistics at the bottom three rows of his tableastiee variability across the signal types usedhimlayback experiment

Stimulus DFP CD CR CDC CS PN PD PR PS PSOn | PSOff
Allo_Synth_16C 2695.957 | 0.726 | 0.470 | 0.341 | 0.259 19 0.009 | 25.286| 0.173 | 0.419 | 0.363
10.5C_SC_Colleton 2607.910| 1.318 | 0.231 | 0.304 | 2.499 26 0.007 | 19.062| 0.346 | 0.322 | 0.672
11.8C_SC_Colleton 2828.027 | 1.442 | 0.281 | 0.405 | 1.340 34 0.007 | 22.999| 0.182 | 0.371 | 0.592
7C_SC_Greenwood 2562.451| 1.357 | 0.214 | 0.290 | 2.106 17 0.008 | 11.868| 0.392 | 0.393 | 0.700
13.7C_AL_Macon 2583.984 | 0.828 | 0.397 | 0.329 | 0.387 19 0.010 | 22.136| 0.337 | 0.252 | 0.528

6.2C_NC_Montgomery | 2770.605| 2.043 | 0.203 | 0.414 | 1.977 24 0.008 | 11.285| 0.205 | 0.338 | 0.627
8.7C_NC_Montgomery | 2680.884 | 1.449 | 0.249 | 0.361 | 0.717 22 0.007 | 14.584| 0.263 | 0.292 | 0.630
9.8C_NC_Montgomery | 3014.648 | 1.289 | 0.278 | 0.358 | 1.616 22 0.007 | 16.428| 0.125 | 0.392 | 0.522
11.9C_NC_Montgomery| 2627.051| 1.119 | 0.319 | 0.357 | 0.863 21 0.008 | 18.048| 0.133 | 0.355 | 0.532

7.8C_VA_Sussex 2750.098 | 1.567 | 0.214 | 0.336 | 0.584 19 0.009 | 11.538| 0.278 | 0.393 | 0.616
13.2C_VA_Sussex 2583.984 | 1.002 | 0.343 | 0.344 | 1.053 19 0.009 | 18.157| 0.136 | 0.371 | 0.599
Mean 2700.509| 1.285 | 0.291 | 0.349 | 1.218 22 0.008 | 17.399| 0.234 | 0.354 | 0.580
StandardDeviation 135.244 | 0.366 | 0.085 | 0.037 | 0.748 | 4.754 | 0.001 | 4.806 | 0.095 | 0.050 | 0.092

Coefficient of Variation 5.008 28.479] 29.150| 10.660| 61.402| 21.609| 11.888| 27.621 | 40.566| 14.062| 15.892
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Table A.4 List of individuals recorded and stimuli used to elicit aggressive calls

OField No.O refers to number assigned to each indiBdatal and County Recorded indicate the location
where the individual was recorded. The stimulus presgkto that individual is in the corresponding
column labeledRimulus UsedO.

Field State County
No. Recorded Recorded Stimulus Used
HFRO050 AL Macon Allo_Synth_16C
HFRO51 AL Macon Allo_Synth_16C
HFRO053 AL Macon Allo_Synth_16C
HFR058 AL Macon Allo_Synth_16C
HFR059 AL Macon Allo_Synth_16C
HFR060 AL Macon Allo_Synth_16C
HFR061 AL Macon Allo_Synth_16C
HFR062 AL Macon Allo_Synth_16C
HFR063 AL Macon Allo_Synth_16C
HFR066 AL Macon Allo_Synth_16C
HFRO67 AL Macon Allo_Synth_16C
HFR068 AL Macon Allo_Synth_16C
HFR069 AL Macon Allo_Synth_16C
HFRO70 AL Macon Allo_Synth_16C
HFRO72 AL Macon Allo_Synth_16C
HFRO76 AL Macon Allo_Synth_16C
HFRO77 AL Macon Allo_Synth_16C
HFRO78 AL Macon Allo_Synth_16C
HFRO019 FL Liberty Allo_Synth_16C
HFR020 FL Liberty Allo_Synth_16C
HFR023 FL Liberty Allo_Synth_16C
HFR024 FL Liberty Allo_Synth_16C
HFR025 FL Liberty Allo_Synth_16C
HFR026 FL Liberty Allo_Synth_16C
HFRO030 FL Liberty Allo_Synth_16C
HFRO033 FL Liberty Allo_Synth_16C
HFR034 FL Liberty Allo_Synth_16C
HFRO035 FL Liberty Allo_Synth_16C
HFR036 FL Liberty Allo_Synth_16C
HFRO37 FL Liberty Allo_Synth_16C
HFR038 FL Liberty Allo_Synth_16C
HFR039 GA Miller Allo_Synth_16C
HFR043 GA Miller Allo_Synth_16C
HFR044 GA Miller Allo_Synth_16C
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Table A.4 - Continued

Field State County
No. Recorded Recorded Stimulus Used

HFR045 GA Miller Allo_Synth_16C
HFR046 GA Miller Allo_Synth_16C
HFR047 GA Miller Allo_Synth_16C
HFR048 GA Miller Allo_Synth_16C
HFR151 NC Montgomery 11.8C_SC_Colleton
HFR152 NC Montgomery 10.5C_SC_Colleton
HFR154 NC Montgomery 10.5C_SC_Colleton
HFR157 NC Montgomery  6.2C_NC_Montgomery
HFR158 NC Montgomery  6.2C_NC_Montgomery
HFR163 NC Montgomery  11.9C_NC_Montgomery
HFR164 NC Montgomery  6.2C_NC_Montgomery
HFR165 NC Montgomery  6.2C_NC_Montgomery
HFR166 NC Montgomery  6.2C_NC_Montgomery
HFR167 NC Montgomery  6.2C_NC_Montgomery
HFR168 NC Montgomery  6.2C_NC_Montgomery
HFR169 NC Montgomery  8.7C_NC_Montgomery
HFR170 NC Montgomery  8.7C_NC_Montgomery
HFR171 NC Montgomery  8.7C_NC_Montgomery
HFR175 NC Montgomery  8.7C_NC_Montgomery
HFR177 NC Montgomery  8.7C_NC_Montgomery
HFR178 NC Montgomery  8.7C_NC_Montgomery
HFR008 SC Colleton Allo_Synth_16C
HFR009 SC Colleton Allo_Synth_16C
HFRO010 SC Colleton Allo_Synth_16C
HFRO11 SC Colleton Allo_Synth_16C
HFR092 SC Colleton Allo_Synth_16C
HFR094 SC Colleton Allo_Synth_16C
HFR095 SC Colleton Allo_Synth_16C
HFR098 SC Colleton Allo_Synth_16C
HFR106 SC Colleton 10.5C_SC_Colleton
HFR107 SC Colleton 10.5C_SC_Colleton
HFR111 SC Colleton 10.5C_SC_Colleton
HFR129 SC Colleton 11.8C_SC_Colleton
HFR135 SC Colleton 11.8C_SC_Colleton
HFR138 SC Colleton 11.8C_SC_Colleton
HFR141 SC Colleton 11.8C_SC_Colleton
HFR142 SC Colleton 11.8C_SC_Colleton
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Table A.4 BContinued

Field State County

No. Recorded Recorded Stimulus Used
HFR083 SC allo Greenwood 7C_SC_Greenwood
HFR085 SC allo Greenwood 7C_SC_Greenwood
HFR088 SC allo Greenwood 7C_SC_Greenwood
HFR090 SC allo Greenwood 7C_SC_Greenwood
HFR091 SC allo Greenwood 7C_SC_Greenwood
HFR207 VA Prince George 13.7C_AL_Macon
HFR208 VA Prince George 13.7C_AL_Macon
HFR192 VA Southampton 11.9C_NC_Montgomery
HFR256 VA Southampton Allo_Synth_16C
HFR257 VA Southampton 13.7C_AL_Macon
HFR258 VA Southampton Allo_Synth_16C
HFR186 VA Sussex 11.8C_SC_Colleton
HFR198 VA Sussex 11.9C_NC_Montgomery
HFR199 VA Sussex 11.9C_NC_Montgomery
HFR216 VA Sussex 11.8C_SC_Colleton
HFR217 VA Sussex 11.8C_SC_Colleton
HFR219 VA Sussex 11.8C_SC_Colleton
HFR230 VA Sussex 13.2C_VA_Sussex
HFR232 VA Sussex 13.2C_VA_Sussex
HFR233 VA Sussex 13.2C_VA_Sussex
HFR244 VA Sussex 13.2C_VA_Sussex
HFR245 VA Sussex 13.2C_VA_Sussex
HFR311 VA Sussex 11.9C_NC_Montgomery
HFR312 VA Sussex 9.8C_NC_Montgomery
HFR313 VA Sussex 9.8C_NC_Montgomery
HFR314 VA Sussex 8.7C_NC_Montgomery
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Table A.5. Individuals collected

Temperature  SVL No. ADV No. AGG
Field No. State County (iC) (mm) calls calls
HFRO50 AL Macon 10.6 30.2 16 46
HFRO51 AL Macon 10.7 28.8 19 30
HFRO053 AL Macon 10.6 29.35 18 18
HFRO58 AL Macon 8.8 27.4 16 9
HFRO059 AL Macon 8.7 29.75 24 21
HFRO60 AL Macon 9 - 26 5
HFR061 AL Macon 9.2 28.99 22 21
HFR062 AL Macon 9 - 19 17
HFR063 AL Macon 9.1 31.53 14 8
HFRO66 AL Macon 11.2 30 28 22
HFR067 AL Macon 11.2 30.77 22 25
HFR068 AL Macon 115 31.78 18 19
HFRO069 AL Macon 11.7 29.68 19 9
HFRO70 AL Macon 11.7 30.37 25 38
HFRO72 AL Macon 115 31.17 25 4
HFRO76 AL Macon 9.2 32.11 20 8
HFRO77 AL Macon 7.7 29.03 24 14
HFRO78 AL Macon 7.6 29.49 9 3
HFRO19 FL Liberty 11.9 29.67 16 10
HFR020 FL Liberty 11.8 26.65 25 3
HFR023 FL Liberty 10.1 - 17 10
HFR024 FL Liberty 10.1 28.49 23 14
HFR025 FL Liberty 10.1 - 16 4
HFR026 FL Liberty 10 29.19 34 6
HFRO030 FL Liberty 9.6 - 19 15
HFRO033 FL Liberty 9.6 26.77 13 13
HFR034 FL Liberty 8.8 - 23 10
HFRO035 FL Liberty 16.4 26.93 62 16
HFRO036 FL Liberty 15.3 28.16 49 107
HFRO037 FL Liberty 15.3 - 19 5
HFRO038 FL Liberty 15.3 - 14 4
HFRO039 GA Miller 11.7 - 35 14
HFR043 GA Miller 15.7 26.28 24 5
HFR044  GA Miller 15.7 27.41 19 9
HFR045 GA Miller 15.7 26.72 13 21
HFR046  GA Miller 155 28.39 19 5
HFR047 GA Miller 15.6 27.53 24 38
HFR048 GA Miller 15.7 29.1 38 19
HFR151 NC Montgomery 11.9 32.27 17 10
HFR152 NC Montgomery 8.7 29.53 24 6
HFR154 NC Montgomery 9.8 25.88 9 5
HFR157 NC Montgomery 5.8 29.42 11 13
HFR158 NC Montgomery 5.3 - 9 41
HFR163 NC Montgomery 9.3 31.64 25 34
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Table A5 - Continued

Temperature  SVL No. ADV No. AGG
Field No. State County (iC) (mm) calls calls
HFR165 NC Montgomery 7.8 29.82 53 14
HFR166 NC Montgomery 7.8 31.11 13 32
HFR167 NC Montgomery 7.7 31.73 15 40
HFR168 NC Montgomery 6.9 29.73 27 38
HFR169 NC Montgomery 8.9 28.75 17 25
HFR170 NC Montgomery 9.2 30.96 21 44
HFR171 NC Montgomery 8.5 27.95 29 13
HFR175 NC Montgomery 9.6 26.81 12 6
HFR177 NC Montgomery 5.7 28.86 21 29
HFR178 NC Montgomery 5.3 32.15 19 45
HFRO008 SC Colleton 9.9 28.47 32 13
HFR009 SC Colleton 9.4 28.21 13 38
HFRO010 SC Colleton 9.4 - 33 34
HFRO11 SC Colleton 9.4 28.76 12 23
HFR092 SC Colleton 9.4 30.4 14 26
HFR094 SC Colleton 10.5 - 15 3
HFR095 SC Colleton 9.4 - 16 23
HFR098 SC Colleton 8.7 30.72 15 14
HFR106 SC Colleton 8.3 27.89 59 59
HFR107 SC Colleton 6.3 27.78 18 12
HFR111 SC Colleton 8.3 29.82 17 3
HFR129 SC Colleton 13 31.49 18 3
HFR135 SC Colleton 11.8 26.88 13 6
HFR138 SC Colleton 10.7 27.65 20 2
HFR141 SC Colleton 14.4 28.44 7 5
HFR142 SC Colleton 14.4 28.11 14 6
HFRO083 SC Greenwood 7.1 27.91 16 16
HFRO085 SC Greenwood 5.9 27.26 13 7
HFRO088 SC Greenwood 6.4 30.76 15 13
HFR090 SC Greenwood 7.1 26.86 9 14
HFR091 SC Greenwood 6.9 29.45 31 17
HFR207 VA Prince George 10.6 32.1 10 51
HFR208 VA Prince George 7.8 26.88 35 4
HFR192 VA Southampton 8.1 30.89 18 27
HFR256 VA Southampton 14 29.91 21 52
HFR257 VA Southampton 13.1 31.62 25 9
HFR258 VA Southampton 14.8 29.57 27 19
HFR186 VA Sussex 9.1 28.06 12 31
HFR198 VA Sussex 8.2 26.91 21 5
HFR199 VA Sussex 7.9 26.37 22 15
HFR216 VA Sussex 8 29.53 25 18
HFR217 VA Sussex 11.7 28.12 16 13
HFR219 VA Sussex 10.6 28.99 28 19
HFR230 VA Sussex 10.7 26.4 19 23
HFR232 VA Sussex 8.2 28.61 20 44
HFR233 VA Sussex 9.1 27.26 21 26
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Table A5 - Continued

Temperature  SVL No. ADV No. AGG
Field No. State County (iC) (mm) calls calls
HFR244 VA Sussex 11.8 28.93 30 25
HFR311 VA Sussex 8.1 29.93 28 9
HFR312 VA Sussex 8.1 29.42 10 24
HFR313 VA Sussex 10.1 28 25 12
HFR314 VA Sussex 8.2 29.94 27 26

Table A.6 Slopes from regression of call variable on temperature usdad temperature correction
Call characteristics significantly affected by temrgiare were call duration (CD), call rate (CR), and
pulse rate (PR).

Call Type | State County Slope (CD) | Slope (CR)| Slope (PR)
ADV SC Colleton -0.13582 0.01700 2.19932
AGG SC Colleton -0.13582 0.04440 2.19932
ADV FL Liberty -0.05089 0.03303 3.01706
AGG FL Liberty -0.05089 0.03303 3.01706
ADV GA Miller -0.06568 0.05020 3.90113
AGG GA Miller -0.06568 0.05020 3.90113
ADV VA Prince George| -0.10904 0.04541 2.16785
AGG VA Prince George| -0.10904 0.04541 2.16785
ADV VA Southampton -0.10904 0.04541 2.16785
AGG VA Southampton -0.10904 0.04541 2.16785
ADV VA Sussex -0.10904 0.04541 2.16785
AGG VA Sussex -0.10904 0.04541 2.16785
ADV AL Macon -0.13500 0.02907 1.72360
AGG AL Macon -0.13500 0.04362 1.72360
ADV SC Greenwood -0.13500 0.02907 1.72360
AGG SC Greenwood -0.13500 0.04362 1.72360
ADV NC Montgomery -0.13500 0.02907 1.72360
AGG NC Montgomery -0.13500 0.04362 1.72360
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Table A.7 Results of ANCOVA analysis for significant differencesri slopes

Results listed below are for temperature correqgimtedures. ®alues are presented and were evaluated
to determine if it was necessary to perform temperature correctionl dypes separately. Where slopes
are NSD, the average of the two slopes for each call type wasotisedyise individual slopes were used
to correct for temperature on each call type separa@&y= call duration, CR = call rate and PR = pulse
rate.

State County CD CR PR
SC Colleton 0.418 | <.0001* | 0.022
FL Liberty 0.965 | 0.801 | 0.041
GA Miller 0.453 | 0.434 | 0.695
VA Prince George, Sussex, Southamptg 0.973 | 0.481 0.048
AL Macon 0.652 0.025 0.021
SC Greenwood 0.242 | 0.740 | 0.943
NC Montgomery 0.338 0.238 0.800

Allopatry Montgomery, Macon, Greenwood | 0.019 | 0.0005* | 0.172

P-values presented in table; slopes considered significantly differ®rt0a01
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APPENDIX B

CHAPTER TWO SUPPLEMENTAL MATERIAL

Table B.1. Correlation coefficients for between callype comparisons of lomologous call
characteristics

Lower Upper
Variable t df r p-value | 95% C.l. | 95% C.I. | slope | y-intercept
DF 11.75| 95| 0.770| 2.20E16 0.67 0.84| 0.77 592.67
PD 11.56| 95| 0.765| 2.20E16 0.67 0.84| 0.82 0.00
CD 11.47| 95| 0.762| 2.20E16 0.66 0.83| 0.77 0.25
PSOff 8.77| 95| 0.669| 6.93E14 0.54 0.77| 0.59 0.36
PN 8.20| 95| 0.644| 1.13E12 0.51 0.75| 0.98 12.76
PS 8.11| 95| 0.639| 1.79E12 0.50 0.74| 0.81 0.06
PSON 5.93| 95| 0.520| 4.81E08 0.36 0.65| 0.49 0.08
CDC 5.24| 95| 0.473| 9.82E07 0.30 0.61| 0.62 0.31
CR 451| 95| 0.420| 1.89E05 0.24 0.57| 0.79 0.21
PR 4.14| 95| 0.391| 7.39E05 0.21 0.55| 0.79 14.65
CSs 3.14| 95| 0.307] 2.22E03 0.11 048] 0.35 0.43

Table B.2.ANOVA results for inclusion of variables in OExtended Model® of selection gradient
analysis

Call Type Variable Statistic P-value
ADV CDC F(5,92) =12.80 <0.0001
ADV PN F(5,92) = 62.67 <0.0001
ADV CD F(5,92) =32.59 <0.0001
ADV CR F(5,92) =8.63 <0.0001
ADV PR F(5,92)=16.54 <0.0001
AGG CDC F(5,92) =10.99 <0.0001
AGG PN F(5,92) =13.81 <0.0001
AGG CD F(5,92) =21.98 <0.0001
AGG CR F(5,92) =10.01 <0.0001
AGG PR F(5,92) =4.49 0.001
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Table B.3Mean-standardized selection gradients: extended model

Meanstandardized selection gradients calculated fromttended model where 5 traits were included
in the analysis. These where pulse number (PN), pulse rate (PR), callm(€dd call rate (CR), and
call duty cycle (CDC).

Selection Gradientd |

Call
State Type PN PR CD CR CDC
sC ADV 075 -0.37 -0.15 0.38 -0.36
AGG 0.17 0.07 001 -051 084
FL ADV 066 -0.40 -0.20 046 -0.39
AGG -0.53 0.77 031 -0.01 0.15
AL ADV 045 -0.68 -0.13 048 -0.28
AGG -0.52 0.55 0.14 -041 049
GA ADV 064 -0.48 -0.20 044 -0.37
AGG -0.46 0.64 0.47 0.30 -0.26
VA ADV 039 -0.56 0.03 0.63 -0.37
AGG -0.56 0.74 035 -0.07 0.09

Table B.4P matrix and ! z vectors for the extended model

P matrix and' z vectors of the extended model used in the calculation of selectionmsadlle The
extended model used additional traits in addition to pulgearad pulse number. Variables include pulse
number (PN), pulse rate (PR), call duration (CD), call faf), and call duty cycle (CDC). P matrices
are varianceovariance matrices for each call type.

ADV " z Vectors
Trait AL "z FL"Zz GA"z VA"z SC"z
CDC 0.029 0.050 0.089 0.099 0.272
PN -0.017  0.229 0.341 -0.030 0.615
CD -0.026 -0.170 -0.214 -0.028 0.351
CR 0.010 0.139 0.117 0.135  -0.088
PR -0.049 0.226 0.204 -0.035 0.147

ADV P Matrix

CDC PN CD CR PR
CDC 0.01244 0.00758 0.00717 0.00307 -0.00001
PN 0.00758 0.01114 0.01045 -0.00234 0.00084
CD 0.00717 0.01045 0.01692 -0.00595 -0.00307
CR 0.00307 -0.00234 -0.00595 0.00780 0.00367
PR -0.00001 0.00084 -0.00307 0.00367 0.00482

9(



Table B.4PContinued

AGG" z Vectors

Trait AL "z FL"z GA"z VA "z SC" z

CDC 0.082 0.087 -0.111 0.030 0.196

PN -0.025 0.124 -0.123 0.043 0.440

CD 0.114 -0.042 -0.231 0.056 0.422

CR -0.044 0.100 0.278 -0.019 -0.159

PR -0.060 0.196 0.172 0.076 0.114

AGG P Matrix
CDC PN CD CR PR

CDC 0.00840 0.00219 0.00670 0.00291 -0.00194
PN 0.00219 0.03286 0.01374 -0.00870 0.01788
CD 0.00670 0.01374 0.02356 -0.00912 -0.00173
CR 0.00291 -0.00870 -0.00912 0.01095 -0.00186
PR -0.00194 0.01788 -0.00173 -0.00186 0.01529
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APPENDIX C

ANIMAL SUBJECT APPROVAL
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