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ABSTRACT

Amphibians are among the taxa experiencing the largest global dediineliversity.
Many sdaamandes, especially North American members of the family Plethodontadaetrisk
of local extirpatiorbecause thepgersist in small, isolated populations due to specialized habitat
requirenents and limited dispersal ability. To effectively consengmanage such species,
factors influencing population connectivity and dynamics, such as dispersal and behavior, must
be understood across various spatial scales. TheTema Salamandelemidactylium
scutatuma species of concern in eastern North An#ris a smaibodied plethodontid with a
biphasic life cycle. Despite its broad geographic range, its occurrence is patchy due to specific
breeding habitatequirementsLittle is known about bw distance betwedhesehabitat patches
affects gene flonand which physical and biotic landscape featunesyact as barriers
dispersal. Thegpulation structurg.e. gene flow and genetic diversity, of otp&thodontid
speciess characterized blyigh levels ofgeneticdivergenceover relatively short disihcesand
often reflectsan isolation by distance pattein this study, | examined dispersal and population
structure inH. scutatunfrom a local to a regional scale, focusing on the interaction between
relatedness and dispersal (kin discrimination) thiedootential for phenotypic traits to be used as
a mechanism for kin recognition. | combined empirical observations with lab experiments to (1)
examine population structure lih scutatum(Chapter 1)(2) determinaf phenotypic similarity
between individals is associated with genotypic similarity (Chaptea@y (3) examine if kin
discrimination is exhibited and potentially triggered by scent (Chapter 3).

In Chapter 1, | used microsatellites to estimate genetic variation and gene flow within and
amongpopulations, calculate effective population size, and evaluate the possibility of population

bottlenecks on both local and regional scales. The genetic data recorded a pattern oflgelation



distance, characteristic of plethodontid salamanders. Howdvecutatunshowed low genetic
divergence among neighboring sites (1;20000m). Several explanation exist for the low
genetic divergence among populations including greater gene flawsoutatuncompared to
other plethodontids, relatively recent rareyg@ansion following the last Pleistocene glaciation,
and a reduction in allele loss as a result of reduced whole clutch mortality in an indirect
developing species.

In Chapter 2 | examined the geographic and genotypic variation in the ventral spot
patternof H. scutatumSpecifically,if variation in color pattern is genetically controlled, color
pattern may be used as a mechanism for kin recognition between conspecifics or be utilized in
conservation decisions as an indicator of genetic diversity withopalation Additionally, |
investigated the potential use of phenotypic traits as an indicator of stress or genetic diversity
within populations. Fictuating asymmetry, differences in the bilateral symmetry of a character
due to disturbances in internal external environments, influences color pattern in many in
amphibian taxa and has the potential to be used as an indicatoirséf @ pulations under
stressHemidactylium scutatuns characterized by a white ventral surface patterned with
distinctive black spots. | used quantitative image analysis and microsatellite markers to
investigate the potential influence of geographic variation on spot pattern and the potential
relationship of phenotypic and genetic similarity. | also examined the possiblenod of body
condition, via fluctuating asymmetry, on spot patt§ithile spot pattern exhibited significant
variation on the regional scale, no relationship was found between spot pattern similarity and
degree of kinship between individuals, suggestivag $pot pattern is not used as a mechanism
for kin recognition inH. scutatuml also found no relationship between spot pattern symmetry

and body conditionCombined, these findings suggest that, while spot pattern may not be useful



for assessing genetvariation or population stress, it may be useful for taxonomists and allow
recent immigrants to populations to be identified.

In Chapter 3, | examined i$olated populations have increased degrees of kiashgmg
individuals potentiallyresulting in glection for kin recognition and kin discriminatory
behaviors. Understanding the role of kinship in social behavior of at risk species slich as
scutatummay help in conservation and management efforts, especially those focusing on
reintroduction and cape propagation programs. | investigatethere was an association
between relatedness and aggressive behavidr scutatunby conducting behavioral trials in
the lab and examinatirelated individualsnaybe spatially aggregated withanwild populaton.

No relationshipvas foundoetween the straight line distance between individuals and their
relatedness. | also did not find a relationship between relatedness and aggressive behavior in the
lab. It is possible that kin discriminatory behaviors diftetween demographic groupskin
discriminationdoes nobccurunder the conditions observed in this stugiyally, the indirect
development oH. scutatummay impacjuvenile dispersal, resulting in a decreased rate of
encounters between kin and deceshselection for kin recognition compared to other, direct

developing plethodontid species.
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CHAPTER 1. POPULATION GENETICS OF THE FOUR -TOED SALAMANDER,
HEMIDACTYLIUM SCUTATUM, AT LOCAL AND REGIONAL SCALES

Introduction

Global declines in biodiversity place us araithajor extinction event ithegeological
record. Causes implicated in this decline include climate change (Bellard et al. 2012, Hannah et
al. 2002, Thomas et al. 2004), habitat fragmentation and destruction (Fischer and Lindenmayer
2007, Krauss et al. 201 Tilman et al. 2001), introduction of exotic species (Vellend et al. 2007,
Vila et al. 2011), and environmental pollution (Hsu et al. 2006, Johnston and Roberts 2009,
Zvereva and Kozlov 2010). Amphibians grarticularly vulnerable to these agents, ali age
additional factorassociated with global changecluding increased UV radiation, over
exploitation, and emerging diseases (Beebee and Griffiths 2005, Collins and Storfer 2003). As a
result, amphibians are one of the vertebrate taost affectedvy this globalloss in biodiversity
(Stuart et al. 2004, Wake and Vredenburg 2008).

Persistence of a speciesnfluenced by shoftand longterm processes and depsiod
its ability to cope withenvironmental changéongterm, directional shifts in natakphenomea
have historically occurred slowlgllowing mobile species to disperse to more suitable regions,
such as refugia during periods of glaciation. Alternativespeciesnayadaptin response to
long-term pressures, but iglaptive capacitgepends largely oimmherentgenetic diversity
(Barrett and Schluter 2007, Lande and Shannon 1€36)etic diversity can be eroded through
drift aspopulations become increasingly isolasedi/or inbreeding as they decrease in size,
potentially resulting in aintensified genetic loafReed and Frankham 2003, Rowe and Beebee
2003).This process, which ultimately leads to reduced fithess and further decreased population
size, is known as the small population paradfgeeCaughley 1994)Thus for declining spées

understanding the magnitude of population isolation is important for effective conservation and



management and this is best accomplished by assessing genetic structure within and among
habitat patches.

Due to specialized habitat requirements and/oitdidndispersal ability (Welsh and
Droege 2001 many salamander specjespecially the smabbodied members of the family
Plethodontidaepersist in small, isolated populatiocisaracterized by high levels of genetic
divergence. A review by Larson et &l984) across 21 species found a méarvalue of 0.53
among populations, suggesting that plethodontids typically form units not connected by gene
flow. While studies on population structure generally have focused ondeate differentiation
(>100km dstance; Niemiller et al. 2008, Tilley and Mahoney 19%®&netic structuring has also
been observed on local scales (<10km; Kozak et al. 2006) and across distances as small as 200m
(Cabe et al. 2007). Moreover, individual movementglethodontids appean be limited, even
amongnearby populations (Gillette 2003, Mathis 139#sulting in isolatiorby-distance
patterns (Crespi et al. 2003, Jackman and Wake, 1¥8dinezSolano et al. 2007Gene flow
can be further reduced these groupby both naturabarriers, such as streams (Marsh et al.
2007), or marmade ones, such as roadeNlaynadier and Hunter 200@arsh et al. 2005,
Marsh et al. 2008)Additionally, genetic structure of many salamander species reflects post
Pleistocene colonization, and isacacterized by low diversity and consequently weak
population divergence (Hewitt 2004). This pattern is consistent across many salamander
families, including Plethodontidae (Highton and Webster 1976), Salamandridae (Kutcha and Tan
2005), and Ambystomatigag(Demastes et al. 200Fhillips et al. 2000Steele and Storfer 2006).
Life history characteristics may also modulate genetic structure in plethodontids. Most species
exhibit direct development with few retaining the ancestral mode of an aquaticskaiyal

Direct development may increase the potential for whole clutch mortality that in turn could



reduce genetic variation within, but increase distinctness among populations through genetic drift
(Dubois 2004). In addition, low rates of gene flow in drectdevelopingPlethodon cinereus
(Cabe et al. 2007) indicateindicate low dispersal rates. Combined effects of life history
characteristics and scant dispersal could be a mechanism that led to the relatively high number of
species in the Plethodontidae.

The Fourtoed SalamandeHemidactylium scutatuns a smaHlbodied plethodontid with
a biphasic life cyclandspecifichabitatrequirementsThe species hasbroad geographic
distributionthatextends northo Nova Scotia, south to Florida, and asvieast as Oklahoma and
Missouri (Petranka 1998but withpatchy occurrences in the southern and westeras
Populations tend to centralize around patchdsmsted areas surrounding spring or stegp
pools Eggs are laid at the edge of ponds anddarvatch at a late stage and wriggle into the
pond where they metamorphose with# 8/eeks Among 36 states, districts, and territoriels
scutatum s designated as either A9ahthesarégiorsdndl or A c |
Avul ner alaiaedtionali3 (NaturaServe 2011Persistence ofolatedpopulations
makesH. scutatuman intriguing candidate for investigatingow distance affects gene flow and
what physical and biotic landscape features act as barriers to dispddiabnally, H. scutatum
is an upland, terrestrial species with indirect developnadife historyunusualamong
plethodontidsandmayexhibit unique patterns of population structure tieguirespecific
conservation strategies.

Due to the smalbody size of pletbdontid salamanders, genetic studies best
accomplished usingontlethal methods$or tissue samplingMicrosatellie analysiss especially
useful to assess gene flow becaiisequires only small amounts of tissyee. tail clipg, is

relatively ineypensive, angields generallyhighly polymorphidoci facilitatingfine-scale



examination ofjenetic structure (Selkoe and Toonen 20G&nhe flow has been evaluated in a
variety ofsalamander species, atv studiesusedmicrosatelliteand most focuseon the
relatively large bodied ambystomatid salamanders (Giordano et al. 2007, Spear et al. 2005,
ZamudioandWieczorek 2007)save a couple studies the EasternRed-backedSalamanderp.
cinereug(Cabe et al2007, Noél et al. 2007asmaller plethodomd species

This studyinvestigatedhe population structure éf. scutatunon both local and regional
scaledy evaluating several questioif$) DoesH. scutatunhave patterns of population
structure similar to those found in other plethodontid spedidd?scutatud s di sper s al
capabilities are similar to those recorded for other plethodontid species, then comparable patterns
of population structure, including high levels of population differentiation over relatively short
distances, limited gene flowetween populations, and an isolatioyrdistance pattern indicated
by a positive correlation between irfgwpulation distance argenetic divergenc@Nright 1943)
should be observe(@) DoesH. scutatumhave patterns of population structure that reflect
colonization from refugia following glaciation events? If the present patterns of genetic diversity
in H. scutatunreflect the influence of glaciation events, then genetic differences should be low
between sites located within previously glaciated megjas a result of feolonization events. (3)
Has the unusual life history &f. scutatunresulted in patterns of population structure that differ
from those observed in other plethodontid species? If indirect developnénscatatunresults
in decreasag whole clutch mortality and subsequent allele loss, then less genetic divergence
should observed between sites than recorded for other plethodontid species. | used microsatellite
markers to estimate genetiariation, gene flow, and genetidferencesbetween populations,

and to evaluate the possibility of previous population bottlenecks on both local and regional



scales. | further compared these results to those previously recorded in the literature for other

plethodontid species.

Materials and Methods
Samples and Collection Sites
| selected widy sites at two spatial scales: (1) the local scale consisted sftes@d-AN
and FAS) in the Middle Fork State Fish and Wildlife Area in Vermilion County, IL; (2) the
regional scale was represented by 11ssitecentral Kentucky (KA, K-B, K-C, K-D, K-E, K-F,
K-H, K-J, K-L, K-M, K-N) and one siten Jo Daviess County in northwestern lllinoisB)
(Figure 1.1) Sites }AN and FAS, separated by ~1,244 m and a stream, were analzyed separately
in this analysisPrevious studies oA. scutatundocumented relatively small maximum straight
line dispersal distances of only 201 m from a wetland source (Wind2fl@))and streams
appear to be a barrier to dispersal in a similar sized plethodBntithereugMarshet al. 2007).
| conducted visual encounter surveysHhbrscutatumat local sites from March
November for four years (2068012) and at regional sites in KY from-28 March 2011. For
each capture, | recorded the GPS location in UTM coordinates u§iaghan GPS 12h)ody
size (mm) as SnottentLength SVL), TotalLength(TL) andmass (g), and photographed the
underside of the individual to identify potential recaptures. For genetic analyses, | collected
small tail clips (35 mm) from individuals weiginig more than 0.1§ using sterilized clippers
and tissues were stored in ethancB&°C. Samples fromsite|-B, were collected by Tim
Herman in May 2004 using similar procedures. For the regional analyses, additional tissues from

thelocal site +AN collected by Tim Herman in ApriMay 2005 (}ANO5) were included.



Molecular Methods and Genetic Analyses

| isolated whole genomic DNA from tail clips usitige Qiagen DNEasy Extraction kit
foll owing the manufactur eds dg&nuoctosatelbtéloci For gen
developed for four salamander spectbsee of which were plethodontid and one an
ambystomatidfor their potential usefulness kh. scutatumSeven loci (HS3a, HS3b, HS5, HS7,
HS8, HS14, and HS15) were developedHoscutatunby the Reid Harris lab at James Madison
University. The remaining loci were initially designed for other salamander species, including 11
for P. elongatugPEO, PE1, PE3, PE4, PE5, PE7, PES8, PE9, PE10, PE11, and PE12 (Degross et
al. 2004)], seven fdP. cinereus[PC1, PC2, PC3, PC4, PC5, PC6, and PC7 (Connors & Cabe
2003)], and three fdbicamptodon tenebrosy®T4, DT5, and DT8 (Curtis & Taylor 2001)I.
set up he final optimized PCR reactions in fiDvolumes, each with @I of the extracted DNA
solution,10 pM of each primer, 1.25 mM of each dNTP,261 MgCly, 2 ul 1X reactionbuffer,
andl1.5-2.0 unitsTagandconducted amplifications agither an Applied Biosystems 2720
Thermocycler or an Applied Biosystems Veriti Thermocycler. With the exception d)ToEi
and HS7, amplifications consisted of a 3 minute denaturation step at 95 °C, 15 cyclesabf 45
95 °C, 60s at the annealing temperature s4&t 72 °C, followed by 25 cycles of 8@t 95 °C,
45 s at the annealing temperature,s3& 72 °C. The antification for DT4 consisted of a 3
minute denaturation step at 95 °C, 15 cycles of 4695 °C, 6@ at the annealing temperature,
60s at 72 °C, followed by 25 cycles of 8@t 95 °C, 45s at the annealing temperaturs, a5
72 °C and the amplificaih for HS7 consisted of a 3 minute denaturation step at 95 °C, 15 cycles
of 45s at 95 °C, 6@ at the annealing temperature,s9& 72 °C, followed by 25 cycles of 3Gt

95 °C, 45s at the annealing temperature s3& 72 °C.



| evaluated theraplification success of loci agarose gels stained with GelGreen
(Biotium, Inc., Hayward CA) andisualizedfragments using a DarkReader Transluminator DR
88M (Clare Chemical Research, Inc., Dolores CO). For efficient screening of genetic diversity,
groupedselected loci into poeplex panels where the amplification products of multiple loci for
the same individual ar@mbined for data generatidriabeled drward primers with a
fluorescent dye and further evaluatsth locusn terms of polymorphism, amfitation
specificity, and signal strength. Genotyping was conducted on an Applied Biosystems 3730xI
Analyzer at the W. M. Keck Center for Comparative and Functional Genomics, University of
lllinois. An internal size standard (LIZ 500) was included withhesaample to determine
fragment length. | scored alleles uslBENEMAPPERV5.0and assessecekgotype scoring errors,
the presence of null alleles, and the occurrence of large allele dropdlic®aCHECKERV2.2.3
(Oosterhout et al. 2004). | also employ€dWSIM v4.1 to determine the statistical power of

using thissetof microsatellites for analgs (Ryman and Palm 2006).

Local Analysis

For evaluation of genetic structure at the local scale, | analyzed 157 samples collected
between 2002012 from Vermiliom County, lllinois (sites-AN and FAS). | usedGENEPOPV3.4
(Raymond and Rousset 1995) to test each locus for H&eigberg equilibrium and linkage
disequilibrium and to assess the overall allelic richness and heterozygosity (genetic diversity)
using Makov-chain parameters with 10000 dememorization steps, 999 batches, and 9999
iterations per batclfGENEPOPwas also used to assess the number of migrisimjsper
generation between populations following the private allele method outlined by Barton and

Slakin (1986) and correcting faamplesize. Population structure was evaluated by determining



numbers of distinct gene pools employing a Bayesian assignment test as implemented in
STRUCTUREV2.3.4 (Hubisz et al. 2009) using uncorrelated allele frequenhes)CPRIOR

model, a 10000 burn in period with 10000 reps, and testivges froml to 6 with 10 runs at

each K Preliminary runs wittBTRUCTURES ugge st ed t hat &= 0.5 would
system an@TRUCTUREHARVESTERVO0.6.94 (Earl and vonHoldt 2012) was usesbsess the
appropriate number of clusters following the Evanno method (Evanno et al. 200g). K=2,
STRUCTUREIdentified mostindividuals as belonging solely to one main gene pool across the |

AN and FAS sites with a second group of individuals with whole or partial membership in a
second distinct gene pool. To determine whether the individuals with membership in the second
gere pool represented recent migrants, | conducta4dailed ttest with unequal variances
comparing the mean relatedness value of individualsulated by following the estimate of
relatedness (r) defined by Queller and Goodnight (1989), in the marpgeh to the mean
relatedness value of these potential immigrants. | usétE v1.31 (Waples and Do 2008) to
estimate the effective population sia&)(for gene pools identified by these analygsisiga

minimum allele frequenc0.01land to construatonfidence intervals for eadke estimate using
parametrianethods! performed an Analysis of Molecular Variance (AMOVA) usfBLEQUIN
v3.5.1.2 (Excoffier and Lischer 2010) to examine population structure and to investigate the
proportion of genetic varigtn contributed by variation between the two sampling sites (among
populations), within each sampling site (within populations), and among individuals and to

calculateF-statistics.



Regional Analysis

For evaluation of genetic structure at the regionales | analyzed the entire set of
samples, includingll individuals from the local analysis, as welltssues collected from
Vermillion County in 2005from Jo Daviess County in 200dnd Kentucky in 2011 used
GENEPOP V3.4 to check fodeviations fom Hardy-Weinbergexpectationgnd linkage
disequilibrium using Markoxhain parameters with X0 dememorization steps, 999 batches,
and 9999 iterations per batchusedSTRUCTUREVZ2.3.4 to examine overall population structure
using uncorrelated allefeequencies, theocPrIORmModel, a 1M00 burn in period with 1,000
reps, testing Kalues froml to 13 with 10 runsateach,@ nd us i BRUCWRE 0 . 5.
HARVESTERV0.6.94 was again used to determine the appropriate number of population .clusters
In order to evaluate population designations, | i®e@ (www.marksgeneticsoftware.net) to
conductmultilocuscontingency tests of &le frequency heterogeneity following Waples and
Gagagioti (2006) with 99 batches999 demorization runs, anc@99 replicates for each
randomization test.usedARLEQUINV3.5.1.2 to perform an AMOVA examining relative genetic
variation regionally (amonpgopulations), within populations, and within individuals and to
calculateF-statistics.To test foran isolationby-distance pattern @enetic differenceamong
sampling sites, tonduceda Mantel tesexamining associatiopetweerlineardistance anérst
valuefor each pairwise comparisoinusedBOTTLENECK v1.2.02 (Cornuet and Luikart 199{0)
testfor recent population bottlenecks at sites with more than 10 individuads KD, K-L, and
I-A) using 1Q000 repetitions to conduct Wilcoxon rank sigrisasder the infinite alleles

model.



Results
Samples and Collection Sites

To assess genetic structure at the local Jé& salamanderaieregenotypedwith 111
from site FAN and 46from I-AS (Table 11). Mostsampledndividualswere adultspnly 13
werejuveniles.Sample size for each sitglistedby year inAppendix A For the regional
analysis 279 unique samphesre usedincludingthe 157 individuals from the local analysis,
seven from4B, eight from {A collected in 2005, and 107 samplediexted from central

Kentucky.

Microsatellite Loci

Of the 28 microsatellite loci screen@hble 1.2, 20 initially amplified fragments ifl.
scutatumand were tested in peplex panels. When screened using-thigeled primerspine
loci (Tablel.2), stowed sufficient variability to assess genetic diversitidirscutatumThe
remaining 13 loci were excluded from analyses due to scoring problems, inconsistent or weak
amplification or artifacts. The size range, final pptax panels, dye assignments, aoehber of
alleles for each of theine loci are listed in Table 1.Additional optimization could potentially
render theexcludedoci useful in future studies . scutatumLinkage disequilibrium was
found for thelocuspair HS7 and HS8 in bothAN and I-AS populations. While no large allele
dropout was detected for any of thieeloci, homozygote excessftensuggestive of null
alleles, wasletectedor DT8, HS3a, HS3b, HS7, HS8, and PChis homozygote excess is
likely due to theahlund effectwherein the admixture of two or more populations with

differing allele frequencies results in heterozygadéficiency if analyzed ascombined
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population (Hatt 2000). Because such a high proportion of the loci were out of H&lkelgberg
Equilibrium, it is likely that sampling issues, rather than scoring errors and null alleles, are
responsible. Because many plethodontid salamanders utilize underground retréats [i.e.
cinereug(Jaeger 1980)], it is likely that the individudl scutatunsampled at a givetime

represent only a subset of the proportion of the population active and above ground during the
sampling period. In addition, it is possible that a large proportion of samples represent closely
related individuals, also affecting Harlyeinberg expedations and linkage disequilibrium.
However,locus HS7 was excluded from further analysesause it was found to be in linkage
disequilibrium with HS8Tests for the statistical power of thesghtloci usingPOWSIM gave

an expected Type | error rateld=0 . 0 4 8 .

Local Analysis

Hardy-Weinberg expectations for allele frequencies were violated, with a Bonferroni
corrected pvalue needed for significance of p<0.003, for all loci but HS3BAN ] and forfour
(out of eight)loci in I-AS (i.e.,DT4, HS3b, H8, and HS}h Substantialkmounts of immigration
and emigration could explain theviolations of HardyWeinberg equilibrium. It is more likely,
however thatthese deviations from HW&re a result of the Wahlund effect, wherein the
admixture of two or morpopulations with differing allele frequencies results in heterozygot
deficiency if analyzed as combined population (Hartl 2000deed, the subsequent Bayesian
assignment analysis suggests that some population admixture has occurred from recent
immigrants into the population.

Genetic Diversityd Expected heterozygositi€) was high for both-AN and FAS,

with 0.64 £ 0.18 and 0.65 £ 0.17, respectively. Loci originally developed.fecutatum

11



showed the greatest genetic diversity with per loci heygasity ranging from 0.82 to 0.87
compared to a maximum heterozygosity among the -@ogsified loci of 0.54 (Table 1.2,
Appendix B. The overalFs value was 0.137 + 0.047, suggesting that inbreeding occurs
infrequently. Expected heterozygosity feAN and FAS varied very little between years
(Appendix Q, with a range of 0.61 to 0.66 and 0.61 to 0.71 respectively.

Genetic Structured The results ofhe Bayesian Assignment test condudted
STRUCTUREIndicated that the best overall valiee number ofgene poolsvasK=1, with a Ln
likelihood =-3571.1. This suggests thatividuals from thaéwo sites I-AN and FAS, are
actually part of one larger population without subdivisBrRUCTURE runsconducted witiK=2
indicated that most individuals belosglely to ondarge gene podkluster 1) with a handful of
samples either partially or fullyeing assigned to another gene fablster 2) (Figurd..2). The
t-test comparison of the mean relatedr{€sller and Goodnight 1989j individuals belonging
to these tw@ene poolsndicated a significantly greater relatedness of individaassgningo
cluster 1thanthoseassigningo cluster 2vith a pvalue of 0.027, indicating individuals in
cluster 2 represent recent immigrants (or their offspring) frarious source populationshe
results of the AMOVA indicate that most of the observed variance (86%) is the result of within
individual variation with the remaining variance (14%) attributed to among individual variation
(Tablel1.3). The calculated paiuise Fstvalue between theAN and FAS siteswas very low
and indicated ndivergencgFst=0.004, pvalue=0.11)The mean number of migrants per
generationm) between these two localities was 7.T7Be effective population siz8l, for the
combined JAN and FAS sites (i.e. site-A) was 593 with a 95% confidence interval of 263 to

5151.

12



Regional Analysis

Genetic Diversityd The FAN and FAS sites exhibit low genetic divergence, therefore |
lumpedthemtogether (1A) for the regional analgs focusg on withinpopulation genetic
diversity. However, | continued to analyze them separately for analyses focusing on population
differences and genetic structure. This approach allowed the {8ddbihd FAS data to be
included in analyses focusing on tiode of distance in population structureHnscutatum
Expectations for HardyVeinberg genotype frequeies were violated in all populations except
K-F and kH (Bonferroni corrected-palue <0.003)Expected heterozygositiff) was high for
populationsn theregional analysis and ranged fré2 + 0.04 to 0.74 + 0.08.

Genetic Structur® The STRUCTUREassignment tesbdicated that fougene poolg¢K=4)
best reflect the genetic structure in the regional analysis (In likelihed833.7 Figurel.3).
Under this scenario;AN and FAS are grouped together, with B, K-F, and kN forming a
second, and K, K-L, and K-M comprising a third group. The remainder of the Kentucky sites
(K-A, K-B, K-C, K-E, K-J) and 1B showed a high proportion of admixed gguels.Unlike
AMOVA resultsfor the local analysis, the regional AMOVakalysisndicated that 9% of the
overall genetic diversity is due to among population variation, 18% due to among individual
variation, and 73% due to within individual variation (Teab.3). The overallF;s value for the
regional analysis was 0.2@20.044.Significant genetic differences were detected between all
three regions {A, I-B, and KY) (Table 1.4). Within the KY sites, the only significant
differences were found betweeresiK-D and sites KJ, K-L, and KM (Appendix D. The results
of the RxC analysis found four majgene poolscluster 1 containsdividuals froml-AN and F
AS, cluster Zrom I-B, cluster 3rom K-D, and cluster 4rom the remaining Kentucky sampling

sites(K-A, K-B, K-C, K-E, K-F, K-H, K-J, K-L, K-M, and KN) (Figure 1.4 and\ppendix B.
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The Mantel test found a significant positive relationship betweegraphiaistance andrst (p-
value = 0.01Figurel.5). The results othe Wilcoxon tests for populatiobottlenecks suggest a
recent population bottleneck for population_Kp-value = 0.004), but not for populationsA&

K-D, or A (Table 1.5.

Discussion

The global decline in amphibian biodiversity has created a need for a better
understanding of lva short and longterm processes impact the population genetics of
amphibian species at different spatial scales. | examined the genetic structure of 13 populations
of H. scutatunto test alternative hypotheses for local and regional scale patternsicaligcif
investigated whethetl. scutatunexhibits limited gene flow and isolatidyy-distance patterns
that characterize most other plethodontid species. | also examined the potential impaet of post
glacial range expansion on genetic structurd.isctiatum Finally, | evaluated the hypothesis
that life history characteristics k. scutatumespecially developmental mode, may be
influencing the genetic structure of this species. | found evidence for high levels of gene flow
between neighboring populatie (10062000 m), but an isolatiehy-distance pattern on a
larger, regional scale. Genetic differences between populatiorfarivalues, were low relative

to those observed in other plethodontid species.

Population structure and dispersal at the lalcscale
Onalocal scaledispersal appears to be much greatét.iscutatunthan in other
plethodontidsNeitherFst values or the RxC analysis indicated significant gertitierences

between-AN and FAS. The mean number of migrants between thesedreass relatively
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high suggesting extensivgene flow- a surprisingresultconsidering the relatively large distance
(1,224 m)thatseparates these tvgdes.Interestingly, asimilar pattern was observed among
northernpopulations irkentucky, while some of these populations are separated by short
distancesd.g, K-A and K-H), and therefore would be expected to show ldtleergencemost
aredistant from the others tseverakilometers(Appendix F. Small sample sizesould
influence these ressiltbut stochastic sampling issues would be expected to result in
exaggerated, rather than lower genetic divergence. In addition, this pattern is repeaigd
sites with large sample sizes (i.éAN and FAS). Phylogeographic work oH. scutatunmhas
suggested that the patterns of genetic structure observed in this species refleglaqgialst
expansion from refugia in the Appalachian Mountains (Herman 2009). Agfaasal
recolonization would account for the lack of genetic differences observed bdtAbeand +
AS, but does not explain the similar pattern observed among the northern populations in
Kentucky, an area that remained unglaciated during the Pleistocene.

Potential for high dispersal is further supported by other signals in my data. Bayesia
Assignment tests conductedSnmruUCTURE (Figure 1.2) identified two distinct gene pools.
However, they were not associated with the two sampling sites. Instead, the population appears
to be quite homogenous across the entire area, with the exceptameifrglividuals that have
very distinct genotypes. Theswlividualsare likelyrecenimmigrants or the offspring of recent
immigrants andhus providesvidence that migration to these sites from an outside source is
occurring.Hence, while | find suppofor the postglacial hypothesis, | cannot exclude the

possibility thatH. scutatunpossesses greater dispersal abilities than expected.
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Population structure and dispersal at the regional scale

Results oimy regional analyseare more congruent withbservationsn other
plethodontid species arst fitan isolatiorby-distancemodel, acommon pattern among
members of Plethodontid§Batrachoseps attenuat(§lartinezSolano et al. 2007),

Desmognathus ochrophae{islley and Mahoney 1996]. wrighti (Crespi et al. 2003),
Ensantinasp. (Jackmann and Wake 1994), éhainereugCabe et al. 2007)]. Thus it is not
surprising that such a pattern was observed in this stodyhis supports the hypothesis tHat
scutatcunfollows a pattern of genetic struce similar to that of other plethodontids on a
regional scale (Figure 1.9)n generalsalamanders frorsitesin Kentucky were not genetically
divergentfrom each other, with the exceptiohsite K-D that was genetically distinct from the
remaining poplations in Kentucky. Divergence of theX population likely represents a deep
biogeographic signal and can be explained by vicariance due to topography and underlying
geology of Kentucky; the site is located on the Mississippian Plateau, whereas tmelezrohi
the sampling sites is located on the Cumberland Plateau. These two plateaus are separated by the
Pottsville escarpment, a series of sandstone cliffs and-sigeg valleys (Newell 1986).

While the Bayesian assignment and RxC analyses are langgedyeement, some
differences do exist in the population clusters identified by each method. Specifically, the RxC
analysis indicates 0 as distinct from all other populations, whereas the Bayesian assignment
analysis clusters 0 with K-C, K-F, and KN. These seemingly contradictory results may be
due to the isolatioiby-distance pattern. Bayesian assignment analysis is known to overestimate
population structure when there is an isolatigrdistance signal in the data (Frantz et al. 2009)
and is sensiie to small sample sizes (Waples and Gaggioti 2006), such as those in populations

K-C, K-F, and kN (Table 1.1).

16



Population Sizeand Recent Bottlenecks

The estimate of effective population size of 593, for sied low relative to that
recorded for dter plethodontid species, but the upper limit of the 95% confidence interval for
this estimate (5151) placék estimatesor H. scutatunwithin range of other plethodontids (i.e.
Ne ranging from 4000 to 64000, see review by Larson et al. 1984). Amohguhsites with
sufficient sample size for testing (K, K-D, K-L, and FA), only ste K-L was identified as
having recently undergone a population bottleneck. It is unlikely that this is due to population
size reduction during the last Pleistocene glamahat ended aboudt0000 years ago (see Black
1974) as site only-A was located within the limits of énlast glacial maximur(Figurel.1,
Inset B).It is possible that some site specific, local variable is responsible for this pattern, as any
factor ata regional scale, such as p&$tistocene climatic fluctuations, would have also

impacted the nearby (~9 km) siteAX

Statistical validity of data

Shallow divergence could potentially be an artifact due to insufficient power of the
markers used to d&tt genetic structure. Howeveesultsbased orhe eight loci should be
relatively robust as suggested by the POWSIM expdectd y pe | er r amdshoudt e of
be sufficiento assess population structuvghile additional loci would likely be informative,
microsatellite crossmplification is notoriously difficult in amphibians as a result of their large
genome size (Gaer 2002). It is not surprising that so many of the loci from species other than
H. scutatunfailed to amplify or could not be reliably scored. Additionadlynumber of other
studies have successfully used similar numbers of microsatellites to assessdata

population structure. Cabe et al. (2007) &kl et al.(2007) investigated genetic diversity i
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cinereuspopulations and found observed levels of heterozygosity ranging from 0.32 to 0.85
(based on 6 loci) and from 0.38 to 0.69 (based on 7, lespectively. Among members of the
genusAmbystomagGiordano et al. (2007) and Spear et al. (2005) found a negative relationship
between elevation and genetic differences with observed heterozygosity ranging from 0.03 to
0.81 forA. tigrinum(derived fran 7 loci) and of 0.32 foA. macrodactylunffrom 8 loci),
respectively. In contrast, Purrenhage et al. (2009) found no iselatidistance patterns and
strong overall connectivity among populationsdoimaculatunusing 8 loci with observed

heterzygosityanging from 0.49 to 0.70.

Conclusions

Small isolated populations may be a common occurrence in plethodontid species and may
have contributed to the lortgrm evolution of this group. My study found tliitscutatum
follows a similar pattern of genetstructuring as other plethodontid species on a regional scale.
On a local scale, however, very little genetic divergence was observed between sites. This may
be a result of high levels of gene flow and dispersal, reduced genetic variation between
populations due to posglacial recolonization from a common source, and/or a reduction in allele
loss as a result of reduced whole clutch mortality in an indirect developing species. While
genetic patterns of peglacial recolonization have been found in othed&s orH. sctutatum
(Herman 2009), increased dispersal cannot be ruled out because reduced genetic divergence was
similarly found in populations from unglaciated areas and Bayesian assignment analyses
suggested the presence of recent immigrants inlsk®sand FAS. Moreover, it is possible that
indirect development, the ancestral condition in plethodontids, persidtsoutatunbecause it

prevents the loss of genetic variation and counters any loss of gene flow this species experiences
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due to its ned for specialized breeding habitat. Whether as a result of increased dispersal or
developmental mode, reduced loss in genetic variation could translate into a reduced
susceptibility inH. scutatunto the small population paradigm. Future conservation and
management decisions for this species should consider the implications of life history traits such
as developmental mode on the skertn survival of populations and the letegm survival of

species.
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Figure 11. Encountered individual and site locations for the Road Salamander,

Hemidactylium scutatunplotted in ArcGIS 10.2.1 using GPS coordinateset A shows

locationsof encountered individuaht sites AN and FAS at the Middle Fork State Fish and

Wildlife Area, Vermilion County, IL from 2009 to 2012. Inset B depibdssampling locations in

North Ameica with respect to the last glacial maximum (Ehlers et al. 2011). Insed\Ws a

magnified view of seven sampling sites in northern. Sample size, GPS coordinates, and acronym
for each site are provided in Taldld.
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Figure 1.2. Probabilistic allocaticof 157H. sctuatunto two gene pools as determined by
STRUCTURE(K=2). Colors represent gene pools. Data are based on eight microsatellite loci.
Samples were collected from two sites in lllinci&Nl and FAS (see Figure 1.1). Sample size
and acronym foeach site is provided in Table 1.1
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Figurel.3. Probabilistic allocation of genotypes of 2M9scutatunto four gene poolsas

determined bsTRUCTURE(K=4). Colors represent gene pools. Data are based on eight
microsatellite loci. Samples werellected from 14 sites across lllinois and Kentucky (see Figure
1.1 and 1.2). Sample size and acronyms for each site is provided in Table 1.1
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Figurel.4. Results froma RxC analysi®of 279H. scutatungenotypesData are based on eight
microsatelite loci. Samples were collected from 14 sites across lllinois and Kentucky (see Figure
1.1). Samples size and acronyms for each site are provided in Talifadhlcircle represents

site or cluster of sitethatthe RxC analysis indicated as belongiagite same population. Lise
between circles indicate nonsignificant results for a multilocus contingency test of heterogeneity
of allele frequencies among pairs of samples. Hit@tcan be linked via a series of multiple
nonsignificant tests are considd to be part of the same population.
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Figurel.5. Relationship opairwisegeographic distance (km) and genetic divergeree) (
between 14 sample sitestdf scutaturmocated across lllinois and Kentucky (see Figure 1.1).
Sample size for each sieprovided in Table 1.1.
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Tables

Table1.1. Summary of 279 individuaH. scutatuntissue samples collected durivigual

encounter surveyacross 14 sites icentral lllinoisand KentuckySamples from-AN and FAS
were examined for patterns at thedbscale, whereas all samples were included in the regional
analysis. Listed are€€ode = site acronym, N = number of samples, State = sitestatéluster

= membership of the site in the north or south cluster in Kent@bynty = site county, UTM
Coodinates = coordinates of mean centroid calculated from all sampled individual locations
Geographic location of sites is depicted in Figure 1.1.

Code N State KY Cluster County UTM Coordinates

Local [-AN 111 IL N/A Vermilion 433114 4454580
I-AS 46 IL N/A Vermilion 433033 4453804
Regional I-ANO5 8 IL N/A Vermilion 433114 4454580
I-B 7 IL N/A Jo Daviess 718487 4687128
K-A 12 KY North Powell 264610 4187946
K-B 4 KY North Menifee 273080 4198054
K-C 2 KY South Laurel 745448 4101073
K-D 29 KY South Adair 668775 4119508
K-E 7 KY North Powell 265866 4188298
K-F 3 KY North Powell 264949 4187610
K-H 5 KY North Powell 264672 4187874
K-J 6 KY North Powell 263948 4189143
K-L 23 KY North Wolfe 272711 4183552
K-M 7 KY North Wolfe 272752 4187911
K-N 9 KY North Menifee 264754 4191931
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Tablel1.2. Amplificationsucces®f microsatellitdoci for application inH. scutatumSpecies =
taxon for which the locus was developed. GenBank # = accession nhumber for locus sequence
GenBank Locus = locus name. Citation = publication originally describing the locus.
Amplification = success (+) or failure) (of loci to amplify in initial testevaluated omgarose

gels. Genotyping = success (+) or failufedf genotyping loci resulting fra variation in primer
specificity, signal strength, and occurrence of locus polymorpiism =fluorescent dye used to
label the primer for sequencing. The remaining parameters are derived from 279 samples
analyzed in this study, including: Allele Size Rar(bp) = size range of alleles in base pairs, N =
observed number of alleles, Na = expected number of allétes,observed heterozygosityle

= expected heterozygosity.
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Table 1.2 (continued)
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Tablel.3. Distribution of genetic variance id. scutatumat both local and regional scales as
determind by Hierarchical Analysis of Molecular Variand&®\OVA ). Results are based on
genotypes across eight microsatellite loci of (A=Local Analysis) 157 samples collected from two
sites (FAN and FAS) in lllinois, and (B=Regional Analysis) 279 samples collédtem 13 sites

in lllinois and Kentucky. Variance was evaluated at three hierarchical levels (Source of
Variation). Listed ared.f. = degrees of freedqr8.S. = sums of squarégariance Componest

= amount of variance due to each source of varigtion percent of total varianc&ample size

and acronyms for each site is provided in Table 1.1. Geographic locations of all 13 sites are
shown in Figure 1.1.

(A)

Local Analysis
Source of Variation d.f. S.S. Variance Components %
Among populations 1 4.01 0.01 Vva 0.32
Among individuals 155 454.10 0.35 Vb 13.67
Within individuals 157 349.00 2.22 Vc 86.01
Total 313 807.11 2.58 100.00
(B)

Regional Analysis
Source of Variation d.f. S.S. Variance Components %
Among populations 12 131.76 0.27 Va 9.04
Among individuals 266 856.64 0.54 Vb 18.37
Within individuals 279 596.50 2.14 Vc 72.59
Total 557 1584.90 2.95 100.00
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Table 1.4 Pairwise populatiofst valuesof H. scutatunbetweerthree lllinois sampling sites-(

AN, I-AS, andI-B) and11 combinedentuckysamplingsites (KY) Data are based on eight
microsatellite loci. Geographic locations of these sites are provided in Figure 1.1. Acronyms and
samples size for each site are provided in TableFtslvalues are below diagonalvRlues are

above diagonallo reduce the chance of Type | error, the Bonferroni correctedue needed

for significance is p<0.00&ignificant pvalues indicated in bold.

[-AN [-AS |-B KY
[-AN 0.106 0.000 0.000
[-AS 0.004 0.000 0.000
[-B 0.135 0.103 0.000
KY 0.076  0.074  0.100

Table 1.5 Results of Wilcoxon tests {yalues) for recent bottlenecksH. scutatuncalculated
under the Infinite Alleles Model (IAM) fofour samplingsitesof (K-A, K-D, K-L, and FA).

Data are based on eight masatellite loci. Geographic locations of these sites are provided in
Figurel.l. Acronyms and sample size for each site are provided in Tdbl€o reduce the
chance of Type | error, for each model, the Bonferroni correcteduye needed for significae

is p<0.0125.

Wilcoxon Test

K-A 0.195
K-D 0.250
K-L 0.004
[-A 0.055
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CHAPTER 2. SOURCES OF VARIATION IN THE VENTRAL SPOT PATTERN OF
THE FOUR-TOED SALAMANDER

Introduction

Variation in color pattern, including the hue, brightness, number, iape, and location
of stripes, patches, or spots, is a common phenomenon in many taxa. The functions of this
variation are diverse and include predator avoidance through cryptic, disruptive, or aposematic
coloration, mimicry, and startle or distractiogioration (eye spots), as well as ornamental
coloration for attraction of mates, photoprotection, structural support, microbial resistance,
thermoregulation, and communicatifsee reviews itHubbard et al. 201@Protas and Patel
2008,Roulin 2004. In addition, color pattern may be a mechanism for the recognition of
conspecifics (i.e. Secondi et al. 2010) and possibly kinship as intraspecific variation in color
pattern has been detected on a fine enough spatial scale to allow populations (Cost®§t al.200
genders (i.e. Davis and Grayson 2008, Pokhrel 2008d and Davis 200Q7and even
individuals to be distinguished (Breitenbak®82, Carafa and Biondi 2004, Eitam and Blaustein
2002).Geographic variation in color pattern, moreover, is widespread@arphibians and
has been attributed to the interaction between environment and predation (Storfer et al. 1999),
the interaction between predation pressures and morphotype frequencies (Hegna et al. 2013),
environmental characteristics (Fernandez and GollB88), resource partitioning (Denoél et al.
2001) or random events (Gray 1983).

In intraspecific interactionsptor patterrmay be useds an indicator of kinshipdany
studies have found color pattern in salamanders to be heritéiglggn 1975 Lipsett andPiatt
1936, Twitty 1963 and visual displays and cues are used in many interactions (i.e. Kohn and
Jaeger 2009, Secondi et al. 2010, Thaker et al. 2006). These characteristics have the potential to

create selection pressure for the use of coldepatn kinshipmediated social interactioms
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salamanderKinship mediated behaviors have been implicated in a number of salamander
speciesincludingA. opacum(Hokit et al. 1996, Walls and Blaustein 1995, Walls and
Roudebush 1991A. tigrinum(Pfenng and Collins 1993, Pfennig et al. 199€dgmidactylium
scutatum(Harris et al. 2003)ynobius retardatu$Wakahara 1997)\otophthalmus viridescens
(Gabor 1996), anBlethodon cinereugGibbons et al. 2003, Wareing 199While some

evidence exists thahemical cues play an important role in kin recognition among larvae
(Chivers et al. 199 Rfennig et al. 1994)Vakahara 1997), no work has attempted to untangle the
role of color pattern in kin recognition among terrestrial adults.

Intraspecific variatiorin color pattern might also be an indicator of variation in health
among individuals, especially if the color pattern is costly to produce, normally symmetrical, and
sensitive to conditional or fluctuating asymmetry. Fluctuating asymmetry (Ludwig 1932),
differences in the right and left measurements of a normally symmetrical bilateral character, is
generally considered to be the result of disturbances in intrinsic (e.g., cellular development) or
extrinsic (e.g. habitat fragmentation, pollution, parasiéel)environments (Mgller and Swaddle
1997). Increasing asymmetry in dorsal spot pattern has been correlated with decreasing body
condition and increasing habitat disturbancé@.imaculatun{Davis and Maerz 2007, Wright
and Zamudio 2002) and asymmetry orshl pigmentation ih. opacunhas been interpreted as
an indicator of differences in stress response between the sexes (Pokhrel 2009, Pokhrel et al.
2013).

The Fourtoed SalamandeH. scutatumis a relatively small plethodontid salamander
(~5-10cm Toal Length; Petranka 1998), exhibiting a white ventral surface patterned with
distinctive black spots (Figure 2.1). This ventral skin pigmentation pattern has been well

documented as a variable character and has been used reliably to identify indivitielas in
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studies (Breitenbach 1982, Carreno and Harris 1998, Harris et al. 1995, Harris and Gill 1980,
Harris and Ludwig 2004). While it has been considered aposematic coloration in this species
Brodie et al. (1974), spot pattern has not been quantifieid scutatumBecause aposematic
color patterns experience selection for synmmgn@~orsman and Herrstrom 2004, Forsman and
Merilaita 1999, it would be expected that the ventral spot patteth. iscutatums, under ideal
conditions, symmetrical. AdditiongllH. scutatumhasa broad geographic distributidimat
extendingnorthto Nova Scotia, south to Florida, and as far west as Oklahoma and Missouri
(Petranka 1998)ut withpatchy occurrences in the southern and westerasBecause
populationstend to le disjunct anatentralize around patchesfofested areas surrounding
spring or seeffed pools, population structure in this species should lead to increased geographic
variation in phenotypic traits. These specific habitat requirements, coupled wstmatidody
size and susceptibility to desiccationHhfscutatumare predictors of limited lifetime dispersal.
This should increase the rate of encounters between relatives within a population and create
conditions where selection for mechanisms of kaogaition, such as the use of the ventral spot
pattern, would arise. Finally, & scutatum s desi gnated as either &éim
i mperiledd throughout much of i1Its range (Natu
populations (i.e.lose experiencing heightened levels of stress) by a simple, phenotypic
characteristic such as increased asymmetry of spot pattern, would be a useful conservation and
management tool

This study examined ventral spot patteridirscutaturracross differentatial scales to
ask the following questions: (1) Does spot pattern vary geographitfalig®dt pattern varies
geographically or among populations, then symmatiy/or overall abundance of spotting

should vary between regioasrosghe range oH. scutdum.Geographic variation in this
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feature would make it a useful tool for taxonomists. (2) Is spot pattern similarity within
populations correlated with genetic relatedness among individfialefitral spot pattern d¢4.
scutatums genetically determinedpot pattern similaritghould increase with increased
relatedness (i.egenetic similarity. (3) Does spot pattern vary with body conditidh8pot

pattern is an indicator of body conditidalateral asymmetry in spot pattern should increase as
bodycondition decreasesused Quantitative Image Analysis (QIA) to quantify spot pattern in
terms of proportion of spots and symmetry and examined how these variables vary regionally. |
used microsatellite markers to estimate relatedness between indidddagamined the
potential relationship between genotypic similarity (relatedness) and phenotypic similarity
(similarity in spot pattern) between individuals. Finally, | estimated body condition using a
residual index and investigated the potential i@tahip between spot pattern symmetry and

body condition.

Methods
Samples and Collection Sites
| sampledrom March to November over four consecutive years (ZZ@E3) whileH.
scutatumwas activeat two sampling site {AN and FAS) in the Middle Fork &te Fish and
Wildlife Area in Vermilion County, lllinoisand from 1823 March 2011 at eight sitelK{A, K-
D, K-E, K-H, K-J, K-L, K-M, K-N) in central Kentucky (Figure 2.2)At each site, | searched for
individuals along haphazardly placed transects biifeg under potential shelter objed&ar
each encountered individual, | recorded the GPS location in UTM coordinates using a Garmin

GPS 12, and measured the body size (mm) as SfemttlLength (SVL), TotalLength (TL) and
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mass (g). For genetic analysesollected small tail clips €6 mm) from individuals weighing
more than 0.1§ using sterilized clippers and tissues were stored in ethasg&f) &T.

| photographedhte ventral spot pattern of each salamander for use in individual
identification andto avoid repeated tissue samples from the same individual (Breitenbach 1982).
To immobilize individuals for photographs with a digital camera, | placed each salamander
within a resealable plastic bag and gently flattened the bag sthéhanimalas heldoetween
the layers of plastic. Photographic sampling has many benefits as outlineddbetTal. (2001)
including speed, creation of an instant, permanent record, itBasive or destructive quality,
and the opportunity for repeat measurements ifiutuee. Digital photography allowed mi@
document the spot pattern of each individual for later scoring in the lab and to create a record of

sampled individuals for the identification of recaptures.

Molecular Methods and Genetic Analyses
To infer relateéness) usedmicrosatellite analysis to determine genetic similarity of
individuals usingeightmicrosatellite markeras described in Chapter 1. | calculated relatedness

r as proposed by Queller and Goodnight (1989) using the methodology describegtar Gha

Quantifying Body Condition

To quantify body condition for sampled individudlsised the residuals from a
regression of logransformed mass on ldgansformed total length as an index (Harris 2007,
Harris and Ludwig 2004, Schultéostedde etla2005). This approach to measuring body

condition, originally proposed by Gould (1975), controls for variation across body sizes (Jakob
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et al. 1996) and satisfies more assumptions than indices based on adjusting body mass by length

(SchulteHostedde etla2005).

Photographic Analyses

| used the plugiBTRAIGTEN (Kocsis et al. 1991) for themaGEJ photo analysis software
(Abramoff et al. 2004) to straighten the image for each individual along an approximated medial
line. STRAIGHTEN uses an algorithm tiat a nonruniform cubic spline along user defined nodes
along the approximated medial line. | rotated the images so that all were oriented vertically with
the head of the salamander at the top of the image. Because missing or regrown tails would alter
theventral skin pigmentation pattern recorded for an individual, | chose a subset of the ventral
area for my region of interest (ROI). This included the ventral area below the points where the
gular fold reaches the lateral sides of the salamander and &lgeov®s$t anterior portion of the
vent. The ROI width matched the maxi mum width
bordered by the edges of the lateral coloration. The ventral spot pattern was then quantified
following Todd et al. (2005) using quantitaiimage analysis (QIA). This approach, QIA or the
assessment of image data, is useful for examining the size, shape, number, and placement of
patches or spots in a color pattern and has successfully been used in amphibian species [i.e.
spectacled salamaeis,Salamandrinasp. (Angelini et al. 2010) and fileellied toadsBombina
sp. (Biancardi and Di Cerbo 2010)]. To remove the factor of body size from analysis | shrunk/fit
the ROI to fit a standard lattice of 10 x 65 cells. | scored each cell of theigwally and
subjectively as a 1 or O representing the presence (>50% covered) or absence (<50% covered) of
a ventral spot respectively. The completed lattice for a given individual was copied to a

spreadsheet and | rearranged the original grid intoghesapreadsheet column so that each
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succeeding column of the grid was stacked below the one that preceded it. The total of the values
in this column gives the phenotype score for an individual and represents the amount of spotting
present in the ROI andftects the lightness (low phenotype score) or darkness (high phenotype
score) of an individual.

To assess the phenotypic similarity of two individuals, | summed the absolute values of
the differences of corresponding cells representing the same gridgieltV for each salamander.
| divided this sum by the total number of cells to find the proportion of cells with identical
scores, i.e. the phenotypic similarity score, for each pair of individuals. This score ranges from O
to 1 with lower values indicatgngreater similarity in terms of presence or absence of spotting in
a given grid cell.

| evaluated the symmetry of an individigl finding the sum of the absolute values of the
difference between each cell on the left side of the scoring grid with tiresponding cell in the
mirrored location on the right side of the grid. | divided this value by the total number of cells to
provide a proportion of cells, i.e. the symmetry score, for which an individual was bilaterally

symmetrical. This score rangedrn O (symmetrical) to 1 (asymmetrical).

Statistical Analysis

To validate the efficacy of this method of phenotypic scongybset of individuals was
photographed multiple timesd these photos scored independently. | then calculated an F
statistic tocompare the variance with individual phenotypic similarity scores with the variance
between individual phenotypic similarity scorés. assess whether spot pattern varies
geographically, | used twtailed ttests with unequal variances to compare the meanotype

and symmetry scores between the combined populations from lllinois and combined populations
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from Kentucky sites. | also used a ttaled ttest with unequal variances to compare the mean
body condition for individuals with complete tails intidis vs. individuals with complete tails

in Kentucky.For the two sampling sites within lllinoisAN and FAS) and using only

individuals with complete tail$,modeled the impacts &VL, massand sampling sitas a

function of phenotype scores usitg tME4: LINEAR MIXED -EFFECTS MODELS USINCEIGEN AND
S4PACKAGE V. 1.1-7 (Bates et al. 2014) iRv3.1.1 (R Core Team 2014ecause | was

interested in the effect of body size on phenotypes, | modeled SVL and mass as fixed effects and
sampling site as andom effectThefit of this full model was compared to a null model which
contained only the site varialig calculatingAIC values corrected for small sample size (AIC
Burnham and Anderson 20023ingAIC CMODAVG: MODEL SELECTION AND MULTIMODEL

INFERENCE BASED ON(Q)AIC(C) PACKAGE V. 2.0-3 (Mazerolle 2015) in Rl also calculated the
likelihood of each model?2 log likelihood),differences in AlIGv a | uigand tife dkaike

we i g ht)®rthesspmodeldModels withqa<2 should be considered competimodels
(Burnham and Anderson 2002). An Aikaike weight is interpreted as the variability accounted for
by the model, i.e. the best model among those evaluated will have the kqighhédte impact of
SVL, mass, and sampling site were similarly modelea fasction of phenotype symmetry
score.To investigate the potential for allometric changes in the phenotype score, i.e. spot
density, and symmetry scoleassessed potential correlations between individual size and spot
pattern, using both salamander Safhd mass measurementsonducted &Mantel test using the
VEGAN: COMMUNITY ECOLOGY PACKAGE v2.0-10 (Oksanen et al. 2013) iv3.1.1 (R Core

Team 2014jo examine the potential relationship between phenotypic (phenotypic similarity

score) and genotypiarsilarity (relatedness, r). | investigated the potential for fluctuating
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asymmetry irH. scutatunby assessing potential correlations between symmetry score and body

condition and between phenotype score and body condition.

Results

| collected 180 tissusamples with their corresponding photos (Figure 2.2). Of these, 86
(85 with complete tails) came from sitédAN and 48 (47 with complete tails) came from site |
AS in lllinois and 46 (with complete tails) from 8 sites in Kentucky. An additional 44 tissue
samples of individuals with complete tails but no photo data were collected from Kentucky for
use in the comparison of body condition indices. Because of small sample sizes representing
sites in Kentucky (range 1i 18) samples were pooled for analysis.

Variation in phenotypic similarity scores between redundant photos of the same
individual (range = 24 photos for each of 11 individuals) was significantly lower than scores of
photos taken of different individuals (F=233.24ygdue=0.00). This indicatesahthis method
of QIA should allow reliable quantification of phenotype.

Mean phenotype scores-yplue = 0.00, Figure 2.3) and mean individual symmetry
scores (pvalue = 0.00, Figure 2.4) were significantly lower for individuals from Kentucky
compared tandividuals from lIllinois. This geographic variation was characterized by lower
levels of spotting and higher pattern symmetry in samples from Kenftuiblgyvariation does
not appear to be due to differences in bodydition between these tveoeasas irdividuals
from Kentucky did not differ significantly in body condition from individuals from lllinois (p
value=1.00 Figure 2.%. Size of individuals, measured by SVL or mass does not appear to play a
significant role in their phenotype (Figurg$é and2.7) or symmetry (Figure®.8 and2.9)

scores. The AIC analysis supports this, suggesting that the null models, i.e. the models
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containing on the site variable, as the most parsimonious model for both phenotype and
symmetry score model sets (Tabhkekand2.2). Combined results suggest that individuals do
not experience significant ontogenetic changes in spot pattern over time.

| found no relationship between phenotypic similarity scores andimdaddual
relatedness (palue=0.71, Figur@.10). Finally,l found ro sigificant relationship between
phenotype score (Figu&l11) or symmetry score (FiguBel2) and body condition, indicating
that spot pattern, in terms of overall amount of spots or lateral symmetry, is not influenced by

body condition.

Discussion

This study found significant geographic variation in the ventral spot pattétn of
scutatumpoth in terms of overall amount of spotting and degree of bilateral symmetry. No
evidence was found, however, to suggest that spot pattern is influsnoeldtedness between
individuals, or by body condition. This lack of association between spot pattern and these
variables could be due to (a) a lack of heritability in spot pattern, (b) the use of alternative signals
to assess relatedness between iddiais, or (c) violations in the assumptions made by the

fluctuating asymmetry analysis. Each of these scenarios is discussed in detail below.

Geographic Variation

The ventral spot pattern bf. scutatuntould be a potential tool for identifying
populatians of taxonomic or conservation importance as it shows significant variation across the
portion of its range sampled in this study. This may be due to differences in the underlying

genetic variation. While low genetic diversity, i.e. stresses resultingifioreeding, could
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account for the increased asymmetry in spot scores observed at sites in lllinois, recent population
genetics work suggest high levels of heterozygosity at these sites (Chapter 1). Alternatively,
because no relationship between symmaity body condition was found and because the mean
body condition, as measured by the residual index, did not differ between lllinois and Kentucky,
this might simply reflect genetic variation between the two regions (Chapter 1). The differences

in phenotypeand symmetry scores between lllinois and Kentucky, therefore, may have been
induced by genetic drift influencing alleles responsible for spot pattern (Costa et al. 2009). Rudh
et al. (2007) suggested that variation in natural or sexual selection caelsploasible for the
geographic variation in dorsal spot pattern they observBemurobates pumilicbut it seems

unlikely that these explanations applyHoscutatunwhose ventral spot pattern is less likely to

be seen by predators and conspecifics.

Influence of Size and Age

No relationship was found between individual size, either measured by SVL or mass, and
spot pattern, either measured by phenotype or symmetry score, suggesting that spot pattern in
this species does not change with age. This wascgxg and reinforces the utility of these spot
patterns for individual identification over long time periods (Harris and Ludwig 2004). Work on
other plethodontid species has also found relatively high consistency in spot pattern over time

(Bendik et al. 2@3).

Relatedness and Phenotypic Similarity
In my analyses, phenotypic similarity scores and relatedness between pairs of individual

H. scutatunwere not correlated. A primary explanation could be that ventral spot pattern is

46



influenced by the environmerit spot pattern has low heritability, and assuming kin recognition
occurs among adu. scutatumindividuals must assess the identity of relatives using
alternative characteristick H. scutatumlarvae are capable of kin recognition (Harris et al.
2003) and it is probable that, like other salamander larvae (Chivers et al. 1997, Pfennig et al.
1994, Wakahara 1997), they use chemical signals to do so. Among terrestrial plethodontids,
chemosensory cues are used in different contexts to communicatety @information (i.e.
Jaeger ané&orester 199Bandhave been implicateid kin recognition (Wareing 1997). Thus, it
is likely that the ability to assess kinship via chemical cues is retained irHacalitatum.
Additionally, the ventral location dhe spot pattern may make this trait less useful in
intraspecific communication. The spot patterfinscutatunmay serve as aposematic coloration
as this species produces noxious skin secretion (Brodie 1977) and, when encountered by a
predator, often reains immobile and allows itself to be turned over with the ventral spot pattern
exposed (Brodie et al. 1974).

Alternatively, a relationship between phenotypic and genotypic similarity may exist, but
was not detected with the QIA techniques used in thdysWhile variation in photos taken of
the same individual was significantly lower than variation in photos taken of different
individuals, the degree of resolution obtained through these methodologies may only be capable
of detecting broad scale patteswuch as the geographic variation observed between the lllinois

and Kentucky sampling sites.

Fluctuating Asymmetry
The usefulness of fluctuating asymmetry as a measure of stress or fitness in an organism

varies with the trait examined (e.g. Mgller and 8dla 1997)In this studyno association was
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observed betweerentralspot pattern symmetry and body conditidhere are a number of
explanations for this observation. Fifdictuating asymmetry may not be associated with color
pattern inH. scutatumWhile fluctuating asymmetry has been observed in the dorsal spot and
pigmentation patterns some amphibian species, includigmaculatun{Davis and Maerz

2007, Pokhrel 2009, Wright and Zamudio 2088)A. opacun(Pokhrel 2009, Pokhrel et al.

2013) alack of fluctuating asymmetry with respectdorsal spot pattern has been observed in
Notophthalmus viridescenSlierman et ak009).Secondly, the assumption that ventral spot
pattern inH. scutatums symmetrical may have been violated. Third, spdepainH.

sctutatunforms very early on, i.e. shortly after metamorphoses (pers. obs.). This methodology
assumes that the measured body condition of an individual at the time of the study is indicative
of the body condition of an individual at the timesop ot f or mat i on. I f an in
condition has changed from the time of spot formation to the time when measured, this
assumption would be violated. Fingltpe relationshipbetween fluctuating asymmetry and

fitnessis stronger when measured toaits undergoing growtfAparicio 2001) or on traitthat
arecostly to grow (Aparicio and Bonal 2002)lost of the individuals in this study were well

past the point of metamorphosis and spot formation and this may have obscured any existing

relationship letween symmetry score and body condition.

Conclusion

In conclusion, | found that spot pattern varies geographicatly stutatumThe
significant variation in spot pattern between regions and the lack of relationship between
individual spot pattern ahsize reinforces the practicality of using this trait to identify

individuals. If variation in spot pattern exists on a finer scale (i.e. between populations), this trait
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could also assist in conservation and management decisions by allowing recenaimtsniga
population to be identified and the degree of gene flow between populations to be estimated. |
did not, however, find support for the hypothesis that phenotypic similarity between individuals

is an indicator of their genotypic similarity, i.elagdness. Spot pattern does not appear to be a
viable substitute for molecular methods in evaluating relatedness among individuals. | also found
no support for the hypothesis that the ventral spot pattédn scutatunvaries with body

condition (i.e. gtess or fitness) of individuals or populations via the phenomenon of fluctuating
asymmetry. This suggests that spot pattern is also not a useful tool for assessing relative stress

among populations.
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Figures

Staoe 1 Staoe 2

Figure 2.1. Example of Bourtoed SalamandeHemidactyliumscutatummage being ppared

for scoring. Stage 1 shows the raw image. Stage 2 shows the image manipulated to remove the
background and converted to grayscale. Stage 3 shows the image after straightening with a
10x65 grid for spot pattern scoring superimposed.
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Figure 2.2.Encountered individual and site locations for thescutatunplotted in ArcGIS
10.2.1 using GPS coordinatd&sset Ashows locationsf encountered individuaht sites {AN
and FAS at the Middle Fork State Fish and Wildlife Area, Vermilion QguiL from 2009 to
2012.Inset Bdepicts fourteen sampling locations in North Ameriocaet C shows magnified
view of seven sampling sites in northern Kentucky.
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Figure 2.3. Comparison of mean phenotype scores for individuals from sites in centualkye
(KY) vs. those collected from sitesAN and FAS in lllinois. Scores range from 0 to 1 with
patternless individuals possessing a value of 0 and completely patterned (dark) individuals
possessing a value of 1. Whiskers represent the lowest and umaxiatues of observations
(excluding outliers), edges of the boxes indicate the 25% and 75% quartiéess.pT
value<0.000. Sampling locations shown in Figure 2.2.
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Figure 2.4. Comparison of mean symmetry scores for individuals from sites in cemtatkie

(KY) vs. those collected from sitesAIN and FAS in lllinois. Scores range from 0 to 1 with
laterally symmetrical individuals possessing a score of 0 and laterally asymmetrical individuals
possessing a score of 1. Whiskers represent the lowestatichum values of observations
(excluding outliers), edges of the boxes indicate the 25% and 75% quartiéess.pT

value=0.000. Sampling locations shown in Figure 2.2.
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Body Condition

Figure 2.5. Comparison of mean body condition scores for individuals from sgestral

Kentucky (KY) vs. those collected from site&N and FAS in lllinois. Body condition was
calculated using a residual index based on the log transformed variables of mass on total length
(TL). Whiskers represent the lowest and maximum valuebsdrvations (excluding outliers),

edges of the boxes indicate the 25% and 75% quartiest pvalue=1.0. Sampling locations

shown in Figure 2.2.
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Figure 2.6. Relationship of phenotype scores and sremitlength or SVL (mm) foH.
scutatuncollecied from sites-IAN and FAS in central lllinois. Scores range from 0 to 1 with
patternless individuals possessing a value of 0 and completely patterned (dark) individuals
possessing a value of 3ampling locations shown in Figure 2.2.
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Figure 2.7. Rlationship of phenotype scores and mass (md)i fecutatuncollected from sites
[-AN and FAS in central lllinois. Scores range from 0 to 1 wptktternless individuals
possessing a value of 0 and completely patterned (dark) individuals possessuwyda tal
Sampling locations shown in Figure 2.2.
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Figure 2.8. Relationship of phenotype symmetry scores and-gantltength or SVL (mmfor

H. scutatuncollected from sitesAN and FAS in central Illinois. Scores range from 0 to 1 with
laterallysymmetrical individuals possessing a score of 0 and laterally asymmetrical individuals
possessing a score ofSampling locations shown in Figure 2.2.
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