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ABSTRACT 

 

Amphibians are among the taxa experiencing the largest global decline in biodiversity. 

Many salamanders, especially North American members of the family Plethodontidae, are at risk 

of local extirpation because they persist in small, isolated populations due to specialized habitat 

requirements and limited dispersal ability. To effectively conserve and manage such species, 

factors influencing population connectivity and dynamics, such as dispersal and behavior, must 

be understood across various spatial scales. The Four-Toed Salamander, Hemidactylium 

scutatum, a species of concern in eastern North America, is a small-bodied plethodontid with a 

biphasic life cycle. Despite its broad geographic range, its occurrence is patchy due to specific 

breeding habitat requirements. Little is known about how distance between these habitat patches 

affects gene flow and which physical and biotic landscape features may act as barriers to 

dispersal. The population structure, i.e. gene flow and genetic diversity, of other plethodontid 

species is characterized by high levels of genetic divergence over relatively short distances and 

often reflects an isolation by distance pattern. In this study, I examined dispersal and population 

structure in H. scutatum from a local to a regional scale, focusing on the interaction between 

relatedness and dispersal (kin discrimination) and the potential for phenotypic traits to be used as 

a mechanism for kin recognition. I combined empirical observations with lab experiments to (1) 

examine population structure in H. scutatum (Chapter 1), (2) determine if phenotypic similarity 

between individuals is associated with genotypic similarity (Chapter 2), and (3) examine if kin 

discrimination is exhibited and potentially triggered by scent (Chapter 3).  

In Chapter 1, I used microsatellites to estimate genetic variation and gene flow within and 

among populations, calculate effective population size, and evaluate the possibility of population 

bottlenecks on both local and regional scales. The genetic data recorded a pattern of isolation-by-
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distance, characteristic of plethodontid salamanders. However, H. scutatum showed low genetic 

divergence among neighboring sites (1,000-2,000m). Several explanation exist for the low 

genetic divergence among populations including greater gene flow in H. scutatum compared to 

other plethodontids, relatively recent range expansion 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 I examined the geographic and genotypic variation in the ventral spot 

pattern of H. scutatum. Specifically, 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 within a population. Additionally, I 

investigated the potential use of phenotypic traits as an indicator of stress or genetic diversity 

within populations. Fluctuating asymmetry, differences in the bilateral symmetry of a character 

due to disturbances in internal or external environments, influences color pattern in many in 

amphibian taxa and has the potential to be used as an indicator of at-risk populations under 

stress. Hemidactylium scutatum is characterized by a white ventral surface patterned with 

distinctive black spots. I 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. I also examined the possible influence of body 

condition, via fluctuating asymmetry, on spot pattern. While spot pattern exhibited significant 

variation on the regional scale, no relationship was found between spot pattern similarity and 

degree of kinship between individuals, suggesting that spot pattern is not used as a mechanism 

for kin recognition in H. scutatum. I also found no relationship between spot pattern symmetry 

and body condition. Combined, these findings suggest that, while spot pattern may not be useful 
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for assessing genetic variation or population stress, it may be useful for taxonomists and allow 

recent immigrants to populations to be identified.  

In Chapter 3, I examined if isolated populations have increased degrees of kinship among 

individuals, potentially resulting in selection for kin recognition and kin discriminatory 

behaviors. Understanding the role of kinship in social behavior of at risk species such as H. 

scutatum may help in conservation and management efforts, especially those focusing on 

reintroduction and captive propagation programs. I investigated if there was an association 

between relatedness and aggressive behavior in H. scutatum by conducting behavioral trials in 

the lab and examined if  related individuals may be spatially aggregated within a wild population. 

No relationship was found between the straight line distance between individuals and their 

relatedness. I also did not find a relationship between relatedness and aggressive behavior in the 

lab. It is possible that kin discriminatory behaviors differ between demographic groups or kin 

discrimination does not occur under the conditions observed in this study. Finally, the indirect 

development of H. scutatum may impact juvenile dispersal, resulting in a decreased rate of 

encounters between kin and decreased selection 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 amid a major extinction event in the geological 

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. 2010, Tilman et al. 2001), introduction of exotic species (Vellend et al. 2007, 

Vilà et al. 2011), and environmental pollution (Hsu et al. 2006, Johnston and Roberts 2009, 

Zvereva and Kozlov 2010). Amphibians are particularly vulnerable to these agents, as well as 

additional factors associated with global change, including 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 taxa most affected by this global loss in biodiversity 

(Stuart et al. 2004, Wake and Vredenburg 2008). 

Persistence of a species is influenced by short- and long-term processes and depends on 

its ability to cope with environmental change. Long-term, directional shifts in natural phenomena 

have historically occurred slowly, allowing mobile species to disperse to more suitable regions, 

such as refugia during periods of glaciation. Alternatively, a species may adapt in response to 

long-term pressures, but its adaptive capacity depends largely on inherent genetic diversity 

(Barrett and Schluter 2007, Lande and Shannon 1996). Genetic diversity can be eroded through 

drift as populations become increasingly isolated and/or inbreeding as they decrease in size, 

potentially resulting in an intensified genetic load (Reed and Frankham 2003, Rowe and Beebee 

2003). This process, which ultimately leads to reduced fitness and further decreased population 

size, is known as the small population paradigm (see Caughley 1994). Thus for declining species 

understanding the magnitude of population isolation is important for effective conservation and 
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management and this is best accomplished by assessing genetic structure within and among 

habitat patches. 

Due to specialized habitat requirements and/or limited dispersal ability (Welsh and 

Droege 2001) many salamander species, especially the small-bodied members of the family 

Plethodontidae, persist in small, isolated populations characterized by high levels of genetic 

divergence. A review by Larson et al. (1984) across 21 species found a mean FST value of 0.53 

among populations, suggesting that plethodontids typically form units not connected by gene 

flow. While studies on population structure generally have focused on large-scale differentiation 

(>100km distance; Niemiller et al. 2008, Tilley and Mahoney 1996), genetic 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 movements in plethodontids appear to be limited, even 

among nearby populations (Gillette 2003, Mathis 1991), resulting in isolation-by-distance 

patterns (Crespi et al. 2003, Jackman and Wake 1994, Martínez-Solano et al. 2007). Gene flow 

can be further reduced in these groups by both natural barriers, such as streams (Marsh et al. 

2007), or man-made ones, such as roads (deMaynadier and Hunter 2000, Marsh et al. 2005, 

Marsh et al. 2008). Additionally, genetic structure of many salamander species reflects post-

Pleistocene colonization, and is characterized 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 Ambystomatidae (Demastes et al. 2007, Phillips et al. 2000, Steele 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 aquatic larval stage. 

Direct development may increase the potential for whole clutch mortality that in turn could 
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reduce genetic variation within, but increase distinctness among populations through genetic drift 

(Dubois 2004). In addition, low rates of gene flow in the direct-developing Plethodon 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 Four-toed Salamander, Hemidactylium scutatum, is a small-bodied plethodontid with 

a biphasic life cycle and specific habitat requirements. The species has a broad geographic 

distribution that extends north to Nova Scotia, south to Florida, and as far west as Oklahoma and 

Missouri (Petranka 1998), but with patchy occurrences in the southern and western areas. 

Populations tend to centralize around patches of forested areas surrounding spring or seep-fed 

pools. Eggs are laid at the edge of ponds and larvae hatch at a late stage and wriggle into the 

pond where they metamorphose within 3-6 weeks. Among 36 states, districts, and territories H. 

scutatum is designated as either ñimperiledò or ñcritically imperiledò in 9 of these regions and 

ñvulnerableò within an additional 13 (NatureServe 2011). Persistence of isolated populations 

makes H. scutatum an intriguing candidate for investigating how distance affects gene flow and 

what physical and biotic landscape features act as barriers to dispersal. Additionally, H. scutatum 

is an upland, terrestrial species with indirect development, a life history unusual among 

plethodontids and may exhibit unique patterns of population structure that require specific 

conservation strategies.  

Due to the small-body size of plethodontid salamanders, genetic studies are best 

accomplished using non-lethal methods for tissue sampling. Microsatellite analysis is especially 

useful to assess gene flow because it requires only small amounts of tissue (i.e. tail clips), is 

relatively inexpensive, and yields generally highly polymorphic loci facilitating fine-scale 
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examination of genetic structure (Selkoe and Toonen 2006). Gene flow has been evaluated in a 

variety of salamander species, but few studies used microsatellite and most focused on the 

relatively large bodied ambystomatid salamanders (Giordano et al. 2007, Spear et al. 2005, 

Zamudio and Wieczorek 2007), save a couple studies on the Eastern Red-backed Salamander, P. 

cinereus (Cabe et al. 2007, Noël et al. 2007), a smaller plethodontid species. 

This study investigated the population structure of H. scutatum on both local and regional 

scales by evaluating several questions. (1) Does H. scutatum have patterns of population 

structure similar to those found in other plethodontid species? If H. scutatumôs dispersal 

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 flow between populations, and an isolation-by-distance pattern indicated 

by a positive correlation between inter-population distance and genetic divergence (Wright 1943) 

should be observed. (2) Does H. scutatum have patterns of population structure that reflect re-

colonization from refugia following glaciation events? If the present patterns of genetic diversity 

in H. scutatum reflect the influence of glaciation events, then genetic differences should be low 

between sites located within previously glaciated regions as a result of re-colonization events. (3) 

Has the unusual life history of H. scutatum resulted in patterns of population structure that differ 

from those observed in other plethodontid species? If indirect development in H. scutatum results 

in decreased whole clutch mortality and subsequent allele loss, then less genetic divergence 

should observed between sites than recorded for other plethodontid species. I used microsatellite 

markers to estimate genetic variation, gene flow, and genetic differences between populations, 

and to evaluate the possibility of previous population bottlenecks on both local and regional 
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scales. I further compared these results to those previously recorded in the literature for other 

plethodontid species. 

 

Materials and Methods 

Samples and Collection Sites 

I selected study sites at two spatial scales: (1) the local scale consisted of two sites (I-AN 

and I-AS) in the Middle Fork State Fish and Wildlife Area in Vermilion County, IL; (2) the 

regional scale was represented by 11 sites in central Kentucky (K-A, K-B, K-C, K-D, K-E, K-F, 

K-H, K-J, K-L, K-M, K-N) and one site in Jo Daviess County in northwestern Illinois (I-B) 

(Figure 1.1). Sites I-AN and I-AS, separated by ~1,244 m and a stream, were analzyed separately 

in this analysis. Previous studies on H. scutatum documented relatively small maximum straight-

line dispersal distances of only 201 m from a wetland source (Windmiller 2000) and streams 

appear to be a barrier to dispersal in a similar sized plethodontid, P. cinereus (Marsh et al. 2007). 

I conducted visual encounter surveys for H. scutatum at local sites from March - 

November for four years (2009-2012) and at regional sites in KY from 18-23 March 2011. For 

each capture, I recorded the GPS location in UTM coordinates using a Garmin GPS 12, body 

size (mm) as Snout-Vent-Length (SVL), Total-Length (TL) and mass (g), and photographed the 

underside of the individual to identify potential recaptures. For genetic analyses, I collected 

small tail clips (1-5 mm) from individuals weighing more than 0.18 g using sterilized clippers 

and tissues were stored in ethanol at -80 °C. Samples from site I-B, were collected by Tim 

Herman in May 2004 using similar procedures. For the regional analyses, additional tissues from 

the local site I-AN collected by Tim Herman in April-May 2005 (I-AN05) were included. 
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Molecular Methods and Genetic Analyses 

I isolated whole genomic DNA from tail clips using the Qiagen DNEasy Extraction kit 

following the manufactureôs protocol. For genetic analysis I screened 28 microsatellite loci 

developed for four salamander species, three of which were plethodontid and one an 

ambystomatid, for their potential usefulness in H. scutatum. Seven loci (HS3a, HS3b, HS5, HS7, 

HS8, HS14, and HS15) were developed for H. scutatum by the Reid Harris lab at James Madison 

University. The remaining loci were initially designed for other salamander species, including 11 

for P. elongatus [PE0, PE1, PE3, PE4, PE5, PE7, PE8, PE9, PE10, PE11, and PE12 (Degross et 

al. 2004)], seven for P. cinereus [PC1, PC2, PC3, PC4, PC5, PC6, and PC7 (Connors & Cabe 

2003)], and three for Dicamptodon tenebrosus [DT4, DT5, and DT8 (Curtis & Taylor 2001)]. I 

set up the final optimized PCR reactions in 10 µl volumes, each with 2 µl of the extracted DNA 

solution, 10 µM of each primer, 1.25 mM of each dNTP, 25 mM MgCl2, 2 µl 1X reaction buffer, 

and 1.5-2.0 units Taq and conducted amplifications on either an Applied Biosystems 2720 

Thermocycler or an Applied Biosystems Veriti Thermocycler. With the exception of loci DT4 

and HS7, amplifications consisted of a 3 minute denaturation step at 95 °C, 15 cycles of 45 s at 

95 °C, 60 s at the annealing temperature, 45 s at 72 °C, followed by 25 cycles of 30 s at 95 °C, 

45 s at the annealing temperature, 30 s at 72 °C. The amplification for DT4 consisted of a 3 

minute denaturation step at 95 °C, 15 cycles of 45 s at 95 °C, 60 s at the annealing temperature, 

60 s at 72 °C, followed by 25 cycles of 30 s at 95 °C, 45s at the annealing temperature, 45 s at 

72 °C and the amplification for HS7 consisted of a 3 minute denaturation step at 95 °C, 15 cycles 

of 45 s at 95 °C, 60 s at the annealing temperature, 90 s at 72 °C, followed by 25 cycles of 30 s at 

95 °C, 45 s at the annealing temperature, 30 s at 72 °C.  
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I evaluated the amplification success of loci on agarose gels stained with GelGreen 

(Biotium, Inc., Hayward CA) and visualized fragments using a DarkReader Transluminator DR-

88M (Clare Chemical Research, Inc., Dolores CO). For efficient screening of genetic diversity, I 

grouped selected loci into pool-plex panels where the amplification products of multiple loci for 

the same individual are combined for data generation. I labeled forward primers with a 

fluorescent dye and further evaluated each locus in terms of polymorphism, amplification 

specificity, and signal strength. Genotyping was conducted on an Applied Biosystems 3730xl 

Analyzer at the W. M. Keck Center for Comparative and Functional Genomics, University of 

Illinois. An internal size standard (LIZ 500) was included with each sample to determine 

fragment length. I scored alleles using GENEMAPPER v5.0 and assessed genotype scoring errors, 

the presence of null alleles, and the occurrence of large allele dropout via MICROCHECKER v2.2.3 

(Oosterhout et al. 2004). I also employed POWSIM v4.1 to determine the statistical power of 

using this set of microsatellites for analyses (Ryman and Palm 2006).  

 

Local Analysis 

For evaluation of genetic structure at the local scale, I analyzed 157 samples collected 

between 2009-2012 from Vermilion County, Illinois (sites I-AN and I-AS). I used GENEPOP v3.4 

(Raymond and Rousset 1995) to test each locus for Hardy-Weinberg equilibrium and linkage 

disequilibrium and to assess the overall allelic richness and heterozygosity (genetic diversity) 

using Markov-chain parameters with 10000 dememorization steps, 999 batches, and 9999 

iterations per batch. GENEPOP was also used to assess the number of migrants (Nm) per 

generation between populations following the private allele method outlined by Barton and 

Slatkin (1986) and correcting for sample size. Population structure was evaluated by determining 
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numbers of distinct gene pools employing a Bayesian assignment test as implemented in 

STRUCTURE v2.3.4 (Hubisz et al. 2009) using uncorrelated allele frequencies, the LOCPRIOR 

model, a 10000 burn in period with 10000 reps, and testing K values from 1 to 6 with 10 runs at 

each K. Preliminary runs with STRUCTURE suggested that ɚ= 0.5 would be appropriate for this 

system and STRUCTURE HARVESTER v0.6.94 (Earl and vonHoldt 2012) was used toassess the 

appropriate number of clusters following the Evanno method (Evanno et al. 2005). Under K=2, 

STRUCTURE identified most individuals as belonging solely to one main gene pool across the I-

AN and I-AS 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 

gene pool represented recent migrants, I conducted a two-tailed t-test with unequal variances 

comparing the mean relatedness value of individuals, calculated by following the estimate of 

relatedness (r) defined by Queller and Goodnight (1989), in the main gene pool, to the mean 

relatedness value of these potential immigrants. I used LDNE v1.31 (Waples and Do 2008) to 

estimate the effective population size (Ne) for gene pools identified by these analyses using a 

minimum allele frequency 0.01 and to construct confidence intervals for each Ne estimate using 

parametric methods. I performed an Analysis of Molecular Variance (AMOVA) using ARLEQUIN 

v3.5.1.2 (Excoffier and Lischer 2010) to examine population structure and to investigate the 

proportion of genetic variation contributed by variation between the two sampling sites (among 

populations), within each sampling site (within populations), and among individuals and to 

calculate F-statistics. 
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Regional Analysis 

For evaluation of genetic structure at the regional scale, I analyzed the entire set of 

samples, including all individuals from the local analysis, as well as tissues collected from 

Vermillion County in 2005, from Jo Daviess County in 2004, and Kentucky in 2011. I used 

GENEPOP v3.4 to check for deviations from Hardy-Weinberg expectations and linkage 

disequilibrium using Markov-chain parameters with 10,000 dememorization steps, 999 batches, 

and 9,999 iterations per batch. I used STRUCTURE v2.3.4 to examine overall population structure 

using uncorrelated allele frequencies, the LOCPRIOR model, a 10,000 burn in period with 10,000 

reps, testing K values from 1 to 13 with 10 runs at each K, and using ɚ= 0.5. STRUCTURE 

HARVESTER v0.6.94 was again used to determine the appropriate number of population clusters. 

In order to evaluate population designations, I used RXC (www.marksgeneticsoftware.net) to 

conduct multilocus contingency tests of allele frequency heterogeneity following Waples and 

Gaggioti (2006) with 99 batches, 9,999 demorization runs, and 9,999 replicates for each 

randomization test. I used ARLEQUIN v3.5.1.2 to perform an AMOVA examining relative genetic 

variation regionally (among populations), within populations, and within individuals and to 

calculate F-statistics. To test for an isolation-by-distance pattern of genetic differences among 

sampling sites, I conducted a Mantel test examining association between linear distance and FST 

value for each pairwise comparison. I used BOTTLENECK v1.2.02 (Cornuet and Luikart 1997) to 

test for recent population bottlenecks at sites with more than 10 individuals (K-A, K-D, K-L, and 

I-A) using 10,000 repetitions to conduct Wilcoxon rank sign tests under the infinite alleles 

model.  
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Results 

Samples and Collection Sites 

To assess genetic structure at the local level, 157 salamanders were genotyped, with 111 

from site I-AN and 46 from I-AS (Table 1.1). Most sampled individuals were adults; only 13 

were juveniles. Sample size for each site is listed by year in Appendix A. For the regional 

analysis 279 unique samples were used, including the 157 individuals from the local analysis, 

seven from I-B, eight from I-A collected in 2005, and 107 samples collected from central 

Kentucky. 

 

Microsatellite Loci 

 Of the 28 microsatellite loci screened (Table 1.2), 20 initially amplified fragments in H. 

scutatum and were tested in pool-plex panels. When screened using dye-labeled primers, nine 

loci (Table 1.2), showed sufficient variability to assess genetic diversity in H. scutatum. The 

remaining 13 loci were excluded from analyses due to scoring problems, inconsistent or weak 

amplification or artifacts. The size range, final pool-plex panels, dye assignments, and number of 

alleles for each of the nine loci are listed in Table 1.2. Additional optimization could potentially 

render the excluded loci useful in future studies of H. scutatum. Linkage disequilibrium was 

found for the locus pair HS7 and HS8 in both I-AN and I-AS populations. While no large allele 

dropout was detected for any of the nine loci, homozygote excess, often suggestive of null 

alleles, was detected for DT8, HS3a, HS3b, HS7, HS8, and PC1. This homozygote excess is 

likely due to the Wahlund effect, wherein the admixture of two or more populations with 

differing allele frequencies results in heterozygote deficiency if analyzed as a combined 
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population (Hartl 2000). Because such a high proportion of the loci were out of Hardy-Weinberg 

Equilibrium, it is likely that sampling issues, rather than scoring errors and null alleles, are 

responsible. Because many plethodontid salamanders utilize underground retreats [i.e. P. 

cinereus (Jaeger 1980)], it is likely that the individual H. scutatum sampled at a given time 

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 Hardy-Weinberg expectations and linkage disequilibrium. 

However, locus HS7 was excluded from further analyses because it was found to be in linkage 

disequilibrium with HS8. Tests for the statistical power of these eight loci using POWSIM gave 

an expected Type I error rate of Ŭ=0.048.  

 

Local Analysis 

Hardy-Weinberg expectations for allele frequencies were violated, with a Bonferroni 

corrected p-value needed for significance of p<0.003, for all loci but HS3b in I-AN, and for four 

(out of eight) loci in I-AS (i.e., DT4, HS3b, HS8, and HS5). Substantial amounts of immigration 

and emigration could explain these violations of Hardy-Weinberg equilibrium. It is more likely, 

however, that these deviations from HWE are a result of the Wahlund effect, wherein the 

admixture of two or more populations with differing allele frequencies results in heterozygote 

deficiency if analyzed as a combined population (Hartl 2000). Indeed, the subsequent Bayesian 

assignment analysis suggests that some population admixture has occurred from recent 

immigrants into the population. 

Genetic Diversity. ðExpected heterozygosity (HE) was high for both I-AN and I-AS, 

with 0.64 ± 0.18 and 0.65 ± 0.17, respectively. Loci originally developed for H. scutatum 
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showed the greatest genetic diversity with per loci heterozygosity ranging from 0.82 to 0.87 

compared to a maximum heterozygosity among the cross-amplified loci of 0.54 (Table 1.2, 

Appendix B). The overall FIS value was 0.137 ± 0.047, suggesting that inbreeding occurs 

infrequently. Expected heterozygosity for I-AN and I-AS varied very little between years 

(Appendix C), with a range of 0.61 to 0.66 and 0.61 to 0.71 respectively. 

Genetic Structure. ðThe results of the Bayesian Assignment test conducted in 

STRUCTURE indicated that the best overall value for number of gene pools was K=1, with a Ln 

likelihood = -3571.1. This suggests that individuals from the two sites, I-AN and I-AS, are 

actually part of one larger population without subdivision. STRUCTURE runs conducted with K=2 

indicated that most individuals belong solely to one large gene pool (cluster 1) with a handful of 

samples either partially or fully being assigned to another gene pool (cluster 2) (Figure 1.2). The 

t-test comparison of the mean relatedness (Queller and Goodnight 1989) of individuals belonging 

to these two gene pools indicated a significantly greater relatedness of individuals assigning to 

cluster 1 than those assigning to cluster 2 with a p-value of 0.027, indicating individuals in 

cluster 2 represent recent immigrants (or their offspring) from various source populations. The 

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 

(Table 1.3). The calculated pairwise FST value between the I-AN and I-AS sites was very low 

and indicated no divergence (FST=0.004, p-value=0.11). The mean number of migrants per 

generation (Nm) between these two localities was 7.78. The effective population size, NE, for the 

combined I-AN and I-AS sites (i.e. site I-A) was 593 with a 95% confidence interval of 263 to 

5151.  
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Regional Analysis 

 Genetic Diversity.ðThe I-AN and I-AS sites exhibit low genetic divergence, therefore I 

lumped them together (I-A) for the regional analyses focusing on within-population genetic 

diversity. However, I continued to analyze them separately for analyses focusing on population 

differences and genetic structure. This approach allowed the local I-AN and I-AS data to be 

included in analyses focusing on the role of distance in population structure in H. scutatum.  

Expectations for Hardy-Weinberg genotype frequencies were violated in all populations except 

K-F and K-H (Bonferroni corrected p-value <0.003). Expected heterozygosity (HE) was high for 

populations in the regional analysis and ranged from 0.52 ± 0.04 to 0.74 ± 0.08.  

Genetic Structure.ðThe STRUCTURE assignment test indicated that four gene pools (K=4) 

best reflect the genetic structure in the regional analysis (ln likelihood = -7333.7, Figure 1.3). 

Under this scenario, I-AN and I-AS are grouped together, with K-D, K-F, and K-N forming a 

second, and K-H, 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 I-B showed a high proportion of admixed gene pools. Unlike 

AMOVA results for the local analysis, the regional AMOVA analysis indicated 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 (Table 1.3). The overall FIS value for the 

regional analysis was 0.202 ± 0.044. Significant genetic differences were detected between all 

three regions (I-A, I-B, and KY) (Table 1.4). Within the KY sites, the only significant 

differences were found between site K-D and sites K-J, K-L, and K-M (Appendix D). The results 

of the RxC analysis found four major gene pools: cluster 1 contains individuals from I-AN and I-

AS, cluster 2 from I-B, cluster 3 from K-D, and cluster 4 from the remaining Kentucky sampling 

sites (K-A, K-B, K-C, K-E, K-F, K-H, K-J, K-L, K-M, and K-N) (Figure 1.4 and Appendix E). 
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The Mantel test found a significant positive relationship between geographic distance and FST (p-

value = 0.01, Figure 1.5). The results of the Wilcoxon tests for population bottlenecks suggest a 

recent population bottleneck for population K-L (p-value = 0.004), but not for populations K-A, 

K-D, or I-A (Table 1.5).  

 

Discussion  

 The global decline in amphibian biodiversity has created a need for a better 

understanding of how short- and long-term processes impact the population genetics of 

amphibian species at different spatial scales. I examined the genetic structure of 13 populations 

of H. scutatum to test alternative hypotheses for local and regional scale patterns. Specifically, I 

investigated whether H. scutatum exhibits limited gene flow and isolation-by-distance patterns 

that characterize most other plethodontid species. I also examined the potential impact of post-

glacial range expansion on genetic structure in H. sctuatum. Finally, I evaluated the hypothesis 

that life history characteristics in H. scutatum, especially developmental mode, may be 

influencing the genetic structure of this species. I found evidence for high levels of gene flow 

between neighboring populations (1000-2000 m), but an isolation-by-distance pattern on a 

larger, regional scale. Genetic differences between populations, i.e. FST values, were low relative 

to those observed in other plethodontid species.  

 

Population structure and dispersal at the local scale 

 On a local scale, dispersal appears to be much greater in H. scutatum than in other 

plethodontids. Neither FST values or the RxC analysis indicated significant genetic differences 

between I-AN and I-AS. The mean number of migrants between these two areas is relatively 



15 

 

high suggesting extensive gene flow - a surprising result considering the relatively large distance 

(1,224 m) that separates these two sites. Interestingly, a similar pattern was observed among 

northern populations in Kentucky; while some of these populations are separated by short 

distances (e.g., K-A and K-H), and therefore would be expected to show little divergence, most 

are distant from the others by several kilometers (Appendix F). Small sample sizes could 

influence these results, but stochastic sampling issues would be expected to result in 

exaggerated, rather than lower genetic divergence. In addition, this pattern is repeated among 

sites with large sample sizes (i.e. I-AN and I-AS). Phylogeographic work on H. scutatum has 

suggested that the patterns of genetic structure observed in this species reflect a post-glacial 

expansion from refugia in the Appalachian Mountains (Herman 2009). A post-glacial 

recolonization would account for the lack of genetic differences observed between I-AN and I-

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. Bayesian 

Assignment tests conducted in STRUCTURE (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 exception of some individuals that have 

very distinct genotypes. These individuals are likely recent immigrants or the offspring of recent 

immigrants and thus provide evidence that migration to these sites from an outside source is 

occurring. Hence, while I find support for the post-glacial hypothesis, I cannot exclude the 

possibility that H. scutatum possesses greater dispersal abilities than expected.  
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Population structure and dispersal at the regional scale 

Results of my regional analyses are more congruent with observations in other 

plethodontid species and best fit an isolation-by-distance model, a common pattern among 

members of Plethodontidae [Batrachoseps attenuatus (Martínez-Solano et al. 2007), 

Desmognathus ochrophaeus (Tilley and Mahoney 1996), D. wrighti (Crespi et al. 2003), 

Ensantina sp. (Jackmann and Wake 1994), and P. cinereus (Cabe et al. 2007)]. Thus it is not 

surprising that such a pattern was observed in this study and this supports the hypothesis that H. 

scutatcum follows a pattern of genetic structure similar to that of other plethodontids on a 

regional scale (Figure 1.5). In general, salamanders from sites in Kentucky were not genetically 

divergent from each other, with the exception of site K-D that was genetically distinct from the 

remaining populations in Kentucky. Divergence of the K-D 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 the remainder of 

the sampling sites is located on the Cumberland Plateau. These two plateaus are separated by the 

Pottsville escarpment, a series of sandstone cliffs and steep-sided valleys (Newell 1986).  

While the Bayesian assignment and RxC analyses are largely in agreement, some 

differences do exist in the population clusters identified by each method. Specifically, the RxC 

analysis indicates K-D as distinct from all other populations, whereas the Bayesian assignment 

analysis clusters K-D with K-C, K-F, and K-N. These seemingly contradictory results may be 

due to the isolation-by-distance pattern. Bayesian assignment analysis is known to overestimate 

population structure when there is an isolation-by-distance signal in the data (Frantz et al. 2009) 

and is sensitive to small sample sizes (Waples and Gaggioti 2006), such as those in populations 

K-C, K-F, and K-N (Table 1.1).  
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Population Size and Recent Bottlenecks 

 The estimate of effective population size of 593, for site I-A is low relative to that 

recorded for other plethodontid species, but the upper limit of the 95% confidence interval for 

this estimate (5151) places Ne estimates for H. scutatum within range of other plethodontids (i.e. 

Ne ranging from 4000 to 64000, see review by Larson et al. 1984). Among the four sites with 

sufficient sample size for testing (K-A, K-D, K-L, and I-A), only site 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 glaciation that ended about 10000 years ago (see Black 

1974) as site only I-A was located within the limits of the last glacial maximum (Figure 1.1, 

Inset B). It is possible that some site specific, local variable is responsible for this pattern, as any 

factor at a regional scale, such as post-Pleistocene climatic fluctuations, would have also 

impacted the nearby (~9 km) site K-A.  

 

Statistical validity of data 

Shallow divergence could potentially be an artifact due to insufficient power of the 

markers used to detect genetic structure. However, results based on the eight loci should be 

relatively robust as suggested by the POWSIM expected Type I error rate of Ŭ=0.048 and should 

be sufficient to assess population structure. While additional loci would likely be informative, 

microsatellite cross-amplification is notoriously difficult in amphibians as a result of their large 

genome size (Garner 2002). It is not surprising that so many of the loci from species other than 

H. scutatum failed to amplify or could not be reliably scored. Additionally, a number of other 

studies have successfully used similar numbers of microsatellites to assess salamander 

population structure. Cabe et al. (2007) and Noël et al. (2007) investigated genetic diversity in P. 
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cinereus populations 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 loci), respectively. Among members of the 

genus Ambystoma, Giordano 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 for A. tigrinum (derived from 7 loci) and of 0.32 for A. macrodactylum (from 8 loci), 

respectively. In contrast, Purrenhage et al. (2009) found no isolation-by-distance patterns and 

strong overall connectivity among populations of A. maculatum using 8 loci with observed 

heterzygosity ranging from 0.49 to 0.70.  

 

Conclusions 

Small isolated populations may be a common occurrence in plethodontid species and may 

have contributed to the long-term evolution of this group. My study found that H. scutatum 

follows a similar pattern of genetic structuring 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 post-glacial 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 post-glacial recolonization have been found in other studies on H. 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 in sites I-AN and I-AS. Moreover, it is possible that 

indirect development, the ancestral condition in plethodontids, persists in H. scutatum because it 

prevents the loss of genetic variation and counters any loss of gene flow this species experiences 
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due to its need 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 in H. scutatum to 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 short-term survival of populations and the long-term survival of 

species. 
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Figures 

 

Figure 1.1. Encountered individual and site locations for the Four-toed Salamander, 

Hemidactylium scutatum, plotted in ArcGIS 10.2.1 using GPS coordinates. Inset A shows 

locations of encountered individuals at sites I-AN and I-AS at the Middle Fork State Fish and 

Wildlife Area, Vermilion County, IL from 2009 to 2012. Inset B depicts 14 sampling locations in 

North America with respect to the last glacial maximum (Ehlers et al. 2011). Inset C shows a 

magnified view of seven sampling sites in northern. Sample size, GPS coordinates, and acronym 

for each site are provided in Table 1.1.  
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Figure 1.2. Probabilistic allocation of 157 H. sctuatum to 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 Illinois I-AN and I-AS (see Figure 1.1). Sample size 

and acronym for each site is provided in Table 1.1. 

 

 

 

 

 
  

 

Figure 1.3. Probabilistic allocation of genotypes of 279 H. scutatum to four gene pools as 

determined by STRUCTURE (K=4). Colors represent gene pools. Data are based on eight 

microsatellite loci. Samples were collected from 14 sites across Illinois 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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Figure 1.4. Results from a RxC analysis of 279 H. scutatum genotypes. Data are based on eight 

microsatellite loci. Samples were collected from 14 sites across Illinois and Kentucky (see Figure 

1.1). Samples size and acronyms for each site are provided in Table 1.1. Each circle represents 

site or cluster of sites that the RxC analysis indicated as belonging to the same population. Lines 

between circles indicate nonsignificant results for a multilocus contingency test of heterogeneity 

of allele frequencies among pairs of samples. Sites that can be linked via a series of multiple 

nonsignificant tests are considered to be part of the same population.  
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Figure 1.5. Relationship of pairwise geographic distance (km) and genetic divergence (FST) 

between 14 sample sites of H. scutatum located across Illinois and Kentucky (see Figure 1.1). 

Sample size for each site is provided in Table 1.1.   
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Tables 

Table 1.1. Summary of 279 individual H. scutatum tissue samples collected during visual 

encounter surveys across 14 sites in central Illinois and Kentucky. Samples from I-AN and I-AS 

were examined for patterns at the local scale, whereas all samples were included in the regional 

analysis. Listed are: Code = site acronym, N = number of samples, State = site state, KY Cluster 

= membership of the site in the north or south cluster in Kentucky, County = site county, UTM 

Coordinates = 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 I-AN 111 IL N/A Vermilion 433114 4454580 

  I-AS 46 IL N/A Vermilion 433033 4453804 

Regional  I-AN05 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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Table 1.2. Amplification success of microsatellite loci for application in H. scutatum. Species = 

taxon for which the locus was developed. GenBank # = accession number for locus sequence in 

GenBank. Locus = locus name. Citation = publication originally describing the locus. 

Amplification = success (+) or failure (-) of loci to amplify in initial tests evaluated on agarose 

gels. Genotyping = success (+) or failure (-) of genotyping loci resulting from variation in primer 

specificity, signal strength, and occurrence of locus polymorphism. Dye =fluorescent dye used to 

label the primer for sequencing. The remaining parameters are derived from 279 samples 

analyzed in this study, including: Allele Size Range (bp) = size range of alleles in base pairs, N = 

observed number of alleles, Na = expected number of alleles, HO = observed heterozygosity, HE 

= expected heterozygosity.  
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Table 1.2 (continued) 



34 

 

Table 1.3. Distribution of genetic variance in H. scutatum at both local and regional scales as 

determined by Hierarchical Analysis of Molecular Variance (AMOVA ). Results are based on 

genotypes across eight microsatellite loci of (A=Local Analysis) 157 samples collected from two 

sites (I-AN and I-AS) in Illinois, and (B=Regional Analysis) 279 samples collected from 13 sites 

in Illinois and Kentucky. Variance was evaluated at three hierarchical levels (Source of 

Variation). Listed are: d.f. = degrees of freedom, S.S. = sums of squares, Variance Components 

= amount of variance due to each source of variation, % = percent of total variance. Sample 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) 

 

 

 

 

 

(B) 

 

 

 

 

 

  

  Local Analysis 

Source of Variation d.f. S.S. Variance Components % 

Among populations 1 4.01 0.01 Va 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 

  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 population FST values of H. scutatum between three Illinois sampling sites (I-

AN, I-AS, and I-B) and 11 combined Kentucky sampling sites (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 Table 1.1. FST values are below diagonal. P-values are 

above diagonal. To reduce the chance of Type I error, the Bonferroni corrected p-value needed 

for significance is p<0.008. Significant p-values indicated in bold.  

 

  I -AN I -AS I -B KY  

I -AN   0.106 0.000 0.000 

I -AS 0.004   0.000 0.000 

I -B 0.135 0.103   0.000 

KY  0.076 0.074 0.100   

 

 

 

 

Table 1.5. Results of Wilcoxon tests (p-values) for recent bottlenecks in H. scutatum calculated 

under the Infinite Alleles Model (IAM) for four sampling sites of (K-A, K-D, K-L, and I-A). 

Data are based on eight microsatellite loci. Geographic locations of these sites are provided in 

Figure 1.1. Acronyms and sample size for each site are provided in Table 1.1. To reduce the 

chance of Type I error, for each model, the Bonferroni corrected p-value needed for significance 

is p<0.0125. 

 
  Wilcoxon Test 

K-A 0.195 

K-D 0.250 

K-L 0.004 

I -A 0.055 

 

 

  



36 

 

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, size, shape, 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 distracting coloration (eye spots), as well as ornamental 

coloration for attraction of mates, photoprotection, structural support, microbial resistance, 

thermoregulation, and communication (see reviews in Hubbard et al. 2010, 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 (Costa et al.2009), 

genders (i.e. Davis and Grayson 2008, Pokhrel 2009, Todd and Davis 2007), and even 

individuals to be distinguished (Breitenbach 1982, Carafa and Biondi 2004, Eitam and Blaustein 

2002). Geographic variation in color pattern, moreover, is widespread among amphibians 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 Collins 1988), resource partitioning (Denoël et al. 

2001) or random events (Gray 1983).  

In intraspecific interactions, color pattern may be used as an indicator of kinship. Many 

studies have found color pattern in salamanders to be heritable (Highton 1975, Lipsett and Piatt 

1936, Twitty 1961) 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 color pattern in kinship mediated social interactions in 
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salamanders. Kinship mediated behaviors have been implicated in a number of salamander 

species, including A. opacum (Hokit et al. 1996, Walls and Blaustein 1995, Walls and 

Roudebush 1991), A. tigrinum (Pfennig and Collins 1993, Pfennig et al. 1999), Hemidactylium 

scutatum (Harris et al. 2003), Hynobius retardatus (Wakahara 1997), Notophthalmus viridescens 

(Gabor 1996), and Plethodon cinereus (Gibbons et al. 2003, Wareing 1997). While some 

evidence exists that chemical cues play an important role in kin recognition among larvae 

(Chivers et al. 1997, Pfennig et al. 1994, Wakahara 1997), no work has attempted to untangle the 

role of color pattern in kin recognition among terrestrial adults. 

Intraspecific variation in 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, parasite load) environments (Møller and Swaddle 

1997). Increasing asymmetry in dorsal spot pattern has been correlated with decreasing body 

condition and increasing habitat disturbance in A. maculatum (Davis and Maerz 2007, Wright 

and Zamudio 2002) and asymmetry in dorsal pigmentation in A. opacum has been interpreted as 

an indicator of differences in stress response between the sexes (Pokhrel 2009, Pokhrel et al. 

2013).  

The Four-toed Salamander, H. scutatum, is a relatively small plethodontid salamander 

(~5-10cm Total 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 individuals in field 
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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 quantified in H. scutatum. Because aposematic 

color patterns experience selection for symmetry (Forsman and Herrström 2004, Forsman and 

Merilaita 1999), it would be expected that the ventral spot pattern in H. scutatum is, under ideal 

conditions, symmetrical. Additionally, H. scutatum has a broad geographic distribution that 

extending north to Nova Scotia, south to Florida, and as far west as Oklahoma and Missouri 

(Petranka 1998), but with patchy occurrences in the southern and western areas. Because 

populations tend to be disjunct and centralize around patches of forested areas surrounding 

spring or seep-fed pools, population structure in this species should lead to increased geographic 

variation in phenotypic traits. These specific habitat requirements, coupled with the small body 

size and susceptibility to desiccation of H. scutatum, are 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 kin recognition, such as the use of the ventral spot 

pattern, would arise.  Finally, as H. scutatum is designated as either óimperiledô or ócritically 

imperiledô throughout much of its range (NatureServe 2011), the ability to identify at risk 

populations (i.e. those 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 pattern in H. scutatum across different spatial scales to 

ask the following questions: (1) Does spot pattern vary geographically? If  spot pattern varies 

geographically or among populations, then symmetry and/or overall abundance of spotting 

should vary between regions across the range of H. scutatum. 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 individuals? If  ventral spot pattern of H. 

scutatum is genetically determined, spot pattern similarity should increase with increased 

relatedness (i.e., genetic similarity).  (3) Does spot pattern vary with body condition? If spot 

pattern is an indicator of body condition, bilateral asymmetry in spot pattern should increase as 

body condition decreases. I used Quantitative Image Analysis (QIA) to quantify spot pattern in 

terms of proportion of spots and symmetry and examined how these variables vary regionally. I 

used microsatellite markers to estimate relatedness between individuals and examined the 

potential relationship between genotypic similarity (relatedness) and phenotypic similarity 

(similarity in spot pattern) between individuals.  Finally, I estimated body condition using a 

residual index and investigated the potential relationship between spot pattern symmetry and 

body condition.  

 

Methods 

Samples and Collection Sites 

I sampled from March to November over four consecutive years (2009-2013) while H. 

scutatum was active at two sampling site (I-AN and I-AS) in the Middle Fork State Fish and 

Wildlife Area in Vermilion County, Illinois and from 18-23 March 2011 at eight sites (K-A, K-

D, K-E, K-H, K-J, K-L, K-M, K-N) in central Kentucky (Figure 2.2).  At each site, I searched for 

individuals along haphazardly placed transects by looking under potential shelter objects. For 

each encountered individual, I recorded the GPS location in UTM coordinates using a Garmin 

GPS 12, and measured the body size (mm) as Snout-Vent-Length (SVL), Total-Length (TL) and 
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mass (g). For genetic analyses, I collected small tail clips (1-5 mm) from individuals weighing 

more than 0.18 g using sterilized clippers and tissues were stored in ethanol at -80 °C.  

I photographed the ventral spot pattern of each salamander for use in individual 

identification and to avoid repeated tissue samples from the same individual (Breitenbach 1982). 

To immobilize individuals for photographs with a digital camera, I placed each salamander 

within a re-sealable plastic bag and gently flattened the bag so that the animal was held between 

the layers of plastic. Photographic sampling has many benefits as outlined by Todd et al. (2001) 

including speed, creation of an instant, permanent record, its non-invasive or destructive quality, 

and the opportunity for repeat measurements in the future. Digital photography allowed me to 

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 relatedness, I used microsatellite analysis to determine genetic similarity of 

individuals using eight microsatellite markers as described in Chapter 1. I calculated relatedness 

r as proposed by Queller and Goodnight (1989) using the methodology described in Chapter 3.  

 

Quantifying Body Condition  

To quantify body condition for sampled individuals, I used the residuals from a 

regression of log-transformed mass on log-transformed total length as an index (Harris 2007, 

Harris and Ludwig 2004, Schulte-Hostedde et al. 2005). This approach to measuring body 

condition, originally proposed by Gould (1975), controls for variation across body sizes (Jakob 



41 

 

et al. 1996) and satisfies more assumptions than indices based on adjusting body mass by length 

(Schulte-Hostedde et al. 2005).  

 

Photographic Analyses 

I used the plugin STRAIGTEN (Kocsis et al. 1991) for the IMAGEJ photo analysis software 

(Abramoff et al. 2004) to straighten the image for each individual along an approximated medial 

line. STRAIGHTEN uses an algorithm to fit a non-uniform cubic spline along user defined nodes 

along the approximated medial line. I 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 

the ventral skin pigmentation pattern recorded for an individual, I 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 above the most anterior portion of the 

vent. The ROI width matched the maximum width of the salamanderôs ventral surface as 

bordered by the edges of the lateral coloration. The ventral spot pattern was then quantified 

following Todd et al. (2005) using quantitative image 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 salamanders, Salamandrina sp. (Angelini et al. 2010) and fire-bellied toads, Bombina 

sp. (Biancardi and Di Cerbo 2010)]. To remove the factor of body size from analysis I shrunk/fit 

the ROI to fit a standard lattice of 10 x 65 cells. I scored each cell of the grid visually and 

subjectively as a 1 or 0 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 I rearranged the original grid into a single spreadsheet 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 and reflects the lightness (low phenotype score) or darkness (high phenotype 

score) of an individual.  

To assess the phenotypic similarity of two individuals, I summed the absolute values of 

the differences of corresponding cells representing the same grid cell/region for each salamander. 

I 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 0 

to 1 with lower values indicating greater similarity in terms of presence or absence of spotting in 

a given grid cell.  

I evaluated the symmetry of an individual by finding the sum of the absolute values of the 

difference between each cell on the left side of the scoring grid with the corresponding cell in the 

mirrored location on the right side of the grid. I 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 ranged from 0 (symmetrical) to 1 (asymmetrical). 

 

Statistical Analysis 

To validate the efficacy of this method of phenotypic scoring, a subset of individuals was 

photographed multiple times and these photos scored independently. I then calculated an F-

statistic to compare the variance with individual phenotypic similarity scores with the variance 

between individual phenotypic similarity scores. To assess whether spot pattern varies 

geographically, I used two-tailed t-tests with unequal variances to compare the mean phenotype 

and symmetry scores between the combined populations from Illinois and combined populations 
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from Kentucky sites. I also used a two-tailed t-test with unequal variances to compare the mean 

body condition for individuals with complete tails in Illinois vs. individuals with complete tails 

in Kentucky. For the two sampling sites within Illinois (I-AN and I-AS) and using only 

individuals with complete tails, I modeled the impacts of SVL, mass, and sampling site as a 

function of phenotype scores using the LME4: LINEAR MIXED -EFFECTS MODELS USING EIGEN AND 

S4 PACKAGE V. 1.1-7 (Bates et al. 2014) in R V3.1.1 (R Core Team 2014). Because I was 

interested in the effect of body size on phenotypes, I modeled SVL and mass as fixed effects and 

sampling site as a random effect. The fit of this full model was compared to a null model which 

contained only the site variable by calculating AIC values corrected for small sample size (AICc, 

Burnham and Anderson 2002) using AICCMODAVG: MODEL SELECTION AND MULTIMODEL 

INFERENCE BASED ON (Q)AIC(C) PACKAGE V. 2.0-3 (Mazerolle 2015) in R. I also calculated the 

likelihood of each model (-2 log likelihood), differences in AICc values (ȹi) and the Akaike 

weights (ȹwi) for these models. Models with ȹi<2 should be considered competing models 

(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 highest ȹwi. The impact of 

SVL, mass, and sampling site were similarly modeled as a function of phenotype symmetry 

score. To investigate the potential for allometric changes in the phenotype score, i.e. spot 

density, and symmetry score, I assessed potential correlations between individual size and spot 

pattern, using both salamander SVL and mass measurements. I conducted a Mantel test using the 

VEGAN: COMMUNITY ECOLOGY PACKAGE V2.0-10 (Oksanen et al. 2013) in R V3.1.1 (R Core 

Team 2014) to examine the potential relationship between phenotypic (phenotypic similarity 

score) and genotypic similarity (relatedness, r). I investigated the potential for fluctuating 
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asymmetry in H. scutatum by assessing potential correlations between symmetry score and body 

condition and between phenotype score and body condition.  

 

Results 

I collected 180 tissue samples with their corresponding photos (Figure 2.2). Of these, 86 

(85 with complete tails) came from site I-AN and 48 (47 with complete tails) came from site I-

AS in Illinois 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 = 1ï18) samples were pooled for analysis.  

Variation in phenotypic similarity scores between redundant photos of the same 

individual (range = 2-4 photos for each of 11 individuals) was significantly lower than scores of 

photos taken of different individuals (F=233.24, p-value=0.00). This indicates that this method 

of QIA should allow reliable quantification of phenotype. 

Mean phenotype scores (p-value = 0.00, Figure 2.3) and mean individual symmetry 

scores (p-value = 0.00, Figure 2.4) were significantly lower for individuals from Kentucky 

compared to individuals from Illinois. This geographic variation was characterized by lower 

levels of spotting and higher pattern symmetry in samples from Kentucky. This variation does 

not appear to be due to differences in body condition between these two areas as individuals 

from Kentucky did not differ significantly in body condition from individuals from Illinois (p-

value=1.00, Figure 2.5). Size of individuals, measured by SVL or mass does not appear to play a 

significant role in their phenotype (Figures 2.6 and 2.7) or symmetry (Figures 2.8 and 2.9) 

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 (Tables 2.1 and 2.2). Combined results suggest that individuals do 

not experience significant ontogenetic changes in spot pattern over time.  

I found no relationship between phenotypic similarity scores and inter-individual 

relatedness (p-value=0.71, Figure 2.10). Finally, I found no significant relationship between 

phenotype score (Figure 2.11) or symmetry score (Figure 2.12) 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 pattern of H. 

scutatum, both in terms of overall amount of spotting and degree of bilateral symmetry. No 

evidence was found, however, to suggest that spot pattern is influenced by relatedness 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 individuals, 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 of H. scutatum could be a potential tool for identifying 

populations 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 resulting from inbreeding, could 
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account for the increased asymmetry in spot scores observed at sites in Illinois, recent population 

genetics work suggest high levels of heterozygosity at these sites (Chapter 1). Alternatively, 

because no relationship between symmetry and body condition was found and because the mean 

body condition, as measured by the residual index, did not differ between Illinois and Kentucky, 

this might simply reflect genetic variation between the two regions (Chapter 1). The differences 

in phenotype and symmetry scores between Illinois 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 could be responsible for the 

geographic variation in dorsal spot pattern they observed in Dendrobates pumilio, but it seems 

unlikely that these explanations apply to H. scutatum whose ventral spot pattern is less likely to 

be seen by predators and conspecifics. 

 

In fluence 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 was expected 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. 2013). 

 

Relatedness and Phenotypic Similarity 

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

H. scutatum were not correlated. A primary explanation could be that ventral spot pattern is 
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influenced by the environment. If spot pattern has low heritability, and assuming kin recognition 

occurs among adult H. scutatum, individuals must assess the identity of relatives using 

alternative characteristics. In H. scutatum, larvae 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 communicate a variety of information (i.e. 

Jaeger and Forester 1993) and have been implicated in kin recognition (Wareing 1997). Thus, it 

is likely that the ability to assess kinship via chemical cues is retained in adult H. scutatum. 

Additionally, the ventral location of the spot pattern may make this trait less useful in 

intraspecific communication. The spot pattern in H. scutatum may serve as aposematic coloration 

as this species produces noxious skin secretion (Brodie 1977) and, when encountered by a 

predator, often remains 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 this study. While 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 patterns such as the geographic variation observed between the Illinois 

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. Møller and Swaddle 1997). In this study, no association was 
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observed between ventral spot pattern symmetry and body condition. There are a number of 

explanations for this observation. First, fluctuating asymmetry may not be associated with color 

pattern in H. scutatum. While fluctuating asymmetry has been observed in the dorsal spot and 

pigmentation patterns in some amphibian species, including A. maculatum (Davis and Maerz 

2007, Pokhrel 2009, Wright and Zamudio 2002) and A. opacum (Pokhrel 2009, Pokhrel et al. 

2013), a lack of fluctuating asymmetry with respect to dorsal spot pattern has been observed in 

Notophthalmus viridescens (Sherman et al. 2009). Secondly, the assumption that ventral spot 

pattern in H. scutatum is symmetrical may have been violated. Third, spot pattern in H. 

sctutatum forms 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 time of spot formation. If an individualôs body 

condition has changed from the time of spot formation to the time when measured, this 

assumption would be violated. Finally, the relationship between fluctuating asymmetry and 

fitness is stronger when measured on traits undergoing growth (Aparicio 2001) or on traits that 

are costly to grow (Aparicio and Bonal 2002). Most of the individuals in this study were well 

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

relationship between symmetry score and body condition.  

 

Conclusion 

 In conclusion, I found that spot pattern varies geographically in H. scutatum. The 

significant variation in spot pattern between regions and the lack of relationship between 

individual spot pattern and size 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 recent immigrants in a 

population to be identified and the degree of gene flow between populations to be estimated. I 

did not, however, find support for the hypothesis that phenotypic similarity between individuals 

is an indicator of their genotypic similarity, i.e. relatedness. Spot pattern does not appear to be a 

viable substitute for molecular methods in evaluating relatedness among individuals. I also found 

no support for the hypothesis that the ventral spot pattern in H. scutatum varies with body 

condition (i.e. stress 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 

 
 

Figure 2.1. Example of a Four-toed Salamander, Hemidactylium scutatum image being prepared 

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 the H. scutatum plotted in ArcGIS 

10.2.1 using GPS coordinates. Inset A shows locations of encountered individuals at sites I-AN 

and I-AS at the Middle Fork State Fish and Wildlife Area, Vermilion County, IL from 2009 to 

2012. Inset B depicts fourteen sampling locations in North America. Inset C shows a magnified 

view of seven sampling sites in northern Kentucky.  



58 

 

 
Figure 2.3. Comparison of mean phenotype scores for individuals from sites in central Kentucky 

(KY) vs. those collected from sites I-AN and I-AS in Illinois. 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 maximum values of observations 

(excluding outliers), edges of the boxes indicate the 25% and 75% quartiles. T-test p-

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 central Kentucky 

(KY) vs. those collected from sites I-AN and I-AS in Illinois. 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 lowest and maximum values of observations 

(excluding outliers), edges of the boxes indicate the 25% and 75% quartiles. T-test p-

value=0.000. Sampling locations shown in Figure 2.2. 

  



60 

 

 
Figure 2.5. Comparison of mean body condition scores for individuals from sites in central 

Kentucky (KY) vs. those collected from sites I-AN and I-AS in Illinois. 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 values of observations (excluding outliers), 

edges of the boxes indicate the 25% and 75% quartiles. T-test p-value=1.0. Sampling locations 

shown in Figure 2.2. 
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Figure 2.6. Relationship of phenotype scores and snout-vent length or SVL (mm) for H. 

scutatum collected from sites I-AN and I-AS in central Illinois. Scores range from 0 to 1 with 

patternless individuals possessing a value of 0 and completely patterned (dark) individuals 

possessing a value of 1. Sampling locations shown in Figure 2.2.  
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Figure 2.7. Relationship of phenotype scores and mass (mg) for H. scutatum collected from sites 

I-AN and I-AS in central Illinois. Scores range from 0 to 1 with patternless individuals 

possessing a value of 0 and completely patterned (dark) individuals possessing a value of 1. 

Sampling locations shown in Figure 2.2.  
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Figure 2.8. Relationship of phenotype symmetry scores and snout-vent length or SVL (mm) for 

H. scutatum collected from sites I-AN and I-AS in central Illinois. Scores range from 0 to 1 with 

laterally symmetrical individuals possessing a score of 0 and laterally asymmetrical individuals 

possessing a score of 1. Sampling locations shown in Figure 2.2.  

 

 


