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ABSTRACT 

 

 

The relationship between wildlife and the environment they inhabit is dependent on both 

spatial and temporal scales. It is therefore crucial that biological investigations account 

for ecological scale when analyzing patterns and processes established, particularly when 

such investigations inform conservation management plans. This dissertation provides 

extensive insight into the conservation biology of the green salamander (Aneides aeneus), 

a critically imperiled species in South Carolina. The green salamander is a species that 

exists in a patchy network of rock outcrops within mountainous forest landscapes, and 

most studies on habitat suitability for green salamanders have been conducted on the 

macrohabitat, neglecting the interaction between individuals and their immediate 

microhabitat. Assessments of within-habitat features can help determine habitat 

suitability for sites with unknown occupancy status. I evaluated within-site resource 

selection using logistic regression to inform the interaction between individuals and their 

immediate microhabitat and identified features that contribute to microclimate stability 

and within-habitat connectivity as significant predictors of green salamander presence. 

Spatial and temporal variability in population demographics were addressed by 

implementing a three-year population survey across upstate South Carolina. In this study, 

I concurrently implemented two methods of estimating abundances, a capture-mark-

recapture (CMR) approach and an unmarked repeated count approach (N-mixture 

modeling). I surveyed twenty-one green salamanders across upstate South Carolina and 

implemented a two-tiered survey design to analyze the data in a robust framework that 

accounted for open and closed population assumptions. Survey results provided the first 
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evidence of a green salamander migrating between two discrete rock outcrops (50 m). 

Our top CMR model estimated average seasonal abundances to range from 3–32 

individuals across twelve sites. The top N-mixture model estimated abundances to vary 

from 10–51 individuals across nineteen sites throughout the three-year study period. 

Further, I analyzed the genetic structure within and between discrete green salamander 

locales across South Carolina. I used RADSeq sequencing to identify SNPS, estimate 

population genetic statistics including FST, FIS, HO, HS, and Ne, and used 

fastSTRUCTURE to detect fine-scale population patterns. Results identified no evidence 

of inbreeding and little genetic differentiation among sites but showed evidence of 

isolation by distance (IBD). To investigate the influence of landscape heterogeneity on 

gene flow, I evaluated the genetic structure among green salamander sites against IBD 

and isolation by resistance (IBR) models. We used pairwise FST values as the genetic 

response to evaluate resistance landscape surfaces that included water bodies and land 

cover features. Genetic structure was best described by the IBD model. Forested land 

provided little resistance to gene flow, suggesting arboreal behaviors may provide a 

mechanism for animal dispersal among rock outcrops. Cumulatively, this body of work 

provides an extensive analysis on the conservation biology within, between, and among 

populations of a species of conservation concern. My evaluation of the selection of 

microhabitat helps in identifying the threshold of features required for an overall site to 

be suitable. The demographic results provided the first reports of site-specific 

abundances. Continued monitoring practices and can help conservationists track past 

demographic patterns and predict future trajectories. The report of an individual 
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migrating between sites and empirical results from our larger-scale landscape genetic 

analysis offer evidence of a stepping-stone dispersal network between neighboring site 

locales, and ultimately identified forested land cover to be a mechanism for gene flow. 

Results have been reported to the South Carolina Department of Natural Resources and 

US Forest Service to inform future species management plans.  
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CHAPTER ONE 

DISSERTATION INTRODUCTION 

George Hutchinson (1965) described our world as an ecological theater that plays on 

various levels of time and space, a metaphor highlighting how different biological patterns 

emerge depending upon the scales at which they are viewed. Mating behaviors, population 

structure, migration, individual home ranges, and foraging efforts are all examples of biological 

processes that can be studied independently of one another, but they do not truly exist as 

independent concepts. Rather, these dynamics are nested in a hierarchical structure, and they are 

each spatially and temporally governed (Wiens 1989). With this shared governance, different 

patterns of each process can be found based on the scale in which it was studied. For example, 

Semlitsch (1998) proposed a buffer of protected land around salamander breeding ponds to 

extend approximately 164 m from the pond, based on within-population movement studies. 

Charney (2012) revisited the estimated buffer zone width in the same population system, but in 

the context of salamander migration movements between populations instead of within-

population movement. When viewed from this larger scale, Charney found the species’ 

migrational movement capabilities to range from 1000 - 3000 m and suggested the buffer zone 

be increased to accommodate migratory behaviors. These paired studies offer insight into the 

concept of determining the scale of an investigation: the appropriate scale of a study depends on 

the questions asked, the organisms investigated, and the time periods of interest.  

 Animal movement is a characteristic of life that can drive ecological dynamics across 

scales and influence biological organization from subpopulation dynamics to population 

distribution. An individual organism’s movement and habitat selection within its immediate 

environment helps to explain habitat requirements needed to meet behavioral (e.g., hunting, 
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mating, predator avoidance; see Isley 1938, Sandoval 1994, Sperry and Weatherhead 2009) and 

physiological (e.g., thermoregulation and cutaneous respiration; see Spotila 1972, Kingsolver 

and Watt 1983, Huey 1991) demands. Resources that meet these immediate biological 

requirements exist on a localized scale, relative to the larger landscape, as suitable patches of 

habitat. The distribution and abundance of species across the landscape is defined by resource 

availability, the movement of individuals among those resources, and the limits of animal 

dispersal capabilities. Research examining these many moving parts is becoming increasingly 

important with human urbanization and expansion into previously undeveloped lands, 

influencing animal behaviors within the subpopulation, and potentially reshaping the total 

population structure.  

Wildlife populations are often defined as occupying contiguous habitat where the quality 

of resources can vary, and animals distribute themselves amongst those resources (McCullough 

1996). A contrasting concept is that of a patchy population structure distributed among a network 

of homogeneous habitat interspersed throughout a heterogeneous landscape (Levins 1970). Both 

population structures describe how animals are distributed throughout an environment, with the 

key distinction lying in the spatial arrangement of subpopulations and the level of connectivity 

between them (Moilanen and Hanski 1998, Briers 2002). Connectivity across populations 

provides a means for interaction between individuals and gene flow, thereby maintaining genetic 

diversity throughout the species range. A review by Kindlmann and Burel (2008) distinguished 

two subsets of connectivity: structural and functional. Structural connectivity is defined as the 

physical pathways available within a landscape that organisms can use to disperse or interact 

within. These features include corridors for movement that facilitate animal dispersal and gene 

flow. Functional connectivity refers to the degree to which components within the landscape 
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permit animal movement. Within this, functional connectivity defines the effectiveness of 

corridors provided by the structural components within the habitat. Functional connectivity 

ensures features within the landscape are not only physically (structurally) connected, but also 

ecologically meaningful.  

Improving our understanding of the structural and ecological components inhibiting and 

strengthening connectivity among a patchy population may provide insight for applied species 

management programs. Such an understanding could inform conservation efforts aimed at 

species that naturally exist in continuous populations but are forced into a patchy distribution 

throughout an anthropogenically fragmented landscape. Conservation biology rests on the 

concept that the ability to restore or preserve natural ecosystems is firmly intertwined with a 

scientific understanding of how that ecosystem functions. Therefore, it is crucial that a 

conservation-based investigation consider the scales of the biological processes of interest and 

the different patterns that can emerge across those scales. The goal of this dissertation is to 

advance the scientific understanding of patchy population structures and interpopulation 

dispersal mechanisms used to maintain population persistence by investigating a species of 

conservation concern across a range of spatial and temporal scales. Specifically, I examined the 

population demographics and the physical and genetic structures within an amphibian species, 

the green salamander (Aneides aeneus).  

Many amphibians exist in patchy and discretely bound habitats and are thus reliant on the 

functional connectivity between those patches for dispersal opportunities. Two traits that 

contribute to a disjunct subpopulation structure among amphibian populations include poor 

dispersal ability and site fidelity (Duellman and Trueb 1986, Sinsch 1990, Blaustein et al. 1994). 

Amphibians are often limited in their dispersal ability because of their physiological makeup, 
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and concurrently have strict habitat requirements. The amphibian integumentary system is 

remarkable for its permeability, which is a critical feature for gas exchange and osmoregulation 

(Hopkins 2007) but limiting in regards to habitats that are suitable for such a sensitive anatomy. 

Many amphibians are thus restricted to wet or moist habitats interspersed throughout a terrestrial 

landscape to reduce the likelihood of desiccation. Further, some amphibians exhibit a biphasic 

life history with an aquatic larval stage and a terrestrial adulthood. This life history trait often 

requires mating, oviposition, and larval development to occur at discrete aquatic breeding sites 

(i.e., permanent ponds, ephemeral ponds, streams, etc.). Adult amphibians can exhibit high 

fidelity to their natal ponds (Pechmann et al. 1991), thereby perpetuating the paradigm of patchy 

subpopulations expressed in amphibian species. The degree of dispersal capabilities and levels of 

habitat fidelity determine the bounds within which amphibian populations operate.  

The green salamander is a fully terrestrial salamander that inhabits vertical rock outcrops 

along the Appalachian Mountains. There has been evidence of arboreal behaviors of green 

salamanders witnessed in trees adjacent to rock outcrops (Wilson 2003, Waldron and Humphries 

2005), though the full extent of this is unknown. Generally, the species is considered “weakly” 

arboreal and predominantly rock-dwelling (Bishop 1928, Snyder 1991). The patchy distribution 

of rock outcrops inhabited by the terrestrial green salamander mirrors the distribution of ponds 

inhabited by biphasic amphibians. Rocks are physically discrete habitat structures in an 

otherwise heterogeneous landscape, and green salamander populations thereby exhibit a patchy 

distribution throughout the species range. 

Green salamander populations range from Alabama to Pennsylvania, with a notable 

disjunct outset population in the Blue Ridge Escarpment (BRE) that falls within North Carolina, 

South Carolina, and Georgia, USA (Figure 2.1). The species is listed as “Near threatened with 
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decreasing populations” by the IUCN Red List (IUCN 2022), and as “Critically imperiled” in 

South Carolina (in the BRE). Information on salamander dispersal capabilities indicate the 

species exhibits limited mobility (generally ≤50 m; Gordon 1952, Williams and Gordon 1961, 

Waldron and Humphries 2005, John 2017). Shorter dispersal distances exhibited by individuals 

may be a consequence of the species’ lungless anatomy. The metabolic capacity and oxygen 

consumption of lungless salamander species is limited to 20-40% of what a lunged salamander 

can sustain (Full 1986; Full et al. 1988), and this limitation on energy expenditure directly affects 

lungless salamander dispersal capabilities.  

Population estimation efforts have been conducted within the BRE in the past few 

decades, but most of these studies only include raw count data of either individuals, brooding 

mothers, or green salamander nest counts. These count surveys have results ranging from as few 

as one salamander per site to as many as 141 individuals across an unlisted number of sites 

(Gordon 1952, Snyder 1971, Snyder 1991, Corser 2001). In 2016 an N-mixture model was 

developed to estimate population sizes that incorporated surveyor detection probabilities 

(Newman et al. 2016, unpublished data). Much of the information on green salamander 

population demographics is poorly understood, not well documented, or unpublished.  

Within this dissertation I investigated green salamanders within the BRE to answer 

questions related to within-habitat patch suitability, subpopulation demographics, and within- 

and between-subpopulation genetic structure. To address the larger goal of expanding our 

understanding of patchy population structures and interpopulation dispersal mechanisms, the 

individual aims of this work sought to answer the following questions:  
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1. What features within a discrete habitat patch (i.e., rock outcrop) are related to 

microhabitat suitability?  

2. Do abundance and survival rates vary between discrete habitat patches based on 

habitat and environmental covariates?  

3. How do inbreeding and effective population sizes differ across disjunct, patchy, 

subpopulations with varying sizes and distances from each other? 

4. Which intervening landscape features are associated with the genetic connectivity 

of subpopulations of a species restricted to discrete habitat patches?  

 

The answers to these questions provided an analysis on the conservation biology within, 

between, and among green salamander populations in South Carolina to ensure results found are 

relevant to the scale in which they were observed. Question 1 was scaled to a microhabitat use 

(rock crevices) within the macrohabitat patch (rock outcrops). Question 2 investigated population 

demographics within habitat patches (i.e., rock outcrops) and defines the perimeter of the patch 

as the boundaries for subpopulations. Questions 3 and 4 exhibited the largest spatial and 

temporal scale of the dissertation. In these chapters, we analyzed demographic and genetic 

connectivity across subpopulations in upstate South Carolina. By specifying spatial and temporal 

extent of each of our four questions and designing the scale of our approaches accordingly, we 

can be confident that the pattern-process relationships we infer from our results are relevant to 

the ecological questions we sought to investigate.  
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CHAPTER TWO 

WITHIN-SITE MICROCLIMATE AND CONNECTIVITY CAN HELP PREDICT THE 

PRESENCE OF DISCRETE PATCH INHABITANTS, ANEIDES AENEUS 

Abstract.—Many animal species inhabit environments where resources are patchily distributed.  

In circumstances where species’ populations are restricted to exist in a patchy network within an 

otherwise inhospitable environment, assessments of within-habitat features can help determine 

habitat suitability for sites with unknown occupancy status.  The Green Salamander (Aneides 

aeneus) is an example of a species with a patchy distribution that inhabits rock outcrops 

embedded within mountainous forest landscapes.  Most studies on habitat suitability for Green 

Salamanders have been conducted on the macrohabitat (rock outcrops), neglecting the interaction 

between individuals and their immediate microhabitat (rock crevices).  The small size and 

lungless nature of Green Salamanders limit movements, affecting behaviors such as foraging, 

predation evasion, and searching for mates.  As a result of these constraints, we predicted 

crevices with features related to within-habitat connectivity (i.e., structural connectivity between 

microhabitats) are likely to be associated with Green Salamander presence.  We evaluated 

features that contribute to microclimate and within-habitat connectivity, including crevice width 

(cm), length (cm), depth (cm), temperature (°C), crevice density (1/m2), nearest crevice (cm), 

and nearest tree (m).  We surveyed 424 crevices across five sites; we found salamanders 

occupying 116 of the crevices, but we did not find salamanders in 310 crevices, which we 

classified as available but unused microhabitats.  A Global Logistic Regression Model identified 

crevice width, canopy cover, and crevice density as significant predictors of salamander 

presence.  Understanding critical within-site features is as equally important for conservation 
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management as the larger site-level criteria, especially for small animals with a patchy 

distribution. 

1. Introduction 

For species that inhabit discrete patches of habitat on the landscape (e.g., wetlands, reefs, 

rock outcrops), the suitability of the habitat is typically assessed across the entire patch to 

provide conservation managers with spatially explicit suitability maps to guide protection or 

prioritization of habitats.  For example, landscape-level indices for modeling habitat selection of 

organisms with patchy distributions have included minimum/maximum patch area (Chapin et al. 

1998; Garabedian et al. 2017), patch connectivity (Nikolakaki 2004; Kindlmann and Burel 

2008), landscape topography and vegetation coverage (Goldberg et al. 2004; Dustan et al. 2013; 

Newman et al. 2018), and prey availability (Lewis and Garrison 1984; Benoit-Bird et al. 2013).  

It is equally important, however, to assess the selection of microhabitats within discrete patches 

(i.e., third-order habitat sensu Johnson, 1980) because some threshold of suitable microhabitats 

must exist for the overall patch to be suitable.  An understanding of the third-order selection of 

microhabitats provides insight into how ectothermic individuals address ecological needs, such 

as those related to temperature (Blouin-Demers and Weatherhead 2001; Hofmann and Fischer 

2002) and humidity (Reagan 1974; Lunghi et al. 2015). 

Species management decisions backed by an understanding of second-order 

(macrohabitat) selection and third-order (microhabitat) selection are likely the most effective.  A 

habitat conservation approach across these spatial scales would not only account for population 

structure (e.g., locales of presence/absence) but also within-site patterns and dynamics (e.g., 

distribution and movement).  Some terrestrial salamanders, for example, exhibit different 

ecological patterns across macro- and microhabitats because they exist in homogeneous, discrete 
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patches throughout an otherwise heterogeneous landscape. The differences between these two 

scales of habitat are essential in allowing regional population persistence (i.e., by maintaining 

heterogeneity in the macrohabitat), and individual fitness (i.e., fitness met by acquiring resources 

in the microhabitat).   

Compared to other species of salamanders in the Southeastern U.S., Green Salamanders 

(Aneides aeneus) inhabit a highly specialized niche of moist crevices in rocky outcrops found 

within mixed oak forests (Wake 1963; Corser 2001) and are one of the few arboreal salamanders 

in the region (Gordon 1952; Waldron and Humphries 2005).  Unsurprisingly for a species with a 

distinctly narrow habitat niche, Green Salamanders have a decreasing population trend and are 

globally ranked as Near Threatened (Hammerson 2004).  To ensure clarity of our definitions of 

scale for this paper, we will hereby refer to second-order habitat as discrete rock outcrops and 

third-order habitat as the crevices within the rock.  Previous habitat suitability studies for Green 

Salamanders have focused on identifying landscape features of rock outcrop locations that are 

presumed to influence the physiology of a species (Bruce 1968; Hafer and Sweeny 1993; 

Newman et al. 2018).  Past studies have identified landscape characteristics associated with 

maintaining stable temperature and moisture as important for the species.  For example, south-

facing aspect and low elevation were found to be influential factors in both presence and 

abundance of Green Salamanders (Bruce 1968; Newman 2018).  On a third-order microhabitat 

scale (i.e., rock crevices), resource preferences for Green Salamanders are thought to include 

features maintaining stable climates; thus, deep and narrow crevices with high humidity are 

commonly reported predictors of abundance for Green Salamanders (Gordon and Smith 1949; 

Rosell et al. 2009; Smith et al. 2017).  
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The current literature on habitat preferences of Green Salamanders has neglected the 

importance of connectivity within a habitat (specifically, within a rock outcrop).  As a lungless 

salamander relying on cutaneous respiration, the metabolic capacity and oxygen consumption of 

Green Salamanders are limited to 20–40% of what a lunged salamander can sustain (Full 1986; 

Full et al. 1988).  Additionally, the surface activity of plethodontid salamanders, including Green 

Salamanders, is largely limited to nights with either high humidity or rainy conditions (Feder 

1983; Keen 1984).  These limitations on movement directly affect salamander behaviors, 

including hunting capabilities, evading predators, and searching for mates.  Because of this, we 

predict within-habitat connectivity for lungless salamanders to be central for survival.  We 

hypothesized increased within-habitat connectivity would increase the probability of Green 

Salamander presence, and features related to connectivity would rank among the most influential 

for Green Salamander occupancy.  Specifically, we predicted the likelihood of finding a Green 

Salamander would increase with crevice density and decrease as the distance to the nearest 

crevice and nearest tree increased.  We also predicted Green Salamander presence would 

decrease as crevice width and depth increases, and increase with higher canopy cover because 

these features may contribute to stabilizing the microclimate of the rock crevices (Table 2.1, 

Column 1).  

2. Methods 

2.1 Study site 

 We surveyed microhabitat (rock crevice) feature composition across five sites from July 

2018 through July 2019.  We completed a minimum of six surveys for each site throughout the 

year, with no surveys conducted in the winter season.  Each site was known to be occupied by 

Green Salamanders in the past, as they were identified from historical records.  Surveys occurred 
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across Oconee, Pickens, and Greenville counties, South Carolina, USA, between 0900–2000.  

Sites varied in size from 136–1,792 m2 (mean = 828 ± 759 m2) and were in state parks, protected 

land owned by the South Carolina Department of Natural Resources, and private land.  One site 

was directly parallel to a major roadway, and one site was adjacent to powerlines.  All sites were 

within hardwood and pine forests, with species of Great Laurel (Rhododendron maximum) and 

Mountain Laurel (Kalmia latifolia) common in the understory. 

2.2 Field Methods 

At every site, we laid a field tape across the long axis of the outcrop.  Along every 5 m of 

this axis, we generated a random number to determine where a perpendicular transect would be 

placed (Figure 2.1).  We assessed every crevice that the perpendicular transect crossed for 

crevice depth (cm), width (cm), length (cm), canopy cover (%), distance from the nearest tree 

(m), distance from the nearest crevice (cm), and crevice density within a 1 m2 area (Figure 2.2).  

We measured percentage canopy cover using a spherical crown densiometer (Forestry Suppliers 

Inc., Jackson, Mississippi, USA).  We defined crevice length as the distance from one end of the 

crevice opening to the other and we measured the width at the widest part of the crevice.  We 

were unable to measure depth past 40 cm because most crevices are angled sharply beyond this 

distance.  While assessing the microhabitat features, we actively searched for Green Salamanders 

in each crevice along each transect.  When we found a salamander, we recorded the microhabitat 

feature data where we located the individual.  We categorized crevices as used if a salamander 

was present or unused if no salamander was present.  Instances of false unused categorizations 

may have occurred in deep (> 40 cm, n = 12 crevices) or jagged crevices where the entirety of 

the crevice was unable to be observed. 

2.3 Statistics 
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We fit a binomial Generalized Linear Mixed Model using the glmer function in the lme4 

package in R (R Core Team 2018) to conduct an exploratory analysis.  This analysis allowed us 

to identify the significant microhabitat features associated with salamander presence.  We tested 

crevice depth, width, length, canopy cover, distance from the nearest tree, distance from the 

nearest crevice, and crevice density for multicollinearity (correlation assigned at |r| > 0.70) 

before being added into the global model.  We also performed a Multivariate Analysis of 

Variance (MANOVA) to determine if any of the crevice features varied by site.  We centered all 

predictor variables to a mean of 0 and scaled them to 1 standard deviation prior to analysis.  We 

used coefficient estimates to calculate odds ratios (95% Confidence Intervals) for the significant 

variables included in the global model. 

3. Results 

We surveyed 426 crevices across five sites. We found salamanders occupying 116 of 

these crevices, and the remaining 310 were classified as available but unoccupied habitat (Table 

2.2).  A collinearity test showed no combination of any two variables was strongly correlated (all 

r among all pairwise tests < 0.60), and a MANOVA showed crevice morphologies varied by site 

(F = 11.646, df = 5, P < 0.001; Table 2.3), so we included site as a random effect in the 

Generalized Linear Mixed Model to account for the shared variance between crevice features 

within the same rock outcrop. 

Crevice width, canopy cover, and crevice density were significant features in predicting 

salamander presence (Table 2.1; Figures 2.3 and 2.4).  Crevice width was negatively associated 

with the probability of salamander presence.  The average crevice width of the occupied crevices 

was 1.4 cm (± 1.6 SE) .  The probability of presence increased with canopy cover and crevice 

density.  The average canopy coverage for occupied crevices was 99% (± 4.4 SE).  The average 
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crevice density surrounding occupied crevices was 8.0 crevices per m2 (± 4.9 SE).  Our data 

show an overall increase in the predicted probability of salamander presence as crevice density 

increases, and at a density of more than seven crevices per m2, the rate of change in the 

probability of a Green Salamander being present increases by approximately 7% with every 

additional 2.56 crevices. 

4. Discussion 

As we predicted, the probability of finding a Green Salamander in a crevice decreased 

with an increase in crevice width, and the probability increased in crevices with increasing 

canopy cover, and with an increase in crevice density.  Narrow-width crevices and a high canopy 

cover are often considered necessary components of habitat for Green Salamanders (Bruce 1968; 

Smith et al. 2017), presumably because these features minimize water loss.  Canopy cover 

shades crevices and thereby prevents large temperature fluctuations from change in sunlight 

intensity.  Furthermore, narrow crevices likely maintain a moist environment that aids in 

cutaneous respiration.  Although high canopy cover promotes site-level occupancy (Smith et al. 

2017), our results show the importance of canopy cover at individual crevices.  The average 

percentage of canopy cover above unoccupied crevices was 95%, and the average coverage over 

occupied crevices was 99%.  This distinction illustrates that near-complete shade is an important 

microhabitat feature for crevice use by Green Salamanders. 

Crevice depth as a predictor for the presence of Green Salamanders has had mixed results 

in the past, being highly ranked as a predictor of salamander occupancy by Smith et al. (2017), 

but not significant by Rossell et al. (2009).  Our results complement the latter, but the possibility 

of false absences of salamanders in deep crevices increases because of the difficulty of seeing 

past 40 cm and around angles within a crevice.  Crevice density has a positive correlation with 
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the probability of presence of Green Salamanders and is one of the three features (crevice 

density, distance to nearest crevice, and distance to nearest tree) we tested related to within-site 

connectivity.  Of these connectivity-related features, high crevice density indicates 

multidirectional connectivity and a potential increase in nearby suitable microhabitats.  In 

contrast, distance to nearest crevice and distance to nearest tree measures a linear connection 

between only two potential microhabitats.  A high density of crevices within a square meter 

provides a network of potentially suitable microhabitats and reduces the cost of movement 

between crevices.  Our data show a positive relationship between use and crevice density, and 

there is an increase in slope beyond approximately seven crevices per m2.  This threshold could 

offer a tool for managers evaluating site-level suitability.  Having high crevice density within a 

habitat is important because Green Salamanders are lungless and are, therefore, unable to sustain 

long continuous movements (Full et al. 1988).  Higher densities of suitable habitat also allow for 

more efficient foraging, predation evasion, and mate searching (Abrahams and Dill 1989; Pitt 

1999; Stephens 2008).  

Our results also indicate that aspects of within-site features are essential in determining 

site-level suitability for Green Salamanders.  Canopy cover and all within-site connectivity 

features (crevice density, distance to nearest crevice, and distance to nearest tree) vary 

significantly between sites.  Understanding within-site features that are important for habitat 

selection is equally pragmatic for conservation management as identifying site-level features.  

Habitat suitability has often been described as a function of aggregate features (i.e., temperature, 

humidity, nutrient levels, hydroperiod, etc.; e.g., Newman et al. 2018); however, for smaller 

organisms, considering small-scale, patchy resources may be equally helpful when determining 

the suitability of potential habitat (Gade and Peterman 2019).  For example, Bog Turtles 
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(Glyptemys muhlenbergii) require not only a hydrologically suitable wetland, but hummocks for 

nesting within the site (Zappalorti et al. 2015), and Hairy Woodpeckers (Picoides villosus) are 

cavity-nesters that select habitat based on snag density (Zarnowitz and Manuwal 1985).  For 

Green Salamanders, conservation management practices should not only focus on macrohabitat 

features (e.g., rock outcrop size, aspect, and elevation), but also the microhabitat features 

associated with refugia, nesting, and foraging.  Based on our results, we propose management 

priorities should be given to Green Salamander habitats with thinner crevice widths (< 3 cm), 

very high canopy cover at sites (> 95%), and sites with high crevice density (at least seven 

crevices per m2).  If rock outcrops that meet the landscape level features preferred by Green 

Salamanders do not also contain these within-site features, it is possible the outcrop as a whole 

may not be suitable for the species. 

We encourage future research on species inhabiting discrete patches to evaluate 

microhabitat features that could shed light on species behavior and site-level selection.  

Variations in microhabitat composition between sites could indicate discrepancies in site-level 

habitat suitability and the resulting population abundances across sites.  Explicitly evaluating 

how the selection of microhabitat components (third-order habitat selection) influences 

population persistence and population growth within selected sites (second-order habitat 

selection) will likely benefit the conservation of patchily distributed species and identifying the 

threshold of microhabitat features required for an overall site to be suitable could guide how sites 

are prioritized within broader wildlife management efforts. 
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CHAPTER THREE 

EVALUATING MARK-RECAPTURE AND REPEATED COUNT APPROACHES WHEN 

SETTING A RELIABLE BENCHMARK FOR A NEAR-THREATENED SPECIES 

Abstract.—Estimating population abundances is a cornerstone to population monitoring 

practices. Obtaining accurate population size estimates can help conservationists track past 

demographic patterns and predict future trajectories. In this study, we sought to provide the first 

site-specific population estimates for green salamanders (Aneides aeneus), a species 

experiencing population declines across its range. We concurrently implemented two methods of 

estimating abundances, a capture-mark-recapture (CMR) approach and an unmarked repeated 

count approach (N-mixture modeling). We surveyed twenty-one green salamander populations 

across upstate South Carolina. We implemented a two-tiered survey design to analyze the data in 

a robust framework that accounted for open and closed population assumptions. We had 219 

green salamander captures and 584 observations from 2019–2021. Our top CMR model included 

a null capture probability (p=0.105) and site-specific survival probabilities. Survival estimates 

ranged from 0.83–1.00 (average=0.93 ± 0.04 SE). CMR seasonal average abundance estimates 

ranged from 3–32 individuals across sites. Site size had a weak but positive relationship with the 

CMR abundance estimates (R=0.31, p=0.22). The top N-mixture model defined detection 

probability as a function of temperature (0.14–0.30), availability probability as a function of the 

primary survey period, and abundance as a function site size and the total number of crevices at a 

site. Site-specific abundance estimates from the top N-mixture model ranged from 10–51 green 

salamanders (average=20.66 ± 2.72 SE) across the entire three-year period. Results illustrate two 

temporally different abundance estimates from our CMR and N-mixture model approaches. We 

encourage future studies to continue population monitoring efforts for this species to better 
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inform conservation management plans for this species, and we advise the survey design 

implemented be based on the temporal scale of interest. Further, we suggest if a CMR approach 

is being implemented, researchers should consider simultaneously collecting repeat count data as 

well, as it is logistically cheap to implement concurrently.  

1. Introduction 

Accurately estimating population sizes is a crucial when evaluating the conservation 

status of a species and monitoring demographic trajectories. Anthropogenic changes to 

environments have caused many species to suffer population declines, with some already driven 

to extinction and many facing it (Hughes et al. 1997, Ehrlich and Pringle 2008). With the 

increasing severity of threats to species persistence coupled with the growing list of species 

declining in population, the need to monitor population statuses is evident. Some species are not 

monitored unless declines are already reported, therefore, population trend data are scarce, and 

knowing the population status with certainty is difficult from the start (Bonebrake et al. 2010).  

Population research tends to be examined in the short-term and lack continuous 

monitoring programs (Bonebrake et al. 2010). Often, assessments of species persistence 

probability are based on temporally fragmented population estimates and subsequent 

conservation practices can be subject to a shifting baseline syndrome (Pauly 1995, Soga and 

Gaston 2018). A concatenation of long-term and reliable population status data will help aid and 

promote conservation efforts by identifying population fluctuations that are distinct from human-

caused declines. Amphibian species are of particular concern for population monitoring 

practices. There is a notable dearth of demographic and life history information available across 

all amphibian species, where we have published information on only 0.2% of the 1,714 

threatened amphibian species, and a striking 88% of all amphibian species have no information 
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(Conde et al. 2019). Many amphibians are limited to strict abiotic requirements because of their 

physiological makeup, making them susceptible to environmental disturbances, and global 

amphibian populations are declining at an accelerated and unprecedented rate due to 

anthropogenic influences (Hopkins 2007). 

The green salamander (Aneides aeneus) is listed as “Near-threatened with decreasing 

populations” by the IUCN Red List, “Vulnerable” by NatureServe, and ranked as “Critically 

imperiled” by the South Carolina Department of Natural Resources. Green salamanders are a 

fully terrestrial species that inhabit rock outcrops embedded in mountainous forested landscapes. 

Existing in discrete rock outcrops ensures reliable population boundaries that are useful for 

population parameter analyses and conservation management approaches. In the mid-1970’s 

there was evidence of a green salamander population collapse within the Blue Ridge Escarpment 

(BRE; Figure 3.1). This collapse was noted from accumulating historic records, not active 

surveys (Snyder 1991). After this finding, researchers began count surveys for populations 

within the BRE. These surveys consisted of unpublished raw count data (see Corser, 2001) or 

examined the environmental variables that affect spatial variation in green salamander 

abundances (Newman et al. 2018). To date, there have been no site-specific abundance estimates 

published for this species of conservation concern. 

Unfortunately, in many cases, detecting the individuals of the species of interest is a 

challenging task, and imperfect detection probabilities can lead to biased abundance estimations 

(Royle and Nichols 2003, Royle et al. 2005). Many field and statistical approaches have surfaced 

to expand our understanding of populations from raw count data to estimated abundances while 

accounting for the probability that the surveyors detect individuals that are present. 

Advancements in population abundance estimation methods include double observer, removal, 
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unmarked N-mixture, and modifications to capture-mark-recapture methods (Powell and Gale 

2015).  

A capture-mark-recapture (CMR) design incorporates the in-situ capture and marking of 

animals for the purpose of individually identifying them (via visual implant elastomers, collars, 

ear tags, photographs, etc.), and immediate release back into the habitat. The subsequent surveys 

can then identify individuals that are recaptured or newly captured. These capture histories help 

to inform the probability of detecting individuals during a survey period, and this detection 

probability along with the frequency of marked, or previously identified, individuals in future 

surveys is used to estimate abundance (Jolly 1965, Pollock 1982). These methods have been used 

to produce reliable abundance estimates of long-term surveys but are labor and time intensive 

and are only suitable when species can be reliably captured and marked. When individual 

identification or marking is unreliable, unmarked studies utilizing N-mixture models offer an 

alternative via count data. With an unmarked approach, the number of individuals detected in a 

sampling unit (e.g., a discrete site, small plots, along transects) is counted, and each sampling 

unit has repeated visits. Counts from repeated visits are used to estimate detection probability of 

individuals, which is in turn used to estimate population abundance (Royle 2004, Dail and 

Madsen 2011). N-mixture models have been growing in popularity in recent years because they 

do not require animal manipulation, are less costly in survey time and effort, and can be used for 

species difficult to mark or individually identify. N-mixture models, however, have been 

criticized for potential information loss from not incorporating information from individual 

animals encountered more than once during subsequent surveys, the models require the inclusion 

of multiple sites whereas CMR studies can be performed on one site, and N-mixture models are 
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more sensitive to violating model assumptions than CMR models (Barker et al. 2018, Duarte et 

al. 2018, Link et al. 2018). 

Choosing a marked or unmarked approach for estimating population parameters is 

dependent on the biologist’ time, funding, and the nature of the species being studied. While 

Barker et al. (2018) expressed hesitation for using N-mixture models because of the loss of 

information caused by uncontrolled variation in detection probabilities, many others have 

reported strong parallels between N-mixture and CMR abundance estimates (Courtois et al. 

2016, Ficetola et al. 2018, Costa et al. 2020). For this study, we implemented both a marked and 

unmarked study design to estimate abundances across 21 discrete green salamander populations 

because the unique fingerprint-like dorsal patterning allowed for a reliable and non-invasive 

means of “marking” individuals for the CMR approach. By applying two common methods of 

estimating population abundances to multiple green salamander populations, we aimed to (1) 

identify which method is logistically feasible for the species; (2) provide the first published 

estimates of abundances across several green salamander populations within the BRE that can be 

used for repeatable benchmarks in future population monitoring efforts. We define a benchmark 

as an estimate corresponding to a given site at a given time, and within this context, subsequent 

benchmarks will illuminate population size trends over time. Within this second objective, we 

predicted abundance estimates would increase with landscape features known to be related to 

green salamander presence: larger rock outcrop sizes, low elevations, south-facing sites, and high 

crevice densities (Bruce 1968, Smith et al. 2008, 2017, Newman et al. 2018, Novak and Barrett 

2023). 

2. Methods 

2.1 Survey methods and data collection 
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2.1.1 Study area 

 We surveyed 21 discrete green salamander populations (i.e., rock outcrops) in South 

Carolina within the Blue Ridge Escarpment (BRE) of the larger species range. Sites were chosen 

based on verified occupancy of green salamanders in the past (Newman et al. 2018). Exact 

locations of these sites will not be specified but have been submitted to the South Carolina 

Department of Natural Resources. Endemic flora include oak and mixed oak-pine forests with 

great laurel (Rhododendron maximum) and mountain laurel (Kalmia latifolia) common in the 

understory. Outcrops were comprised of granitic or sandstone rocks ranging from 12–1,252 m2. 

Adjacent outcrops were considered separate sites if they were separated by at least 50 m, which 

is half the longest distance recorded for a green salamander (106 m; Gordon, 1961; Smith and 

Green, 2005), and more than twice as long than the average dispersal distance of green 

salamanders across studies (average distance dispersed = 18.14 m; Gordon, 1961, 1952; 

Williams and Gordon, 1961). Elevations of the sites extended from 361–865 m and aspects 

ranged from 100–306°. 

2.1.2 A robust survey design 

 We surveyed 21 sites from 2019 through 2021 using both a marked (CMR) and 

unmarked (N-mixture model) design. For both data collection approaches, our sampling 

schematic followed a robust design that uses two levels of sampling, primary (K) and secondary 

(k) periods (Figure 3.2). Primary sampling periods are assumed to function in an open population 

where births, deaths, immigration, and emigration can occur between primary periods. Our 

survey efforts were designed with short intervals between primary periods (e.g., days rather than 

weeks or months) because we surveyed populations year-round, so the assumption of open 

populations is interpreted as intervals between the midpoints of the primary periods. Secondary 



 

22 

 

sampling periods are nested within K and are sampled closer together in time so that a closed 

population can be reasonably assumed (i.e., births, deaths, immigration, and emigration area 

assumed to not occur between secondary sampling periods). We established primary sampling 

periods based on warm and cool months of the year. We determined delineations between warm 

and cool post hoc as sampling days that achieved temperatures higher (warm period) or lower 

(cool period) than the annual average. Occupancy patterns of green salamanders in rock outcrops 

have been shown to oscillate along this pattern, being less abundant within rock outcrops in the 

warmer seasons and present within outcrops in the cooler seasons (Gordon 1952, Waldron and 

Humphries 2005).  

2.1.3 Capture-mark-recapture data collection  

 A minimum of two surveyors actively and independently searched for green salamanders 

in rock outcrop crevices during each secondary population survey (k). We attempted to remove 

all green salamanders we detected in crevices and, if successful, we placed the individual into a 

Ziplock bag. We assigned each salamander an identification number and photographed the 

individuals that were successfully removed from the crevices. We took photographs of the 

unique green patterns from the dorsal view of the salamander to “mark” individuals for the CMR 

analysis. We returned salamanders to the location of extraction once the photographs were 

collected.  

 We used the free software Interactive Individual Identification System (I3S Pattern ver. 

4.02) for photo-identification of every salamander that was successfully removed from a rock 

crevice and photographed (i.e., captured; download at http://www.reijns.com/i3s/index.html; 

Sannolo et al., 2016; Van Tienhoven et al., 2007). We identified reference points in the dorsal 

pattern once the photographs were uploaded into the application (Figure 3.3), and the output 

http://www.reijns.com/i3s/index.html
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results included a ranked list of every photo uploaded that the program identified as a potential 

match (i.e., recaptured individual). The software produced all potential matches, regardless of the 

site of origin. This allowed us to identify any individuals migrating from one study site to 

another. We manually compared the photograph of interest to all photos in the ranked list output 

by I3S to make our final determination of whether an individual salamander was a new capture or 

recaptured animal.  

2.1.4 N-mixture model data collection 

 We collected unmarked count data simultaneously with the marked data. A single survey 

occasion consisted of a minimum of two surveyors actively and independently searching for 

green salamanders. After the survey, we identified the number and locations of each salamander 

found to provide the total number of salamanders found at each site per visit. After this total 

count was recorded, we removed, photographed, and returned all salamanders found in 

compliance with our CMR method.  

2.1.5 Habitat and landscape data collection 

 We collected habitat data for each green salamander population that included rock 

outcrop size (m2), elevation (m), aspect (degrees), and the average total number of crevices per 

site. We used a tally counter to count every crevice inspected each survey day across the entirety 

of the three-year study. We averaged those counts to obtain the average total number of crevices 

available at each of our 21 sites. We also collected temperature (°C) and relative humidity (%) 

data at each visit. All surveys took place between 08:00–20:00 hrs. Time of day was not included 

as a detection covariate in the study, since most of the surveys took place during the day, and 

surveys after sunset were rare and typically only occurred when we were processing a large 

number of individuals for CMR analysis.  
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There was not enough variation in the time of our surveys to include a diurnal (e.g., day/night) 

covariate. All surveys took place between 0800–2000 hrs.  

2.2 Data analysis 

2.2.1 Capture-mark-recapture data analysis 

 We used the results of the photo-identification across all sampling occasions (five 

primary periods with two to six secondary samples each) to construct capture histories for each 

individual salamander at 18 of the 21 populations, because three of the 21 populations did not 

elicit any salamander captures. Secondary sampling events ranged from two to six survey days 

per primary period based on logistic restraints and site access limitation as a result of the 

COVID-19 pandemic quarantine. We did not include individuals that were unable to be removed 

from the crevices because they were not photographed (i.e., marked).  

 We implemented the capture history data into a robust design framework using package 

‘MARK’ in R (Laake 2013, R Core Team 2021). The robust design allows for the estimation of 

key parameters in population dynamics including population abundance, survival rate, and 

temporary emigration by analyzing the capture histories of all animals across the study period. 

Within a robust design, individual salamanders within sampling units (rock outcrops) are 

assumed to exist as “super-populations.” Super-populations are larger than the subset of the 

population that is available for encounter (Bailey et al. 2004). For example, green salamanders 

are available for encounter if they are visible in rock crevices or on the rock face, but are 

unavailable for encounter if they are deep in the rock crevices or in adjacent arboreal habitats 

that are not surveyed or detected (Figure 3.4). All salamanders present within a rock outcrop, 

available for encounter or not, are a part of the super-population. Movement within the super-

population and between areas where animals are available or unavailable for capture are 
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described by γ. Specifically, γ’ represents the probability that animals that are a part of the super-

population but unavailable for capture at primary period K remain unavailable for capture in the 

next primary sampling period, K+1. In contrast, γ’’ represents the probability that animals 

available for capture in primary period K move into an area where they are unavailable for 

capture in the next primary sampling period, K+1.  

 We fit our capture history data to a stepwise series of models. We first tested movement 

models. We then implemented the best fit movement parameter to a series of detection 

probability models. The top ranked detection covariate was then incorporated into numerous 

abundance models. We used Akaike’s Information Criterion (AICC) to identify model rankings 

at each step. We outline the parameter models in more detail below.  

We fit the green salamander CMR data to a series of three temporary movement (i.e., 

temporary emigration) models to determine whether no movement, random movement, or 

Markovian movement was best represented (Kendall et al. 1997, Powell and Gale 2015). The no 

movement (null) model describes a population where all individuals are available for capture at 

each primary period, and no individuals are outside the bounds of being encountered (γ’= γ’’=0). 

Random movement describes the probability of an individual animal being in the sampled area 

within a primary period as equal for animals that were and were not in the sampled area in the 

previous sampling period, K-1 (γ’= γ’’). Markovian movement defines the probability that an 

animal is available or unavailable during primary period K as dependent on whether the animal 

was available or unavailable at time K-1. Within these three movement models, apparent capture 

probability, p, recapture probability, c, and survival, S, were assumed to remain constant (null). 

After identifying the top-ranked movement model, we implemented that movement parameter 
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into all subsequent models that included variations of capture probability, recapture probability, 

and survival covariates (Table 3.1).  

In this CMR design, capture probability is the likelihood of detecting, successfully 

removing, and marking (photographing) individual salamanders. We included models with 

various capture probability covariates, p, to determine which best fit the data. Each model tested 

only included one capture probability covariate for simplicity and to reduce the number of 

parameters in each model. The capture probability covariates tested included “site,” “removal 

difficulty,” “layout,” “primary period,” and “secondary period.” Logically, “site” as a covariate 

tested if capture probability was site-specific. “Removal difficulty” was a covariate that defined 

the probability of capture as a function of a categorical capture difficulty of three levels: easy, 

medium, and hard. These difficulty rankings were assigned prior to the analysis based on how 

many salamanders were successfully removed from the rock crevices relative to the total number 

of salamanders observed at that site. “Layout” was a binomial covariate incorporating individual 

sites that were classified as being either comprised of a single rock outcrop (0), or numerous 

rocks adjacent to each other (1). “Primary period” and “secondary period” were two covariates 

that defined capture probability as being a function of the primary and secondary period the 

sampling effort took place in, respectively. In other words, within the “primary period” and 

“secondary period” covariates, capture probability was allowed to differ across those sampling 

periods, but not within them.  

We also tested various covariates for survival, again with each model incorporating only 

one survival covariate for simplicity and to reduce the number of parameters involved. 

Covariates included for survival included: “site,” “cover,” and “layout.” Logically, “site” defined 

survival as site-dependent. “Cover” was a binomial covariate that categorized sites as either open 
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(0) or wooded (1) based on the presence of tree canopy cover. Sites that were adjacent to 

roadways or had substantial tree falls were categorized as ‘open’ coverage. “Layout” as a 

survival covariate had the same definition as the capture probability covariate.  

 The package ‘MARK’ outputs estimated abundances for each of the primary sampling 

periods K at each site j as the quotient between the number of individuals caught at least once in 

primary period, 𝑛𝐾𝑗, and the probability of being caught at least once in the primary period, 𝑝̂∗ 

(Equation 1, Equation 2).  

𝑁̂𝐾𝑗 =
𝑛𝐾𝑗

𝑝𝐾𝑗
∗       ( 1) 

𝑝̂𝐾𝑗
∗ = 1 − (1 − 𝑝𝑗)

𝑘
     ( 2) 

 Where p represents the probability of being detected during a secondary period. We 

removed primary periods with an abundance estimate of zero because these resulted from no 

salamander captures during those primary periods and they are unlikely to be representative of 

stochastic population crashes. We also removed primary periods that provided abundance 

estimate standard errors that were larger than the estimate itself. We averaged the remaining 

primary period estimates to estimate the site-specific abundances.  

 We performed post-hoc Kendall’s Tao correlation analyses to identify the relationships 

between site features (elevation, aspect, size, and the total number of crevices) and the estimated 

population abundances. Weather conditions (temperature and relative humidity) were not 

included in the marked analysis because they varied at each secondary survey, and we did not 

expect abundance to change day-to-day because of extreme weather.  

2.2.2 N-mixture model data analysis 

 N-mixture models leverage a “mixture” or combination of a binomial distribution and a 

Poisson distribution to estimate abundance. The binomially distributed portion of the likelihood 

statement defines the probability of detecting an observed count of animals (yjk) at site j during 
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visit k, given a population size of Nj animals and a detection rate of p. The Poisson portion 

describes the probability that there are Nj number of animals at site j, given that the mean 

abundance across all sites being studied is λ (Equation 3; Powell and Gale, 2015; Royle, 2004).  

𝑝(𝑦𝑗𝑘|𝜆, 𝑝𝑗𝑘, 𝑁𝑗) =  ∏ (∏ 𝐵𝑖𝑛(𝑦𝑗𝑘|𝑁𝑖, 𝑝𝑗𝑘)𝑃𝑜𝑖𝑠(𝑁𝑗|𝜆)𝑆
𝑗=1 )𝑅

𝑗=1    ( 3) 

The N-mixture model assumes (1) the binomial and Poisson distributions are good 

approximations of reality; (2) observers do not double-count any individuals within a survey; (3) 

the number of animals at one site is independent of the number of animals at another; (4) 

detection is constant across sites and secondary periods, unless modeled by covariates; (5) all Nj 

individuals at visit k have the same detection probability, pjk.  

 We used package ‘unmarked’ in R (Fiske and Chandler 2011) to fit the model of 

Chandler et al. (2011) to our repeated count. The model used was a generalization of the N-

mixture models provided by Royle (2004) but expanded to accommodate temporary emigration 

(1 − 𝜙) across primary sampling periods. The likelihood of the population abundance λ, 

probability of availability for capture ϕ, and the probability of being detected p, given the count 

data yjk provided from site j at time k is expressed in Equation 4 for three site visits:  

𝐿(𝜆, 𝜙, 𝑝|𝑦𝑗𝑘 =  ∏ { ∑ (
𝑀𝑗!

𝑦𝑗1! 𝑦𝑗2! 𝑦𝑗3! 𝑦𝑗𝑘0!
)  

∞

𝑗=max (𝑦𝑗𝑘)

𝑅

𝑗=1

× (𝜙𝜋1)𝑦𝑗1(𝜙𝜋2)𝑦𝑗2(𝜙𝜋3)𝑦𝑗3(𝜙𝜋0)𝑀𝑗−𝑦𝑗.) 𝑓(𝑀𝑗|𝜆)} 

( 4) 

where R is the total number of sampling units (i.e., rock outcrops), Mj is the superpopulation size 

(i.e., latent number of salamanders present at a rock outcrop j), and π is the vector of multinomial 

cell probabilities estimated from a function of the detection probability, p. This model has since 

been extended for binomial mixture models for repeated counts with function “gpcount” in R. 
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Within this extension, at any time t, only a fraction of the super-population (Mj) is available 

(Φjk), leading to estimated population sizes of Njk.  

We used the “unmarkedFrameGPC” function in R to construct the data frame for data 

collected in the two-tiered primary and secondary sampling design. This function distinguished 

abundance covariates (λ; elevation, site size, slope, aspect, total number of crevices per site), 

availability covariates (ϕ; primary period, thermal season), and detection covariates (p; 

temperature, relative humidity, and the number of surveyors) across primary periods. 

Availability covariates describe what may influence whether green salamanders are available for 

capture, or within the super-population but unavailable for capture. We used “gpcount” function 

to fit the repeated count data to the model of Chandler et al. (2011). We employed a stepwise 

modeling approach similar to that of our CMR methods (Table 3.2). We tested data fit to a 

negative binomial and a Poisson distribution, but implemented all subsequent models 

independently to both distribution types regardless of which had the lowest AIC value as a 

precaution to the negative binomial mixture fitting the count data but providing unrealistic 

abundance estimates (Kéry et al. 2005, Joseph et al. 2009, Kéry 2018). We first built and 

compared detection models to identify which covariate(s) best fit the data. We then implemented 

that top-ranked detection covariate into each of three availability models. We incorporated 

primary period (a covariate with five levels, one corresponding with each primary sampling 

period), thermal season (a binomial covariate that categorized each primary period into either a 

warm or cool season), and a null availability model. We chose these temporal availability 

covariates because green salamander presence probabilities have been reported to oscillate 

temporally (Waldron and Humphries 2005). Lastly, we used the top ranked distribution and 

availability covariates in a series of abundance models to identify which site-level spatial 
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features influence population abundances. We included site size (m2), aspect, elevation (m), 

slope (°), the total number of crevices at a site, and site layout as abundance covariates in 

separate models. We converted each covariate to z-scores and used the “gpcount” function to fit 

the N-mixture models to the repeated count data. We used AIC to identify model rankings. After 

identifying the best fit abundance model, we used the “predict” function to calculate site-specific 

population sizes based on the top-ranked site covariates that best predicted the count data. This 

provided a single estimate of the total number of green salamanders within the super-population 

at each site across the entire three-year study period.  

3. Results 

We had 584 green salamander observations during ktotal=279 secondary visits across 21 

sites from 2019–2021 (range=0–17 individuals observed per site in each survey). We 

successfully removed and photographed 219 salamanders from rock crevices (i.e., capture). 

Fifty-eight salamanders of the 219 captured individuals were identified as recaptures (26%). Two 

of the 21 sites did not yield any salamander observations throughout the study period. One site 

generated one salamander capture with no subsequent recaptures or observations. Only one 

salamander was identified as immigrating between two sites (50 m).  

3.1 CMR analysis 

 Any sites with too few recaptures that caused capture probability 𝑝̂ < 0.001 were 

removed post-hoc and all marked analysis models were run again without them, providing results 

on 12 of the 21 sites. The null movement model (i.e., no temporary emigration outside the study 

system) was ranked as the best fit (AICC=1084.01, w=0.626) among the three movements tested. 

Random movement (i.e., the probability of an animal being in the sampled area within a primary 

period is equal for animals that were and were not in the area in the previous sampling period, K-
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1) was a competitive second model (ΔAIC=1.39, w=0.293). Both movement parameterizations 

(null and random) were individually incorporated in all subsequent models, but not 

simultaneously.  

Of all tested, the model incorporating null movement, a null capture probability, and site-

specific survival probabilities was ranked highest (AICC=1065.67, w=0.23, Table 3.3). The 

second-ranked model included null movement, capture probability as a function of site, and 

survival as a function of the rock layout (ΔAIC=1.21, w=0.13). The third-ranked model was 

defined by random movement, capture probability as a function of site, and survival as a function 

of rock layout (ΔAIC=1.85, w=0.09).  

Within the top model, the estimated likelihood of detecting and capturing salamanders (p) 

was 10.5% across all sampling periods and all sites. Site-specific survival probabilities across 

primary periods ranged from 0.83 – 1.00 with an average of 0.93 (±0.04 SE; Table 3.4). These 

survival estimates pertained to the time between the mid-points of each primary period 

(approximately 6 weeks). Population abundance estimates ranged from 3 – 32 salamanders 

across the analyzed sites with an average of 15.86 (±6.11 SE; Figure 3.6). More detailed results 

on the covariate estimates of the second- and third-ranked models can be found in the 

supplemental material (Appendix S1, S2, S3).  

 No correlation coefficients between site covariates exceeded r=|0.70|. The highest 

correlation between site covariates was between site size and the total number of crevices 

(r=0.51). Kendall’s Tao correlations indicate the average estimated abundance of the twelve 

green salamander populations had a weakly positive trend with site size (R=0.31, p=0.22). There 

was no evidence of correlations between estimated population abundance and the total number of 

crevices (R=0.09, p=0.76), aspect (R=-0.07, p=0.75), or elevation (R=0.02, p=1.00; Figure 3.5). 
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3.2 N-mixture models 

 No correlation coefficients between detection covariates exceeded r=|0.70|. The highest 

correlations between detection covariates were between day of year and humidity (r=0.31), and 

day of year and temperature (r=0.27). While these correlations are low, we removed day of year 

from the N-mixture models because we felt humidity and temperature were more explanatory 

variables than day of year.   

 During initial model fitting, the single-parameter negative binomial distribution fit the 

count data better than the Poisson; however, we continued to fit all models separately to both 

distributions. After all models were built and compared, the top negative binomially distributed  

model produced a few unreasonably high population abundances (range 7–95 salamanders; see 

Appendix S4). Previous studies found negative binomial mixtures provide unidentifiable models 

and produce inflated abundance estimates (Dennis et al. 2015, Kéry 2018). Therefore, we 

subsequently fit all detection models using a Poisson distribution. Among these models, two had 

the most support with a cumulative weight of 0.98. These two models defined detection 

probability, p, as a function of temperature (ΔAIC=0), and an additive function between 

temperature and humidity (ΔAIC=1.97). The number of surveyors present was not shown to be a 

useful predictor of green salamander detection (ΔAIC=6.75). Detection probability coefficients 

of the top ranked model demonstrated a slightly negative relationship with temperature, with 

probabilities ranging from 0.14–0.30 with an average of 0.19 (±0.0001 SE) across sites and all 

secondary periods. Availability models were fit using temperature as the covariate for our 

detection parameter, and the top model defined the probability of green salamander availability 

within the study area as a function of the primary period the surveys occurred in, with Period 1 

having the highest probability (Table 3.5). Probability of availability was constant across sites 
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within a primary period. Abundance models were fit last and the top model incorporated 

detection probability as a function of temperature, availability probability as a function of 

primary period, and abundance as an additive function of site size and the total number of 

crevices present at a site (Table 3.6). Site-specific abundance estimates from this top N-mixture 

model ranged from 10–51 green salamanders with an average of 20.66 across sites (±2.72 SE; 

Figure 3.6). These estimates represent the number of green salamanders in the super-population 

of each site across the three-year study period.  

4. Discussion 

Although green salamanders are a species of conservation concern, no published studies 

have performed population-level abundance analyses. Our results represent the first record of 

site-specific abundance estimates using both a marked (CMR) and unmarked (N-mixture 

modeling) approach from three-year survey efforts.  

4.1 Survival probability, S 

 Survival estimates can distinguish spatial and temporal vulnerabilities for a species and 

provide insight for conservation management. We estimated the probability of survival between 

primary periods using only the capture-mark-recapture (CMR) method because confirmed 

recaptured individuals in subsequent sampling periods are helpful to inform a survival parameter. 

With two-tiered survey designs, gaps in time are allowed between primary periods during which 

an open population can be reasonably assumed; however, because we sampled year-round, we 

did not have long periods of time between our primary sampling periods. Therefore, our survival 

probability estimates should be interpreted as the likelihood of surviving between the mid-point 

of one primary period to the next. Interestingly, neither covariate describing specific patch 

characteristics (i.e., the spatial layout of the sites or the cover type) explained more of the 
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variation in the survival probabilities than the site-specific covariate. The 1.5 monthly survival 

estimates ranged from 83% to 100% across our sites. Spatial layout of the sites (i.e., the site was 

comprised of either a single rock or numerous rocks adjacent to one another) was the best 

descriptor for survival in the second and third top models (Appendix S1, S2). When considering 

all three top models, there is evidence that spatial variation within (layout) and across (site-

specific) our populations influence the survival probabilities of green salamanders.  

4.2 Detection probability, p 

Detection probability is an integral aspect of the estimation of population abundances that 

refine the estimates by accounting for imperfect detection. It is seldom the case that animals are 

conspicuous enough to be detected at a near perfect rate during each population survey. Without 

accounting for imperfect detection, it is difficult to determine if variations in count data are 

representative of stochastic events or changes in detection probability throughout the study. The 

detection probability of our top CMR model was low (0.105). Our CMR detection probability 

was fit as a null parameter, defining detection as constant across all sites and survey periods. 

Models that included temporal variation in detection probability (among both primary and 

secondary survey periods) did not rank highly, indicating little evidence of temporal variation in 

the surveyors’ ability to detect green salamanders throughout the study period.  

The detection probabilities estimated using the unmarked N-mixture model ranged from 

(p=0.14–0.30) and were estimated as function of temperature, providing a different detection 

probability for each secondary survey period. Unsurprisingly, these were higher than our CMR 

estimate; CMR detection probabilities incorporate detecting and successfully capturing unique 

individuals (i.e., removing the salamander from the crevice and photographing the individual), 

whereas detection probabilities from count data only incorporate detecting a green salamander. 
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Our N-mixture model detection parameter had a negative relationship with temperature, 

indicating surveyors were more likely to detect a green salamander on secondary survey days 

that were cooler as opposed to the warmer.  

4.3 Temporary emigration γ, and availability probability, ϕ 

The null model movement model best explained temporary emigration in our CMR 

analyses. This indicated that our CMR data were best described when salamanders were always 

assumed to be available for capture within the super-population at each sampling period. 

Similarly, individuals that were unavailable for capture remained unavailable over all sampling 

periods.  

Salamander availability was fit as a function of primary period (i.e., a covariate of five 

levels for each primary sampling period) within our unmarked N-mixture modeling results. This 

indicated that each primary period had a different estimate of probability of salamander 

availability held constant across all sites. Interestingly, while temperature showed a negative 

relationship with detection probability in our N-mixture model, thermal season (i.e., binomial 

variable of “cool” or “warm” that varied across primary periods) did not show evidence of 

influencing salamander availability for capture within the super-population. Salamander 

availability was highest in the first warm season of our five total seasons (Figure 3.2). We 

retained primary survey period as the availability coefficient in our N-mixture models because it 

had more support than the model where availability was equal across primary periods; however, 

there  seems to be a source of variation explaining this heterogeneity in availability probability 

that we did not capture in the covariate data collected throughout the study.  

4.4 Abundance covariates 
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 In our CMR study, there was no evidence of correlations between the estimated 

population abundances and the site-level features measured, with the exception of a weakly 

positive trend with site size. The weak fit of the data to the regression models are perhaps 

unsurprising given our low number of sites in this analysis and the range of aspects, elevations, 

and sizes surveyed within those twelve sites. Recall we filtered out sites that had too few 

recaptures which biased our detection probabilities to be low enough to over-inflate abundance 

estimates. This limited the analysis to twelve sites. The sites that were applicable to the CMR 

analysis had an elevation range of 360–640 m, and an aspect range of 129–224 degrees 

(southeast–southwest). These ranges are more limited than those of all sites (n=19) we had 

surveyed (elevation: 360–865 m; aspect: 30–306 degrees). The range of site sizes and total 

crevices was not comparably different between the twelve sites in the CMR analysis and all sites 

surveyed. Our robust N-mixture models, which incorporated count data from all nineteen sites, 

indicated both size and the total number of crevices at a site were positively correlated and 

informative when predicting green salamander abundances.  

 An effect of outcrop size is consistent with Newman et al. (2018) and the general 

ecological assumption that habitat size correlates positively with local animal abundances (but 

see Holt et al., 1997 and Krebs et al., 1969 Holt et al., 1997 and Krebs et al., 1969 Holt et al., 

1997 and Krebs et al., 1969 Holt et al., 1997 and Krebs et al., 1969 Holt et al., 1997 and Krebs et 

al., 1969 for mechanisms explaining deviations from that pattern). A second predictor in 

estimating green salamander abundance is the total number of crevices available at a given site. 

Rock crevices function as the immediate green salamander habitat, and >99% of our salamander 

observations came from instances of finding them in the crevice fissures as opposed to on the 

rock face.  It is important to note that rock outcrop size was not correlated with the averaged total 
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number of crevices available (r=0.51). The observation that rock outcrop size is decoupled from 

the number of crevices may have important implications for management decisions that prioritize 

sites based on perceived habitat availability. Novak and Barrett (2023) showed green salamander 

presence had a strong relationship with crevice density (number of crevices per m2), where the 

probability of a salamander being present increased with an increased number of crevices 

present, likely because higher crevice densities are associated with increased multidirectional 

microhabitat connectivity within the rock outcrop. More crevices provide a network of 

potentially suitable refugia for green salamanders to inhabit, which we believe explains total 

crevice count appearing in both the CMR and N-mixture models.  

4.5 Comparison of CMR and N-mixture model abundance estimates 

 The CMR and N-mixture analyses produced estimates at two temporally different scales. 

The CMR model provided site-specific abundances averaged across primary survey periods, 

each representing warm and cool seasons from 2019 through 2021. The N-mixture model 

estimated site-specific abundances across the three-year study period. When estimates from both 

analyses were plotted against each other, there was a weak fit with no notable evidence of 

association across sites (Figure 3.7). Seasonally averaged abundance estimates from our robust 

CMR analysis ranged from 3–32 individuals across twelve sites, with site-specific estimates 

generally being smaller than those of the N-mixture model estimates that ranged from 10–51 

across nineteen sites throughout the entire study period.  

Provided we estimated two temporally different abundance estimates with our CMR and 

N-mixture model approaches, we cannot definitively suggest one design over the other in regard 

to future monitoring efforts for green salamanders. The analysis chosen must be based on the 

temporal scale of interest. That said, it is worth mentioning that the passive crevice-dwelling 
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behavior of green salamanders within discrete rock outcrops that provided reliable population 

boundaries, coupled with the ability to noninvasively use photography as a means of marking 

individuals led us to believe green salamanders were a logistically ideal system to use a CMR 

study. Surprisingly, our exhaustive survey efforts across three years showed limited capture and 

recapture rates compared to count data obtained. Often, conservation managers do not have the 

time or data budget to conduct CMR studies and instead resort to N-mixture models as a viable 

alternative. However, if a CMR approach is applicable, field efforts will inevitably have 

instances of detections but failed captures. This lends itself to simultaneously implementing an 

unmarked design (e.g., N-mixture modeling) and offering an opportunity to evaluate population 

demographics across seasonal and yearly temporal scales. 

Rather than persuading future studies from one study or the other, we suggest researchers 

consider the temporal resolution of the abundance estimates of interest. If a CMR design is in 

consideration, we urge the concurrent implementation of repeated count surveys as well, because 

the latter are not logistically costly when already performing a CMR analysis. We also urge the 

continuation of green salamander population monitoring on a more regular basis to continue to 

provide concrete biological indicators on population health. Though our results represent the first 

site-specific abundance estimates for this species of conservation concern, we recognize this 

study is a single component of a larger monitoring program. Retesting predictions is an 

important doctrine of science, and single analyses rarely provide definitive results that can 

adequately contribute to a meticulous assessment of a body of knowledge (Nichols et al. 2019). 

This is of upmost importance when viewed through the lens of animal conservation. Repeated 

monitoring efforts will help provide valuable insight on this, and many other, species of 

conservation concern. 
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CHAPTER FOUR 

UNEXPECTED HIGH GENETIC RELATEDNESS ACROSS DISCRETE PATCHES OF A 

TERRESTRIAL SALAMANDER  

Abstract.— Understanding the genetic structure of populations is a cornerstone of conservation 

biology that can elucidate evolutionary processes and their consequences. It is of particular 

importance to investigate the genetic structure within and connectivity between demes of species 

that are experiencing population declines to identify which populations that may be vulnerable to 

inbreeding depression. In this study, we evaluated the genetic structure of green salamander 

(Aneides aeneus) populations in upstate South Carolina. The green salamander is experiencing 

population declines along the species range and particularly within the Blue Ridge Escarpment 

(BRE), a disjunct population subset in the Southern Appalachians. Additionally, the green 

salamander presents an interesting demographic population structure as individuals inhabit 

discrete rock outcrops interspersed along the landscape in a naturally patchy distribution. We 

sampled tissues across seventeen green salamander populations in upstate South Carolina. We 

used restriction-site-associated DNA sequencing (RADSeq) and identified SNPs across 

individuals to estimate population statistics including FST, FIS, HO, HS, and Ne, and used 

fastSTRUCTURE to detect fine-scale population patterns. Results indicated little to no genetic 

differentiation among the sampling sites (mean FST = 0.06 ± 0.008) and no evidence of 

inbreeding (mean FIS = -0.05 ± 0.036). fastSTRUCTURE results showed all samples analyzed 

across the seventeen sites were best described as one genetic population, from which we infer 

rock outcrops do not effectively serve as discrete population boundaries. From a conservation 

perspective, the genetic structure among green salamander sites suggest dispersal between rock 
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outcrops is occurring more frequently than expected, and the evidence of isolation by distance 

indicates structural connectivity between outcrops should be maintained. 

1. Introduction 

 Genetic diversity among populations offers insight into population structure, past 

biogeographic changes, and demographic or life history characteristics that contribute to 

genomic patterns (Rosenbaum et al. 2007, Murphy et al. 2018). Populations undergoing habitat 

loss and fragmentation are typically of conservation interest because population isolation 

increases susceptibility to genetic drift and reduced genetic variation from stochastic processes, 

threatening the long-term persistence of the population (Nguyen et al. 2022). For example, 

habitat fragmentation within formerly contiguous populations may create subpopulations and 

hinder gene flow via increased geographic distance and/or impermeable barriers in the newly 

altered landscape. Consequently, the subpopulations may exhibit a loss of genetic diversity and 

the concomitant decrease in heterozygosity and increase in the frequency of deleterious alleles. 

Small, isolated populations are also more prone to inbreeding and genetic drift (Lynch et al. 

1995, Frankham 2005, Kawamura 2005, Hoffmann et al. 2017, Kazitsa et al. 2018), which can 

contribute to lowered resistance to diseases (Spielman et al. 2004, Pearman and Garner 2005), 

and increased susceptibility to population declines following environmental fluctuations (Jump et 

al. 2009). Therefore, evaluating population genetics and identifying extrinsic (e.g., landscape 

matrix, biogeographical events) and intrinsic (e.g., life history, population demography) factors 

influencing the genetic structure is essential for the conservation management for species of 

concern.  

 Global amphibian populations are declining at an unprecedented rate (Stuart et al. 2004, 

Hopkins 2007). The deluge of causes for this modern-day extinction crisis includes habitat loss 
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and fragmentation (Cushman 2006, Gallant et al. 2007), climate change (Carey & Alexander, 

2003), competition with invasive species (Kats and Ferrer 2003, Falaschi et al. 2020), 

environmental pollution (Carey and Bryant 1995, Fasola et al. 2015), disease (Lips et al. 2006, 

Kilpatrick et al. 2010), and overharvesting (Warkentin et al. 2009, Pan et al. 2016). Many 

amphibians are notably vulnerable to these threats because of their limited habitat tolerances, and 

environmental or anthropogenic changes to these habitats often result in poor health within 

individuals and instability within populations (Beebee 2005, Becker et al. 2007, Fusco et al. 

2020).  

Among the threatened amphibian herpetofauna is the green salamander (Aneides aeneus). 

The green salamander is a fully terrestrial species that inhabits discrete rock outcrops embedded 

within a matrix of hardwood forests. Accumulated historic records of green salamander 

populations have provided evidence of an apparent population collapse in the mid-1970’s 

(Snyder 1971, 1991). The species ranges along the Appalachian Mountains, with an isolated 

range existing within the Blue Ridge Escarpment (BRE; Figure 3.1) in Georgia, North Carolina, 

and South Carolina. Green salamanders are now listed as “Near threatened with decreasing 

populations” by the IUCN Red List (IUCN 2022) and ranked as “Critically imperiled” in the 

state of South Carolina, where all populations exist within the disjunct BRE.  

 We were interested in the population genetics of green salamanders because (1) the 

species is experiencing a population decline and is of immediate conservation concern in South 

Carolina, and (2) the species exists in naturally discrete populations which may inform 

implications for species undergoing habitat fragmentation. Patchiness is a population distribution 

pattern that many naturally contiguous species are being forced into as anthropogenic habitat 

fragmentation intensifies. Understanding the genomic patterns of isolated populations may 
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become important as more species experience fragmentation. Our objectives were to examine the 

degree of genetic differentiation with and between discrete sites of known green salamander 

populations in South Carolina. Specifically, we used RADSeq to sequence green salamander 

DNA and estimate population genetic statistics including genetic diversity (FST), inbreeding 

(FIS), and effective population size (Ne). We hypothesized that sites with higher green 

salamander abundances would have lower FIS values, indicating a larger genetic distinction 

between individuals, because sites with higher abundances generally show a trend of greater 

allelic richness (Pflüger et al. 2019). We also hypothesized that sites geographically close to one 

another would have lower FST values, indicating genetic differentiation between populations, 

because green salamanders have limited movement capabilities, and short-distanced dispersal 

patterns are more likely to occur than long-distance movements (Full et al. 1988, Cupp Jr. 1991, 

Corser 2001).  

2. Methods 

2.1 Field Methods 

 We collected tissues samples from green salamanders at fifteen of twenty-one sites with 

known historical green salamander presence across Oconee, Pickens, and Greenville counties in 

South Carolina. We were unable to capture salamanders for tissue collection at the remaining 

sites. We manually identified green salamanders from photos to prevent removing tissue from an 

individual that was previously sampled. We collected tissue samples from salamanders by 

removing 2–5 mm of tissue from the tail tips. We immediately placed samples in a 2 mL vial of 

95% ethyl alcohol and stored in a -80°C freezer within four hours of tissue removal. A total of 

142 tissues were removed from seventeen sites. The number of tissue samples collected was not 

equal across sites. Five sites had 2 or fewer samples collected, and others ranged from 4–30 
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tissue samples removed (mean=6.65±1.61). Uneven tissue collection across sites was the result 

of the number of salamanders encountered at each site and the limited success in removing 

individuals from rock crevices. 

2.2 Lab Methods 

2.2.1 3RAD Library Preparation and Sequencing 

 We constructed 3RAD libraries for green salamander samples for sequencing. We 

followed a 3RAD protocol (Bayona-Vasquez et al. 2019) to produce dual-digest RADseq 

libraries. The protocol includes a double enzyme digest, adapter ligation, limited cycle PCR, and 

a 1.2X Sepure SpeedBead cleanup (Rohland and Reich 2012). We used ClaI, BamHi, and MspI 

enzymes (New England BioLabs) during the digestion step. To allow for sample pooling, we 

barcoded each sample with internal dual indices using i5 and i7 iTrue adapters (Glenn et al. 

2019). We visualized the libraries on a gel, then quantified and pooled them to 100ng/μL in 

pools of 48 individuals. We removed small fragments using a 1.2X SpeedBead cleanup. We size-

selected the pooled library to 400–600 base pairs (bp) using a Pippen Prep (Sage Science Inc., 

Beverly, MA, USA). The pooled library was sent to Azenta Life Sciences (South Plainfield, NJ, 

USA) for sequencing. 3RAD prepared library pools were quality checked using  a D1000 

ScreenTape on the Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA) and 

quantified using a Qubit 2.0 fluorometer at the Azenta facility. The DNA libraries were also 

quantified by real-time PCR. The libraries were each sequenced on one lane of an Illumina 

NovaSeq instrument using a 2x150 paired-end configuration.  

 This protocol provided us with consistent reads with reduced PCR duplicates. PCR 

duplicates can produce an incorrect representation of the organism’s genome sequence and single 
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nucleotide polymorphisms (SNPs); therefore, reducing these duplicates provides greater 

confidence in the resulting library of DNA sequences.  

2.2.2 Data Processing and SNP Calling 

 We first removed any individuals that did not have more than 5 million raw reads 

returned from the sequencer. We next removed adapter sequences and PCR clones, filtered and 

clustered reads into de novo RAD loci, aligned the reads to the RAD loci, called and filtered 

SNPs, and generated genotype files using ipyrad (v. 0.9.58; Eaton and Overcast 2020). We used 

the default settings for ipyrad, except for the minimum depth required to call a base (10X) and 

clustering threshold (0.88).  

2.2.3 Quantifying Population Structure  

 We used a principal component analysis (PCA) to visualize the overall population 

structure in our samples. The PCA decomposed the genetic variation across all samples and all 

SNPs into composite axes that explained the most variation in the dataset. We performed PCAs 

at two levels: one where we used the individual sampling sites as the population units (i.e., each 

sampling location was considered a discrete population; n=17), and another where we pooled 

sampling sites into three groups, each separated by a large water body (i.e., each group was 

considered a discrete population; n=3 ; Figure 4.1). We only included one SNP per RAD locus, 

and only included SNPs present in more than 50% of individuals in the analyses. We used the 

“sampled” method of imputation for missing data, which randomly samples genotypes based on 

the frequency of alleles across all samples. For the sampling level where each site was an 

individual population unit, we ran a second PCA that, in addition to the above filters, also only 

included SNPs present in at least one individual per sampling location. We visualized and plotted 

these PCAs in geographic space in R (R Core Team 2021).  
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 To explicitly determine the number of populations best explained by the data and levels 

of admixture among identified groups, we used the program fastSTRUCTURE (Raj et al. 2014). 

Genetic admixture occurs when formerly isolated populations experience an introduction of new 

genetic lineages via immigrants (Rius and Darling 2014, Jaisuk and Wansuk 2018). Because 

STRUCTURE programs can be sensitive to missing data, we subset our original variant call 

format to biallelic SNPs present in more than 70% of individuals, and randomly chose one SNP 

per RAD locus to minimize the effect of linkage disequilibrium (Pritchard et al. 2000; Newman 

and Austin 2016; Hodel et al. 2017). Linkage disequilibrium is the non-random association of 

alleles within loci in a single population, and loci are considered to be in linkage disequilibrium 

when the association among loci is higher or lower than would be expected if they were truly 

independent of one another (Slatkin 2008). We ran fastSTRUCTURE models testing a range of 

possible total populations (K=1–9). We used a logistic prior instead of the standard prior when 

running fastSTRUCTURE to better detect fine-scale population patterns. We calculated the 

number of populations that best fit the data using the ‘chooseK’ function within 

fastSTRUCTURE.  

We next calculated FST, a metric of population subdivision (Holsinger and Weir 2009, 

Weir and Goudet 2017). We used the same subset of SNPs as in the fastSTRUCTURE analysis 

(i.e., we used SNPs present in 70% of individuals). We calculated FST using the package 

‘hierfstat’ in R. FST ranges from 0 to 1, with lower values indicating more genetic similarity 

among populations, and higher values indicating more genetic divergence. Values of FST can be 

explained by population structure, migration, or other factors that may subdivide a population 

(e.g., biogeographical events that change landscape or habitat structure). We calculated FST 

values for pairwise combinations of populations and conducted these estimates using both 
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population unit levels: one analysis where each sampling site was identified as individual 

population units, and another analysis where all sites were grouped into three population units.  

2.2.4 Genetic Diversity and Effective Population Size within Sampling Units 

 We calculated a variety of population genetic statistics to quantify levels of genetic 

diversity and inbreeding. We used the same subset of SNPs as in the fastSTRUCTURE analysis. 

We calculated the observed heterozygosity (HO), within population gene diversity (HS), and 

inbreeding coefficient (FIS; Nei 1987) using the package ‘hierfstat’ (Goudet 2005). Again, all 

population genetic statistics were estimated for each of the two population unit levels. We 

removed any sampling locations with only one individual (n = 4). We quantified these metrics of 

genetic diversity for the populations that best explained the data according to fastSTRUCTURE.  

 We also calculated the effective population size, Ne. Effective population size is the 

idealized number of individuals that experiences the same amount of genetic drift as the 

population. It is a measure of genetic diversity, with lower values indicating fewer individuals 

are contributing to the evolutionary trajectory of the population, and likely lower overall genetic 

diversity (Waples 2022). We calculated Ne using two methods within NeEstimator: (1) the 

“heterozygosity excess” method with a cutoff of alleles with more than 2% frequency in the 

population and used when there is a small sample size per sampling unit; and (2) the “linkage 

disequilibrium” method, which is the preferable method when there is little overall genetic 

variation (Waples and Do 2010). The former method was used when sampling units were 

defined as the individual populations (n=17) but the number of tissue samples within those 

populations were low. The latter method was used when sampling units were defined as all 

populations filtered into groups separated by a large water body (n=3), each with a higher 

number of tissue samples within the groups.  
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3. Results 

3.1 Sequencing 

 Our final dataset contained 113 green salamanders from 17 sampling locations. This 

number is reduced from the number of tissue samples collected because some reads failed to 

allow the identification of the genetic sequence. The full dataset contained a median of 2,822 

SNPs, from a median of 12.3 million raw reads per individual. Because each dataset filters SNPs 

differently, not all SNPs were used in each analysis to find SNPs shared among different 

individuals.  

3.2 Population Structure  

 The PCA with SNPs present in more than 50% of individuals used 851 unlinked SNPs. 

The PCA with SNPs present in more than 50% of individuals and at least one individual per 

sampling location used 247 unlinked SNPs. Regardless of SNP filtering, no PCA showed strong 

separation among sampling sites, indicating little population structure (Figure 4.2). The more 

highly filtered dataset did show some separation (Figure 4.2B), but individuals from the same 

sampling location were often found across PCA clusters. When population units were evaluated 

as three populations separated by water bodies, we detected some genetic separation and 

population structuring between the groups (Figures 4.2C; 4.2D). This pattern is weaker in the 

more stringently filtered dataset (Figure 4.2D). fastSTRUCTURE analyses used 443 unlinked 

SNPs and indicated that a single population (K = 1) best described the data. All 

fastSTRUCTURE runs showed little to no admixture among groups, regardless of the number of 

populations in the model. FST values ranged between -0.084 and 0.254 (mean = 0.058, SE = 

0.008; Table 4.1) when populations were evaluated as individual sampling sites. When FST 

values were visualized against geographic distance, there was evidence of isolation by distance, 
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with some variation notable in the low to intermediate pairwise distances (Figure 4.3; R2 = 0.24, 

p < 0.001). When population units were evaluated as three groups, FST values ranged between 

0.078 and 0.083 (mean=0.080, SE=0.003; Table 4.2).  

3.3 Genetic Diversity and Effective Population Size Within Sampling Units 

 Individual sampling locations show overall low levels of genetic diversity, and 

correspondingly low effective population sizes. Observed heterozygosity within individual sites 

ranged from 0.014 to 0.042 (mean=0.030, SE=0.002), FIS values ranged from -0.400 to 0.114 

(mean=-0.055, SE=0.036), and the estimated effective populations ranged from 8.6 individuals 

to 87.8 individuals (Table 4.3). When calculated for sites combined into three groups, each 

separated by a body of water, observed heterozygosity ranged from 0.025 to 0.033 (mean=0.029, 

SE=0.002), and FIS was estimated to range between -0.098 to -0.007 (mean=-0.051, SE=0.026; 

Table 4.4). The results showed no signs of inbreeding depression, and they did not show lower 

than expected heterozygosity regardless of how we categorized sampling units. Linear 

regressions between site-specific FIS values and abundance estimates (Chapter 3) showed no 

evidence that population size influenced inbreeding coefficients (CMR-derived abundance 

estimates: R2=0.004, p=0.87; N-mixture-derived abundance estimates: R2=0.007, p=0.78). The 

estimated effective population sizes, Ne, for Groups 2 and 3 were 180.3 and 316.4 individuals, 

respectively. The estimated Ne for Group 1 was indistinguishable from the standard error and 

therefore no value is described. 

4. Discussion  

Green salamander populations in upstate South Carolina showed low levels of genetic 

diversity and population structure, and there was no evidence of inbreeding within sampling 

locations. Population size (Chapter 3) had no relation with the estimated inbreeding coefficients, 
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which led us to reject our hypothesis that sites with higher abundances would have lower FIS 

values and, therefore, a larger distinction among individuals. While there was little evidence of 

strong genetic differentiation among sites, our hypothesis of isolation by distance was supported. 

PCA plots showed some evidence of genetic divergence when sampling units were split into 

three groups separated by the Keowee River, and the South Saluda River; however, the FST 

values between these three sampling units indicate the genetic differentiation was not very 

strong. Our results also included negative FST estimates between some sampling locations, which 

suggest the populations are expressing more heterozygosity than they would if they were 

panmictic. However, these negative values are more likely indicative that the individual sites we 

sampled are not genetically distinct from one another (i.e., our sampling sites are not discrete 

green salamander populations).  

Collectively, our results indicate enough gene flow is occurring among sites to reduce the 

threat of inbreeding within sites (Hartl and Clark 1997, Lowe and Allendorf 2010, Nielsen and 

Slatkin 2013). Such findings may be a result of sufficient dispersal to maintain a panmictic 

population existing across numerous discrete sites of green salamanders in upstate South 

Carolina (maximum distance between sites=42 km). However, the physiology and behavioral 

biology of green salamanders lead us to believe large dispersal behaviors is not a viable 

explanation of genetic homogeneity across this system. Green salamanders (family: 

Plethodontidae) are lungless and fully reliant on cutaneous respiration, and with this restrictive 

respiration system, the metabolic capacity and oxygen consumption of green salamanders are 

limited (Full 1986). The continuous movement (e.g., dispersal behaviors) capability of lungless 

salamanders comprises only 20-40% of what a lunged salamander can sustain (Full et al. 1988). 

Limitations in movement theoretically affect demographic connectivity patterns across 
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populations. Green salamanders have been reported to move up to 106 m (Gordon 1961, Smith 

and Green 2005), which may be enough to connect neighboring populations in adjacent rock 

outcrops. However, movement among the sites that were the focus of this analysis was only 

observed once in a three-year period between two rock outcrops separated by 50 m (Chapter 3). 

We suspect green salamanders may maintain population connectivity via a few dispersers to 

nearby subpopulations, but we are skeptical that ongoing animal migration among 

geographically distant sites is occurring frequently enough to produce these genetically 

homologous population results. 

A slow rate of molecular evolution is another potential explanation for the genetic 

homogeneity observed among the green salamander populations. Slow molecular evolution rates 

have been observed in other taxa despite geographic barriers across populations (Weisrock et al. 

2000, Spinks and Shaffer 2005, Rosenbaum et al. 2007). However, a broader study identifying 

the divergences of genetic polymorphisms across various species of salamanders would better 

inform the pace of microevolution by allowing observations of net sequence divergences among 

clades (e.g., Walker & Avise, 1998). Having only information on one disjunct range of a single 

species makes this explanation irresolute at best. However, if all green salamander populations 

within the disjunct Blue Ridge Escarpment (BRE) have a shared historical connection to the 

larger green salamander species range, a slow rate of molecular evolution coupled with a recent 

divergence from a larger contiguous population could explain the low levels of genetic 

differentiation among individual populations. Historic green salamander distribution maps from 

as far back as 1924 do not indicate any population connectivity across the Appalachian Valley 

(Figure 4.4), which lies between the BRE and the larger species range along the Appalachian 

Mountains. It has been speculated that the fragmentation of the BRE populations from the larger 
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species range may have been the result of the severe decline in the American Chestnut trees in 

the mid 1900’s (Wilson 2003). Some historic green salamander observations were associated 

with the American Chestnut, a tree that used to dominate the eastern landscape of North America 

(Braun 1951, Gordon 1952, Wilson 2003). By 1950, a non-native invasive fungus 

(Chryphonectria parasitica) had eradicated almost all American Chestnuts (Ronderos 2000). It is 

possible that the recent fragmentation event between these two distributions could be responsible 

for the lack of genetic differentiation found in this study. However, it is worth noting the blight 

infected chestnuts throughout the Appalachian Mountain range, not just within the Appalachian 

Valley; therefore, this may not be the sole cause of the disjunction of the BRE but likely 

contributed to hindering dispersal routes between sites (Wilson 2003).  

Whether green salamanders exhibit slow rates of microevolution or have had historically 

contiguous population structures, our results clearly show that the discrete green salamander 

locales in South Carolina have low levels of population subdivision through genetic variation. 

These results allow us to infer that patches of discrete rock outcrops amongst the landscape do 

not effectively serve as population boundaries, and the structural connectivity between sites 

should be maintained. However, the mechanism substantial enough to permit the dispersal of 

individuals between rock outcrops is currently unknown. With green salamanders having been 

noted as “weakly” arboreal in past literature, perhaps migratory behaviors occur in the less 

studied tree canopies. A landscape genetic analysis would likely be informative in identifying 

landscape features that conduct and resist the functional connectivity among green salamander 

sites that was made evident with these results. We also suggest future studies incorporate the 

genetic structure of neighboring green salamander populations in North Carolina and Georgia to 
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identify if this pattern of homogeneity is shared with other green salamander locales within the 

BRE.  
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CHAPTER FIVE 

ISOLATION BY DISTANCE BEST EXPLAINS SPATIAL GENETIC STRUCTURE IN 

GREEN SALAMANDERS IN SOUTH CAROLINA 

Abstract.—Understanding the effect landscape plays in the genetic structure of populations is an 

integral component of spatial ecology. Landscape genetic analyses reveal the effects of 

functional connectivity on evolutionary processes, which can subsequently inform species 

conservation and landscape management plans. The objective of this study was to evaluate the 

genetic population structure of green salamanders (Aneides aeneus) by comparing an isolation by 

distance (IBD) model to two isolation by resistance (IBR) models. We used pairwise FST values 

across thirteen rock outcrops occupied by green salamanders as the genetic response to evaluate 

resistance surfaces. We evaluated a resistance surface categorizing water bodies (three features: 

lakes, rivers, and streams) and another that represented land cover (five features: water, 

developed space, early successional land, forest, and agricultural land). The IBD model had the 

most empirical support in explaining the genetic structure of green salamanders across South 

Carolina. Land cover consistently provided the least resistance against gene flow. With forests 

being the dominant land cover feature, these results suggest forested land may provide a 

mechanism for gene flow in a stepping-stone dispersal network to adjacent sites and across the 

species range in South Carolina.  

1. Introduction 

 The movement of individuals within a landscape matrix influences the genetic and 

demographic population structure of species within and among sites. These dispersal events may 

manifest as a few individuals moving among discrete populations for short periods of time, or 

migrant behavior that includes the long-term settlement in and breeding within the receiving 
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population (Wright 1943, Lowe and Allendorf 2010). The latter case promotes increased gene 

flow and can have positive effects on species by increasing or maintaining genetic variation 

(Wright 1931).  

 In the absence of significant barriers to movement, genetic differentiation among sites 

tends to be a function of the geographic distance between populations (Wright 1943).  The 

genetic structure of species with limited movement capabilities or short dispersal behaviors is 

often described by isolation by distance (IBD). However, IBD has also emerged as the most 

influential descriptor of genetic structuring for animals with large dispersal capabilities when 

analyzed across a large scale relative to the extent of the species’ range (Khosravi et al. 2018, 

Bauder et al. 2021a). 

 An alternative hypothesis to IBD is the isolation by resistance (IBR) model, where 

heterogeneity within a landscape, rather than Euclidean distance, reduces individual movement 

and subsequently gene flow among populations (McRae 2006). Landscape features that an 

impose resistance costs on gene flow can include natural barriers (i.e., elevational differences, 

large water bodies, unsuitable natural habitat), or anthropogenic features (i.e., impervious 

surfaces, open agricultural land, roads, dams, etc.). Isolation by resistance hypotheses can be 

compared against an isolation by distance model to evaluate whether spatial features better 

explain the genetic distances among populations. Investigating the comparative relationship 

between IBR and IBD models for species of conservation concern can therefore identify crucial 

implications that landscape heterogeneity or spatial distribution can have on species movement, 

gene flow, and ultimately the population genetic structure. Results of these model comparisons 

can inform population management plans and long-term landscape development plans. For 

example, IBD versus IBR models were used to evaluate the genetic structure in white-tailed deer 
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after the introduction of a fatal disease to identify population management practices and 

surveillance plans that would help mitigate the spread of the disease (Bauder et al. 2021a). 

Similar methods were recently used to identify gene flow and animal movement of a keystone 

squirrel species experiencing habitat loss and fragmentation (Asadi Aghbolaghi et al. 2023). 

 The green salamander (Aneides aeneus) is a fully terrestrial salamander that occurs in 

vertical rock habitats along the Appalachian Mountains. The species is also known to exhibit 

arboreal behaviors (Wilson 2003, Waldron and Humphries 2005), though the full extent of this is 

unknown. While temporal trends in green salamander population abundances are not well 

documented (Chapter 3), there has been evidence of a population collapse (Snyder 1991, Corser 

2001) within the Blue Ridge Escarpment of the species’ range (Figure 3.1). Green salamanders 

are listed as “Near threatened with decreasing populations” by the IUCN Red List (IUCN 2022), 

and as “Critically imperiled” in South Carolina, within which all populations are a part of the 

larger BRE population, disjunct from the rest of the species range. Information on green 

salamander dispersal capabilities indicate the species exhibits limited mobility (generally ≤50 m; 

Gordon 1952, 1961, Williams and Gordon 1961, Waldron and Humphries 2005, John 2017), and 

population analyses across sites of known green salamander occupancy show poor population 

structuring with FST values identifying similar allelic frequencies across sampling sites (i.e., rock 

outcrops; Table 4.1). Even with evidence of all thirteen green salamander sites showing little to 

no population structure, a regression between geographic and genetic distances showed evidence 

of isolation by distance (Figure 4.3). The IBD regression also illustrated genetic variation among 

sites with near and intermediate pairwise distances, indicating potential for spatial heterogeneity 

(rather than distance) to explain that genetic differentiation.  
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 The aim of this chapter was to evaluate the impact of landscape heterogeneity on gene 

flow via IBD versus IBR models across thirteen green salamander locales in upstate South 

Carolina. We tested the impact of resistance surface models using a landscape genetics 

framework with pairwise FST values as the genetic response. Our hypotheses were three-fold. 

First, we hypothesized large bodies of water would prove more restrictive on gene flow than our 

land cover. We suspect the lack of genetic differentiation among sites (Table 4.1) may indicate 

the feature classes within the land cover resistance surface may have been developed too short a 

time ago to affect gene flow, whereas water features such as lakes rivers and streams may have 

served as movement barriers long before developed land. Second, we hypothesized that within 

our resistance surface based on water classifications, the higher-order streams and rivers (4th–6th 

order) and larger water bodies (i.e., lakes) would act as impervious barriers to movement and 

restrict gene flow; however, smaller order streams (1st–2nd order) would not. We believe smaller 

streams would still permit tree canopies to be connected, and that continuous canopy coverage 

may act as a conductance surface for animal movement and gene flow between rock outcrops. 

Third, we hypothesized that within our land cover resistance surface, non-forested land would 

provide a greater risk of restricting gene flow because open (i.e., grassland) and anthropogenic 

(i.e., agriculture and developed land) landscapes do not provide suitable habitat for green 

salamanders to inhabit or traverse through.  

2. Methods 

2.1 Study site and sample collection 

We collected tissue samples from green salamanders at 15 sites across Oconee, Pickens, 

and Greenville counties in South Carolina, USA (Figure 5.1). Sites varied in size from 12–1251 

m2 (mean=321±78 m2) and were in state parks, protected land owned by the South Carolina 
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Department of Natural Resources, and private land. Two sites were directly parallel to a major 

roadway. Two sites were adjacent to powerlines. All sites were within hardwood and pine 

forests, with Great Laurel (Rhododendron maximum) and Mountain Laurel (Kalmia latifolia) 

common in the understory. Geographic distances among sites ranged from 0.05–42.6 km apart, 

with an average distance of 14.54 km (±0.77 SE). We identified individual green salamanders 

using photo-identification to prevent repeated tissue sampling. Tissues were only removed from 

adult salamanders to avoid samples from mixed life stages affecting genetic parameter estimates 

(Peterman et al. 2016). We removed 2–5 mm of tissues from the tail tips of individuals. The 

number of tissue samples collected across sampling locales were not equal. Five sites had two or 

fewer samples collected, and others ranged from 4–30 samples, with an average of 6.65 (±1.61 

samples per site). Uneven tissue collection was the result of the number of salamanders 

encountered at each site and the limited success in removing individuals from rock crevices.  

2.2 DNA extraction and population genetic analyses 

We constructed 3RAD libraries for the genetic sequencing of our samples. We size-

selected the library to 400–600 base pairs and sent the pooled library to Azenta Life Sciences 

(South Plainfield, NJ, USA) for sequencing. We calculated FST values for all pairwise 

combinations of site locations as our measure of population subdivision and genetic distance 

(Holsinger and Weir 2009, Weir and Goudet 2017). Our final data set contained genetic 

sequences on 113 green salamanders from 17 sampling locations. The full dataset contained a 

mean of 2,822 SNPs, from a median of 12.3 million raw reads per individual. FST values ranged 

between -0.084 and 0.254 (mean=0.058 ± 0.008; Table 4.1). There was evidence of isolation by 

distance (IBD) when FST values were visualized against geographic distance, with some variation 

notable in the low to intermediate distances (Figure 4.3).These genetic distances were used as the 
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response variable in our genetic landscape analyses. A comprehensive description of these DNA 

amplification and genetic analysis methods and results can be found in Chapter 4.  

2.3 Resistance models 

 We created two resistance surfaces in ArcGIS Pro (v. 3.0.1; Figure 5.2). One surface was 

a composite water map obtained from the National Hydrography Dataset (NHD, USGS 2021). 

The initial layer was comprised of eight line feature classes and eleven area feature classes. The 

line and area features were rasterized into a 60x60 m resolution. We then aggregated and reduced 

the classification scheme down to three classes: large water bodies, small streams, and land 

(Figure 5.2B). The “large water body” classification combined lakes with streams categorized as 

third order and higher because we posited third order streams and larger to serve as effective 

barriers to green salamander movement. The “small streams” class included first and second 

order streams. We maintained a separate classification for the smaller, lower order streams 

because we hypothesized green salamander movement would be potentially feasible via 

overhanging canopy. The second resistance surface was a composite map obtained from the 

National Land Cover Database (NLCD, Esri 2019). The initial layer grouped land cover into 

twenty classes. We reclassified the layer into five categories: water, developed space, early 

successional, forest cover, and agriculture (Figure 5.2C). The “water” classification combined 

open water, woody wetlands, and emergent herbaceous wetlands. The “developed space” class 

was the result of merging developed open space, and developed land from low, medium and high 

intensity. Our “early successional” category conjoined barren land, shrub land, scrub land, 

grassland, and herbaceous cover. The “agriculture” class incorporated pasture, hay, and 

cultivated crop land. The NLCD layer was resampled from a 30x30 m resolution to a 60x60 m 

resolution using the “resample” tool and “majority” resampling technique. Both the water and 
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land cover resistance surfaces were mapped at a 60x60 m resolution using the WGS 1984 

coordinate system and the NAD 1983 StatePlane 3900 projection.  

 Resistance surfaces were clipped to a 43x11 km area that incorporated a 500 m buffer 

around the minimum bounding area of our collective site locations. We chose a 500 m buffer 

because it is five times the furthest distance recorded for a green salamander dispersal event 

(Gordon 1961, Smith and Green 2005), and past literature has shown landscapes tightly clipped 

to sample locations produces artificial effects on current flows during the resistance analysis 

(Koen et al. 2010).  

2.4 Resistance surface optimization and evaluation  

 We optimized our resistance surfaces using the R package ‘ResistanceGA’ (v. 4.1-16 

Peterman, 2018). ‘ResistanceGA’ uses a genetic algorithm employed from the ‘GA’ package 

(Scrucca 2013) to search the input space for the best-fit resistance surface parameterization and 

the functional form of the relationships between the resistance surface and the landscape 

covariates. We implemented a monomolecular transformation to the resistance surfaces from 

which ResistanceGA calculated the cost-distance (i.e., resistance distance) from the transformed 

surface. The software then fit a linear mixed-effects model using the maximum likelihood 

population effects (MLPE) parameterization to account for the pairwise nature between the 

genetic distances and the resistance distances of the sampling points (Bauder et al. 2021b). 

Resistance distances used within ResistanceGA are estimated using CIRCUITSCAPE (McRae et 

al. 2014). We used the ‘GA.prep’ function to set the max.cat argument within the function = 500, 

which establishes a maximum resistance value at 500. Optimization iterations continue until it 

reaches the maximum number of iterations, or until the program recognizes 25 generations 

without improvement. We used ‘commuteDistance’ to calculate the landscape distances and 
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avoid the assumption that individuals select the least cost path during dispersal iterations. We 

used the “all_comb” function to optimize each resistance surface independently and 

simultaneously, providing output on the fit of the single surfaces as well as the interaction of the 

surfaces. ResistanceGA performed three replicate runs to on these optimization methods. 

Akaike’s Information Criterion adjusted for small sample sizes (AICC) was used to evaluate the 

fit of the resistance surfaces within each replicate run. The models evaluated include (1) the 

water surface, (2) land cover surface, (3) a simultaneous analysis including both the water and 

land cover surfaces, (4) distance-only, and (5) intercept only.  

3. Results 

 Results from all three runs of ResistanceGA showed the geographic distance model had 

the most empirical support relative to the single landscape resistance surfaces (i.e., the water 

layer and the land cover layer as independent resistance surfaces), the multisurface landscape 

resistance layer (i.e., the water layer and land cover layer tested simultaneously), and the null 

surface (Table 5.1). However, among the landscape resistance surfaces, the water model 

outcompeted the land cover model. Within the water surface, the large water body class 

produced the highest resistance, followed by small streams and land (Table 5.2).  

4. Discussion 

 The purpose of this study was to evaluate the impact a heterogeneous landscape has on 

gene flow across green salamander locales in upstate South Carolina. Prior genetic analyses 

(Chapter 4) established evidence of a single population structure among our thirteen sampling 

locations, with pairwise FST values indicating sufficient gene flow was occurring to produce 

similar allelic frequencies among the sites. However, there was evidence of variation among the 

genetic distances estimated (Figure 4.3). In this chapter, we analyzed isolation by resistance 
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models against an isolation by distance model to evaluate if landscape features could explain the 

variation among the pairwise FST values. We found no compelling evidence that either water 

bodies or land cover type provided resistance to green salamander genetic connectivity that was 

not already explained by geographic distance. These results represent the first landscape genetics 

study for green salamanders (but see Johnson, 2002 for an analysis on sites ranging 1–3 km 

apart).  

The resistance surfaces optimized and analyzed using ResistanceGA suggested 

geographic distance was the most important factor for explaining the genetic distances among 

our green salamander sampling locations. While there was no substantial indication that isolation 

by resistance explains the genetic distances among our sites, the resistance surface that best 

explained the data was our water layer. Within that surface, the large water body feature 

produced the highest resistance against gene flow. Figure 5.2A illustrates these features 

separating our green salamander sites into three areas, corresponding well with our grouping 

scheme analyzed in Chapter 4 (Figure 4.1). However, even when sites were aggregated into 

those three groups and evaluated, FST values showed little to no genetic differentiation among 

them (Table 4.1).  When compared to other species in genus Plethodon, our results are not 

unique. Isolation by distance have been found to be the primary cause of genetic differentiation 

among many terrestrial and semiterrestrial plethodontid species (Highton et al. 1990, Highton 

and Peabody 2000, Mead et al. 2001, Crespi et al. 2003). In fact, prominent geographic 

structuring describes much of the population genetics among these species and is the often 

proposed but objectively difficult reason for delimiting different species (Tilley and Mahoney 

1996, Kuchta et al. 2016).  
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  Evidence of isolation by distance in a species’ genetic structure indicates dispersal 

distances are limited. Further, geographically close populations are expected to experience more 

migrant exchange than geographically distant populations; therefore, neighboring populations 

express higher genetic similarities (Wright 1943, Puebla et al. 2009). Our genetic results and past 

descriptions of green salamander movement patterns align well with the isolation by distance 

model. Short-term and within-site studies have found green salamanders to have dispersal 

distances ranging up to 42 m (Gordon 1952, 1961, Williams and Gordon 1961, Waldron and 

Humphries 2005, John 2017). The furthest distance recorded for a green salamander was 106 m 

away from the rock outcrop of origin (Smith and Green 2005), and results from Chapter 3 

identified a recaptured individual migrating 50 m to an adjacent occupied rock outcrop. An 

isolation by distance model describing genetic connectivity perpetuated through limited dispersal 

distances is congruent with the evidence in past literature of green salamanders consistently 

moving ≤50 m. It is also conceivable that these short-distance dispersal events, in a stepping 

stone fashion, account for the lack of genetic differentiation across all green salamander 

locations in this analysis, provided there is a means of population connectivity.  

We found no evidence that land cover type is functioning as a resistant surface for gene 

flow. Forested land is the predominant land cover type represented across our study area, and 

likely facilitates gene flow. Aneides is a genus of salamanders that have arboreal tendencies, and 

though the extent of the arboreal behaviors of green salamanders is not well known, there are 

records of individuals being found on trees (Bishop 1928, Gordon 1952, Bruce 1968, Wilson 

2003). Generally, green salamanders are considered “weakly” arboreal and predominantly rock-

dwelling (Bishop 1928, Snyder 1991), but there is convincing evidence of seasonal occupancy 

patterns of green salamanders in trees (Waldron and Humphries 2005). Perhaps instances of 
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migration among sites are permitted through tree canopies serving as corridors among populated 

rock outcrops. Additionally, a recent study has also found that rock outcrops occupied by green 

salamanders are less geographically disjunct than previously thought along the linear rocky ridge 

systems of the Appalachian Mountains in Virginia (Smith et al. 2015). This decreases the 

distance required to effectively migrate to a neighboring population. Green salamander arboreal 

behavior coupled with the continuity of suitable rock habitat through the species range suggest a 

mechanism for gene flow to occur across the short distances green salamanders are capable of 

dispersing.  

Systems adhering to an isolation by distance model while expressing little to no 

population structure across large landscapes do not solely imply long dispersal behaviors across 

distant subpopulations. Low genetic differentiation across large areas could result from stepping-

stone migration patterns (Gilpin 1980, Gandon and Rousset 1999, Baum et al. 2004). Stepping-

stone dispersals have been observed in poor-dispersing habitat specialists including coral reef 

fish and insects (Baum et al. 2004, Puebla et al. 2009) as well as strong dispersing bird species 

across inhospitable landscapes (Saura et al. 2014). Networks of step stones across landscape 

scales larger than organismal dispersal capabilities or across unsuitable habitat are pivotal in 

conducting and maintaining gene flow throughout population ranges. Small, stepwise green 

salamander movements over time from one outcrop to an adjacent one could reasonably be the 

process producing the isolation by distance pattern observed in our results presented here and the 

lack of genetic differentiation found across sites in South Carolina (Chapter 4).  

 Given our IBD model had the most empirical support over water and land cover surfaces, 

we suggest landscape planning corresponding with conservation efforts for green salamanders 

should maintain connectivity across green salamander habitat to prevent spatial isolation. Future 
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work should consider analyzing the genetic structure of more sampling locales in the Blue Ridge 

Escarpment to provide a more refined understanding of the genetic structure of green 

salamanders in this disjunct population. We also encourage sampling within the more contiguous 

species range nearest the BRE to determine if there is a similar pattern of low population 

differentiation, or if there are patterns of ancestry admixture.  
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CHAPTER SIX 

CONCLUSION 

This dissertation provided multi-scaled ecological insight into the biology and spatial 

ecology of a species of conservation concern, the green salamander (Anedies aeneus). Results 

found were often unexpected and changed our perception of green salamander population 

structures. When I began this work, I assumed outcrops of rock embedded within forested 

landscapes served as physically discrete patches of homogeneous habitat within a landscape, 

similar to coral reefs in an open marine habitat, or wetlands within a deciduous forest. I 

presumed that the discrete perimeters of rock outcrops would serve as natural boundaries for 

green salamander subpopulations, and this boundary coupled with the limited dispersal 

capabilities of the small, lungless species would result in limited gene flow and demographic 

connectivity across salamander populations. However, results across all questions and spatial 

scales showed evidence of and emphasized the importance of that connectivity within and 

across populations.  

In Chapter 2, the smallest spatially scaled project of the cumulative work, results showed 

that increased crevice density was the strongest predictor that an individual green salamander 

would be present in a given crevice. A high density of crevices available within a square meter 

provides a well connected network of potentially suitable microhabitats that would reduce the 

cost of movement to disperse between. Habitat patches with high structural connectivity are 

imperative for lungless salamanders, such as green salamanders, that have a limited ability to 

sustain long continuous movements (Full et al. 1988).  

Chapter 3 approached the conservation biology of the green salamander from a larger 

spatial perspective, focusing on individual subpopulations inhabiting rock outcrops. Green 
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salamanders have been historically reported as exhibiting primarily rock-dwelling habitation 

behaviors (Bishop 1928, Snyder 1991). I therefore used the bounds of rock outcrops as discrete 

delineations between salamander populations, provided the rock outcrops were separated by at 

least 50 m (an approximated average of longest dispersal distances noted for the species; Gordon 

1952, 1961, Williams and Gordon 1961, Smith and Green 2005, Waldron and Humphries 2005, 

John 2017). The estimated population demographic statistics included abundance, survival 

probability, and temporary emigration. Green salamander population sizes were shown to 

increase as the rock outcrop size increased and the number of crevices present increased. These 

results match the general ecological assumption that habitat size correlates positively with local 

animal abundances. Interestingly, though, the results also showed lower than expected survival 

rates, with the monthly estimates ranging from 83% to 100% across rock outcrops. In the context 

of the robust design analysis employed, survival is defined as retainment of the same individuals 

across survey periods. The inverse of the survival estimates represents loss rates, which could be 

the result of death or permanent emigration away from the rock outcrop. I do not believe there 

was a sufficient biological or ecological reason for green salamanders to experience high 

monthly death rates throughout the three-year study period; rather, I suspect the loss rates are 

more likely to be indicative of emigration away from the rock outcrops. This result was the first 

occurrence within this dissertation of potential evidence for low fidelity to individual rock 

outcrops.  

The analyses within Chapters 4 and 5 employed the largest temporal and spatial scale 

analyses of the dissertation. Within the scope of these chapters, I investigated the genetic (i.e., 

functional) and landscape (i.e., structural) connectivity across individual rock outcrops in upstate 

South Carolina. Similar to Chapter 3, my genetic and landscape experimental designs assumed 
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the 13 individual patches of rock outcrops served as 13 discrete green salamander population 

units. The genetic analysis revealed no signs of inbreeding (FIS estimates ranged -0.098 to -

0.007; mean=-0.051, SE=0.026), and regressions between FIS and population abundances 

estimated within Chapter 4 showed no evidence that population size influenced inbreeding 

coefficients (R2=0.004, p=0.87). These results indicated that, regardless of rock outcrop size or 

population abundance, individual salamanders within the same rock outcrop show genetic 

evidence of a neutral, panmictic population. This was particularly remarkable considering how 

some populations included in this analysis had low abundance estimates (Figure 3.6). FST values 

were also calculated across pairwise combinations of green salamander populations (within rock 

outcrops) as a means to assess gene flow across the populations. The resulting FST estimates 

indicated little evidence of strong genetic differentiation among sites (Table 4.1). Some estimates 

included negative values, which could suggest the populations are expressing higher 

heterozygosity levels than if they were panmictic; however, these values are more likely 

indicative that the individual sites sampled were not genetically distinct from one another. In 

other words, the rock outcrops sampled do not represent individual green salamander 

populations. Because of this, I decided to pool individual rock outcrops together to form three 

green salamander populations instead of 13. In doing this, I also effectively increased the sample 

size of tissue samples for each of the three populations. FST results from this pooled dataset still 

indicated there was sufficient gene flow to maintain similar allelic frequencies across 

populations. Such findings may be a result of sufficient dispersal to maintain a random mating 

population across numerous discrete rock outcrops with green salamanders across upstate South 

Carolina. This supports my findings of low survival (i.e., retention) rates of individual 
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salamanders within rock outcrops estimated in Chapter 3, and establishes evidence of a single 

population structure among the inhabited rock outcrops.  

The genetic results also showed evidence of isolation by distance (IBD) among the 

sampling sites (Figure 4.3), where genetic similarity decreased as geographic distance between 

populations increased. I suspect green salamanders may maintain population connectivity via a 

few dispersers to nearby rock outcrops, but I am skeptical that ongoing animal migrations among 

geographically distant sites is occurring frequently enough to produce these genetically 

homologous population results, and evidence of isolation by distance does indicate limited 

geographic distances are traversed in dispersal behaviors. However, there was variation among 

the pairwise FST values between some rock outcrops that were at low or intermediate geographic 

distances from each other, which indicated potential for spatial heterogeneity (rather than 

distance) to explain that genetic variation. Therefore, my next chapter aimed to evaluate the 

impact of landscape heterogeneity on gene flow by comparing isolation by distance models 

(IBD) with isolation by landscape resistance (IBR) models. Investigating the relationship 

between IBD and IBR models can identify crucial implications that the landscape or spatial 

distribution of habitat has on animal dispersal, gene flow, and ultimately the population’s genetic 

structure. I used ResistanceGA to optimize landscape resistance surfaces to best explain the 

pairwise FST values that were estimated in Chapter 4. I created IBR models using two resistance 

surfaces: one containing water features, and the second containing land cover classifications. 

AICc comparisons of the IBR models against the IBD model showed no compelling evidence 

that either water bodies or land cover type provided resistance to green salamander gene flow 

that was not already explained by geographic distance. Forested land was the predominant land 

cover type represented across the study area, but it demonstrated the lowest resistance estimate 
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of all land cover types. Perhaps instead, forested land cover facilitates gene flow among discrete 

rock outcrops.  

Aneides is a genus of salamanders that have arboreal tendencies, and while the arboreal 

behaviors of green salamanders is thought to be subordinate to rock-dwelling habitation 

behaviors, the extent of our understanding of arboreal tendencies is not well known (Bishop 

1928, Bruce 1968, Wilson 2003, Snyder 1991). However, there is convincing evidence of 

seasonal occupancy patterns of green salamanders in trees (Waldron and Humphries 2005). 

Additionally, a recent study found rock outcrops occupied by green salamanders are less 

geographically disjunct than previously assumed in Virginia (Smith et al. 2015). I believe that 

the arboreal behavior of green salamanders coupled with the continuity of suitable rock 

habitat through the species range may suggest a mechanism for gene flow to occur across 

short distances that the lungless species is capable of dispersing.  

Patchy population systems adhering to an isolation by distance model while expressing 

little to no genetic differentiation across large landscapes do not imply the populations are 

dependent on long dispersal behaviors across distant populations. Low genetic differentiation 

across large areas could result from stepping-stone migration patterns (Gilpin 1980, Gandon and 

Rousset 1999, Baum et al. 2004). Stepping-stone dispersals have been observed in other poor-

dispersing habitat specialists such as insects and coral reef fish (Baum et al. 2004, Puebla et al. 

2009). Networks of suitable patches of habitat (i.e., stepping stones) across landscape scales 

larger than the organism’s dispersal capabilities or across unsuitable habitat can be critical 

components of gene flow throughout patchy population ranges. The cumulative results of this 

dissertation as a body of work suggest instances of green salamander migrations may be 

permitted through tree canopies serving as functional corridors for gene flow among populated 
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rock outcrops. Short, stepwise green salamander movements from one rock outcrop to an 

adjacent one via movement through tree canopies could reasonably explain my results of low 

individual survival (i.e., retention) rates (Chapter 3), sufficient gene flow to maintain similar 

allelic frequencies across “populations” within rock outcrops (Chapter 4), and the lack of 

resistance forested land cover imposed on gene flow (Chapter 5).  

The ecological theater that plays on various levels of time and space can cause different 

biological patterns to emerge based on the scale of the perspective through which they are 

viewed (Hutchinson 1965, Wiens 1989). This dissertation evaluated a species of conservation 

concern across a range of spatial and temporal scales. Throughout each analysis, I took particular 

care to explicitly design the study to the scale of the question, and at each level, the results 

consistently highlighted the importance of connectivity within and across patchy populations. 

Green salamanders are a terrestrial species of salamander thought to be largely restricted to the 

rock outcrop patch that they are born within. Results from my dissertation suggest otherwise. 

While green salamanders are lungless and therefore physiologically limited in energy exertion, 

the connectivity readily available within outcrops through networks of crevices, and between 

them via forested land cover, the green salamander population in upstate South Carolina is able 

to maintain gene flow across numerous and distant patches of suitable habitat.  
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TABLES AND FIGURES 

 

Table 2.1. Predicted (Column 2) and modeled (Column 3) relationships between crevice use and 

features of the crevice for populations of Green Salamanders (Aneides aeneus) across five sites 

in Greenville, Oconee, and Pickens counties, South Carolina, USA.  We expected the features 

crevice density, nearest crevice, and nearest tree to be the best predictive rock characteristics for 

salamander presence.  Predictions are listed as being either positively (+) or negatively (–) 

correlated with salamander presence.  We had no a priori prediction for the effect of crevice 

length.  Columns 3–5 are the results of the Global Logistic Regression Model where site was 

included as a random effect; crevice width, density, and canopy cover were the three features 

significantly (*) associated with salamander presence.  The abbreviation SE = standard error. 

 

Features 

Predicted 

relationship Estimate SE P-value 

Crevice width (cm) – -1.75 0.72 0.016 * 

Crevice length (cm) X -0.27 0.32 0.394 

Crevice depth (cm) – -0.90 0.56 0.111 

Canopy cover (%) + 1.62 0.67 0.016 * 

Crevice density (1/m2) + 1.02 0.24 < 0.001 * 

Distance to nearest crevice (cm) – 0.12 0.19 0.520 

Distance to nearest tree (m) – -0.61 0.53 0.252 
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Table 2.2. Mean ± standard deviation of crevice features that were both occupied and unoccupied 

by Green Salamanders (Aneides aeneus) across five sites (rock outcrops) in Greenville, Oconee, 

and Pickens counties, South Carolina, USA. 

 

 

  

Crevice Feature Occupied Unoccupied 

Crevice width (cm) 1.4 ± 1.6 3.9 ± 5.5 

Crevice length (cm) 24.0 ± 21.9 53.2 ± 63.9 

Crevice depth (cm) 3.8 ± 4.4 11.8 ± 16.2 

Canopy cover (%) 99.0 ± 4.4 95.5 ± 9.5 

Crevice density (1/m2) 8.0 ± 4.9 5.2 ± 3.2 

Distance to nearest crevice (cm) 12.0 ± 22.1 18.3 ± 27.9 

Distance to nearest tree (m) 3.7 ± 3.9 3.6 ± 3.9 
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Table 2.3.  MANOVA (Multivariate Analysis of Variance) results indicating how crevice 

features differ across the five sites we visited of Green Salamanders (Aneides aeneus) in 

Greenville, Oconee, and Pickens counties, South Carolina, USA.  We expected the features 

crevice density, nearest crevice, and nearest tree to be the best predictive rock characteristics for 

salamander presence.  Canopy cover, crevice density, distance to nearest crevice, and distance to 

nearest tree differed significantly between sites.  The abbreviation df = degrees of freedom. 

 

 MANOVA 

Features df F-value P-value 

Crevice width (cm) 5 1.631 0.148 

Crevice length (cm) 5 0.382 0.861 

Crevice depth (cm) 5 0.555 0.749 

Canopy cover (%) 5 3.056 0.010 * 

Crevice density (1/m2) 5 10.376 < 0.001 * 

Distance to nearest crevice (cm) 5 2.353 0.042 * 

Distance to nearest tree (m) 5 299.920 < 0.001 * 
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Table 3.1. Descriptions of the capture probability (p), recapture probability (c), and survival (S) parameter covariates incorporated into 

the robust design framework for our CMR analysis.  

  Covariate Description 

Capture Probability, 

p 

~1 Null 

Site Capture probabilities are site-dependent 

Removal 

Difficulty 

Capture probabilities are best described by one of three a priori categories 

describing the difficulty of removing a salamander from a crevice: "easy", 

"medium", and "hard" 

Layout 
Capture probabilities specific to binary covariate describing if a site was 

classified as a single rock or numerous adjacent rocks  

Primary Period Different capture probability for each primary sampling period 

Secondary Period Different capture probability for each secondary sampling period 

Recapture 

Probability, c 

~1 Null 

=p 
Recapture probability is the same as capture probability because there is no logic 

for trap shyness or happiness 

Site Recapture probability is site-dependent 

Survival, S 

~1 Null 

Site Survival probabilities are different across each site 

Cover 
Survival probabilities are influenced by a rock outcrop being either "open" or 

"covered" by canopy cover 

Layout 
Survival between primary periods is a function of the binary covariate describing 

if a site was classified as a single rock or numerous adjacent rocks 
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Table 3.2. Descriptions of the detection probability (p), availability probability (Φ), and abundance (λ) parameter models incorporated 

into the N-mixture models for the unmarked analysis. 

 

  Covariate Description 

Detection 

Probability, 

p 

~1 Null; constant detection probability across sites and sampling periods 

Temperature Detection probability varies across secondary visits as a function of temperature 

Humidity Detection probability varies across secondary visits as a function of humidity  

Temperature + Humidity 
Detection probability varies across secondary visits as a function of the additive 

model of temperature and humidity 

No. of People 
Detection probability varies across secondary visits as a function of the number 

of surveyors present  

Availability, 

Φ 

~1 Null; constant availability across sites and primary periods 

Primary Period 
Availability probability is constant within but varies across the five primary 

periods 

Thermal Season 
Binary; availability probability is a function of either the "warm" or "cool" 

season that the primary period is classified as 

Abundance, 

λ 

Size Logical (m2) 

Elevation Logical (m) 

Slope Logical (°) 

Aspect Logical (radians) 

Total No. Crevices The total number of crevices at a site 

Layout  
Binary; population abundance dependent on whether a site was classified as a 

"single rock" or "numerous adjacent rocks" 

Elevation + Aspect Logical 

Elevation + Total No. Crevices Logical 

Size + Aspect Logical 

Size + Total No. Crevices Logical 
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Table 3.3. AICC results for candidate CMR models describing the 214 capture histories of  green 

salamanders (Aneides aeneus) across 12 sites by various survival (S), capture probability (p), and 

recapture probability (c) covariates. ~1 indicates a null model; blank cells indicate the covariate 

was not incorporated into the model; npar = the number of modeled parameters; w = AIC weight. 

See Table 2.1 for covariate explanations. 

 

 Movement p c S npar AICc ΔAICc w 

1 Null ~1   Site 13 1065.57 0.00 2.32E-01 

2 Null Site   Layout 14 1066.78 1.21 1.27E-01 

3 Random Site   Layout 15 1067.41 1.85 9.23E-02 

4 Random ~1   Site 14 1067.81 2.24 7.58E-02 

5 Null ~1   Layout 3 1067.86 2.29 7.38E-02 

6 Null Site  =p Layout 15 1067.97 2.40 7.00E-02 

7 Null Site  =p ~1 14 1068.85 3.28 4.51E-02 

8 Null Site   ~1 13 1069.02 3.45 4.13E-02 

9 Random Site   ~1 14 1069.08 3.51 4.02E-02 

10 Random ~1   Layout 4 1069.59 4.02 3.12E-02 

11 Random Site  =p Layout 16 1069.65 4.08 3.02E-02 

12 Null Site   Site 24 1070.28 4.71 2.20E-02 

13 Random Site   =p ~1 15 1071.05 5.48 1.50E-02 

14 Null Site  =p Cover 15 1071.07 5.50 1.48E-02 

15 Null Layout =p ~1 3 1071.14 5.57 1.43E-02 

16 Null Site   Cover 14 1071.26 5.69 1.35E-02 

17 Random Site   Cover 15 1071.33 5.76 1.30E-02 

18 Random Layout =p ~1 4 1071.85 6.29 1.00E-02 

19 Null Site Site ~1 25 1071.92 6.36 9.67E-03 

20 Random Site   Site 25 1072.51 6.94 7.22E-03 

21 Null Site =p Site 25 1072.60 7.04 6.89E-03 

22 Random Site  =p Site 26 1073.22 7.65 5.07E-03 

23 Random Site  =p Cover 16 1073.30 7.73 4.86E-03 

24 Random Site ~1 ~1 15 1075.49 9.93 1.62E-03 

25 Null ~1   ~1 2 1077.14 11.57 7.13E-04 

26 Null ~1   Cover 3 1077.86 12.29 4.98E-04 

27 Null Prim. Pd. =p ~1 3 1078.05 12.48 4.53E-04 

28 Random ~1   ~1 3 1078.53 12.96 3.56E-04 

29 Null ~1 ~1 ~1 3 1079.01 13.44 2.80E-04 
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30 Random ~1   Cover 4 1079.35 13.79 2.36E-04 

31 Random Prim. Pd. =p ~1 4 1079.44 13.88 2.25E-04 

32 Markovian ~1   ~1 4 1080.30 14.73 1.47E-04 

33 Random ~1 ~1 ~1 4 1080.37 14.80 1.42E-04 

34 Null 

~Removal 

Difficulty =p ~1 4 1081.14 15.57 9.65E-05 

35 Markovian ~1 ~1 ~1 5 1081.92 16.36 6.52E-05 

36 Null Sec. Pd. =p ~1 9 1082.52 16.96 4.83E-05 

37 Random 

~Removal 

Difficulty =p ~1 5 1082.53 16.96 4.82E-05 

38 Random Sec. Pd. =p ~1 10 1083.82 18.26 2.52E-05 

39 Null Sec. Pd. Sec. Pd. ~1 16 1088.67 23.11 2.23E-06 

40 Random Sec. Pd. Sec. Pd. ~1 17 1090.97 25.40 7.08E-07 
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Table 3.4. Green salamander (Aneides aeneus) survival and capture probability estimates across 

the surveyed South Carolina populations as described by the top ranked CMR model. Survival 

(S) was site-specific and capture probability (p) was constant across sites and sampling periods. 

NA’s indicate estimates were removed because the standard errors were larger than the 

estimates.  

 

Parameter Covariate Estimate 
Standard 

Error 
Lower CI Upper CI 

Survival, S 

Site: 1477 0.948 0.048 0.731 0.992 

Site: HWY NA NA NA NA 

Site: 1236 0.826 0.073 0.637 0.928 

Site: TR2 0.878 0.052 0.735 0.949 

Site: 1243 0.916 0.054 0.732 0.977 

Site: 3688 0.968 0.029 0.828 0.995 

Site: TR3 1.000 0.000 1.000 1.000 

Site: 1250 0.941 0.025 0.870 0.975 

Site: 1292 NA NA NA NA 

Site: 42105 1.000 0.000 1.000 1.000 

Site: AD1 0.867 0.064 0.686 0.951 

Site: DNR 0.939 0.025 0.868 0.973 

Capture Probability, p Null 0.105 0.013 0.082 0.134 
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Table 3.5. Green salamander (Aneides aeneus) availability probability estimates across the five 

primary periods. These availability estimates indicate the probability that green salamanders 

were available for capture within the super-population (i.e., site).  

 

Primary 

Period 
Φ SE lower upper 

1 0.664 0.182 0.285 0.907 

2 0.621 0.125 0.366 0.823 

3 0.417 0.120 0.214 0.653 

4 0.387 0.091 0.230 0.572 

5 0.465 0.124 0.246 0.698 
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Table 3.6. Results of the AIC analysis for candidate N-mixture models describing the unmarked counts of green salamanders (Aneides 

aeneus) across 19 sites by various detection (p), availability (Φ), and abundance (λ) models. npars = the number of modeled parameters; 

w = AIC weight. All models are fit to a Poisson distribution. All availability models include the best-fit detection probability covariate 

(temperature). All abundance models include the top ranked detection covariate and availability covariate (primary period).  

 
 p Φ λ nPars AIC ΔAIC w 

1 Temperature Primary Period Size + Total No. Crevices 10 998.44 0 8.90E-01 

2 Temperature Primary Period Size + Aspect 10 1002.57 4.13 1.10E-01 

3 Temperature Primary Period Size 9 1014.91 16.47 2.40E-04 

4 Temperature Primary Period Elevation + Total No. Crevices 10 1018 19.56 5.00E-05 

5 Temperature Primary Period Aspect 9 1027.66 29.21 4.00E-07 

6 Temperature Primary Period Total No. Crevices 9 1028.62 30.18 2.50E-07 

7 Temperature Primary Period Elevation + Aspect 10 1035.16 36.71 9.50E-09 

8 Temperature Primary Period ~1 8 1035.26 36.82 9.00E-09 

9 Temperature Primary Period Layout 9 1037.24 38.8 3.30E-09 

10 Temperature Primary Period ~1 8 1053.16 54.72 1.20E-12 

11 Temperature Primary Period Slope 9 1054.49 56.05 6.00E-13 

12 Temperature ~1 ~1 4 1060.15 61.71 3.50E-14 

13 Temperature ~1 ~1 4 1060.15 61.71 3.50E-14 

14 Temperature Thermal Season ~1 5 1061.48 63.04 1.80E-14 

15 

Temperature + 

Humidity ~1 ~1 5 1062.13 63.68 1.30E-14 

16 Temperature Primary Period Elevation 9 1063.67 65.23 6.10E-15 

17 No. of People ~1 ~1 4 1066.9 68.46 1.20E-15 

18 ~1 ~1 ~1 3 1076.99 78.54 7.80E-18 

19 Humidity ~1 ~1 4 1078.48 80.04 3.70E-18 
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Table 4.1. Pairwise FST values for green salamander (Aneides aeneus) populations across sampling sites in South Carolina, USA. We 

have results on thirteen of the seventeen total sites used in this study because four sites were not included in the analysis as they 

contained only one tissue sample each. Mean FST=0.06±0.008.  

 

 

 

 
1236 1243 1250 1251 1477 2235 3688 42105 5976 AD1 DNR HWY 

1236 
            

1243 0.013 
           

1250 0.109 0.095 
          

1251 0.091 0.101 -0.038 
         

1477 0.036 0.099 0.168 0.135 
        

2235 -0.026 0.019 0.093 0.060 -0.006 
       

3688 0.016 0.020 0.094 0.095 0.011 0.011 
      

42105 0.105 0.116 0.254 0.227 0.070 0.086 0.13 
     

5976 -0.036 -0.049 0.007 -0.023 0.059 -0.003 -0.06 0.049 
    

AD1 0.020 0.019 0.074 0.053 0.049 0.011 -0.01 0.168 -0.027 
   

DNR 0.104 0.078 0.004 -0.036 0.156 0.044 0.08 0.205 -0.005 0.063 
  

HWY 0.096 0.107 0.089 0.091 0.123 0.041 0.08 0.144 0.025 0.081 0.074 
 

TR3 0.037 0.022 0.015 -0.084 0.073 0.023 0.02 0.211 -0.006 0.030 0.003 0.041 
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Table 4.2. Pairwise FST values for populations of green salamanders (Aneides aeneus) separated 

into three groups separated by Lake Jocassee/Eastatoee Creek (between Groups 1 and 2) and the 

South Saluda River/Table Rock Reservoir (between Groups 2 and 3). Mean FST=0.080±0.003. 

  
Group 1 Group 2 Group 3 

Group 1 -   

Group 2 0.078 -  

Group 3 0.083 0.079 - 
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Table 4.3. All genetic population statistics estimated for individual green salamander populations 

in upstate South Carolina, USA. Populations are individual rock outcrops separated by at least 50 

m, and n dictates the number of tissue samples removed from the respective site. Sites with only 

one tissue sample were not included in the population statistic analysis. HO is a measure of 

observed heterozygosity, HS is a measure of expected heterozygosity under Hardy-Weinberg 

Equilibrium, FIS is the inbreeding coefficient, and Ne represents the estimated effective 

population size (95% CI). Ne estimates denoted as “NA” indicate the estimate could not be 

distinguished from the sampling error; it does not indicate an infinitely large population. 

 

Site n HO HS FIS Ne 

1236 12 0.026 0.023 -0.095 14.5 (8.7-46.9) 

1243 10 0.026 0.027 0.047 NA 

1245 1     

1250 16 0.025 0.023 -0.078 18.7 (12.3-40.7) 

1251 5 0.026 0.022 -0.166 10.9 (5.7 - NA) 

1292 1     

1477 4 0.036 0.034 -0.035 24.4 (11.5 - NA) 

2235 3 0.042 0.044 0.048 NA 

3688 7 0.031 0.032 0.047 NA 

42105 2 0.041 0.029 -0.400 8.6 (4.3 - NA) 

5976 3 0.030 0.031 0.040 NA 

AD1 6 0.031 0.029 -0.077 14.4 (8.1 - 82.4) 

BB 1     

DNR 24 0.025 0.024 -0.061 NA 

HWY 15 0.033 0.030 -0.098 87.8 (17.0 - NA) 

TR2 1     

TR3 2 0.014 0.016 0.114 11.5 (3.9 - NA) 
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Table 4.4. Genetic population statistics estimated for green salamander populations culminated into three 

groups in upstate South Carolina, USA. Groups are separated by notable water bodies, and n dictates the 

number of tissue samples removed from the respective site. HO is a measure of observed heterozygosity HS is a 

measure of expected heterozygosity under Hardy-Weinberg Equilibrium, FIS is the inbreeding coefficient, and 

Ne represents the estimated effective population size (CI). Ne estimates denoted as “NA” indicate the estimate 

could not be distinguished from the sampling error; it does not indicate an infinitely large population. 

  
n HO HS FIS Ne 

Group 1 15 0.0332 0.0302 -0.0977 NA 

Group 2 53 0.0254 0.0243 -0.0475 180.3 (136.9 - 259.9) 

Group 3 45 0.0294 0.0292 -0.0066 316.4 (191.4 - 852.9) 
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Table 5.1. A comparison of the resistance surfaces optimized and evaluated using ResistanceGA (v. 4.1-16) to evaluate isolation by 

distance versus isolation by resistance models in response to green salamander (Aneides aeneus) genetic connectivity. Models include 

distance-only (Distance), a water resistance layer (Water), a land cover resistance layer (NLCD), an intercept only model (Null), and 

two resistance layers run simultaneously (nlcd.water). Models were evaluated using Akaike information criterion (AICC). K represents 

the number of parameters, w is the AIC weight, 𝑅𝑚
2  is the marginal r-square, and 𝑅𝑐

2 is the conditional r-square. Results show the 

distance-only model (IBD). 

 

outperformed the other surfaces.  

 

 

 

 

 

 

 

 

 

 

 

Surface Log-likelihood K ΔAICC AICC w 𝑹𝒎
𝟐  𝑹𝒄

𝟐 

Distance 138.4 2 0.00 -271.59 1.00 0.39 0.71 

Water 137.89 5 14.39 -257.20 7.49E-04 0.43 0.75 

NLCD 141.89 7 24.21 -247.38 5.53E-06 0.53 0.72 

Null 115.56 1 42.84 -228.75 4.98E-10 0.00 0.37 

nlcd.water 143.17 11 271.26 -0.34 1.25E-59 0.56 0.70 
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Table 5.2. Resistance values associated with the two resistance models analyzed as single, independent layers within ResistanceGA. 

Response values for the resistance surface optimization and evaluation were pairwise FST estimates across green salamander (Aneides 

aeneus) sites across upstate South Carolina. Resistance values were set to a maximum of 500; higher values indicate higher resistance.  

 

Surface 

Log-

likelihood 
K ΔAICc AICc 𝑹𝒎

𝟐  𝑹𝒄
𝟐 Feature 1 Feature 2 Feature 3 Feature 4 Feature 5 

Water       
Large 

Water 

Bodies 

Small 

Streams 
Land   

 137.89 5 -265.77 -257.20 0.43 0.75 500.00 1.34 1.00   

NLCD       Water 
Developed 

space 

Early 

successional 
Forest Agriculture 

 141.89 7 -269.78 -247.38 0.53 0.72 1.00 500.00 138.61 1.67 398.45 
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Figure 2.1.  Each survey of Green Salamanders (Aneides aeneus) of rock outcrops in Greenville, Oconee, and 

Pickens counties, South Carolina, USA, began by first laying a field tape across the length of the outcrop (solid 

yellow line).  This long axis was divided every 5 m (dashed yellow lines), and a random number generator was 

used to determine where a perpendicular transect (white lines) was laid within these 5 m segments.  Every 

crevice crossed by these perpendicular transects was surveyed for salamander presence and assessed for crevice 

depth, width, length, humidity, distance from the nearest tree, distance from the nearest crevice, and crevice 

density. 
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Figure 2.2. Crevice density surrounding the crevice of interest (ten-point center star) of Green Salamanders 

(Aneides aeneus) was calculated by identifying the point within the crevice of interest that is surrounded by the 

most crevices.  A 1-m2 area was measured around this point and every crevice that fell within this designated 

space was counted (shown as individual stars), including the crevice of interest.   
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Figure 2.3. Violin plots for the significant (α=0.05) site features in crevices unoccupied (grey) and occupied 

(green) by Green Salamanders (Aneides aeneus) in Greenville, Oconee, and Pickens counties, South Carolina, 

USA.  (A) Crevice width; (B) canopy cover; (C) crevice density.   
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Figure 2.4. Odds ratio curves for probability of presence of Green Salamanders (Aneides aeneus) in relationship 

to (A) crevice width, (B) canopy cover, and (C) crevice density with the respective confidence intervals (gray 

shading).
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Figure 3.1. County-level distribution of the green salamander (Aneides aeneus). The Blue Ridge 

Escarpment (BRE) populations exists in Georgia, North Carolina, and South Carolina, disjunct 

from the main Appalachian population. Map downloaded from the Amphibian and Reptile 

Monitoring Initiative’s National Amphibian Atlas website.
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Figure 3.2. The robust design used for the marked population analysis of green salamander 

(Aneides aeneus) populations in the Blue Ridge Escarpment. This design includes primary 

sampling periods, K, with secondary periods nested within each primary, k.  Primary periods 

were pooled into cool and warm seasons in the year, determined post hoc as sampling days that 

achieved temperatures higher (warm period) or lower (cool period) than the annual average. 

Primary periods assume an open population where births, deaths, immigration, and emigration 

can occur between them. Secondary periods assume a closed population.  
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Figure 3.3. Photo-identification process with the Interactive Individual Identification System 

(I3S) software. Uploaded photographs of individual animals are assessed for reference points 

(e.g., spots or patterns), and the I3S software compares those reference points to others 

previously made for individuals already uploaded into the system.
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Figure 3.4. An illustration of the relationships between γ’ and γ” at time i-1 and i. The super-

population is represented by the entire rock outcrop. Crevices on the outer portions of the rock 

outcrop are easily surveyed, and animals present in these areas are available for capture. Crevices 

deep within the rock outcrop are unable to be surveyed. Animals present in the inner circle are 

unable to be encountered by the surveyors, but still members of the super-population. Adapted 

from Powell and Gale 2015.
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Figure 3.5. Kendall Tao’s correlation scatterplots illustrating the relationship between the 

average abundance as estimated by the CMR analysis and [A] site elevation (m); [B] aspect 

(degrees); [C] site size (m2); [D] the average number of crevices totaled across each site. 
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Figure 3.6. Abundance estimates for 19 green salamander (Aneides aeneus) populations across 

upstate South Carolina. Black bars represent site-specific abundances estimated through count 

data in an N-mixture model framework with count data fit to a Poisson distribution. N-mixture 

model estimates are informed by p ~ temperature, Φ ~ primary period, and λ ~ site size + total 

number of crevices. Gray bars represent the site-specific abundances estimated using a CMR 

approach and averaged across the five primary periods that assumed an open population. Within 

the CMR model, γ ~ 1, p ~ 1, and S ~ site.  
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Figure 3.7. Correlative scatterplot illustrating the relationship between our CMR averaged green 

salamander (Aneides aeneus) population abundance estimates and the N-mixture model 

population abundance estimates. Results indicate a weak relationship (R2 = 0.0072) with no 

notable association.  
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Figure 4.1. Some analyses incorporated population units as numerous sampling locations 

combined into three groups. This map shows the grouped population units, each separated by a 

water body that we hypothesized would be large enough to hinder gene flow and create three 

potential population groupings of green salamanders in upstate South Carolina, USA. Red pin 

represents Group 1 (n=15 tissue samples); blue pins represent Group 2 (n=53 tissue samples); 

yellow pins represent Group 3 (n=45 tissue samples).  
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Figure 4.2. Principal component analyses identifying population differentiation among green 

salamander (Aneides aeneus) sites in upstate South Carolina. Each color represents a unique 

population, and each dot represents and individual green salamander. (A) The analysis conducted 

with one single nucleotide polymorphism per RAD locus (851 unlinked SNPs). (B) Results of 

the analysis that included a more stringent filtering scheme that included only SNPs present in 

more than 50% of individuals, and SNPs present in more than 50% of individuals and SNPs 

present in at least one individual per sampling location (247 unlinked SNPs). (C) and (D) 

illustrate the same filtering schemes as (A) and (B), respectively; however, the population units 

are now separated by geographic grouping rather than individual sites sampled. Neither (A) nor 
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(B) show strong population separation among sampling sites, but (C) and (D) begin to show 

more population structure among the three groups 
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Figure 4.3. Population genetic differentiation showed evidence of isolation by distance (R2=0.24) 

across pairwise combinations of 17 green salamander (Aneides aeneus) populations in upstate 

South Carolina.  
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Figure 4.4. Taken from Gordon (1952). A description of population locales and habitat type used 

by green salamanders (Aneides aeneus) along the species range. Population locations were taken 

from various sources from 1924 to 1950 (see Figure 1 in Gordon 1952). Note no record of green 

salamander populations within the Appalachian Valley, and apparent disjunct populations within 

the Blue Ridge Escarpment in North Carolina and South Carolina.  
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Figure 5.1. Topographic map showing the sampling locations for green salamanders (Aneides 

aeneus) across upstate South Carolina, USA. 
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Figure 5.2. Resistance maps made in ArcGIS Pro (v. 3.0.1). Locations of green salamander (Aneides aeneus) sampling sites are 

represented by yellow dots. Panel A shows the original National Land Cover Database (NLCD, Esri 2019) and National Hydrography 

Dataset (NHD, USGS 2021). Panels B and C represent two resistance surfaces with features aggregated from the original NLCD and 

NHD layers. Panel B illustrates the water resistance surface with three class features: large water bodies (blue), which combines 

streams classified as third order and higher as well as lakes; streams (green), which combines first and second order streams; and land 
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(gray). Panel C illustrates the land cover resistance surface with five class features: water (blue), a combination of open water, woody 

wetlands, and emergent herbaceous wetlands; developed space (white), which aggregated developed open space, and developed land 

from low, medium, and high intensities; early successional (black), a category that joined barren land, shrub land, scrub land, 

grassland, and herbaceous cover; forest cover (green) which combined deciduous, evergreen, an mixed forests; and agriculture 

(yellow), which incorporated pasture, hay, and cultivated crop land.  
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Supplemental 1. Green salamander (Aneides aeneus) survival and capture probability estimates 

across the surveyed South Carolina Populations as described by the second best fit CMR model 

(ΔAICC=1.211, w=0.127). Survival (S) was a function of site layout (i.e., the site was comprised 

of either a single rock, or numerous adjacent rocks). Capture probability (p) was a function of 

site, and temporary emigration was null. Capture probability estimates from sites 1236 and 1292 

were removed because standard error values were larger than the estimates. 

Parameter Covariate Estimate SE 
Lower 

CI 

Upper 

CI 

Survival, S 
Layout: Single Rock 0.876 0.032 0.798 0.926 

Layout: Numerous rocks 0.947 0.016 0.907 0.971 

Capture 

Probability, p 

Site: 1477 0.092 0.054 0.028 0.263 

Site: HWY 0.051 0.023 0.021 0.119 

Site:1236 NA NA NA NA 

Site: TR2 0.127 0.044 0.063 0.240 

Site: 1243 0.137 0.060 0.056 0.299 

Site: 3688 0.096 0.038 0.043 0.199 

Site: TR3 0.331 0.111 0.156 0.569 

Site: 1250 0.126 0.036 0.071 0.214 

Site: 1292 NA NA NA NA 

Site: 42105 0.120 0.078 0.031 0.366 

Site: AD1 0.023 0.017 0.006 0.092 

Site: DNR 0.117 0.028 0.073 0.184 
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Supplemental 2. Green salamander (Aneides aeneus) survival and capture probability estimates 

across the surveyed South Carolina Populations as described by the third best fit CMR model 

(ΔAICC=1.846, w=0.092). Survival (S) was a function of site layout (i.e., the site was comprised 

of either a single rock, or numerous adjacent rocks). Capture probability (p) was a function of 

site. Temporary emigration was random. Capture probability estimates from sites 1236 and 1292 

were removed because standard error values were larger than the estimates. 

Parameter Covariate Estimate SE 
Lower 

CI 

Upper 

CI 

Survival, S 
Layout: Single Rock 0.898 0.036 0.803 0.950 

Layout: Numerous rocks 0.963 0.020 0.895 0.987 

Capture 

Probability, p 

Site: 1477 0.101 0.059 0.031 0.287 

Site: HWY 0.054 0.024 0.023 0.123 

Site:1236 NA NA NA NA 

Site: TR2 0.132 0.045 0.066 0.248 

Site: 1243 0.140 0.060 0.057 0.303 

Site: 3688 0.108 0.043 0.048 0.226 

Site: TR3 0.404 0.143 0.175 0.684 

Site: 1250 0.141 0.041 0.078 0.242 

Site: 1292 NA NA NA NA 

Site: 42105 0.134 0.088 0.034 0.405 

Site: AD1 0.026 0.019 0.006 0.104 

Site: DNR 0.127 0.030 0.078 0.199 

Temporary 

Emigration, γ 
Random 0.295 0.200 0.060 0.734 
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Supplemental 3. A comparison of green salamander (Aneides aeneus) population abundance estimates across the top three CMR 

models. Black bars represent the site-specific abundances averaged across the five primary sampling periods for the top CMR model. 

Estimates from the top model were informed by γ ~ 1, p ~ 1, and S ~ site. Gray bars represent the population abundance estimates 

from the second ranked CMR model (ΔAICC=1.211, w=0.127). Estimates from the second model were informed by γ ~ 1, p ~ site, and 

S ~ layout. Striped, gray bars illustrate estimated population abundances from the third ranked model (ΔAICC=1.846, w=0.092). 

Within this third model, population abundance estimates were informed by  γ ~ random movement, p ~ site, and S ~ layout. 

Abundance estimates were removed from sites 1250 and DNR in the second and third-ranked models because standard error values 

were larger than the estimated abundances, resulting in biologically unreasonable estimates. 
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Supplemental 4. A comparison of green salamander (Aneides aeneus) population abundance estimates across three analyses. Black 

bars represent N-mixture model estimates fitting count data to a negative binomial (NB) distribution. Gray bars represent N-mixture 

model estimates that fit count data to a Poisson distribution. Striped bars represent site-specific abundances estimated using a CMR 

analysis. 
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