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ABSTRACT

Conservation of natural resources is complex because most human and natural systems
are coupled. Integrative conservation planning requires tools that transcend disciplines to
understand ecological and human aspects of systems. Southern Appalachia contains exceptional
biodiversity which provides ecosystem services across the southeastern United States. The region
is rapidly exurbanizing and expected to experience significant climate change. Residential
development on mountain slopes is impacting economies, public safety, and ecosystem integrity.
To manage natural systems, we need rigorous models identifying areas of current and future
suitability for sensitive taxa and understanding of stakeholder perspectives that may affect
conservation priorities. Here, | address these needs in the context of salamander ecology and
conservation.

| reviewed the literature to assess current knowledge of demographic rates for direct-
developing North American Plethodontid salamanders. Some rates are well-documented and
transferrable across species, but there are few published estimates of survival, and half, though
estimated from field data, may not be realistic. | developed a Bayesian model for an eight-year

Plethodon dataset to estimate survival rates and their sensitivity to precipitation. | developed a



novel algorithm estimating final clutch size from ovarian follicle counts. | used N-mixture
models of repeated counts across a spatial precipitation gradient to estimate precipitation-
dependent abundance and reproductive rates. | used the survival and reproductive rates to project
salamander population growth across the landscape under multiple climate scenarios. Model
projections suggest only a small proportion of the region supports consistent positive population
growth. Many areas occupied by salamanders likely have limited abundance and depend on
source habitats to support local populations.

In identifying concerns of stakeholders regarding forest land use, archival and interview
sources suggest locals are concerned about economic impacts and regulation of steep slope
development, while scientists working in the region are concerned with impacts to biodiversity
and natural resources. Nonetheless, participants in a mapping study consistently placed
conservation uses at higher elevations than development, suggesting some intrinsic connection
between steep slopes and conservation. A map of stakeholder land use priorities and projected
population growth rates identified consistencies between areas people prioritized for

conservation and areas likely to sustain salamander populations.
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CHAPTER 1
INTRODUCTION

Integrative conservation research is conducted primarily by crossing the boundaries
between academic disciplines, and between academia and other epistemologies. It requires the
use of multiple methods to examine complex socio-environmental problems from different
perspectives and thereby gain a more comprehensive and varied picture of those problems. One
key component is the idea that knowledge created through research should not be produced in a
one-sided manner by academics, but instead that it should be the outcome of iterative dialogues
between researchers and stakeholders, the people and organizations who will make use of the
research findings or be affected by the policies and practices that stem from those findings.
Complexity is inherent in conservation problems, due to both the interconnectedness of human
and natural systems, and the plurality of perspectives, goals, and ways of knowing possessed by
the individuals and institutions linked by these problems and by efforts to resolve them.
Additionally, conservation efforts inevitably require trade-offs and are rarely win-win, so
transparent and thorough examination of both the negative and positive impacts of these efforts
IS essential.

The Integrative Conservation (ICON) Program at the University of Georgia was
developed with the goal of training agile conservation scientists who can bridge the boundaries
between disciplines and appreciate, understand, and engage with multiple epistemologies both
within and distinct from academia. The initial generation of this dissertation was profoundly

shaped by the philosophy and values of the integrative conservation movement in that | made a
1



conscious effort to study a complex system through ecological and sociological research
methodologies, and in the way that the final outcomes of the project were shaped by the
challenges and discoveries that occurred during the research process.

Few places in the world, if any, can be considered outside the context of human activities.
Most systems are best described as coupled human and natural systems, in which events in one
part of the system have a reciprocal effect on the other (Alberti et al., 2011). Conservation efforts
in coupled systems must balance the importance of maintaining ecosystem integrity to avoid loss
of biodiversity and ecosystem services, with the economic and cultural interests of people living
within these systems. Meeting both these goals requires conservation practitioners and
researchers to examine coupled systems through multiple disciplinary and non-disciplinary
lenses to incorporate the complex and multiple ways of knowing that exist within these systems
(Hirsch and Brosius, 2013), and to assess the trade-offs inherent in conservation decisions in a
transparent manner (McShane et al., 2011).

Often, examination of the relationships between human and natural systems is limited to
the effects of natural resource use and anthropogenic disturbance on natural resources, and
sometimes the reciprocal effect of degraded natural resources on the ecosystem services upon
which people rely. These relationships represent a relatively limited view of the complex
reciprocal interactions between human and natural systems, which each include many
components with their own intrinsic complexity (Figure 1.1).

In the southern Appalachian Mountains, landscapes are rapidly changing due to the
process of exurbanization, the movement of people from metropolitan to rural areas in search of
a variety of natural, and sometimes cultural amenities (Egan and Luloff, 2000). This process can

produce an array of impacts on rural places (as described in Vercoe et al., 2014). One outcome
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has been the increased frequency of residential development on steep mountain slopes for access
to scenic views, an activity with a complex suite of associated impacts on both human and
natural systems (Figure 1.2) (for example: Wear and Bolstad, 1998; Price and Leigh, 2006;
Chamblee et al., 2009; Band et al., 2012; Evans, 2013; Gragson et al., 2013; Kirsch and Peterson,
2014; Cecala et al., 2018). This development is enabled by a weak regulatory environment
(Gustafson, 2015), and driven primarily by consumer demand through the real estate market.
Steep slope development produces three primary impacts on natural systems, including reduction
of forest cover, altered disturbance regimes, and non-native species and disease introductions.
These impacts result in terrestrial and aquatic habitat degradation through a number of pathways
including modification of forest microclimates (Band et al., 2012), erosion, sedimentation of
waterways, increased landslides due to slope destabilization and forest removal associated with
road and home site construction (Band et al., 2012; Wooten et al., 2017), altered disturbance
regimes including fire suppression that can paradoxically lead to infrequent high intensity fires
(Rankin and Herbert, 2014), and the introduction of invasive species and diseases (for example
McAuvoy et al., 2017). All of these alterations can affect the availability and quality of wildlife
habitat including endemic and range-margin species that depend on high elevation forest
environments (Kirsch and Peterson, 2014; Abernathy, 2017; Ferguson et al., 2017; Cecala et al.,
2018). Feedback loops from these processes to the human system are numerous including altered
yields and quality of drinking water that supplies many populations across the southeastern U.S.
(Webster et al., 2012), increased incidence of landslides that cause loss of human life and
property that may, in turn, lead to changes in the regulatory environment (Wooten, 2017), and
the loss of natural amenities such as birds or sport fish that are important recreation

opportunities. Degradation of the natural services that have fueled exurbanization in Southern
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Appalachia may eventually produce negative impacts on the real estate market if the area
becomes less desirable to exurbanites (Wear and Bolstad, 1998; Gragson and Bolstad, 2006a).
Effective conservation in coupled human and natural systems requires the understanding
of ecological processes and stakeholder values and dynamics to produce a more holistic and
actionable understanding of the system. In this dissertation | developed rigorous ecological
models to predict the location of areas capable of supporting positive salamander population
growth under current and future precipitation regimes. At the same time, | endeavored to
understand how stakeholder priorities link and compare to ecological research in the region, and
to identify spatially explicit stakeholder values. | then integrated this new knowledge of both
components of the complex system in southern Appalachia by layering the spatially explicit
projections of salamander population growth rates and self-reported stakeholder values about
land use in one unified map of Macon County, North Carolina to visualize the intersections

between two seemingly disparate ways of identifying land conservation priorities.

Rigorous ecological models — Land managers, conservation organizations, state natural resource
agencies, and other practitioners engaged in biodiversity conservation can better predict wildlife
population responses to changing environmental conditions if they have access to rigorous
working models of the natural components of the system. Too often, the foundational
information needed for such models is lacking. This knowledge gap is particularly concerning
when sensitive species are found in regions undergoing rapid anthropogenic change, as the
ability to plan proactively for species conservation is significantly limited by a lack of

understanding of population dynamics and the effect of environmental variation on vital rates.



The southern Appalachian region is recognized to be a global hotspot of Plethodontid
salamander diversity. Temperate Plethodontids are among the most abundant vertebrates in
forest ecosystems (Burton and Likens, 1975; Hairston, 1987; Ovaska and Gregory, 1989; Welsh
Jr. and Lind, 1992), where they are important prey for other taxa and can influence key
ecosystem processes including the abundance of soil invertebrates, leaf litter decomposition, and
nutrient dynamics (Davic and Welsh, 2004; Best and Welsh, 2014). However, a variety of
anthropogenic factors can impact the current and future distribution and abundance of
salamanders, including habitat loss and degradation (Stuart et al., 2004; Wake and Vredenburg,
2008; Meredith et al., 2016; Cecala et al., 2018), species invasions (Maerz et al., 2009),
emerging disease (Martel et al., 2013), and climate change (Milanovich et al., 2010).

The process of exurbanization and associated residential development on steep mountain
slopes is likely to produce negative impacts on salamander populations (Connette and Semlitsch,
2013; Cecala et al., 2018), particularly in combination with potential future climate regimes
which may prove to be both drier and hotter than in the past (Milanovich et al., 2010). Clearing
the forest for home sites reduces canopy cover and alters leaf litter composition, both of which
can increase temperature and reduce moisture levels of both the litter and the upper layers of soil
(Figure 1.2). Plethodontid salamanders rely on cool moist conditions to facilitate gas exchange
across their skin, as they are lungless (Feder, 1983; Feder and Londos, 1984), and the drier and
warmer conditions in their primary microhabitats created by forest clearing has been shown to
reduce abundance and skew populations toward adults, presumably, by reducing survival of
young animals (Ash et al., 2003). Other studies also indicate that reductions in salamander
abundance associated with increased drying is the result of reductions in fecundity or juvenile

survival (Peterman and Semlitsch 2014). In addition, the infrastructure and increased human
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activity increases the potential for the spread of invasive species and diseases that may be
harmful to salamander populations. In addition to the risk of salamander declines in a region of
global importance to salamander diversity, the loss of salamanders can feedback on stream and
terrestrial processes including decomposition, carbon storage, and nutrient cycling in deciduous
forest ecosystems (Wyman, 1998; Davic and Welsh, 2004; Keitzer and Goforth, 2013; 2013b;
Best and Welsh, 2014; Milanovich et al., 2015).

The ability to identify areas of high habitat suitability for salamanders under current and
potential future climates requires rigorous working models for priority salamander species.
However, as | present in this dissertation, rigorous estimates of even the most fundamental
demographic rates needed for such models are currently lacking, as is information about how
those vital rates vary spatially or temporally in response to environmental parameters (Chapter
2). | reviewed and synthesized available vital rate estimates for direct-developing North
American Plethodontinae and modeled the plausibility of those rates in a Leslie matrix
population model. | then modeled intensive, long-term capture-recapture data and spatially-
extensive repeated counts of Plethodon located within the Coweeta Basin, Macon County, North
Carolina, to estimate size-specific vital rates and abundance and how those estimates vary in
response to precipitation. | used a matrix population model to project salamander population
dynamics over the extent of Macon County, thereby creating a spatially explicit view of potential

high-quality habitat for these sensitive forest amphibians (Chapter 3).

Understanding spatially explicit stakeholder values — In addition to rigorous ecological
models of species responses to natural or anthropogenic environmental change, working

knowledge of human perspectives on environmental issues that underpin current and future land
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use and conservation priorities is needed. Because most systems are best described as coupled
human and natural systems, in which events in one part of the system have a reciprocal effect on
the other (Alberti et al., 2011), conservation efforts which fail to balance ecosystem protection
goals with the economic and cultural interests of people living within these systems can result in
conflicts with local stakeholders, and even increased rates of natural resource losses (for example
Raik, 2009). Examination of human dimensions of conservation problems enables transparent
assessment of the trade-offs inherent in conservation decisions (McShane et al., 2011).

Because of the weak regulatory environment in southern Appalachia, much of the
responsibility for land conservation and preservation falls to local grassroots organizations such
as land trusts and watershed protection groups. These institutions rely on the maintenance of
good relationships with the public, local, state, and federal government agencies, Native
American tribes, and other regional stakeholders to accomplish conservation goals. Therefore, a
clear understanding of stakeholder perspectives regarding key conservation issues is an
important part of effective natural resources protection and management in the region.

As described previously, residential development on steep mountain slopes is a
significant issue for people and natural resources resulting from the process of exurbanization.
Scientists working in the region have reported a wide range of negative ecological and human
health and safety impacts resulting from this kind of development, and | sought to understand
how the perspectives of local stakeholders align with the concerns reported by the scientific
community, and how stakeholders value specific places when given the opportunity to apply
their views and beliefs about land use in a spatially explicit way through participatory mapping.

Steep slope development in southern Appalachia is enabled by the same weak regulatory

system at the local and state level regarding land subdivision and development (Figure 1.2) that
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makes land trusts such essential local conservation institutions. At the local level, this weakness
is largely due to a profound cultural resistance to regulation. Economics may be a primary
modern driver of this resistance as regulations are often described in archival resources as having
negative impacts on residential construction, one of the few industries remaining in the region.

Economics in the form of the real estate market drive steep slope development (Figure
2.1) through demand created by exurbanites moving to the region in search of natural amenities.
Because steep slope development can degrade natural resources through processes such as
erosion and stream sedimentation, altered disturbance regimes, and decreased habitat quality and
biodiversity, the very features of the region that drive exurbanites to build homes on steep slopes,
feedbacks to the human system may include dampening of the real estate market if reduced water
quality, reduced recreation opportunities, and increased risk of loss of life and property to
landslides (Figure 1.2) make moving to the southern Appalachians less appealing for
exurbanites.

In Chapter 4, | report on the perspectives of local people living in Macon County, North
Carolina, regarding land use generally and steep slope development specifically, through the use
of artifacts (news articles, opinion editorials, and letters to the editor), semi-structured
interviews, and participatory mapping of land use priorities intended to elucidate how people

view their regional land use priorities in explicitly defined space.

In combination, the information I collected and analyzed about human perspectives on
land use, and current and potential future habitat suitability for salamanders increases
understanding of the stakeholders who stand to have the most influence over future land use

decisions and enables mechanistic understanding of the way changing climate may affect
8



salamander biodiversity. Integrating these two kinds of information may serve to inform regional

conservation priorities and planning efforts.
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Figure 1.1. Diagram of the limited relationships between human and natural systems that are
commonly examined in conservation research. Examination typically begins with the impacts of
human use or misuse of natural resources or anthropogenic disturbances on various components
of the natural system. In some cases, feedbacks are examined, though these typically focus on the
ways that impairment of the natural system impacts ecosystem services upon which humans
depend. A deeper understanding of these relationships requires the examination to extend to such
factors as the driving social, cultural, or economic processes behind the use of natural resources
or disturbances caused by humans.

10



Exurbanization in the southern Appalachians
Human system Natural system
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Figure 1.2. Diagram of one layer of the complex relationships between human and natural
systems present in the rapidly exurbanizing southern Appalachian region. Black lines and text
indicate the topics that have been studied by scientists working in the region, while grey lines
indicate those topics and connections that have not been studied. Dashed grey lines indicate
feedbacks that are likely but speculative.
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CHAPTER 2
LITERATURE REVIEW AND SYNTHESIS OF ESTIMATED VITAL RATES FOR

TERRESTRIAL SALAMANDERS IN THE FAMILY PLETHODONTIDAE !

! Howard, J.S. and J.C. Maerz. To be submitted to Copeia
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Abstract

Population models are fundamental to understanding animal ecology, diagnosing
anthropogenic causes of decline, and to developing effective management strategies. Rigorous
population models depend on rigorous estimates of vital rates, yet for many taxa, such estimates
and how they vary in response to spatial or temporal environmental gradients are lacking. In this
review, we synthesized our current knowledge of survival rates, age and size at maturity, clutch
frequency, and clutch size for temperate, direct-developing Plethodontid salamanders (subfamily
Plethodontinae). We examined patterns and relationships among vital rates and other factors
such as body size and latitude, and found that some vital rates, including clutch size, clutch
frequency, and age and size at maturity are reasonably transferrable among direct-developing
genera in the subfamily Plethodontinae. However, few reliable estimates of hatch rate exist, and
we were unable to find any predictive relationships for survival rates, suggesting low
transferability, or reflecting the logistic and methodological challenges of survival estimation for
these animals. We used matrix models to judge the reasonableness of published estimates and
found that for a range of hatch rate and clutch frequency values, only a small number of survival
estimates appear to be plausible. Finally, we outlined the key knowledge gaps that limit basic
demographic modeling of these remarkably common, influential, and otherwise well-studied

salamanders, and made recommendations for future research efforts.

Introduction
Population models are fundamental for understanding animal ecology, diagnosing anthropogenic
causes of decline, and for developing effective management strategies. Rigorous population

models depend on rigorous estimates of vital rates, yet for many taxa, such estimates and how
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they vary in response to spatial or temporal environmental gradients are lacking. For amphibians,
missing vital rates is a chronic problem which likely stems from their largely latent lives (Bailey
et al., 2004a; 2004b; Wells, 2007). We lack essential vital rates that can populate demographic
models for even the most well-studied and abundant amphibian species. This fundamental
knowledge gap can hinder our ability forecast how populations may fluctuate in space and time
in response to global change.

Salamanders in the family Plethodontidae are among the most widely studied amphibians
in temperate North America. A Web of Science (Clarivate Analytics, 2018) search using the
keyword ‘Plethodontidae’ returns 5,572 published studies between 1864 and 2018; however,
among all 468 species combined, there are only a small number of estimates for the most basic
vital rates, and few attempts to model population dynamics have been made for any species.
Temperate Plethodontids are often the most abundant vertebrates in forest ecosystems (Burton
and Likens, 1975; Hairston, 1987; Ovaska and Gregory, 1989; Welsh Jr. and Lind, 1992), where
they are important prey for other taxa and can influence key ecosystem processes including the
abundance of soil invertebrates, leaf litter decomposition, and nutrient dynamics (Davic and
Welsh, 2004; Best and Welsh, 2014). Our lack of understanding of population dynamics for this
important group of organisms is a serious conservation problem considering potential threats to
their persistence resulting from climate change and habitat loss (Milanovich et al., 2010; Barrett
and Price, 2014; Mallakpour and Villarini, 2016; Cecala et al., 2018), species invasions (Maerz
et al., 2009), and emerging diseases (Martel et al., 2013; Fish and Wildlife Service, 2015).

In this review, we summarized and synthesized published vital rate estimates for
temperate, direct-developing species within the family Plethodontidae, subfamily Plethodontinae

(Wake, 2012). Specific vital rates included: stage- or age-specific survival from egg to adult, size
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and age at first reproduction, clutch frequency, and clutch size. We examined whether vital rate
estimates varied based on methodology, study duration, body size, other life history traits, or
geography. Then we used a Leslie matrix model and sensitivity analysis to evaluate published
vital rate estimates and putative estimates for survival of highly latent life stages (e.g., egg
survival). Ultimately, the goal of this paper was to scrutinize the limited numbers of vital rates
available for these species, thereby illustrating a need that will motivate more efforts to estimate
vital rates over temporal and spatial gradients, and to suggest elements of study designs to yield

more rigorous estimates in the future.

Materials and Methods

Literature review — We reviewed published estimates of direct-developing North American
members of the family Plethodontidae, subfamily Plethodontinae, including the genera
Plethodon, Aneides, Ensatina, and the Desmognathinii species Desmognathus aeneus, D.
wrighti, and Phaeognathus hubrichti, in addition to the direct-developing Asian genus Karsenia,
also a member of the Plethodontinae (Wiens et al., 2006; Wake, 2012). We did not include any
estimates for the genus Batrachoseps, which do occur in North America and have direct
development but are within the subfamily Bolitoglossinae. We used several approaches to
identify primary sources for estimates of vital rates. References were collected from the
extensive species accounts found in Lannoo (2005). In addition, between January 1, 2015 and
October 31, 2017, we conducted literature searches in the Google Scholar (Google Inc., 2018)
and Web of Science databases (Clarivate Analytics, 2018) spanning the years 1900 to 2017 using
the terms Plethodontidae, Plethodon, Aneides, Ensatina, Karsenia, Desmognathus aeneus, D.

wrighti, or Phaeognathus paired with the words ‘life history’, ‘demography’, ‘natural history’,
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‘survival’, ‘survival rate’, ‘fecundity’, ‘reproduction’, ‘reproductive rates’, ‘maturation’, ‘sexual
maturity’, ‘hatch rate’, ‘eggs’, or ‘clutch size’. We identified additional sources from references
within papers collected through the prior two methods. We excluded sources, or some data
contained within a source, when they were clearly inaccurate. For example, one source stated a
nest of Plethodon elongatus contained 100 eggs (Wood, 1934), a claim which was questioned by
several later sources and which seems unlikely when compared to other reported clutch size for
the genus. Similarly, some studies reported hatching success of eggs in a laboratory setting
without an attending female, and some allowed only part of a clutch to hatch (Cochran, 1911;

Dumas, 1956; Highton, 1956; Brode and Gunter, 1958; Wells and Gordon, 1958).

Modeling vital rate relationships — We selected relationships between published vital rate
estimates and other commonly available factors based on theorized and observed plethodontid
life history patterns. A pillar of life-history theory is the idea that relationships exist among some
life-history traits such as age at maturity and adult survival, and body size and fecundity (Gadgil
and Bossert, 1970; Stearns, 1989; Winemiller and Rose, 1992). Generally, plethodontid life
histories are characterized by delayed maturity to maximize adult body size, intermediate
frequency of reproduction among females, high adult survival; and relatively larger eggs and
smaller clutch size (Sayler, 1966; Salthe, 1969); however, there are potential exceptions to this
general pattern.

We used regression analysis to model the following relationships among vital rates: (1)
clutch size and snout-vent-length at maturity; (2) annual clutch frequency and latitude of studied
population; and (3) age at maturity, snout-vent-length at maturity, and latitude of studied

population. For some vital rates where there was insufficient data to model, we used visual
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examination to determine whether potential relationships might exist. We did this to compare (1)
adult survival and snout-vent-length at maturity; and (2) adult survival and age at maturity.
Population latitude used in all regressions and plots was taken from GPS data published with the
rate, or, if this data was not provided, we used Google Earth Pro (Google Inc., 2017) to
determine the latitude of the approximate center of the study area described in the publication

reporting the rate.

Sensitivity analysis — We used a females-only, Leslie matrix model (Figure 2.1) to conduct a
sensitivity and elasticity analysis of mean reported vital rates using the R package ‘popbio’
(Stubben and Milligan, 2007), and to construct isoclines examining the relationship between
pairs of the most sensitive vital rates when a third vital rate was held constant. We superimposed
published estimates of vital rates on isocline plots to assess whether estimates could plausibly
result in a stable population. The use of stable lambda isoclines to evaluate the plausibility of
published vital rates is premised upon the assumption that rates were estimated from data
collected on stable salamander populations, that stability is achieved through intrinsic rates of
survival and recruitment [not through immigration], and that vital rates are not density

dependent. These assumptions are discussed later.

Results
Adult survival. — We found fourteen studies with published estimates of survival or apparent
survival [does not distinguish between permanent emigration and mortality] for direct-
developing Plethodontinae. Twelve studies estimated juvenile or adult apparent survival rates for

a single species of Aneides (1 study), Desmognathus (2 studies), or Plethodon (9 studies). The
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thirteenth study estimated a single, composite apparent survival rate for two Plethodon and one
Ensatina species (Olson and Kluber, 2012). No study reported survival rates for Phaeognathus
hubrichti. Study duration averaged 2.6 years and ranged from 0.25 to 5.0 years. Four of the
fourteen studies did not use capture-mark-recapture (Organ, 1961a; Hairston, 1983; Welsh et al.,
2008; Bruce, 2013). Hairston (1983) and Organ (1961a) created life tables from counts of size-
estimated age distributions. Bruce (2013) calculated instantaneous mortality rates applied to all
age classes of two separate populations under the assumption that the populations were stable,
and that mortality rates were constant in each from year to year. Welsh et al. (2008) estimated
adult apparent survival using the ratio juveniles to adults counted (Ricklefs, 1997). Ten of the
fourteen studies used individual capture-mark-recapture (CMR) to generate survival estimates
(Welsh Jr. and Lind, 1992; Marvin, 1996; Kniowski and Reichenbach, 2009; Lee et al., 2012;
Olson and Kluber, 2012; Otto et al., 2014; Connette and Semlitsch, 2015; Taylor et al., 2015;
Peele et al., 2017; Caruso and Rissler, in review); however, only three studies (Lee et al., 2012;
Otto et al., 2014; Peele et al., 2017) used a robust design (Pollock, 1982), which reduces bias in
survival estimates (Bailey et al., 2004a; 2004b). Peele et al. (2017) used the “Robust Design”
parameterization in Program MARK and assumed constant survival over the four year study,
while Otto et al. (2014) used the “Huggins” parameterization of the robust design model in
MARK (Cooch and White, 2016). The remaining CMR studies used Jolly-Seber models (Welsh
Jr. and Lind, 1992; Taylor et al., 2015), a Cormack-Jolly-Seber model (Olson and Kluber, 2012),
a multi-state model in a Bayesian framework (Connette and Semlitsch, 2015), or an unspecified
model type (Kniowski and Reichenbach, 2009).

Only three studies generated separate apparent survival estimates for juvenile and adult

life stages. Lee et al. (2012) used the “Multistrata” open population robust design multistate
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model in MARK, with survival dependent on snout-vent-length, then used snout-vent-length as
an index of age to yield age-specific annual survival estimates for years one through five, and a
single sixth survival estimate for all ages over six. Only two other capture-mark-recapture studies
estimated survival for multiple life stages. Marvin (1996) used a Jolly-Seber model to estimate
adult apparent survival for P. kentucki, but he relied on recapture rates within years to estimate
apparent survival of two- and three-year-old juveniles, and he did not provide estimates of
variation or uncertainty for the juvenile rates. Caruso and Rissler (in review) created a Bayesian
Cormack-Jolly-Seber model that incorporated capture probabilities and predicted survival based
on SVL and several environmental covariates. We calculated a mean survival value across sites
for each of the five size classes they designated from their SVL- and precipitation-dependent
survival estimates, and assumed each class corresponds roughly to the ages from one year to five
years and older. Of all thirteen studies, Lee et al. (2012) was the only study to evaluate the
plausibility of their survival estimates within a matrix model. Based on their survival estimates
and other assumed vital rates, they estimated the growth rate (A) for an A. lugubris population
was between 0.928 and 1.093.

Among all studies, the estimates of apparent annual survival ranged from 0.190 to 0.998,
and when provided, standard errors of ranged from 0.030 to 2.38 (Table 2.1, Figure 2.2). We did
not find any discernable pattern between apparent survival estimates and the method used to
estimate the parameter, whether the study was conducted in disturbed or undisturbed habitat, age

at maturity, or adult size as measured by body length at maturity (Figures 2.2 and 2.3).

Egg survival (hatch rate). — Because Plethdontinae lay eggs in locations difficult to access

without disturbing the nest site such as underground burrows, beneath rocks and logs, or in
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natural caves and abandoned mines (Wells, 2007), making repeated observations of nests in situ
is challenging. We found only twelve published reports of egg hatch rates and use one
unpublished data set from coauthor Maerz for P. cinereus (Table 2.2). We excluded five of the
Plethodon studies and the Ensatina report because they contained hatch rate data that is not
reliable, either because eggs were raised in a laboratory setting without a female present, or the
observations were based on a single clutch where only a subset of eggs was allowed to hatch
(Cochran, 1911; Dumas, 1956; Highton, 1956; Brode and Gunter, 1958; Wells and Gordon,
1958; Sundell and Norman, 2002). Of the remaining studies, two hormonally-induced gravid
females to lay eggs in the lab (Highton and Savage, 1961; Wareing, 1998), five collected
clutches and attending females from the field and housed them in the lab (Organ, 1961b;
Valentine, 1963; Harrison, 1967; Marvin, 1996) or in outdoor enclosures (Yurewics and Wilbur,
2004), and three published studies and the one unpublished data set observed clutches repeatedly
in situ (Gordon, 1952; Blessing et al., 1999; Briggler and Puckette, 2003; Maerz, unpublished

data). The range of mean reported hatch rates was 0.216 to 0.819 (Table 2.2).

Age and Size at Maturity. — Combined age and SVL at maturity, and population latitude data was
available for Aneides lugubris, Ensatina eschscholtzii, Desmognathus aeneus, and nineteen
Plethodon species. Some species had data on all three life history values reported by multiple
studies, so we treated each study as an independent data point in our analyses (Table 2.3). Mean
age at maturity was positively correlated with both length at maturity and the population latitude.
The regression equation is age = 3.176 + 0.556 * SVL + 0.527 * latitude. The standard errors
of the coefficients for SVL and latitude are both 0.185, and the adjusted R? value is 0.339 (Figure

2.4).
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Clutch frequency. — Across most, if not all, Plethodontid species, males are assumed to have an
annual reproduction probability of 1.0, while the probability of reproduction among females is
expected to be less than one and variable among environments (examples in Highton, 1956;
Fraser, 1974, Salthe and Mecham, 1974; Bull and Shine, 1979; Semlitsch and West, 1983;
Lynch, 1984; Herrington, 1985; Ovaska, 1987; Takahashi and Pauley, 2010).

We found thirty-nine publications representing 31 studies with estimates of clutch
frequency for twenty-two species. Of these, nineteen studies estimated clutch frequency by the
ratio of gravid to non-gravid females observed in the study area (see Table 2.4), five more
studies and one of the previous nineteen assumed clutch frequency of 0.5 based on the presence
of two groups of gravid females with two different egg sizes (Highton, 1962; Sayler, 1966;
Angle, 1969; Peacock and Nussbaum, 1973; Canterbury and Pauley, 1994; Herbeck and
Semlitsch, 2000), and the remaining seven studies stated clutch frequency without a specific
description of estimation method (Reagan, 1972; Williams, 1972; 1976; Nagel, 1977; Nagel,
1979; Jaeger, 1981; Lynch, 1984) (Table 2.4). Among all published studies, clutch frequency
declined with increasing population latitude (Figure 2.5). The logarithmic regression equation
was

clutch frequency = 4.682 — 1.126 = In(latitude).

The standard error of the coefficient for latitude is 0.280, and the adjusted R? value is 0.291.

Clutch size. — We collected 141 mean clutch size estimates from 103 sources. Only 40 of these

estimates also had estimates of mean SVL at maturity (Table 2.5); therefore, we used those 40
21



studies in our analysis. Clutch size increased with SVL (Figure 2.6). Phaeognathus hubrichti was
a clear outlier among all studies, having among the largest SVLs at maturity, but among the
smallest clutch sizes of all species in our review. With Phaeognathus included in the analysis,

the regression equation was

clutch size = 2.741 4+ 0.176 « SVL

The standard error of the coefficient for SVL is 0.0603, and the adjusted R? value is 0.161.

However, with Phaeognathus excluded, the regression equation was

clutch size = —1.430 + 0.237 * SVL

the standard error of the coefficient for SVL is 0.0668, and the adjusted R? value is 0.293,

indicating that both the slope and the fit of the regression line increased (Figure 2.6).

Sensitivity analysis — Sensitivity analysis showed that population growth should be most
sensitive to changes in adult (year 6+) survival, followed by juvenile (year 2) survival, annual
clutch frequency, and hatch rate. The most elastic rate was adult survival (Table 2.6).

Three of 14 published survival rates appeared improbably low, and two of 14 appeared
improbably high across all combinations of adult and juvenile survival, egg hatch rate, and
frequency of reproduction (Figure 2.7). If egg hatching rates were 0.3 or lower, nine published
survival estimates seemed improbably low and two are improbably high (Figure 2.7). At an

intermediate (0.5) and high (0.75) egg hatch rates, nine or ten published survival estimates
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seemed plausible provided the probability of female reproduction is at or above 0.5 or 0.33,
respectively (Figure 2.7). Assuming an egg hatch rate of 0.568, and frequency of reproduction of
0.560, 9 of 14 published survival rates seemed plausible for clutch sizes ranging between 7 and

16 eggs (Figure 2.8).

Discussion

The information summarized in this review represents the current, relatively limited
knowledge of vital rates of temperate, direct developing Plethodontinae — arguably among the
most widely studied amphibian clade. One way to address limitations on species-specific data is
to evaluate the transferability of vital rate estimates across species and populations (e.g., Heppel
1998). Aside from survival and hatch rate, we found evidence for moderate predictive
relationships among vital rates and geography that suggest there is reasonable transferability
among species. In the absence of direct measures of population vital rates, the ability to estimate
proxy rates from available published data is reasonable.

The challenge of estimating egg hatch rates is understandable given the highly latent
nature of this life stage. Natural clutches of salamander eggs have not been observed for many
species, and for those that have been observed, observations require high frequency intrusion on
nesting females in situ or the use of ex situ environments that may alter rates. Our models
suggest that a wide range of egg hatching rates are plausible across a reasonable range of adult
and juvenile survival and clutch frequencies. Given the latent nature of this life stage for most
species, alternative ways to estimate reproductive rates of Plethodontinae such as using pre- or
post-birth estimates of adult and hatchling ratios may be needed. Such estimates would require

rigorous estimates of age- or size-class-specific abundances that account for age- or size-class-
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specific differences in capture probabilities and should not rely on strictly on ratios of direct
counts.

Perhaps more surprising, given the extensive study of temperate terrestrial salamanders,
is the limited number of studies that have estimated survival rates. Only 14 published or in-
review studies have estimated survival, and of those 14 studies, five had survival rates that —
assuming they were estimated from stable populations — appear implausible given a reasonable
range of egg hatching rates, frequency of reproduction, and clutch sizes. If published estimates
were derived from data on declining or growing populations, particularly if vital rates are density
dependent and populations are above or below their carrying capacity, then survival rates
identified by our evaluation as implausible might be accurate. Additionally, lower survival rates
could be possible for a stable population provided the immigration rate is sufficiently high. Very
little is known about dispersal or immigration rates among Plethodontinae (e.g., Marsh et al.,
2004), which is a key gap for understanding local population dynamics and larger scale source-
sink or metapopulation dynamics. Information on the context around vital rate estimates
including whether populations appear stable and an assessment of the plausibility of vital rate
estimates through PV As or other approaches would add clarity to the sources of variation among
estimates and should be routine among future studies.

Prior to this paper, only a single study with estimated survival rates had examined
whether those estimates were plausible (Lee et al., 2012). Our evaluation suggests that, at a
minimum, 5 of 14 survival estimates for terrestrial plethodontids are untenable. We believe this
analysis reveals an even more depauperate knowledge than is apparent from the few published
estimates of terrestrial salamander survival, and illustrates the caution needed when ‘borrowing’

published rates for population models when the plausibility of those rates has not been evaluated
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critically through the use of PVVAs or other means. This is likely a problem that transcends the
terrestrial salamander literature and is likely a more pervasive problem for a large number of
wildlife species.

Only four studies provided stage or age-specific survival rates, and given the dramatic
differences in size between hatchling, juvenile and adult salamanders and the relatively long time
to maturity, this assumption is unrealistic. Because of their small size and higher surface-to-
volume ratio, we would expect survival of young animals to be more sensitive to weather,
particularly recent precipitation. We would also expect predation risk to be size dependent and,
therefore, higher among juveniles. Certainly, estimating survival rates for different ages, life
stages, or body sizes may be more challenging, particularly in light of the low capture
probabilities of individual terrestrial salamanders; however, a few studies referenced in this
review have shown it is both possible and important. We believe that future studies should be
designed to estimate age, stage, or size-specific vital rates in relation to weather and other habitat
covariates.

Also problematic is the short duration of most studies since direct-developing terrestrial
salamanders require three to four years, or more, to reach sexual maturity. Most studies are less
than four years long and only one in-review study has exceeded the four year mark (5 years,
Caruso and Rissler, in review). Further, given the extended time to maturity, generation time is
likely about 10 years, and no study estimating survival has yet come close to that threshold.
Duration is also critical in understanding population response to interannual variation in
environmental factors. If studies are short, then a year of extreme drought or unusually abundant
rainfall can create a bigger effect on vital rate estimates than it would if the study extended

across more years. Recent reviews and syntheses have emphasized a need for more studies of
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hierarchical landscape-scale patterns of demography to better understand natural and
anthropogenic effects on population dynamics, but acknowledge the logistical and funding
resource challenges of such efforts (Gurevitch et al., 2016). Nonetheless, it should be alarming
that even among an extensively studied group of animals, we lack a most basic understanding of
demography for nearly all species.

We expected that the duration of study and methodology would explain some of the wide
variation in published survival rates; however, this was generally not the case among the limited
number of studies available. The lowest and least plausible published survival rate estimates
were for Desmognathus aeneus and D. wrighti. The low estimates for these species are likely a
result of the approach. Notably, the Desmognathus estimates came from two studies that
probably used count data (the kind of data is unclear in Bruce, 2013), and relied on older
methods of analyzing population dynamics via life tables (Organ, 1961a) and instantaneous
mortality rate estimation (Bruce, 2013). These approaches assume capture probabilities are
constant among individuals and through time (Conroy and Carroll, 2009), and furthermore, they
do not include the two sub-components of capture probability, detection probability and
temporary emigration probability, without which, abundance and survival estimates for terrestrial
salamander populations are likely to be biased low (Bailey et al., 2004a; Bailey et al., 2004b;
O'Donnell et al., 2015). Both probability of detection and of temporary emigration in terrestrial
salamanders have been shown to be highly variable spatially and temporally (Bailey et al.,
2004b), almost certainly as a result of variation in ambient moisture levels and certain
characteristics of habitat type (O'Donnell et al., 2015). A model that does not account for these
important factors will assume the observer has perfect or near-perfect detection, and that animals

only emigrate permanently, and thus counts will be interpreted as directly proportional to the
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number of animals present at the sampling location. When detection is low and temporary
emigration occurs frequently (and at a rate unequal to the rate of return to the sampling area from
the temporarily emigrated state), as in studies of terrestrial salamander populations, estimates of
survival and abundance from this kind of model will inevitably be lower than reality.

Among the remainder of wide-ranging survival estimates, we did not observe any clear
relationship between study duration or methodology. We note that count data can be analyzed
more robustly using N-mixture models (Royle, 2004; Zipkin et al., 2014), especially if counts are
repeated and employ a robust design (Pollock, 1982). Additionally, O'Donnell et al. (2015)
developed a N-mixture model specifically with terrestrial salamander populations in mind, which
expands on those versions previously cited by adding estimation of temporary emigration
probabilities in addition to detection probabilities in the estimation of abundance.

Understanding the sensitivity and elasticity of vital rates can guide management efforts
toward greater effectiveness by directing focus to the most sensitive or elastic rates. The
sensitivity analysis we conducted showed that adult survival has the highest elasticity. This is
generally consistent with expectations for species with delayed maturity and low fecundity, like
terrestrial plethodontids. However, we caution that this should not be interpreted as the vital rate
most responsible for natural variation in population growth. Elasticity is a measure of the
instantaneous change in population growth rate given a proportionate change in a vital rate, and
we do not know how variable adult survival is for terrestrial plethodontids. Some published
survival estimates show adult survival can be reduced by as much as 20% - 62% in disturbed
habitats [usually logging or forest clearing] (Table 2.1). However, other studies indicate that,
compared to juveniles, adult salamanders appear proportionately more resilient to habitat

disturbance (Ash et al., 2003) and drying (Peterman and Semlitsch, 2014; Caruso and Rissler, in
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review). The variability of vital rates — not simply the estimated elasticity — is often recognized
as an important determinant of population growth (Biek et al., 2002) and critical for identifying
conservation management opportunities (De Kroon et al., 2000)

Our elasticity and sensitivity analyses also revealed the strong potential influence of the
frequency with which females reproduce on population growth. Terrestrial salamanders are
capital breeders, meaning that during the year, at least in temperate regions (Salthe and Mecham,
1974), there is only one time at which a female will lay eggs if she is going to do so, and a
female will lay eggs at that time of year whenever she has the bodily resources, or capital, to do
so. The production of eggs is energetically costly, and female plethodontids further commit
themselves to approximately two months of brooding time, during which they appear to fast (Ng
and Wilbur, 1995; Yurewics and Wilbur, 2004). If most females in a population can acquire
enough resources during the active season to reproduce every year, then population growth
should be significantly higher than in a population where females require on average two, or
even three active seasons to be able to produce a clutch. We described the apparently strong
relationship between clutch frequency and population latitude through a regression analysis,
which suggests substantial spatial variation in clutch frequency at a broad scale. Variation may
also occur at a finer spatial scale, particularly in highly variable landscapes, such as mountainous
regions with complex topography and many unique microclimate zones. For example,
populations on dry ridges may produce clutches less frequently than populations in wetter sites at
the base of slopes. Additionally, temporal variation in clutch frequency may also be relatively
common as, for example, several ‘good’ years in which active season is extended through a late-
arriving first winter frost or an extended rainy season could allow females to acquire enough

resources to reproduce more often. Changing climate and land use patterns could produce more
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frequent ‘bad’ years, in which conditions are drier for more of the year, either because of reduced
frequency or intensity of precipitation or because timber harvest or land conversion for
development or agriculture has reduced the prevalence or quality of moisture-retaining ground
covers. Thus,(White and Burnham, 1997) future environmental conditions could result in
population declines not necessarily through reduced survival, but through reduction in
recruitment rates if clutch frequencies drop below some fundamental threshold level.

In this review, we have shown that most existing survival estimates seem implausible
when hatch rate and clutch frequency are set to reasonable levels, which is a troubling indication
of the lack of knowledge of Plethodontid population dynamics. While some transferability of
vital rates such as age and size at maturity, and clutch size and frequency appears to exist
between species, we still know very little about the transferability of survival rates among
Plethodontid species, as there is so much variation in estimates and no apparent pattern relating
to study characteristics. Given the multiple pressures facing amphibians, from habitat
degradation and loss to emerging diseases and changing climate, gaining a better understanding
of demographic rates and population dynamics, and how these rates and processes are affected

by environmental variation is essential for effective conservation efforts.
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Figures and Tables

Table 2.1. Published survival estimates for temperate, terrestrial salamanders in the subfamily
Plethodontinae. The comments column contains distinguishing information for multiple rates
produced by the same study. The annual survival rates for Desmognathus wrighti produced by
Organ (1961a) are odd among estimates for these animals in that Organ estimated a decline in
survival after the fifth year of age. Additionally, Organ determined that females brooding a
clutch of eggs (he assumed they produced a clutch every other year) had survival reduced to
0.19, and then experienced a higher rate again the next year. Hairston (1983) did estimate the
highest survival for the youngest age class of Plethodon metcalfi but did not identify a decrease
in survival from early adult years to later life.

Annual survival rates Comments Sources
Species Juveniles Adults
year year year Yyear Yyear year
1 2 3 4 5 6+
f“e'de.s 0.363 0.45 0552 0.625 0.668 0.783 Lee et al. 2012
ugubris
from annual
Desmognathus 0.214 mortality rate Bruce 2013
aeneus 0.215 from gnnual Bruce 2013
mortality rate
0.276 from annual Bruce 2013
mortality rate
Desmognathus
wriahti 091 091 091 019 091 0.24 females Organ 1961a
ghti
091 091 091 091 091 0.29 males Organ 1961a
Ensatina
eschscholtzii,
Plethodon 0.64 Olson and Kluber
dunni, ' 2012
Plethodon
vehiculum
Plethodon 0.71 surface population Taylor et al 2015
albagula 0.67 cave population Taylor et al 2015
0.64 40to 60 years post i o oy 2014
timber harvest
0.62 110 5 years post Otto et al 2014
timber harvest
0.774 unharvested forest Peele et al 2017
Plethodon
cinereus harvested for(_est,
0.800 woody debris Peele et al 2017
retained
0.630 harvested forest, no 500 o o1 0017
woody debris
0.825 clearcut Peele et al 2017

30



Kniowski and

0.998 Reichenbach 2009
0.47 old growth forest Welsh et al 2008
Plethodon 0.25 young forest Welsh et al 2008
elongatus
Welsh and Lind
0.44 1992
Plethodon 0.993 Kniowski and
hubrichti ) Reichenbach 2009
Plethodon 0.48 0.68 0.72 females Marvin 1996
kentucki 048 068 0.85 males Marvin 1996
Plethodon 0.837 0364 0.484 0.81 Hairston 1983
metcalfi
Plethodon 0525 0728 0.831 0.933 0.963 Caruso and Rissler,
montanus in review
unharvested forest, Connette and
0.66 from monthly .
. Semlitsch 2015
Plethodon survival
shermani harvested forest, Connette and
--- 0.25 from monthly

survival

Semlitsch 2015
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Table 2.2. Published hatch rates for temperate, terrestrial salamanders in the family
Plethodontinae. Observations of hatch rate in situ were typically made by repeatedly uncovering
a known nest sight over the brooding period. Ex situ observations were usually made in a
laboratory either of females collected with nests or of females hormonally induced to oviposit.
We did not include any studies in which partial clutches were allowed to hatch, or in which

clutches were maintained without a parent.

. Mean hatch Study-specific Number of Observation
Species mean clutch . Source
rate by study size clutches location
Aneides aeneus 0.689 7 in situ Gordon 1952
Desmognathus . .
aeneus 1.000 13.0 4 ex situ Harrison 1967
Desmognathus . .
2eneus 0.400 6 ex situ Valentine 1963
Desmognathus .
wrighti 0.819 6.5 4 ex situ Organ 1961a, 1961b
PlethO(_jon . 0.617 4.4 11 in situ Briggler and Puckette 2003
angusticlavius
. A Maerz, unpublished data
Plethodon cinereus 0.216 8.9 14 in situ 1998 - 2000
Plethodon cinereus 0.357 8.3 7 ex situ Wareing 1998
Plethodon cinereus 0.378 5.7 6 ex situ Highton and Savage 1961
Plethodon cinereus 0.632 18 ex situ Yurewicz and Wilbur 2004
Plethodon kentucki 0.481 10.0 3 ex situ Marvin 1996, Marvin pers.
comm.
Plethodon vandykei 0.600 10.0 1 in situ Blessing et al 1999
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Table 2.3. Published ages and snout-vent-lengths at maturity for temperate, direct-developing
Plethodontinae. Many other estimates of age and size at maturity exist, but here we have
included only those studies for which both age and size at maturity were estimated and for which
the study location was included.

Mean snout- Mean Latitude of
Species vent-length age at studied Sources
at maturity  maturity population
Aneides lugubris 46.0 3.00 37.700000° Lee et al. 2012
Desmognathus aeneus 18.5 2.00 35.052591° Harrison 1967
Ensatina eschscholtzii 54.3 3.50 36.734088° Stebbins 1954
Plethodon albagula 51.6 1.50 31.194099° Taylor et al. 2015
Plethodon 35.0 3.00 36.102547° Meshaka and Trauth 1995
angusticlavius
Plethodon cinereus 33.0 2.00 39.649808° Bausmann and Whitaker 1987
Plethodon cinereus 38.2 5.00 46.666667° Leclair et al 2008
Plethodon cinereus 34.5 2.00 39.600973° Sayler 1966
Plethodon dunni 40.0 2.00 44,559554° Dumas 1956
Plethodon 39.0 2.00 40.171536° Pfingsten 1989
electromorphus
Plethodon glutinosus 65.0 5.00 39.671867° Highton 1962
Plethodon glutinosus 53.5 3.00 37.323438° Pope and Pope 1949
Plethodon grobmani 41.0 2.00 29.689153° Highton 1956, 1962
Plethodon hoffmani 42.0 2.75 40.282030° Angle 1969
Plethodon idahoensis 45.0 4.00 47.120739° Lynch 1984
Plethodon kentucki 50.0 4.00 36.916670° Marvin 1996
Plethodon larselli 41.7 3.50 456933700 Herrington 1985, Herrington and
Larsen 1987
Plethodon metcalfi 45.0 4.00 35.258169° Hairston 1983
Plethodon mississippi 48.0 3.00 30.940204° Highton 1956, 1962
Plethodon ouachitae 49.3 3.00 34.529417° Pope and Pope 1951
Plethodon petraeus 62.5 3.50 34.641270° Jensen et al 2002
Plethodon stormi 51.6 5.50 41.997209° Nussbaum et al. 1983
Plethodon vehiculum 40.0 2.00 44.559554° Dumas 1956
Plethodon vehiculum 42.0 5.50 48.466670° Ovaska 1987
Plethodon vehiculum 44.0 2.50 44.578705° Peacock and Nussbaum 1973
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Plethodon wehrlei 59.7 4.33 40.203893° Hall and Stafford 1972
Plethodon welleri 325 2.67 36.201427° Thurow 1963
Plethodon yohnalossee 60.7 3.00 37.374564° Pope 1950
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Table 2.4. Published estimates of clutch frequency for temperate, direct-developing
Plethodontinae. Each row represents a single estimate produced by a single study.

Clutch Latitude of studied

Species frequency population(s) Source
Aneides aeneus 0.50 38.664928° Canterbury and Pauley 1994
Desmognathus aeneus 1.00 35.052591° Harrison 1967
Desmognathus wrighti 0.50 36.637215° Organ 1961a
Plethodon angusticlavius 0.96 36.102547° Meshaka and Trauth 1995
Plethodon caddoensis 0.40 34.418913° Taylor et al 1990
Plethodon cinereus 0.75 41.788490° Lotter 1978
Plethodon cinereus 1.00 36.253746° Nagel 1977
Plethodon cinereus 0.50 39.600973° Sayler 1966
Plethodon cinereus 1.00 39.150000° Takahashi and Pauley 2010
Plethodon cinereus 0.63 38.250000° Takahashi and Pauley 2010
Plethodon cinereus 0.92 42.379759° Werner 1971
Plethodon dorsalis 0.78 35.932271° Wilkinson et al 1993
Plethodon dunni 0.20 44.488479° Freiburg 1954
Plethodon dunni 0.27 45.539779° Herrington 1985
Plethodon elongatus 0.22 41.021798° Welsh and Lind 1992
Plethodon fourchensis 0.60 34.678807° Taylor et al 1990
Plethodon glutinosus 0.50 39.674891° Highton 1962
Plethodon glutinosus 0.48 37.323438° Pope and Pope 1949
Plethodon glutinosus 0.38 39.692857° Semlitsch 1980
Plethodon grobmani 1.00 29.480590° Highton 1956
Plethodon grobmani 1.00 30.314844° Highton 1962
Plethodon hoffmani 0.50 40.282030° Angle 1969
Plethodon idahoensis 0.50 47.120739° Lynch 1984
Plethodon kentucki 0.50 36.916670° Marvin 1996
Plethodon larselli 0.29 45.693370° Herrington 1985
Plethodon larselli 0.37 45.693370° Herrington and Larsen 1987
Plethodon neomexicanus 0.50 35.833271° Reagan 1972
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Plethodon neomexicanus
Plethodon neomexicanus
Plethodon neomexicanus
Plethodon ouachitae
Plethodon richmondi
Plethodon serratus
Plethodon serratus
Plethodon shenandoah
Plethodon vehiculum
Ple