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EXECUTIVE SUMMARY

The Piedmont region of North Carolina is undergoing rapid expansion, urbanization, and human
population growth, all of which will affect salamander habitat and salamanders directly, making it
important to know where populations are currently located. However, salamanders are
understudied in this region of the state, and the North Carolina Wildlife Resources Commission
has | isted many of the species included in the pr
warrant future monitoring and research, and one in particular (the four-toed salamander,
Hemidactylium scutatum) is a species of Greatest Conservation Need in North Carolina. This
project assessed the usage of two methods, rule-based modeling and Maxent modeling, to
predict habitat for eleven species of salamander found in Durham and Orange counties.
Specifically, Duke Forest staff wanted to know where all eleven species could be found on their
land to better manage for them.

Additionally, Duke Forest wanted to know where salamanders might be moving and crossing
roads to assess concerns about road mortality during breeding seasons. These predicted
habitat maps can be used to prioritize land conservation, areas for on-the-ground salamander
surveys or management, and areas to avoid the use of certain forest management activities.
The project also assessed the connectivity of ponds and wetlands used by pond-breeding
salamanders. Corridors between ponds were identified for each Duke Forest division, and
potential conflict areas with roads were highlighted. The results can be used to mitigate road
mortality during breeding seasons, when large numbers of adults migrate, and after breeding
seasons, when juveniles metamorphose and emigrate.

Salamander occurrence data was collected from a variety of sources, and number of data points
per species varied widely. Rule-based habitat models, which can be built without occurrence
data and only require GIS data that represents important habitat variables for each species,
were useful for the species that had very few data points. Maxent models, which use occurrence
data and GIS data to predict probability of species occurrence across a study area, were useful
for the species with many data points.

A distance-based connectivity method following Matisziw et al. (2015) was conducted for pond-

breeding species (marbled and spotted salamanders, Ambystoma opacum and Ambystoma

maculatum) to assess where these species might move within and near Duke Forest land and

where they might cross roads. Each set of ponds within each Duke Forest division was buffered

by the typical di sper sal di stance of mole sal aman
peri meter that fell wit hi nectedtemaketaboeridor jetweedtbes buf f e
ponds. By overlaying city and Duke Forest roads, potential mortality locations can be predicted

where the roads cross pond corridors.

The project resulted in maps of predicted habitat for eleven different species of salamander, for
both the Duke Forest and for Durham and Orange counties. The areas were many of the

sal amanders were observed were not the fAvery best
This could be due to biases in sampling or it could be an effect of habitat fragmentation.
Overlaying historic salamander data points from the NC Museum of Natural Sciences shows
that salamanders were observed in places that are not currently good habitat, indicating that
land use change over time may have led to loss of habitat in these areas.

As for the pond connectivity, corridors between ponds exist in every Duke Forest division. A city
road crosses at least one pond corridor near every division, and Duke Forest gravel roads cross
pond corridors in three divisions, highlighting areas where road mortality mitigation strategies
could be employed.



Despite being one of the most urbanized parts of the state, the Triangle region of North Carolina
is still home to a surprising diversity of salamander species. As the region grows, salamander
habitat will dwindle, making it important to identify and conserve the best habitat and current
salamander populations.

This report makes several recommendations for the Duke Forest:

1 Use the habitat model outputs to designate priority areas for salamander surveys and
salamander management. In these areas, improve microhabitat characteristics and
avoid detrimental forest operations such as clearcuts and chemical application.

1 Survey year-round, as different species will be above-ground and/or migrating at
different times.

1 Consider adding new coverboard transects to the Duke Forest Herpetofauna Citizen
Science program that cover some of the best areas for salamanders (using the hotspot
map with all species combined).

1 InGIS, look at which of the Duke Forest roads are crossing the pond corridors. Consider
gating roads or avoid night-driving during breeding seasons for spotted salamanders
(spring) and marbled salamanders (fall).

For more information, contact julia.geschke@gmail.com.
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INTRODUCTION

The southeastern United States, including North Carolina, hosts theworldo s hi ghe st
salamander diversity (Ricketts et al. 1999). Amphibians, including salamanders, are

important indicators of ecosystem health and water quality as many species breathe

through their skin and thus, they are easily harmed by toxins in the environment.

Additionally, declines in amphibian species can be an early indicator of diseases,

invasive species, a changing climate, or even small-scale microhabitat changes at a site
(Welsh & Droege 2001).

There is little information in the literature about the population trends of salamander
species that are not strongly associated with stream systems. Most articles focus on
salamanders in the Appalachian Mountains or species that are strongly associated with
streams. Many parts of the North Carolina Piedmont region are experiencing rapid land
use change and urbanization, which has been shown to affect these stream-associated
species and may be expected to affect other species of salamanders in the same
manner (Price et al. 2006, Willson & Dorcas 2003). For example, populations of
southern two-lined salamander (E. cirrigera) and northern dusky salamander (D. fuscus)
were found to have declined between 20-44% in three decades, associated with the
conversion of forest to developed land (Price et al. 2006). This provides an impetus to
investigate populations of terrestrial salamanders in the Piedmont region to see if they
are declining. The North Carolina Wildlife Resources Commission has listed many of
thespecies t hat this project will <consihdter as
warrant future monitoring and research (North Carolina Wildlife Resources Commission
2015) 1 A. opacum, A. maculatum, P. cinereus, P. cylindraceus, P. montanus, and P.
ruber. Additionally, H. scutatum is a Species of Greatest Conservation Need in NC.

The Duke Forest in Durham, NC, may provide a buffer to these populations by providing
guality forest habitat otherwise surrounded by urbanization. The Duke Forest has eight
species of lungless salamanders (Family Plethodontidae), two of which are historic
records and may or may not still be present, one species of newt (Family
Salamandridae), two species of mole salamanders (Family Ambystomatidae), and two
species of waterdogs (Family Proteidae). For this project, | include the following
species:

Marbled Salamander (Ambystoma opacum)

Spotted Salamander (Ambystoma maculatum)
Red-spotted Newt (Notophthalmus viridescens)

Northern Dusky Salamander (Desmognathus fuscus)
Eastern Red-backed Salamander (Plethodon cinereus)
White-spotted Slimy Salamander (Plethodon cylindraceus)
Four-toed Salamander (Hemidactylium scutatum)
Southern Two-lined Salamander (Eurycea cirrigera)
Three-lined Salamander (Eurycea guttolineata)

= =2 -4 _-9_-9_-9_9_°9._-°



1 Mud Salamander (Pseudotriton montanus)
1 Red Salamander (Pseudotriton ruber)

A. opacum and A. maculatum are mole salamanders. They spend most of the year

underground in upland terrestrial habitat and emerge in the fall (opacum) or spring

(maculatum) to lay eggs in or near ponds and wetlands. N. viridescens is the only newt

found in this region. They have a unique lifestyle and go from fully aquatic larvae to

bright orange, poi sonous, fully terrestrial |
bodies to become fully aquatic adults. D. fuscus, E. cirrigera, and E. guttolineata are
stream-associated species, often found in or near streams, seepages, springs, and

brooks. P. cinereus and P. cylindraceus are fully terrestrial species that are common in

upl and forested habitat amHmdbcuthtomidrarespdcigs on wat
in this region that is associated with sphagnum moss and creates nests in mossy areas

next to bogs or wetlands. P. montanus and P. ruber have been rarely seen in this area

in recent decades, and are also associated with streams, seepages, and springs. A

Duke PhD thesis by Bruce (1968) noted that 114 P. ruber and 77 P. montanus were

found in springs in the Duke Forest (Bruce 1968).

The Duke Forest is a teaching and research forest owned and managed by Duke

University since the early 1930s. Separate pieces of forest land span Durham, Orange,

and Alamance counties and total to 7,050 acres (Office of the Duke Forest 2014.)

Historically, their approach to wildlife management has been to promote a diversity of

species native to the Piedmont region of North Carolina (Office of the Duke Forest

2015). This has been achieved through a fAdo n
minimize disturbance from timber management and other uses of the forest. Examples

include leaving snags and woody debris (i.e., morticulture) and restricting public access

to salamander breeding ponds and other areas with important plant or animal diversity.

A previous Masteros Project focused on altern
the Duke Forest. The results indicated that amphibians would be a suitable taxon for the

Duke Forest to focus on first (Kramer et al. 2017).

Records of salamanders within the Duke Forest are spotty, with most coming from
coverboard transects, a drift fence/pitfall array set up each spring, and incidental
encounters posted on online citizen science platforms. Duke Forest staff are interested
in better understanding where salamander species are likely to be present in the forest.
This will allow them to make better management decisions in these areas and to focus
on increasing or connecting salamander populations, if necessary. To aid in this, |
created habitat models for the species listed above. This resulted in identification of
potential habitat for each species, which were then combined into one map to show
likely hotspots for salamander presence within the forest. The maps for individual
species will be utilized by Duke Forest staff as the basis for field surveys to search for
species, like H. scutatum, that are rare or infrequently encountered. Models were also
created for a larger-scale, two-county area, covering Durham and Orange counties
(where the majority of Duke Forest land is located) to aid in furthering science related to
salamanders in the Piedmont region of North Carolina.
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There are a multitude of ways to model species distributions. For my project, | will be
focusing on rule-based mapping and maximum entropy models using the program
Maxent. Rule-based mapping is the more simplistic of the two methods. It involves
gathering a list of habitat criteria that determines where a species will be found and then
selecting the areas within the study area that meet all of the criteria. This is then
classified as habitat for that species. Maxent requires an input of species presence
points and environmental variable rasters. By extracting the values of the environmental
variables at the presence points, it then identifies all other areas with similar values and
gives likelihood of an area being habitat on a scale from 0, very unlikely to be habitat, to
1, very likely to be habitat (Elith et al. 2006).

Duke Forest staff are also interested in how salamanders move across forest land,
especially in relation to roads. This question lends itself to a connectivity analysis.
Salamanders are slow-moving and some of the species under consideration are
obligate pond breeders. During the breeding season, movement to and from ponds can
lead to mortality (Mazerolle 2004).

Least cost path analysis, a common way to assess connectivity, has been used to
analyze salamander populations before but does not appear very common based on the
literature. Wang et al. (2009) used this method to model movement of the California
tiger salamander, Ambystoma californiense, with a simple set of environmental
variables to compare potential movement with anticipated gene flow between
subpopulations. Other researchers have cast doubt on the usefulness of this approach
for modeling salamander movement given that salamanders may not actually follow the
easiest path when choosing where to move and their decisions may be based on
microhabitat conditions they encounter on a smaller scale (Matisziw et al. 2015).

Therefore, | decided to follow the analysis approach described for pond-breeding
salamanders by Matisziw et al. (2015). This method assumes that the best way to
model connectivity for limited dispersal species, like salamanders, is to assess distance
between small ponds and wetlands that they use for breeding (Matisziw et al. 2015).
Each pond and wetland area within the Duke Forest was analyzed for its distance to all
other pond and wetland areas, based on the typical dispersal distance of mole
salamanders. When two ponds or wetland areas were within that distance of each
other, they were classified as ftonnectedo The more of the perimeter of each pond that
is within the disper sal di stance of the other pond,
between the two ponds has for salamander dispersal and connectivity. Once | identified
all corridors between connected ponds, | will overlaid Duke Forest gravel roads and foot
paths, as well as paved city and state roads, to identify possible conflict areas.

Objective

The objective of this project is to model probable habitat for eleven species of
salamander in the Duke Forest and in Durham and Orange counties. Rule-based
models derived from information from a thorough literature review and expert input will
be compared to Maxent models created using species occurrence data from iNaturalist,

t

he
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Herpmapper, and the NC Museum of Natural Sciences, as well as occurrences from an
annual drift fence/pitfall trap array and ongoing coverboard surveys. With this
comparison, | will be able to see if both types of models predict the same area as
probable habitat and whether the simpler version, rule-based modeling, can be trusted
for species with few occurrence data points. Based on my models and the resulting
habitat maps for each species, | will identify priority areas for management of
salamanders within the Duke Forest. This will answer questions about where
salamander populations are likely to exist within the Duke Forest and where
management actions should be focused. If areas are classified as probable habitat but
do not yet have any salamander observations, these will be priority areas for further
monitoring to see if salamanders are actually present. Additionally, | aim to answer
guestions about where mole salamanders may be moving within Duke Forest and
where they may be crossing roads. This will identify potential areas of salamander
mortality which may need human intervention through culverts or road closures during
breeding seasons.

MATERIALS AND METHODS
l. Literature review
| conducted a thorough literature review to identify important variables that determine

guality habitat for each species of salamander under consideration. Peer-reviewed
journal articleswereaccessed through the Duke University

Google Scholar,and Web of Science. Search terms used
di stribution modeling, o6 fisalamander habitat m
Asal amander | east cost patho, fAsal amander mov

connectivityo, as weiltlataéd fidspeazdl ss pOatmied s hiarb
taken from the literature was collated in a table including source, species, and habitat

criteria (Appendix I, Table 1). To be included, the articles needed to deal with the

salamander species in question. Articles written about salamanders in the same genus

were also collected and used if very little species-specific data was found. Based on this

literature review, | collected a list of the necessary habitat characteristics for each

salamander species. These criteria were then compared with available geospatial data

to determine which data layers could be used to create both rule-based and Maxent

models.

II. Expert survey

To supplement my literature review, | created a survey with Qualtrics software to
distribute to salamander experts (see Appendix). The purpose of this survey was to
obtain data on the relative importance of environmental variables and sub-categories
within each variable (for example, 0-33%, 33-66%, and 66-100% canopy cover) in
determining habitat for each species. This survey was sent to 10 identified experts via
email on November 29, 2018 and 16 additional experts on December 7, 2018. The
survey was open through January 10, 2019. Experts were identified as academics that
publish research articles on salamanders or wildlife managers that manage these
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species. Respondents were instructed to fill out the survey for as many species as they
felt they had significant knowledge of. See survey questions in Appendix II.

The following nine people submitted responses to the survey:

1 Dr. Brenna Forester, Postdoctoral Research Fellow, Colorado State University

(PhD from Duke University on red-backed salamanders)

Dr. Nicolette Cagle, Lecturer, Duke University

Jeff Hall, Wildlife Biologist, NC Wildlife Resources Commission

Jerry Reynolds, Head of Outreach, NCDNCR & North Carolina Museum of

Natural Sciences

Dr. David Beamer, Biology Instructor, Nash Community College

Nathan Shepard, Eastern Region Field Biologist, NCDCR

David Cooper, North Carolina Herpetology Society, previously NC Museum of

Natural Sciences

91 Dr. Graham Reynolds, Assistant Professor of Biology, University of North
Carolina Asheville

1 Ed Kabay, Environmental Specialist at Resource Environmental Solutions LLC

= =4 =4

E ]

Responses were then transformed from qualitative categories to the 0-100 scale which |
used for my rule-based models, following these basic guidelines:

0 = Absolute non-habitat and no breeding

30 = Occasional use and/or little to no breeding

70 = Consistent use and/or breeding

100 = Best habitat, highest survival and reproductive success
Don't know/unsure i d i daountin averaging

lll. Geospatial data collection

After the literature review was completed, | collected geospatial data to address as
many habitat variables as possible. Data was gathered from Duke Forest staff, ArcGIS
online databases, and Google searches. The final geospatial data used in this project
were from the following sources:

Duke Forest boundaries: Duke Forest

Duke Forest operations: Duke Forest

Duke Forest vegetation cover/stand age: Duke Forest

Duke Forest roads and trails: Duke Forest

Roads: Integrated Statewide Road Network (ISRN) Version 2, NCDOT
County boundary: NCDOT

Land cover: Southeast Gap Analysis Project

Mean pH: POLARIS

Mean residual soil water content: POLARIS

Canopy cover: USGS National Land Cover Database

= =4 =4 _-8_9_9_48_4_2_-2°
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Elevation: 1/3 arc second DEM, USGS National Map Viewer

Streams: NHD Flowline, USGS

Wetlands: USFWS

Protected Areas: North Carolina Natural Heritage Program Managed Areas

= =4 =4 -9

The projection used was NAD 1983 StatePlane North Carolina FIPS 3200 Feet
(Lambert Conformal Conic) with linear units in US Survey Feet, as this is a common
projection used in North Carolina and by the Duke Forest. All data was converted to 10
m resolution, based on the 1/3 arc second USGS DEM.

IV. Study areas

Two study areas were chosen for this project. The first is all Duke Forest divisions that
fall within Durham and Orange counties (all except the Dailey division.) The second is
Durham and Orange counties, as there was interest in looking at a larger scale and
considering land conservation and habitat connectivity needs across the Triangle
region.

Duke Forest

Study Areas e RS Bl

2-Counties

Duke Forest Division
[ Blackwood
I Durham

Other Protected and Managed Areas (Non-Duke Forest)

.. ||MMW Duke Forest
0 5 10 Miles o i

L 1 —J W || 2-Counties study area boundary A

Figure 1. Map of 2-counties study area (left) and Duke Forest study area (right).
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V. Salamander occurrence data

Salamander occurrence data was taken from a variety of sources. There were 502 data
points used in building my models for the 2-county study area (193 of which fell within
Duke Forest and were used for models in the Duke Forest study area), with large skews
in coverage of each species (see Appendix Ill, Tables 3a-b). Some species did not have
any data points fall within Duke Forest, so Maxent models for the Duke Forest study
area could not be created for them. Data was last collected on November 20, 2018.

Table 2. Break-down of salamander occurrence records by species and study area.

#in 2-counties | #in Duke Forest
SPECIES TOTALS study area study area

Ambystoma maculatum 175 63
Ambystoma opacum 108 13
Desmognathus fuscus 3 0
Eurycea cirrigera 25 4
Eurycea guttolineata 11 0
Hemidactylium scutatum 8 5
Notophthalmus viridescens 19 4
Plethodon cinereus 116 929
Plethodon cylindraceus 31 5
Pseudotriton montanus 4 0
Pseudotriton ruber 2 0
TOTAL 502 193

A summary table of how much data came from each data source can be found in
Appendix Il (Table 3c).

Duke Forest

| obtained 162 usable data points from the Duke Forest staff. Data came from two
sources: annual transect data and annual survey data from the spotted salamander
surveys each spring. Duke Forest checks coverboards along transects each spring,
though data was also recorded at other times of the year when herpetofauna was
encountered incidentally. Starting in Fall 2018, Duke Forest organized a citizen science
program to check the transects and record data. Data ranged from Spring 2007 to Fall
2018. Spotted salamander survey data ranged from Spring 2015-Spring 2018. Each
year, a survey runs from end of January through end of February (exact dates and
number of days vary) by the Gate 9 ponds to monitor spotted salamander migration.
Two drift fence arrays with pitfall traps are positioned on opposite sides of the pond. Any
spotted salamanders caught in the pitfall traps, as well as other species caught or
incidentally encountered, are recorded. For all confirmed species sightings (for both
transects or drift fence surveys) that did not include coordinates but included pitfall trap
# or other identifying location information, | went out to the Duke Forest and took GPS
coordinates of the occurrence record (drift fences and pitfall traps are erected in the
same location each year.)
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iNaturalist

| obtained 162 usable data points from iNaturalist.org. iNaturalist is a platform where
anyone can upload observations of flora or fauna. The observations are usually
accompanied by an image of the species and location information. Users can identify
the species they observed, or wait for additional users to suggest an identification. |
downloaded all records of my target species inside of the Durham-Orange counties
study area. | only used data from the year 2000 or later and where the following criteria
were met:

T APositional accuracyo (coordinate precisio
1 Coordinates were not obscured
T Ildentified down to species | eveliand obser

species ID confirmed by at least 2 additional users

Herpmapper

| obtained 225 usable data points from Herpmapper.org. Herpmapper is a platform

similar to iNaturalist, but only for herpetofauna occurrence data. Additionally, data

sharing rules are stricter. To access data, you must submit a request to the webmasters

and prove that you are using it for research purposes and will not share data with

anyone else. | obtained all records of target species inside of the Durham-Orange

counties study area. | only used data from the year 2000 or later and where the

following criteria were met:
T AAccuwr accyoor di nate precision) was <=100 m
1 coordinates were not obscured
T Identified down to species | eveliand obser

species ID confirmed by at least 2 additional users

NC Museum of Natural Sciences

| obtained 17 usable data points from the NC Museum of Natural Sciences. The
Museum has a robust Herpetology department which conducts research state-wide. |
reached out to them and they provided me with all records of salamanders in Durham
and Orange counties that they had on record. The majority of their data was before
2000. | decided to only use data after 2000 because of massive land use changes and
urbanization in study area.

VI. Habitat modeling
a. Geospatial Data Preparation

| created two study areas as noted above: 1) Durham and Orange counties and 2) Duke
Forest boundaries (without the Dailey division.) After obtaining geospatial data, | clipped
it to the extent of those two study areas and projected all GIS data to NAD 1983
StatePlane North Carolina FIPS 3200 Feet. | also resampled rasters to make them all
10 m resolution, matching the 1/3 arc-second DEM.

The salamander species included in this project differ in whether they use ponds and
wetlands or streams for breeding or essential life stages. Therefore, | prepared ponds
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and wetlands data for A. opacum, A. maculatum, H. Scutatum, N. viridescens, P.

cinereus, and P. cylindraceus and streams data for D. fuscus, E. cirrigera, E.

guttolineata, P. montanus, and P. ruber. | included wetlands <= 5 acres based on

Montanucci 2006 and Faccio2003and removed Ari veasthasréams ype we
layer covered those. This was used to create a distance to wetlands layer. For streams,

| kept intermittent and perennial streams and removed connectors and artificial paths,

as they are not relevant surface waters. This was used to create a distance to streams

layer for the 2-counties study area, and combined with Duke Forest streams to create a

distance to streams layer for the Duke Forest study area.

| used the NCDOT roads layer to create a distance to roads layer for the 2-counties
study area, and merged NCDOT and Duke Forest roads to create a distance to roads
layer for the Duke Forest study area.

Duke Forest operations data ranged from 2010-2018. | made the layer into a raster and
gave cells a value of 100 wherever there were no operations.

| created DEM derivatives with the 1/3 arc second (~10 m DEM) and matched the cell
size of all other rasters to this cell size. | created aspect, slope, topographic
convergence index (TCI), and two topographic position indices (TPI) T fine-scale
(neighborhood: annulus, inner radius 1 cell, outer radius 5 cells) and coarse-scale
(neighborhood: annulus, inner radius 20, outer radius 25.)

b. Rule-based Modeling

Data

The following datasets were chosen for inclusion in my rule-based models because they
could easily be assigned a habitat score by experts and based on the results of my
literature review. For the others, such as slope, pH, or TCI, detailed enough information
does not exist to differentiate habitat quality between sub-categories of each variable.

Data included in rule-based models:
1 Canopy cover
Distance to ponds or distance to streams depending on species
Distance to roads
Aspect
SEGAP land cover
0 These categories were condensed with similar categories to make fewer
categories (see Appendix IV, Table 4)
Distance to protected areas *county only
DF veg cover *DF only
o For the rule-based model, this dataset was utilized to provide stand age
o This was collapsed into 9 categories: 0-20 years, 20-40 years, 40-60
years, 60-80 years, 80-100 years, 100-120 years, 120-140 years, uneven
aged, not forested
1 DF operations *DF only

il
il
T
1

= =4
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0 This was condensed into 5 categories: tree harvest, herbicide/chemical
application, pine plantation, understory burn, no operations (see Appendix
IV, Table 5)

Scoring

For the rule-based models, each environmental variable was broken into categories (for
example, 0-33%, 33-66%, and 66-100% canopy cover.) Each category was then
assigned a score from 0-100, following Majka et al. 2007.

0 = absolute non-habitat

<30 = avoided

30 = lowest value associated with occasional use for non-breeding activities
60 = lowest score associated with consistent use and breeding

80 = lowest score typically associated with successful breeding

100 = best habitat, highest survival and reproductive success

= =4 -8 8 -4 -9

| assigned a score to each category of each variable based on my knowledge from the
literature review. | also translated results of the expert survey into scores (as explained
earlier) and then averaged the expert scores together. That average was then averaged
with my score to result in a final score for each category (Appendix V, Tables 6a-6b).
Each variable was also assigned a weight, a measure of how important that variable
should be when all the variables are combined in a habitat model. The weights summed
to 100. | then created models in GIS for each species, for each study area. P. montanus
and P. ruber were modeled together to create a habitat map for Psuedotriton spp., as
both early input from experts and the literature suggested they have very similar ranges
in the Triangle area (Bruce 1968). | reclassified the data, assigning the appropriate
scores that correlated to values in the data as explained above. | then combined these
reclassified data layers with a weighted sum, assigning them weights as explained
above.

The resulting models theoretically could range from 0 (non-habitat) to 100 (best habitat).

For purposes of defining Ahabitato, |l then to
and call ed tamsaadded dil aflthe arigirtal. 0100 habitat maps together to

create a h lobpbtenpabhibitat foralpsalamander species, for both study

areas.

Model Accuracy

To assess the accuracy of my models, the occurrence points for each species were
overlaid on the habitat predicted from the models to see how often the occurrence
points fell within predicted habitat (true positive) or fell outside of predicted habitat (false
negative.)
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c. Maxent modeling

Data
None of the geospatial datasets were edited or condensed into categories like they
were for the rule-based models.

Data included in Maxent models:

Elevation

Distance to ponds or Distance to streams depending on species
pH

Soil moisture

Canopy cover

Slope

Aspect

TPI fine and coarse

TCI

Distance to protected areas *county only
SEGAP land cover *county only

DF vegetation cover *DF only

DF operations *DF only

=4 =8 -0_9_9_9_40_42_°2_2_2_-49_-°

The DEM was used as a mask to set all rasters at the same cell size and equal extent.
The rasters were then transformed into ASCII format for input into Maxent. All variables
were checked for correlation using ENMTools before using them in Maxent. None of the
variables had correlation >0.5 and most were <0.2, so none were removed at this stage
(see Appendix VI, Table 7).

Maxent Settings
| created multiple Maxent models for each species and study area to study the effects of
varying the regularization multiplier (b). Th

suggest that the default val ucases(WardnJandmay no't
Seifert 2011, Radosavljevic and Anderson 2014). To test this with my data, | ran models

with b = 0.5, 1, ZIcountiessfdy araan tsel@ctedbtheffirmlrmodelh e 2

based on highest AUC, which fguantifies the probability that the model correct ranks a

random presence locality higher than a random background pixeldo ( Radosavl jevic
Anderson2014) . The final b values sel é&copaewn wer e 0. !
(2.5) and P. cinereus (2). See table of results in Appendix VII (Table 8). For some

species, there was |l ittle change in AUC as b
was a decl i ne These values were alsoaseefdr Maxent runs with the

Duke Forest study area.
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Regularization Multiplier vs. AUCounty
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—o— Cylindraceus-@— Montanus —@— Ruber

Figure2. This graph shows the resulting AUC valu
values for each species in the 2-counties study area.

These were the settings for the final Maxent runs:

1 Assigned b value

1 10 iterations as k-fold cross validation (only for A. maculatum, A. opacum, and P.
cinereus for county and A. maculatum and P. cinereus for DF as the multiple
iterations did not work well with species that had very few data points.)
Not hing in Arandom test percentagedo
Bias layer: distance to roads (it was not used as predictor variable in models)
Distance to streams or ponds according to species
Output format: logistic

= =4 -8 -9

Final Maxent models were then brought back into GIS and transformed from ASCII to

raster format. The cut-off lusedf or fAhabitato from Maxent model
threshold i balance training omission, predicted area andthres hol d v al uteed whi ch
value typically used for this purpose (see Appendix VIII, Table 9). | also added all of the

original0-1 probability of occurrence maps together
potential occurrence for all salamander species, for both study areas.
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VII. Connectivity

Background

The connectivity methodology | used came from Matisziw et al. (2015). This paper
proposed an improved method for assessing pond connectivity for pond-breeding
species. In the context of this project, my pond connectivity analysis will be relevant for
marbled and spotted salamanders (A. opacum and A. maculatum), which migrate
annually from terrestrial habitat to breeding ponds.

This method assumes that the best way to model connectivity for limited dispersal

species, like mole salamanders, is to assess distance between small ponds and

wetlands that they use for breeding. The ponds are considered connected when any

part of their perimeter is within a certain buffer distance of another pond. For example,

mole salamanders in the Piedmont region of North Carolina typically disperse 500 m at

most. So, all ponds are buffered by 500 m. For any set of two ponds, any part of pond

16s border that fall s wii¢selecredandvee verSa0These buf f er
perimeter fragments are then transformed into a polygon using a convex hull method,

and the finalresultisaficorri dor 6 polygon between the two
shortest end r epr e she cotridorithigher cApacdtycancuppost 0 o f

more flow/movement of individuals over time.

Methodology

First, | buffered each Duke Forest division by 500 m (average dispersal distance of mole
salamanders.) | then selected all NHD water bodies and USFWS wetlands that were
within that entire buffered out area to make a ponds dataset for each division. | cleaned
up the resulting ponds layer where there were overlapping ponds and removed
Ariverineo type ponds

| wrote a Python script that recreated the analysis by Matisziw et al. (2015). The data
inputs from the script are a shapefile of wetlands/ponds and the typical dispersal
distance of species you are modeling connectivity for. For this project, 500 m was used.
As the script tool runs, it prints the ID number of the ponds it is currently comparing (i.e.,
i=1, j=2). If those two ponds are not close enough to be connected, it prints a warning
message and skips the rest of the analysis, moving onto the next pair of ponds. If the
set of ponds is within the dispersal distance of each other, it prints a message stating
the capacity of the corridor.

The script produces corridor polygon shapefiles for each pair of ponds that is

connected. These are named based on the two ponds, for example, Corridor24 if it is

the corridor betweenponds2and4. Wi t hin each corridor polygort
last field wildl b eontairatheeapacity@aup forahe toyridor. a n d

| ran my script for all 5 sets of ponds (one for each Duke Forest division) and displayed
the resulting corridors on a map. | then overlaid Duke Forest gravel roads, Duke Forest
official and unofficial foot paths, and city/state paved roads on top of the ponds and
corridors to visualize where road mortality might occur.
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RESULTS
|. Literature review

The full table of information collected in my literature review can be found in Appendix |
(Table 1).

Marbled salamander (Ambystoma opacum)

Designation: State salamander, research priority because of knowledge gap (NCWRC)
Migration/Dispersal: Move April-May and August-September (Mazerolle 2004), routes
are unpredictable (Jenkins et al. 2006), 79% of newly metamorphosed move <90 m
from wetland and a buffer of 500 m around a wetland should ideally be protected to
account for most of the populationd(Scott et al. 2013), fimore likely to avoid clearcuts
when emigrating than immigratingo(Todd et al. 2009)

Effect of roads: In a study of mole salamanders, faverage % dead-on-road was 39.8-
42.5% and was not related to traffic intensityo(Mazerolle 2004), fsignificant effect of
distance from logging road on breeding site selectionq breed far from roads (Chambers
2008)

Elevation: ffemales use nesting cover most frequently at low elevationso(Croshaw and
Scott 2006)

Aspect: nothing found

Slope: nothing found

Vegetation/land cover: ffound in fishless pools in contiguous mixed-deciduous foresto
(Chambers 2008), fsurvival in forested habitat much higher than field habitato
(Rothermel and Semlitsch 2006), fspend 90-95% of life in upland forests, up to several
hundred meters from breeding poolsd(Compton et al. 2007), fassociated with hardwood
and mixed hardwood-pine forestso(Ousterhout et al. 2015), especially foak-maple and
oak-hickory, also floodplains and uplandso(AmphibiaWeb)

Canopy cover: used routes with higher canopy cover (Jenkins et al. 2006)
Management/Disturbance tolerance:f or est edge di dnét have a bi
(Rothermel and Semlitsch 2006), fsalamanders more sensitive to forest removal than
frogs, greater proportion of salamanders migrate through forested habitato(Todd et al.
2009), fimore likely to enter clearcuts when soil moisture is higho(Grater et al. 2008)
Distance to water: 3% of ponds with larvae were ephemeral, 14% seasonal, 41%
permanent, pond area ranged 1 to 20341 meters squared. Densities greatest in fishless
ponds with more surrounding forest and ephemeral hydroperiodo(Ousterhout et al.
2015), fadults disperse average of 194 m from wetland breeding siteo(AmphibiaWeb)
and fouffer radius of 300-340 m estimated to include 95% of adultso(Scott et al. 2013)
Soil moisture: picked high soil moisture content (Jenkins et al. 2006), compared to

ot her mole sal amander s, mar bl ed sal amanders m
tolerate higher substrate temperatureso (Amph
pH: preference for relatively basic substrates (pH 7.7) although have been found at pH
5.5 (AmphibiaWeb)

Spotted salamander (Ambystoma maculatum)
Designation: Research priority because of knowledge gap (NCWRC)
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Migration/Dispersal: fannual breeding migrations mid-January to early March, high site
fidelity, females travel farther than maleso(Strickland et al. 2015), frange of distance
moved from breeding pool 1.6 to 427.6 mo(Veysey et al. 2009), fimove towards forest
and early successional forest with an essentially random walk patho(Pittman and
Semlitsch 2013), fimigratory success a function of distance to nearest forest; breeding
sites without connectivity to suitable terrestrial habitat might be population sinks
because of high juvenile mortality during emigrationo(Rothermel 2004)

Effect of roads: In a study of mole salamanders, faverage % dead-on-road was 39.8-
42.5% and was not related to traffic intensitydo(Mazerolle 2004), fsignificant effect of
distance from logging road on breeding site selection, breed far from roadso(Chambers
2008), rannual risk of road mortality for adults of >10% can lead to local population
extirpation, if road density is >2.5 km per km”2 of landscape and traffic volumes are
>250 vehicles/lane/day, then you probably need mitigation effortso(Gibbs and Shriver
2005), didndét show preference for crossing ne
Elevation: nothing found

Aspect: nothing found

Slope: found at 20.3% slope in one study (Faccio 2003)

Vegetation/land cover: fFishless pools in contiguous mixed-deciduous foresto
(Chambers 2008), thardwood and mixed hardwood-pine forestso(Ousterhout et al.
2015), beech/maple/hemlock (Faccio 2003), ftlearcuts are semi-permeable to adultso
(Strickland et al. 2015)

Canopy cover: iiCanopy cover along with litter depth and soil water content best
described distribution of individuals, prefer high levels of canopy covero(Homan et al.
2008), in one study, i72% deciduous canopy, 16.26% coniferous canopy, 29% midstory
canopy, 90% green cover overallo(Faccio 2003)

Management/Disturbance tolerance: For est edge doesndédt have a b
(Rothermel and Semlitsch 2006), fresidential and agricultural edges may be more
permeable than road edgeso(Homan et al. 2008), fiL0% decreased probability of
juveniles settling in open canopy clearcut habitat compared to closed-canopy forest
habitatdo (Osbourn et al. 2014), fabsent where forest cover was reduced to below 30%0
(Gibbs 1998)

Distance to water: 50% wintered >100 m from breeding pondo(Regosin et al. 2005),
f43% of ponds with larvae were ephemeral, 14% seasonal, 41% permanent, pond area
ranged 1 to 20341 meters squared. Densities greatest in ponds with longer hydroperiod,
smaller area, and greater % of forest within 300 mo(Ousterhout et al. 2015),

Soil moisture: prefer well-drained soils (Homan et al. 2008)

pH: nothing found

Red-spotted newt (Notophthalmus viridescens)

Designation: None

Migration/Dispersal: fefts will migrate away from ponds into upland forests in about 1
year, up to 800 m awayo(Roe and Grayson 2008); tend to move toward forest in
September (Grayson and Wilbur 2009)

Effect of roads: fmewts are more generalist, bred closer to forest logging roads than
ambystomatidso(Chambers 2008)

Elevation: nothing found
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Aspect: nothing found

Slope: nothing found

Vegetation/land cover: fiwooded areas, fishless pools in contiguous mixed-deciduous
forestso(Chambers 2008), fimarshy areas with small ponds, damp hardwood foresto
(Montanucci 2006)

Canopy cover: can migrate across both open and forested habitat
Management/Disturbance tolerance: fabsent where forest cover was reduced to
below 50%0(Gibbs 1998)

Distance to water: flarval and adult stages live in water; returned to breeding ponds in
wintero(Regosin et al. 2015)

Soil moisture: nothing found

pH: nothing found

Northern dusky salamander (Desmognathus fuscus)

Designation: None

Migration/Dispersal: females active during autumn and early winter (Hom 1988)
Effect of roads: nothing found

Elevation: scarce above 1200 m (Montanucci 2006)

Aspect: nothing found

Slope: nothing found

Vegetation/land cover: fpopulations found to decline 20-44% in three decades
associated with conversion of forest to developed lando(Price et al. 2006), fdeposit
eggs along banks of small, slow-moving streams, small woodland brooks and shelter
nearby, woodland streams, seepages, springs, floodplains, sloughs, mucky sites along
upland streamso(AmphibiaWeb)

Canopy cover: nothing found

Management/Disturbance tolerance: nothing found

Distance to water: freaches with narrow channels located at the head of streams
supported the most nestso(Snodgrass et al. 2007), fdeposit eggs along banks of
streams, | i ke ofMbntanueca206)y 6 s edge

Soil moisture: nothing found

pH: nothing found

Eastern red-backed salamander (Plethodon cinereus)

Designation: Research priority because of knowledge gap (NCWRC)
Migration/Dispersal: home range size 10-25 meters squared, have returned 90m from
displacemento(Marsh et al. 2004), typical dispersal distance <10 m (Cosentino and
Brubank 2018), seasonal movements to wet areas in spring (Woolbright and Martin
2014), fimovement was random when displaced 12.5 m and 25 mq territorial
(Ousterhout and Liebgold 2010)

Effect of roads: edge effectto about20-30 m, wup to 80 m in dry yea
movement by 25-7 5 %i@ated roads had no detectable edge effectsq road width also
predicts magnitude of edge effects (wider, bigger effect) (Marsh 2007), fgene flow
across very large roads is rared(Marsh et al. 2008)

Elevation: sea level to at least 1463 m

Aspect: negligible effect
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Slope: nothing found

Vegetation/land cover: fideciduous and mixed conifer/deciduous primarily, preference
for mature hardwood, less often in pure conifer standso(AmphibiaWeb), fpresence and
abundance positively correlated with increasing cover of herbaceous vego(Riedel et al.
2008), abundance positively related to historical forest cover (Cosentino and Brubaker
2018), they will cross edges and less favorable habitat (Renaldo et al. 2011)

Canopy cover: prefer high canopy cover

Management/Disturbance tolerance: flogging exposes salamanders to altered
microclimates, increased soil compaction and desiccation, reduced habitat complexity,
population may recover 30-60 years after clearcuto(Pough et al. 1987, deMaynadier
and Hunter 1995), foccupied available habitat along 10 km continuous gradient of forest
fragmentationo(Gibbs 1998)

Distance to water: nothing found

Soil moisture: interstitial moisture of >85% (AmphibiaWeb), fdownhill soil moisture
ranged 29-52%, uphill ranged 11-31%0(Woolbright and Martin 2014)

pH: >3.7, ideally 6.0-6.8 (Woolbright and Martin 2014)

White-spotted slimy salamander (Plethodon cylindraceus)

Designation: Research priority because of knowledge gap (NCWRC)
Migration/Dispersal: ffound to traverse up to 90 m, typical distance likely <10 m;
maximum distance found by an individual in Durham County was 91.5 m, though most
adults moved <9 mo(AmphibiaWeb)

Effect of roads: nothing found

Elevation: sea level up to 1500 m

Aspect: nothing found

Slope: nothing found

Vegetation/land cover: fboth old-growth and second-growth forest, wooded slopes,
ravines, floodplains, hardwood forest, sometimes pineo(AmphibiaWeb)

Canopy cover: nothing found

Management/Disturbance tolerance: fresilient to human disturbance, often found in
small woodland fragments and disturbed areaso(Kapfer and Munoz 2012, Bailey et al.
2004)

Distance to water: fless sensitive to availability of aquatic habitato (Kapfer and Munoz
2012)

Soil moisture: nothing found

pH: nothing found

Four-toed salamander (Hemidactylium scutatum)

Designation: Species of Greatest Conservation Need in NC (NCWRC)
Migration/Dispersal: fimigrate to wetlands in spring or winter to lay eggso(Chalmers
and Loftin 2006)

Effect of roads: nothing found

Elevation: nothing found

Aspect: nests are north-facing (Banning et al. 2008), east and west are okay, south is
the worst (Wahl et al. 2008)

Slope: like steep bank angles next to water (Banning et al. 2008)
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Vegetation/land cover: fneed shallow and fishless wetlands, intact hardwood forestso
(Herman and Bouzat 2016), sphagnum moss (Chalmers and Loftin 2006), fbogs, ponds,
seepages, pools, coniferous and deciduous forestso(Wood 1955)

Canopy cover: nothing found

Management/Disturbance tolerance: nothing found

Distance to water: nest right next to water (Banning et al. 2008)

Soil moisture: nothing found

pH: nothing found

Mud salamander (Pseudotriton montanus)

Designation: Research priority because of knowledge gap (NCWRC)
Migration/Dispersal: nothing found

Effect of roads: nothing found

Elevation: nothing found

Aspect: nothing found

Slope: nothing found

Vegetation/land cover: flowland environments, muddy springs and streams, swampy
pools and ponds within bottomland deciduous forestso(Bruce 1975)

Canopy cover: nothing found

Management/Disturbance tolerance: nothing found

Distance to water: almost always found near water (Bruce 1975, Montanucci 2006)
Soil moisture: nothing found

pH: nothing found

Red salamander (Pseudotriton ruber)

Designation: Research priority because of knowledge gap (NCWRC)
Migration/Dispersal: ffemales go to aquatic habitat in autumn/early winter to lay eggs,
terrestrial activity most common in spring and early summero(Marvin 2003)

Effect of roads: nothing found

Elevation: sea level up to 1500 m

Aspect: nothing found

Slope: nothing found

Vegetation/land cover: fiwooded ravines, swamps, open fields, forests, springs, low-
order streams, upland habitats, brookso(Folt et al. 2016, Montanucci 2006)

Canopy cover: nothing found

Management/Disturbance tolerance: deforestation, pollution, stream siltation, acid
run-off from coal mining may lead to local declines (AmphibiaWeb)

Distance to water: fmeed springs, headwater streams, seepage-fed bogs to lay eggs;
adult habitat slow-moving springs and seeps in wooded lowland and upland areaso
(Montanucci 2006)

Soil moisture: nothing found

pH: nothing found

Southern two-lined salamander (Eurycea cirrigera)
Designation: none
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Migration/Dispersal: fimove up to 100 m to/from breeding habitat, found in terrestrial
forest habitat during summer and fall, drought conditions will cause them to return to
aquatic habitat even if not for breedingo(Muncy et al. 2014)

Effect of roads: can cross roads when migrating during breeding season

Elevation: 07 2000 m

Aspect: nothing found

Slope: nothing found

Vegetation/land cover: iwooded terrestrial habitats, streams, pools, seeps, damp
woodso(AmphibiaWeb)

Canopy cover: nothing found

Management/Disturbance tolerance: fPopulations declined 20-44% in three decades
associated with conversion of forest to developed lando(Price et al. 2006)

Distance to water: frarely stray far from aquatic habitatso(Montanucci 2006)

Soil moisture: nothing found

pH: nothing found

Three-lined salamander (Eurycea guttolineata)

Designation: none

Migration/Dispersal: fifemales go to aquatic habitat in late autumn and winter to
deposit eggs, adults found in terrestrial habitats during spring, fallo(Marvin 2003)
Effect of roads: nothing found

Elevation: rarely found above 800 m (Montanucci 2006)

Aspect: nothing found

Slope: nothing found

Vegetation/land cover: fbreed in sluggish streams, seeps, bogs, wetlands, forested
floodplains, streamsides, disperses into wooded terrestrial habitatso(Price et al. 2006),
fstreams along bottomland hardwoods in the Piedmonto(Montanucci 2006)

Canopy cover: nothing found

Management/Disturbance tolerance: retain forested buffers along streams and
wetlands

Distance to water: fiarely stray far from aquatic habitatso(Montanucci 2006)

Soil moisture:Aiwher e seepage keepAmphibta&/ebyr ound moi st o
pH: nothing found

[I. Expert survey
The full responses from the expert survey can be found in Appendix IX (Table 10a-j).

Marbled salamander (Ambystoma opacum)

% Canopy Cover: As canopy cover increases, habitat quality increases.

Distance to water: As distance to water increases, habitat quality decreases.

Aspect: No impact on habitat quality.

Land Cover: Mesic forest, floodplain forest, upland depression swamp were ranked the
highest.

Distance to roads: As distance from roads increases, habitat quality increases.
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Relationship to protected areas: This species can be found in, near, or far from
protected areas.

Forest Age: Forest age is only of medium importance to this species.

Forest Management: Tree harvest and chemical application have strong negative
impact on habitat quality, pine plantation and understory burns have weaker negative
impact.

Variable importance: % canopy cover, distance to water, land cover most important
predictors of habitat quality.

Comments:
fiRegarding the ranking, | suspect pine agriculture and herbicide treatments have impacts but
this species is resilient especially if the surro

Ail'"'m not sure any of these cnstnecessaryforgesodmatded | v capt
salamander habitat. It all depends on the quality and type of wetlands and uplands present -

and not necessarily captured by these specific metrics. Other factors that are important are

hydroperiod, extreme temperaturesand/ or weat her events, and downed v

iMar bl ed sal amanders are an adaptable species. I
canopy forests with open understory layers where pools of water form in the winter. However, |

have found individuals under cover in a wider range of habitats. They are very common in the
triangle area. o

Spotted salamander (Ambystoma maculatum)

% Canopy Cover: As canopy cover increases, habitat quality increases.

Distance to water: As distance to water increases, habitat quality decreases.

Aspect: No impact on habitat quality.

Land Cover: Mesic forest, floodplain forest, upland depression swamp were ranked the

highest.

Distance to roads: As distance from roads increases, habitat quality increases.

Relationship to protected areas: This species can be found in, near, or far from

protected areas.

Forest Age: Forest age is only of medium importance to this species.

Forest Management: Tree harvest and chemical application have strong negative

impact on habitat quality, pine plantation and understory burns have weaker negative

impact.

Variable importance: % canopy cover and distance to water most important predictors

of habitat quality.

Comments:

Aln my experience, spotted salamanders are ad
However, | have not found them in as many locations as marbled salamanders. Both

species depend on fishless pools for egg depo

Red-spotted newt (Notophthalmus viridescens)
% Canopy Cover: As canopy cover increases, habitat quality increases, though only
slightly.
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Distance to water: As distance to water increases, habitat quality decreases, though
only slightly.

Aspect: No impact on habitat quality.

Land Cover: Mesic forest, floodplain forest, upland depression swamp were ranked the
highest.

Distance to roads: As distance from roads increases, habitat quality increases, though
only slightly.

Relationship to protected areas: This species can be found in, near, or far from
protected areas.

Forest Age: Forest age is only of medium importance to this species.

Forest Management: Tree harvest and chemical application have strong negative
impact on habitat quality, though this species is more tolerant than others, pine
plantation has weaker negative impact, understory burns may have slight positive
impact too.)

Variable importance: % canopy cover, land cover, and distance to water most
important predictors of habitat quality.

Comments:
A T h e ymigradergreat distances to water sources for breeding. Efts live in upland
habitats until ready to breed, then slowly ma

AThe aquatic adult stage of the eastern newt
terrestrial survey. The eft stage of this species can and does wander large distances

overland through a different habitats, but the adults are almost entirely aquatic, which

makes the responses difficult to determine with such different influences on different life

stages of the species.0

Northern dusky salamander (Desmognathus fuscus)

% Canopy Cover: As canopy cover increases, habitat quality increases.

Distance to water: As distance to water increases, habitat quality decreases
significantly.

Aspect: Northern/eastern is better than southern/western.

Land Cover: Mesic forest was ranked the highest.

Distance to roads: As distance from roads increases, habitat quality increases, though
only slightly.

Relationship to protected areas: This species can be found in, near, or far from
protected areas.

Forest Age: Forest age is of low importance to this species.

Forest Management: Tree harvest and chemical application have strong negative
impact on habitat quality. Pine plantation and understory burns have weaker negative
impact.

Variable importance: Distance to water, % canopy cover, land cover most important
predictors of habitat quality.

Comments:

AA stream species. I n my experience they <can
and quality.o



29

Southern two-lined salamander (Eurycea cirrigera)

% Canopy Cover: As canopy cover increases, habitat quality increases.

Distance to water: As distance to water increases, habitat quality decreases
significantly.

Aspect: Northern/eastern is better than southern/western.

Land Cover: Mesic forest and floodplain forest were ranked the highest.

Distance to roads: As distance from roads increases, habitat quality increases, though
only slightly.

Relationship to protected areas: This species can be found in, near, or far from
protected areas.

Forest Age: Forest age is of low importance to this species.

Forest Management: Tree harvest, chemical application, and pine plantation have
medium negative impact on habitat quality. Understory burns have weak negative to no
impact.

Variable importance: Distance to water, % canopy cover, land cover most important
predictors of habitat quality.

Comments:

AStreams are the key habitat feature with thi
al most any stream. 0

Three-lined salamander (Eurycea guttolineata)

% Canopy Cover: As canopy cover increases, habitat quality increases, but only
slightly.

Distance to water: As distance to water increases, habitat quality decreases
significantly.

Aspect: No impact on habitat quality.

Land Cover: Mesic forest and floodplain forest were ranked the highest.

Distance to roads: As distance from roads increases, habitat quality increases, though
only slightly.

Relationship to protected areas: This species can be found in, near, or far from
protected areas.

Forest Age: Forest age is of medium importance to this species (older is better).
Forest Management: Tree harvest, chemical application, and pine plantation have
medium negative impact on habitat quality. Understory burns have weak negative to no
impact.

Variable importance: Distance to water, % canopy cover, land cover most important
predictors of habitat quality.

Comments:

fAnother stream species. Proximity to a stream is the biggest habitat determining
variable.o

Eastern red-backed salamander (Plethodon cinereus)

% Canopy Cover: As canopy cover increases, habitat quality increases significantly.
Distance to water: No impact on habitat quality.

Aspect: Northern/eastern is better than southern/western.

Land Cover: Mesic forest was ranked the highest.
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Distance to roads: As distance from roads increases, habitat quality increases.
Relationship to protected areas: This species can be found in, near, or far from
protected areas.

Forest Age: Forest age is of medium importance to this species (older is better).
Forest Management: Tree harvest, chemical application, and pine plantation have
medium negative impact on habitat quality. Understory burns have weak negative to
weak positive impact.

Variable importance: % canopy cover and land cover most important predictors of
habitat quality.

Comments:

fCommon woodland salamander, most likely of the listed species to be found in
disturbed or developed land.0

White-spotted slimy salamander (Plethodon cylindraceus)

% Canopy Cover: As canopy cover increases, habitat quality increases significantly.
Distance to water: No major impact on habitat quality, though <50 m from water may
be worse habitat than >50 m from water.

Aspect: Northern/eastern is better than southern/western.

Land Cover: Mesic forest and dry oak/pine forest were ranked the highest.

Distance to roads: As distance from roads increases, habitat quality increases.
Relationship to protected areas: This species can be found in, near, or far from
protected areas.

Forest Age: Forest age is of medium importance to this species (older is better).
Forest Management: Tree harvest and chemical application have strong negative
impact on habitat quality. Pine plantation has weak negative impact on habitat quality.
Understory burns have weak negative to weak positive impact.

Variable importance: % canopy cover and land cover most important predictors of
habitat quality.

Comments:
ASI i my Sal amander s c¢ an digiudances putimging plantgtions ore
pine heavy forests, the soil can be a bi

ASecond most adaptable spbac&edon the |

Four-toed salamander (Hemidactylium scutatum)

% Canopy Cover: As canopy cover increases, habitat quality increases significantly.
Distance to water: As distance from water increases, habitat quality decreases.
Aspect: No impact on habitat quality.

Land Cover: Mesic forest, floodplain forest, upland depression swamp were ranked the
highest.

Distance to roads: As distance from roads increases, habitat quality increases.
Relationship to protected areas: This species can be found in, near, or far from
protected areas but may be more common in or near protected areas compared to far
from protected areas.

Forest Age: Forest age is of medium importance to this species (older is better).

a

St

0]

oo

af



31

Forest Management: Tree harvest, chemical application, and pine plantation have
strong negative impact on habitat quality. Understory burns have weak negative to weak
positive impact.

Variable importance: % canopy cover, land cover, distance to water most important
predictors of habitat quality.

Comments:

fArhis species gives the appearance of being more sensitive to disturbance but due to its
unique breeding habitats it was probably always more spotty in distribution even in an
unaltered landscape.0

Pseudotriton spp. (Mud salamander, P. montanus and Red salamander, P. ruber)

% Canopy Cover: As canopy cover increases, habitat quality increases significantly.
Distance to water: As distance from water increases, habitat quality decreases.
Aspect: Northern/eastern is better than southern/western.

Land Cover: Mesic forest, floodplain forest, upland depression swamp, dry oak/pine
forest were ranked the highest.

Distance to roads: As distance from roads increases, habitat quality increases.
Relationship to protected areas: This species can be found in, near, or far from
protected areas but may be more common in or near protected areas compared to far
from protected areas.

Forest Age: Forest age is of medium importance to this species (older is better).
Forest Management: Tree harvest, chemical application, and pine plantation have
strong negative impact on habitat quality. Understory burns have weak negative to no
impact.

Variable importance: % canopy cover, land cover, distance to water most important
predictors of habitat quality.

Comments? Do you think habitat differs significantly between the two species?:
fruber and montanus are different quite a bit. Basically, ruber is much more upland and
montanus is floodplain but both can be found in either.0

fP. montanus tends to be in swampier habitat and P. ruber is generally more upland.
However they are certainly found sympatrically.o

A dond think it differs significantly. | have found this species to be a difficult to find in the
field in the piedmont. Probably just my luck. Both live up to the name 'mud
salamander'.0o

[1l. Rule-based models

Maps of rule-based model outputs can be found in the Figures section of the paper
(Figures 3-22). Overall, the rule-based method classified less area as "habitat” than the
Maxent method. As expected, the models for D. fuscus, E. cirrigera, E. guttolineata, P.
montanus, and P. ruber are strongly influenced by the location of streams. Models for A.
maculatum, A. opacum, N. viridescens, P. cinereus, and P. cylindraceus are more
scattered. Very little area was classified as habitat for H. scutatum. Most of the models
are predicting a chunk of good habitat at the southern edge of the 2-counties study
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area, in the wetland area above Jordan Lake. This area is classified as floodplain forest
and has high canopy cover. It is far from roads and close to a protected area, so it
makes sense this score high in the rule-based method. The same trends were seen in
the Duke Forest study area.

When the rule-based models were combined into the "hotspot” map, the floodplain
forest areas stood out even more (Figures 23-24). Historic salamander occurrence data
from the NC Museum of Natural Sciences was displayed on top of the hotspot map
(Figure 25). Records from the 1940's and some from the 1970's and 1980's were
recorded right in that area. Other records were found north of there, in the Duke Forest
and also a few in areas that are currently very urbanized and poor habitat (like
downtown Durham.)

The occurrence points for each species were overlaid on the habitat (score >=80) to see
how often the occurrence points fell within predicted habitat (true positive) or fell outside
of predicted habitat (false negative.) On average, occurrence points fell within predicted
habitat 20% of the time (Table 11). There is a high rate of false negatives 1 real
occurrences occurring in areas .tohat wer e

Table 11. Assessment of how often occurrence points fell within predicted habitat for
rule-based models in the 2-counties study area.

False True
Species Negative Positive % True

A. maculatum 170 5 3%
A. opacum 76 32 30%
D. fuscus 2 1 33%
E. cirrigera 22 3 12%
E. guttolineata 9 2 18%
H. scutatum 8 0 0%
N. viridescens 17 2 11%
P. cinereus 107 9 8%
P. cylindraceus 16 15 48%
P. montanus* 4 > 33%
P. ruber*

Average: 20%

*P. montanus and P. ruber were modeled together for the rule-based models, so their occurrence points
were merged for this analysis.

The rule-based models were not created with the occurrence data, so it makes sense
that the data points would not strongly align with the models. Additionally, the >=80
threshold assumed that salamanders would occur in the best habitat possible. Because
there were so many false negatives, this may not be the case. To investigate this, |
extracted the values of the rule-based models pre-thresholding to see how the exact
locations of the salamander occurrences scored (Table 12). The average species
occurrence point was located in an area that scored around a 70 (averages for
individual species ranged from 61 to 81.) This makes sense, as a score of 60

not
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consi

between 60 and 80 is still decently good habitat, though 80-100 would be considered
the best habitat. Therefore, my rule-based models are more stringent than they could

have been, thresholding at 80.

Table 12. This table shows the habitat quality values (0-100 scale) extracted from the
rule-based habitat models where the salamanders were observed.

Species Min Max Mean Median | Mode

A. maculatum 39.53 96.19 67.46 67.34 63.44
A. opacum 36.54 91.93 73.53 73.06 76.06
D. fuscus 70.45 94.17 81.07 78.59 N/A
E. cirrigera 45.69 93.44 67.36 64.33 45.69
E. guttolineata 40.58 91.68 68.38 68.91 68.91
H. scutatum 49.93 66.06 61.32 63.64 66.06
N. viridescens 69.60 82.14 74.80 73.94 73.94
P. cinereus 55.36 88.08 69.97 68.46 68.46
P.

cylindraceus 39.87 88.95 75.70 78.05 81.25
P.montanus® | s509 | g6.65| 64.23| 71.08| 38.09
P. ruber*

AVERAGE 48.56 87.93 70.38 70.74 64.66

*P. montanus and P. ruber were modeled together for the rule-based models, so their occurrence points

were merged for this analysis.

V. Maxent models

Maps of Maxent model outputs can be found in the Figures section of the paper

(Figures 3-22). Overall, the Maxent method seems to have classified more area as
"habitat” than the rule-based method. The Maxent models followed similar trends seen

in the rule-based models. Models for D. fuscus, E. cirrigera, E. guttolineata, P.

montanus, and P. ruber are strongly influenced by the location of streams. Models for A.
maculatum, A. opacum, N. viridescens, P. cinereus, P. cylindraceus, and H. scutatum

are more scattered. The same trends were seen in the Duke Forest study area.

Interestingly, when the Maxent models were combined into the "hotspot" map, the
| based hdispobag, evera bi t at O
though the Maxent models usually predicted more habitat (Figures 23-24). The best

resul ting map

areas highlighted are similar to the rule-based models, near the floodplain areas.

showed

mu ¢ h

The occurrence points for each species were overlaid on the habitat predicted from

Maxent to see how often the occurrence points fell within predicted habitat (true

positive) or fell outside of predicted habitat (false negative.) On average, occurrence
points fell within predicted habitat 99% of the time (Table 13a). This is much higher than
for the rule-based models, which makes sense as the Maxent models were created
based on the occurrence points. After the logistic threshold was applied, percentage of
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ent
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total study area classified as habitat ranged from 10% (D. fuscus) to 59% (A. opacum)
across the 2-counties study area, and 7% (H. scutatum) to 47% (A. opacum) across the
Duke Forest study area (Table 13b). This follows the general rarity of species in this
region i the mole salamanders, A. opacum and A. maculatum, are much more common
than D. fuscus and H. scutatum.

Table 13a. Assessment of how often occurrence points fell within predicted habitat for
Maxent models in the 2-counties study area.

False True
Species Negative Positive % True
A. maculatum 5 170 97%
A. opacum 2 106 98%
D. fuscus 0 3 100%
E. cirrigera 0 25 100%
E. guttolineata 0 11 100%
H. scutatum 0 8 100%
N. viridescens 0 19 100%
P. cinereus 0 116 100%
P. cylindraceus 2 29 94%
P. montanus 0 4 100%
P. ruber 0 2 100%
Average: 99%
Table 13b. Percentage of total study area predicted as habitat.
Area of predicted habitat Area of predicted
Species (acres), 2-counties study | habitat (acres), Duke
area Forest study area
A. maculatum 195,026 (44%) 1,830 (28%)
A. opacum 262,985 (59%) 3,131 (47%
D. fuscus 45,888 (10%)
E. cirrigera 120,987 (27%)
E. guttolineata 69,233 (15%)
H. scutatum 125,350 (28%) 464 (7%)
N. viridescens 120,101 (27%) 2,015 (30%)
P. cinereus 76,686 (17%) 999 (15%)
P. cylindraceus 162,791 (36%) 1,241 (19%
P. montanus 66,516 (15%) ﬁ
P. ruber 51,620 (12%)

V. Model comparison

I n al most every case, the Maxent modaséds predi
model s. l'tds i mportant t cbasednmodelsishscoreafiow out pu
Afgoodo the habitat is based on envi rwhiement al
the output of Maxent models is probability of
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be compared. A portion of the fAhabitato predi

for all species in both study areas (Table 14).

Table 14. Areaclassified as fi hab i tBaldvaldes aramtheaigherevalue of the

two.
2-Counties Duke Forest
# of % # of %
Rule- Overlapping | Overlap | Rule- Overlapping | Overlap
based Maxent Acres based Maxent | Acres

A. maculatum 95,005 195,027 39,549 15.79 767 1,830 152 6.22
A. opacum 95,557 262,986 59,638 19.95 872 3,131 504 14.40
D. fuscus 52,756 45,888 17,594 21.71 463
E. cirrigera 29,199 120,988 11,353 8.18 440
E. 10.71
guttolineata 25,692 69,233 9,181 404
H. scutatum 19,724 125,351 5,995 4.31 119 464 19 3.37
N. viridescens | 100,484 120,101 29,718 15.57 588 2,015 165 6.77
P. cinereus 100,423 76,687 27,204 18.15 854 999 112 6.43
P. 26.20 17.81
cylindraceus 178,944 162,792 70,949 2,648 1,241 588
P. montanus* 41,090 66,516 10,082 10.34 1,253
P. ruber* 51,620 9,409 22.29

*P. montanus and P. ruber were modeled together for the rule-based models, so their occurrence points
were merged for this analysis.

VI. Connectivity

Each division of the Duke Forest had varying numbers of ponds, ranging from 4 in the
smallest division, Oosting, to 65 in Durham and Korstian divisions combined. In each
case, maximum connectivity would be represented by connections between each pair of
ponds. This did not occur in any of the divisions. Corridors only occurred where a set of
ponds was within 500 m of each other; for all ponds where this was not the case, a
corridor did not exist as salamanders would not be able to move that far. The Eno
division had 25% of potential corridors realized (number of corridors/number of potential
corridors), while Durham and Korstian only had 3% realized (Table 15).
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Table 15. Number of ponds in each Duke Forest division, number of corridors calculated
between the ponds, and number of potential corridors (if all pairs of ponds were
connected.)

Durham &
Oosting | Eno | Blackwood | Hillsboro | Korstian

# Ponds 4 8 13 14 65
# Corridors 1 7 10 14 60
# Potential Corridors 6 28 78 91 2080
% Connected
(# corridors / # potential 17% | 25% 13% 15% 3%
corridors)

Corridor capacities are, literally, the length in feet of the smaller pond perimeter

fragment that made up that corridor. More generally, they represent the amount of

Aflow, o0 in terms of salamander movement, betw
understoodby comparing one corridordés capacity to
from 104.29 to 4448.06. Figure 26 shows the distribution of the corridor capacities,

which is skewed to the right.
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Figure 26. Distribution of corridor capacity values. The bigger the capacity, the more
potential for migration (Aflowo) there is
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The identified corridors were overlaid with Duke Forest gravel roads, Duke Forest
official and unofficial foot paths, and county/state roads (Figures 27-28). The Oosting,
Eno, and Hillsboro divisions all had corridors crossed by county/state roads, but no
Duke Forest roads or trails. The Blackwood division had 7 corridors crossed by Duke
Forest gravel roads and a smaller number crossed by county/state roads. Durham and
Korstian divisions had corridors crossed by every type of road/trail (Table 16).

Table 16. Number of corridors crossed by roads and trails. Some corridors are crossed
by more than one type of road/trail.

Oosting Eno Blackwood Hillsboro Durham &
Korstian

# Corridors 1 7 10 14 60
# crossed by DF 0 0 7 (70%) 0 7 (12%)
gravel road
# crossed by DF 0 0 0 0 2 (3%)
official foot paths
# crossed by DF 0 0 0 0 1 (2%)
unofficial foot paths
# crossed by 1 (100%) 6 (86%) 4 (40%) 8 (57%) 34 (57%)
county/state roads

DISCUSSION
|. Literature review

Results from my literature review showed an extremely uneven distribution of papers
about each species, with many more about the Ambystomatids and P. cinereus and few
for the other species. Additionally, many papers that turned up in my search focused on
aspects such as reproduction, diet, or physiology, which contained little to no relevant
information on habitat. All of this led to the decision to supplement the literature review
with an expert survey.

[I. Expert survey

Generally, responses from the experts surveyed agreed with the conclusions | had
drawn from the literature. Often, my scores and the averaged expert scores were the
same or within a few points of each other. The main point that can be drawn from the
comments section of the survey is that habitat modeling on this level is a crude measure
of designating habitat across a landscape. Salamanders are microhabitat specialists,
and many important variables cannot be modeled in GIS, such as hydroperiod,
temperature, downed woody debris, and presence of small mammal tunnels.

This project was intended to provide a starting point for the Duke Forest to search for
salamanders on their property. The results of my habitat maps can be used to identify
priority search areas or priority management areas, and these can then be ground-
truthed at various times throughout the year. In the field, these microhabitat
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characteristics can then be assessed to provide a more accurate assessment of habitat
quality.

[1l. Rule-based models

From the rule-based models, it is clear that the best areas of habitat left in Durham and
Orange counties are highly forested areas, especially if they are wetlands or floodplain
forests. The historical NC Museum of Natural Sciences data suggests that salamanders
used to be found in areas that have undergone land use changes and are now
urbanized or lower quality habitat in other ways. However, the historical data points may
be biased due to uneven sampling effort each decade, or targeted searches in different
areas each decade.

It seems that salamanders are not occupying the "best" habitat, according to the 0-100
scale. This could be for multiple reasons. Because the salamander occurrence data was
not collected systematically across the whole study area, the points are biased to
wherever humans have been walking and happened to encounter them, or where they
have chosen to search for them. There could very well be many salamanders in the
best habitat areas, but these haven't been surveyed either due to access issues or
people not reporting when they have found a salamander there. Alternatively, as the
area urbanized and habitat became fragmented, salamander populations in the best
habitat patches may have been locally extirpated when they were cut off from other
populations. Additionally, the rule-based method is created entirely without the use of
the occurrence points and is more theoretical, so it makes sense that the points would
"fit" the model worse than they "fit" the Maxent models, which were created using the
points.

V. Maxent models

Though Maxent has been in use by ecologists for a number of years, questions about
the "best practices" for its use still remain. There are numerous settings that can be
adjusted which will alter the results in various ways. For example, adjusting the
regularization parameter (B) will result in over- or under-fitting of the model. For this
project, | tried to maximize the AUC by adjusting B.

With Maxent models, the resulting probability of occurrence maps are only as good as
the data points used to create them. With many of the species (D. fuscus, E.
guttolineata, H. scutatum, P. montanus, P. ruber), <15 points went into the models. This
makes them highly skewed toward whatever habitat existed at the occurrence points

and potentially less accurate. On average, the Maxent models had high percentages of
Atrueo positives or negatives #Habgacadasp n t
suggesting that in general, they fit the data well.

he
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V. Model comparison

No model is completely accurate. Both the rule-based approach and Maxent approach
have different strengths and weaknesses. | would recommend the rule-based approach
when wildlife managers have few occurrence points for a species, when there is
abundant literature on the species' habitat requirements, and/or when the manager has
contacts with species experts that are familiar with its habitat needs in the region. |
would recommend the Maxent approach when wildlife managers have >50 high-quality
data points, or when the literature on species' habitat requirements is scarce. Ideally,
using both approaches will allow for a comparison between the two model outputs to
see whether they generally agree or disagree on predicted habitat. Where the two
models overlap, or agree, managers can have the highest certainty that quality habitat
exists.

Overall, the Maxent models predicted more habitat than the rule-based models, which is
not bad in itself. Because many of the Maxent models were created with so few data
points, they are potentially less accurate and so it makes sense that there is little
overlap between the rule-based and Maxent models for many of the species.

Of course, both methods contained steps that were influenced by my own decisions,
such as assigning scores based on the literature for the rule-based models, or choosing
the settings for the Maxent models. | acknowledge that the model outputs are influenced
by these decisions. Though I cannot predict how different the models might have turned
out if I had assigned slightly different scores or different Maxent settings, | do not think
that the results would differ greatly.

For practical use of these models, | would suggest placing a priority on protecting the
areas where both models agreed on habitat. These areas have the highest chance of
salamander occurrence. These areas can be further improved by working on
microhabitat characteristics like increasing downed woody debris, and avoiding
detrimental practices in these areas such as clearcuts or chemical application.

VI. Connectivity

Assessing connectivity for salamanders is difficult, in general. Research suggests that

salamanders may not traverse landscapes according to the best habitat or "least cost"

paths. Instead, they tend to exhibit a "random walk" approach. This, in addition to their
very small average dispersal distances, makes traditional connectivity approaches less
relevant and accurate.

This is why | chose to use the pond connectivity approach created by Matisziw et al.
(2015). This approach can be modified for any pond-breeding species of amphibian, as
long as you have a dataset of ponds and wetlands and know their typical dispersal
distance. Because this connectivity method assesses pond-to-pond connectivity, it may
be less effective for assessing the movement of adults from upland habitat to ponds and
back. However, studies have suggested that survival of juvenile mole salamanders are
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actually more important to population growth and decreasing the risk of local extinction
(Sterrett et al. 2018). Juveniles that metamorphose and leave ponds will emigrate to
other nearby ponds, making these pond-to-pond corridors important. Matisziw et al.
(2015) noted that "straight-line...distance...between two breeding sites is thought to be
one of the primary factors influencing colonization and extinction" for amphibians.
Furthermore, all ponds were buffered by 500 m. Research suggests that this distance
from a wetland or pond will capture ~90% of the salamander population. Therefore, a
corridor between two ponds is likely capturing most of the adult salamanders that would
migrate to either pond during the breeding season (Scott et al. 2013).

Overlaying roads and foot paths over the corridors revealed that for every Duke Forest
division, at least one state or county road crosses a potential corridor. The Duke Forest
itself does not have control over these roads, but could work with the city on road
closures during breeding seasons or the development of below-road tunnels. In the
Blackwood, Durham, and Korstian divisions, many Duke Forest gravel roads also cross
corridors. By looking at the maps and identifying which roads cross these corridors,
Duke Forest could consider gating these roads during breeding seasons, or avoiding
driving on them at night when salamanders will be moving.

This analysis was limited by the quality of my ponds and wetlands datasets. | trust that
the water bodies data from the National Hydrography Dataset by U.S. Geological
Survey and the wetlands data by U.S. Fish and Wildlife Service is accurate, but there
may be smaller bodies of water that were not included in these datasets. Again,
surveying on the ground could help ground-truth this piece of the project.

Next steps for this analysis could follow what Matisziw et al. (2015) did in the rest of
their paper: laying a cost surface or resistance layer under the corridors to see if the
corridors are actually feasible, or turning the corridor polygons and ponds into a vector-
node network to model corridor density and identify multi-step paths to model dispersal
over multiple generations.

VII. Recommendations for Duke Forest

In general, | would recommend the following next steps:

1 Use the habitat model outputs to designate priority areas for salamander surveys
and salamander management . Points taken fr
listed in Appendix X and can be used as a starting point for on the ground
surveys in each division. Also listed in Appendix X are coordinates for the most
Asal ampodareas of the Duke Forest, takin
all the species overlapped.Poi nt s were taken from the ¢
when surveying on the ground, staff or volunteers should look in the general
vicinity of the point.

1 Inthese areas, improve microhabitat characteristics and avoid detrimental forest
operations such as clearcuts and chemical application.

1 Survey year-round, as different species will be above-ground and/or migrating at
different times.
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1 Consider adding new coverboard transects to the Duke Forest Herpetofauna
Citizen Science program that cover some of the best areas for salamanders
(using the hotspot map with all species combined).

1 In GIS, look at which of the Duke Forest roads are crossing the pond corridors.
Consider gating roads or avoid night-driving during breeding seasons for spotted
salamanders (spring) and marbled salamanders (fall). Coordinates for where
Duke Forest gravel roads cross a pond corridor can be found in Appendix XI.

Figure 29 shows the three areas where salamander presence and salamander
movement are highest. | would recommend that Duke Forest staff first focus their
management attention on these areas.

CONCLUSION

Salamander species in the Piedmont region of North Carolina are under-studied. This
region is undergoing rapid expansion, urbanization, and human population growth, all of
which will affect salamander habitat and salamanders directly. In addition, many of
these species agaep Akmioawd ietdyyespeci eso for
Commission, and important to many managers of wildlife and protected areas, such as
the Duke Forest.

My project assessed the usage of two methods, rule-based modeling and Maxent
modeling, to predict habitat for eleven species of salamander found in Durham and
Orange counties. Both approaches have pros and cons, and agreed on some habitat
areas but disagreed on others. Because of the lack of occurrence data for some
species, rule-based models are preferable. For other species which had many data
points, Maxent models might be more accurate. Overall, where the two models overlap
creates the best prediction for salamander occurrence.

These predicted habitat maps can be used to prioritize land conservation, areas for on-
the-ground salamander surveys or management, and areas to avoid the use of
detrimental forest management activities. The best areas of habitat will become even
more vital to protect as the Triangle region becomes more developed.

My project also assessed the connectivity of ponds and wetlands used by pond-
breeding salamanders. Corridors were identified for each Duke Forest division, and
potential conflict areas with roads were highlighted. The results of this can be used to
mitigate road mortality during breeding seasons, when large numbers of adults migrate,
and after breeding seasons, when juveniles metamorphose and emigrate.

For the most urbanized part of the state, the Triangle region of North Carolina is still
home to a surprising diversity of salamander species. As the region grows, salamander
habitat will dwindle, making it important to identify and conserve the best habitat and
current salamander populations. | hope that my work will be helpful in accomplishing
these goals.
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Spotted Salamander (Ambystoma maculatum)
Rule-based vs. Maxent Model
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Figure 3. Two-counties habitat output from rule-based (left) and Maxent (right) methods for the spotted salamander (Ambystoma maculatum).
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Marbled Salamander (Ambystoma opacum)
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Figure 4. Two-counties habitat output from rule-based (left) and Maxent (right) methods for the marbled salamander (Ambystoma opacum).
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Northern Dusky Salamander (Desmognathus fuscus)
Rule-based vs. Maxent Model
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Figure 5. Two-counties habitat output from rule-based (left) and Maxent (right) methods for the Northern dusky salamander (Desmognathus fuscus).



Southern Two-lined Salamander (Eurycea cirrigera)
Rule-based vs. Maxent Model
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Figure 6. Two-counties habitat output from rule-based (left) and Maxent (right) methods for the Southern two-lined salamander (Eurycea cirrigera).



Three-lined Salamander (Eurycea guttolineata)
Rule-based vs. Maxent Model
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Figure 7. Two-counties habitat output from rule-based (left) and Maxent (right) methods for the three-lined salamander (Eurycea guttolineata).



Four-toed Salamander (Hemidactylium scutatum)
Rule-based vs. Maxent Model
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Figure 8. Two-counties habitat output from rule-based (left) and Maxent (right) methods for the four-toed salamander (Hemidactylium scutatum).



Red-spotted Newt (Notophthalmus viridescens)
Rule-based vs. Maxent Model
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Figure 9. Two-counties habitat output from rule-based (left) and Maxent (right) methods for the red-spotted newt (Notophthalmus viridescens).



Figure 10. Two-counties habitat output from rule-based (left) and Maxent (right) methods for the eastern red-backed salamander (Plethodon cinereus).
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