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Abstract: Population genetics can reveal whether colonization of created habitats has been successful
and inform future strategies for habitat creation. We used genetic analysis to investigate spotted
salamander (Ambystoma maculatum) colonization of created vernal pools and explored the impact
of habitat characteristics on the genetic diversity and connectivity of the pools. Our first objective
was to examine genetic structure, differentiation, diversity, and potential for a founder effect. Our
second objective was to determine if habitat characteristics were associated with effective number
of breeders, relatedness, or genetic diversity. We sampled spotted salamander larvae in 31 created
vernal pools (1-5 years old) in Monongahela National Forest (WV) in May and June 2015 and 2016.
The youngest pools exhibited genetic differentiation, a founder effect, and low effective number of
breeders. Effective number of breeders was positively associated with pool age, vegetation cover,
pool diameter, and sample size. Vegetation cover was also negatively associated with relatedness.
Genetic diversity did not have strong environmental predictors. Our results indicated the effective
number of breeders increased and genetic differentiation decreased within 4-5 years of pool creation,
a sign of rapid colonization and potential population establishment. Our research also showed that
higher vegetative cover within the pool and larger pool diameters could impact habitat quality and
should be incorporated into future pool creation.
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1. Introduction

Habitat loss is the greatest threat to wildlife, making restoration and habitat creation
a valuable conservation tool to mitigate the adverse effects of anthropogenic disturbance.
Vernal pools are palustrine wetlands with intermittent inundation that provide essential
breeding habitat to several amphibian species, including vernal pool obligates such as
spotted salamanders (Ambystoma maculatum). These pools are vulnerable to disturbance
despite wetland mitigation efforts to prevent net habitat loss [1]. In the United States,
federal wetland regulations under the Clean Water Act only apply to larger wetlands with
more persistent surface water connections to rivers [2]. Lack of permanent links to other
water bodies and, in some cases, the small size makes it difficult to detect and protect
vernal pools [3]; and in response, some land managers have begun creating vernal pools to
increase available habitat.

As with any habitat restoration or creation, an essential next step is to measure the
effectiveness of the mitigation efforts. For vernal pools, ecologists often measure the
reproductive attempt (i.e., egg mass counts) and the number of individuals who complete
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metamorphosis among vernal pool breeding amphibians [4]. However, some created
vernal pools do not attract breeders or provide suitable habitat for the completion of
metamorphosis because it is challenging to replicate conditions of natural pools such as
the ephemeral hydroperiod, pool size, depth, canopy closure, and vegetative composition
when constructing pools [4].

Population genetics can provide an additional tool to measure colonization success.
It can indicate population resilience by revealing a population’s risk of extinction and
ability to adapt to a stochastic environment [5,6]. Genetic connectivity is the measure of
movement between habitat patches. This movement sustains populations by allowing
recolonization of areas that experience regular extinction events due to annual variations in
habitat quality [7]. A lack of genetic connectivity and diversity can decrease the chances
of surviving stochastic events and may require additional restoration efforts to counteract
long-term impacts on the population [5,6]. It is important, therefore, to identify founder
events that result in genetic bottlenecks due to the small number of individuals establishing
a new breeding population. The genetic effective population size (N.) represents the ideal
population that loses genetic diversity at the same rate as the actual population. Reduced
Ne is associated with inbreeding and decreased genetic diversity [5,8]. The effective number
of breeders (Ny,) is a similar measure, based on a single cohort, which estimates the annual
effective size in the parental generation of that cohort [9]. The effective number of breeders
is correlated with effective population size and negatively related to the rate of increase
in inbreeding in a single cohort of the population [10,11]. Therefore, N}, has implications
for whether the population can be sustained long-term [7,8,11]. High levels of genetic
diversity, measured by allelic richness and heterozygosity, can indicate a thriving breeding
population [5,8]. Heterozygosity is positively correlated with population fitness, where
higher heterozygosity indicates lower inbreeding, higher reproductive fitness, and reduced
extinction risk [5,8].

Genetic diversity and the genetic structure of amphibian populations can be affected
by the current and historic quality of their habitat, specifically the size and spatial dis-
tribution of wetlands. In dwarf salamanders (Eurycea quadridigitata), allelic richness and
heterozygosity were higher in areas with more wetlands in the surrounding 2.5 km [12].
In marbled newts (Triturus marmoratus), greater genetic structure and higher genetic dif-
ferentiation (Fst) were observed in areas with more abundant row cropland [13]. Tiger
salamanders (Ambystoma tigrinum) had greater genetic differentiation in newly colonized
wetlands, indicating a founder effect [14]. Additionally, larger wetlands, up to 3.8 ha, had
tiger salamander populations with higher allelic richness and lower Fgr values, showing
that larger pools supported higher genetic diversity and migration [14].

In addition to the spatial distribution of wetlands, habitat characteristics incorporated
during vernal pool construction may impact amphibian reproductive success. Spotted
salamanders require fishless, vernal pools for breeding habitat because these pools provide
refuge for the larvae through metamorphosis. Predators typically excluded in natural pools
can occur in created pools lacking short hydroperiods [15,16]. Pools with more vegetation
or refuge within the pool, including rocks and woody debris, provide a more suitable
habitat for egg mass deposition and larval shelter from predators. Spotted salamanders
oviposit more egg masses in pools with more complex vegetative structure [17]. The size of
pools is an important factor in attracting breeding salamanders, as evidenced by higher
egg mass density in larger pools [17-19]. Spotted salamander reproductive effort is also
higher in pools surrounded by uncut forests, indicating canopy cover could impact habitat
quality [19-21].

Our first objective was to investigate spotted salamander populations’ genetic diversity,
connectivity, and structure in 31 created vernal pools in West Virginia. We explored whether
there were signs of a bottleneck or founder effect in recently completed pools. We expected
to detect a bottleneck or founder effect in all regions due to how recently pools were created
(1-5 years before sampling). Finally, we measured N}, and current genetic diversity based
on expected heterozygosity (Hg), allelic richness (Agr), and relatedness within pools. Our



Diversity 2023, 15, 124

30f17

second objective was to determine if habitat characteristics at the pool level were associated
with genetic diversity. We examined the impact of pool age (i.e., time since construction)
because it could determine how quickly the population stabilized or if it was at risk of
extinction [15,22]. We expected that Nj,, Hg, and Ag would increase, and relatedness would
decrease over time as breeding populations became more established. We expected greater
vegetative cover and refuge within the pool (pool cover) would result in higher N}, Hg, and
AR, and lower relatedness. We expected similar relationships between genetic diversity,
Ny, relatedness and larger pools, greater canopy cover, and lower predator presence.

2. Methods
2.1. Study Area

We sampled created vernal pools in Huttonsville, WV, USA, from May—June in 2015
and 2016 (Figure 1). Sampled vernal pools were located on Cheat Mountain in Monongahela
National Forest at altitudes of 1219-1296 m above sea level. All sampled vernal pools were
created by the U.S. Forest Service (USFS) and situated such that pools built in the same year
are geographically proximate (hereafter considered three regions): Barton Bench pools were
created in 2011, Lambert North pools in 2013, and Lambert South pools in 2014. All sampled
vernal pools were within 5 km of each other and created based on field conditions without
predetermined designs or specifications as part of more extensive restoration projects. The
USFS acquired these areas in the 1980s after they were strip-mined for coal in the 1970s. The
restoration was initiated in 2009 and included the removal of non-native Norway spruce
(Picea abies) and red pine (Pinus resinosa) planted during mine reclamation, ripping to
mitigate soil compaction, and planting saplings including aspens (Populus spp.), red spruce
(Picea rubens), black cherry (Prunus serotina), wild raisin (Viburnum nudum), elderberry
(Sambucus nigra), and serviceberry (Amelanchier arborea). Most vernal pools included in
this study had open canopy due to the recent removal of non-native trees. Mean monthly
temperatures in Huttonsville, WV range from —1-19 °C with average annual precipitation
of 172.5 cm [23].

2.2. Field Sampling

Using dipnets and seines, we sampled spotted salamander larvae in 34 created vernal
pools: 22 in both years, 8 in 2015, and 4 in 2016. By region, this included 11 pools in
Barton Bench, 14 pools in Lambert North, and 6 pools in Lambert South. We caught
14-30 (mean = 20.73, SE = 0.31) larvae per pool per sampling year. Vernal pools were
sampled once per year between May and June [24]. Upon capture, we collected tail clips
(<1 cm), which were stored fully immersed in 100% ethanol in 1.5 mL microcentrifuge
tubes until later DNA extraction. Salamanders were released after all larvae from the pool
were processed.

We collected data on conditions at each pool to investigate how environmental vari-
ables influenced spotted salamander population genetics. We measured the diameter of
each pool using the average of perpendicular transects [25]. We used the line intercept
method to measure cover within the pool along the same two transects used for diame-
ter [17,26]. Cover within the pool (pool cover) was considered any form of refuge within
the pool, including rocks, coarse woody debris, and vegetation. In addition to looking at all
pool cover, we examined a subset of the pool cover: grass, sedge, cattail, and rush (GSCR)
within the pool. Proportional cover for pool cover and GSCR was calculated as the total
length of cover types divided by the length of transects at the pool [17]. Canopy cover was
measured using a spherical densiometer every 1.5 m along transects [25]. Predator presence
was quantified by presence/absence rating (0/1) when the following were caught in nets or
observed in pools: eastern newts (Notophthalmus viridescens), diving beetle (Dytiscidae)
larvae, and dragonfly (Odonata) larvae. Pools could have a rating of 0, meaning none were
present, to 3, where all three were observed in the pool [25]. Pool age was calculated by
sampling year minus creation year. The geographic location and age of the pool are not
independent because pools created each year were all made in the same area.
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Figure 1. Map displaying study area in Randolph County, WV, in the Greenbrier District of
Monongahela National Forest. Circles represent locations of sampled created vernal pools des-
ignated by region. Pools at Barton Bench were created in 2011 (n = 11), Lambert North pools
were created in 2013 (n = 14), and Lambert South pools were created in 2014 (n = 6). State
map displays Monongahela National Forest and the general area of sampling with a black box.
USA topo map accessed through ESRI © 2013 National Geographic Society, i-cubed; world im-
agery source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS,
AeroGRID, IGN, and the GIS User Community. Spotted Salamander range map from Cephas
https:/ /commons.wikimedia.org/wiki/File:Ambystoma_maculatum_map.svg (accessed on 6 Jan-
uary 2023).

2.3. Genetic Analysis

We extracted DNA from the tail clips of spotted salamander larvae using Promega
Wizard® SV 96 Genomic DNA Purification System kits. Every DNA sample was tested
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using a nano spectrophotometer and standardized to a concentration of 15 ng/uL. We used
eight microsatellite markers (D184, D287, C151, D315, D226, D49, D328, D203) [27] and
three universal primers to multiplex microsatellite loci (Table S1; Supplement S1) [28]. For
pools sampled in both years, we tested the annual variation of allele frequencies using
exact G test in GENEPOP with sequential Bonferroni correction (o« = 0.05). If there was no
difference between years, data from both years were combined to increase the sample size
for that pool (N = 17 pools; Table S2). If pools differed from one year to the next, only the
year with a higher sample size was retained (N = 5 pools). We removed 3 pools with fewer
than 10 individuals (Table S2).

The initial analysis tested for excess homozygotes, scoring error, allele dropout, and
null alleles in MICRO-CHECKER [29]. To avoid bias associated with relatedness in free-
moving larvae in pools, we removed full siblings in COLONY [30,31]. In COLONY,
we set male and female mating to polygamous without inbreeding. We conducted a
medium run with full likelihood and omitted a sibship prior. We ran the analysis in
duplicate. When full siblings were detected in both runs, only one of the siblings was
kept for subsequent analysis. We tested for the Hardy—Weinberg equilibrium and linkage
disequilibrium using GENEPOP with 10,000 iterations followed by sequential Bonferroni
correction (« = 0.05) [32].

2.4. Population Structure

We tested the number of genetically distinct populations in the study area using
STRUCTURE 2.3.4 [33]. We created three a priori sampling units (region) by grouping pools
that were geographically proximate and created at the same time (Barton Bench, Lambert
North, Lambert South). We ran STRUCTURE with 150,000 burn-ins and 150,000 reps
with the locprior model with admixture. We hypothesized that there were no more than
10 populations based on the initial analysis. We conducted ten runs for each value of
K =1-10. We used STRUCTURE HARVESTER [34] to determine optimal K based on peak
average Ln Pr(X|K) [33]. After an initial run to explore the highest level of structure, we
used the model with the highest probability. We ran a subsequent hierarchical analysis
in each group to examine substructure. In the subsequent analyses, we used the same
parameters, except we set the burn-in period and reps to 100,000 and K to the number of
pools in each region.

To confirm groupings indicated by STRUCTURE, we ran an Analysis of Molecular
Variance (AMOVA) in Arlequin ver. 3.0 [35] with 10,000 permutations (x = 0.05). Pairwise
differences between pools were calculated using genetic differentiation (FsT) between
individual pools using FSTAT with 10,000 iterations and regular Bonferroni correction
(e = 0.05) [36]. We tested for recent bottlenecks using BOTTLENECK software with a two-
phase mutation model, a variance of 12, 95% single-step mutations, and 1000 iterations, for
the sign test, Wilcoxon sign rank test, and mode-shift test (o = 0.05) [37].

2.5. Effective Number of Breeders and Genetic Diversity

To determine how pool creation year, sample size, and local environmental traits
impacted genetic diversity, we examined the following at pool level: Ny, Hg, AR, and
relatedness. We used FSTAT with 10,000 iterations to calculate Hg and Ag (based on the
minimum sample size of 10 individuals [36]. We measured N}, using COLONY [10,38].
We calculated relatedness within pools by mean within-population pairwise values using
GenAlIEx [39,40] and the Queller and Goodnight estimator [41]. We tested for differences
between regions using the Kruskal-Wallis rank sum test followed by Dunn’s test (o« = 0.05;
package ‘dunn.test’) [42] due to non-normally distributed data.

2.6. Environmental Factors

Environmental analysis was conducted in R [43]. To explore how environmental
factors influenced genetic characteristics, we compared linear regression models (x = 0.05)
and determined the best environmental predictors for Nj,, within-pool relatedness, Hg,
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and Ag using Akaike information criterion (AICc) (package ‘AICcmodavg’) [44,45]. We
examined deviance explained by each model (package ‘BiodiversityR’) [46]. Environmental
predictors included in the analysis were: age of pool, diameter of pool, pool cover, GSCR,
canopy cover, and predator presence. Because pool age is linked to region, we used age
in the regression models, which incorporates additional variation because age changed
from sample year one to sample year two; except for relatedness because the region was
a stronger predictor. By including sample size, we could investigate if environmental
conditions were stronger predictors than sample size alone, therefore more accurately
determining habitat influence. For regression models with environmental predictors, we
excluded two pools that were outliers to prevent skewing the data based on a single data
point: Barton Bench pool 1 (only from Ny, regressions) and Lambert South pool 30 (Grubbs
test p < 0.001; package ‘outliers’) [47].

3. Results

The final dataset for the genetic analysis included 795 spotted salamander samples
from 31 pools (Barton Bench = 351, Lambert North = 350, Lambert South = 94): 14 based
on one year of sampling and 17 based on two years of sampling (Table S2). Results from
MICROCHECKER led us to drop three loci (D315, D203, D328) due to null alleles in
43-68% of pools sampled. This left five remaining microsatellite loci (Table S1). All pools
were in Hardy-Weinberg Equilibrium and linkage equilibrium after sequential Bonferroni
correction (p > 0.05).

3.1. Population Structure

At the highest level, the Bayesian clustering algorithm of STRUCTURE found the
model with the highest probability was K = 1, grouping all the pools from all regions into
a single population (Figure S1). However, when examined further, the barplot reflected
a cline across the three regions that we had grouped a priori by proximity and by year of
creation (Figure 2a). The cline depicted Barton Bench and Lambert South as genetically
distinct ends with individuals in Lambert North displaying high admixture derived from
the other populations. After the hierarchical STRUCTURE analysis by region, the highest
probability models suggested K = 1 for Barton Bench, K = 3 for Lambert North, and K = 2
for Lambert South (Figures 2b-d and 52).

The AMOVA confirmed significant genetic differentiation between the three a priori
grouped regions (p = 0.0006), among the pools within the regions (p < 0.0001), and within
pools (p < 0.0001). Pairwise Fgr across pools ranged from 0-0.17 (mean = 0.03, SE = 0.001)
(Table S3, Figure S3). There were 152 pairwise comparisons (33%) that were significantly
differentiated after Bonferroni correction, 65 had moderate differentiation (Fgy = 0.05-0.10),
and 22 were highly differentiated (Fst > 0.10) (Table S3, Figure S3). Moderate and high
differentiation were observed at pools in Lambert North and Lambert South. There was a
distinct increase in differentiation from Barton Bench to Lambert North to Lambert South.
Pairwise differentiation was highest in the most recently created region, Lambert South
(Figure S3). There was some differentiation in Lambert North and little to none in Barton
Bench. We analyzed the three regions separately in BOTTLENECK and none of them
exhibited recent bottlenecks (p > 0.05).

3.2. Effective Number of Breeders and Genetic Diversity

Effective number of breeders was higher in the older pools at Barton Bench and
Lambert North than in the newest pools at Lambert South (p < 0.02; Figure 3). Effective
number of breeders ranged from 4-18 at Lambert South, 7-26 at Lambert North, and 13-90
at Barton Bench averaging 12.00, 18.86, and 28.45 respectively (Table S4). Relatedness, H,
and A were not different among regions (p > 0.05) (Tables 54 and S5, Figure 3). Relatedness
ranged from 0-0.49 across all regions, averaging 0.04 in Barton Bench, 0.05 in Lambert
North, and 0.15 in Lambert South. Expected heterozygosity ranged from 0.64-0.83 across
all regions, averaging 0.79 at Barton Bench, 0.80 at Lambert North, and 0.77 at Lambert
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South. Allelic richness ranged from 3.00-7.39 across all regions, averaging 6.51 in Barton
Bench, 6.63 in Lambert North, and 5.89 in Lambert South (Tables S4 and S5, Figure 3).

a)
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0.40
020
0.00

\ 1 2 3 & B 6 7 8 9 10 1 Au 13 g4 1544 AT 18 13 2 7 2 23 2 25A % 27 g B g 31)

Barton Bench Lambert North Lambert South
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Figure 2. STRUCTURE barplots most likely displaying K. Colors indicate the individual membership
coefficients for each cluster. Numbers reflect pool IDs. (a) Barplot for entire study area including all
three regions (Barton Bench, Lambert North, Lambert South); most likely K = 1. (Presenting barplot
K =2 to visually display the allele proportions reflecting a cline across regions.) (b) Barplot for pools
in Barton Bench region created in 2011; most likely K = 1. [Presenting barplot K = 2 to visually display
the allele proportions reflect K = 1] (c) Barplot for pools in Lambert North region created in 2013;
most likely K = 3. (d) Barplot for pools in Lambert South region created in 2014; most likely K = 2.

3.3. Environmental Factors

We controlled sample size by including it as a predictor in regression models to account
for its positive correlation with Ny, Hg, and Ag, and negative correlation with relatedness.
The effective number of breeders was significantly correlated with multiple environmental
predictors. The best model predicting Ny, included age of pool + GSCR + diameter of pool +
sample size within pool (adj r* = 0.68, F [4,24] = 15.97, p < 0.0001) (Tables 1-3). This model
explained 73% of the variance in the data and was given 70% of the weight of all models
in AIC, but not all coefficients were different from zero (Tables 1-3). All predictors of the
top model had positive relationships with N}, (Figure 4). Two models had AAIC less than
seven indicating they could be competing models. The model pool diameter + canopy
cover + sample size was weighted 21% and explained 67% of the deviance (Tables 1 and 3).
These predictors all had positive relationships with Ny, and estimates significantly different
from zero (Table 1, Figure 54). The full model, which included predictors from the top two
models and predator presence, had AAIC = 4.57 indicating it could also be significant, but
it was only weighted at 7% (Tables 1 and 3, Figure S4).
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Figure 3. Boxplots displaying ranges in (a) effective number of breeders (N}), (b) relatedness,
(c) expected heterozygosity (Hg), and (d) allelic richness (AR) for spotted salamanders (Ambystoma
maculatumy) across regions: Barton Bench (BB; N = 11), Lambert North (LN; N = 14), Lambert South
(LS; N = 6). Letters indicate significant differences between regions (Dunn’s Test p < 0.05).
Table 1. Hypothesized models predicting effective number of breeders of spotted salamanders
(Ambystoma maculatum). Predictors include age of pool; cover of grass, sedge, cattail, and rush within
pool (GSCR); diameter of pool; sample size within the pool; canopy cover; predator presence; and the
null ~1. AAICc = change in AIC corrected for small sample size; w; = weight of the model; asterisks
indicate when all predictors in a model had an estimate and 95% CI interval not overlapping zero.
Model AAICc wj Deviance Explained All Model Coefficients # 0
Age + GSCR + Diameter + Sample Size 0.00 0.70 0.73
Diameter + Canopy Cover + Sample Size 2.41 0.21 0.67 *
Age + GSCR + Diameter + Pre@ators + 457 0.07 075
Canopy Cover + Sample Size
GSCR + Predators + Sample Size 8.69 0.01 0.59
Age + GSCR + Diameter 9.90 0.00 0.57 *

Sample Size 12.13 0.00 0.44 *
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Table 1. Cont.

Model AAICc wj Deviance Explained All Model Coefficients # 0
Diameter + Canopy Cover 14.21 0.00 0.45 *
GSCR + Predators 18.10 0.00 0.37 *
Predators 21.21 0.00 0.23 *
Diameter 22.10 0.00 0.21 *
GSCR 23.25 0.00 0.17 *
Age 23.41 0.00 0.17 *

~1 26.28 0.00 0.00

Table 2. Coefficients for the top model predicting effective number of breeders for spotted salaman-
ders (Ambystoma maculatum): y = age of pool + GSCR (grass, sedge, cattail, rush coverage) + diameter
of pool + sample size within pool.

Coefficients Estimate Std Error  95% Confidence Interval t p
Intercept —6.46 3.39 —-13.10 0.18 —-1.91 0.07
Age 2.10 0.63 0.87 3.32 3.36 0.003
GSCR 11.46 6.05 —0.40 23.32 1.89 0.07
Diameter 0.012 0.003 0.006 0.018 3.85 0.001
Sample Size 0.26 0.07 0.12 0.40 3.704 0.001

Table 3. Summary statistics of predictors included in spotted salamander (Ambystoma maculatum)
population genetics models, including the age of pool; canopy cover; diameter (m) of pool; cover
of grass, sedge, cattail, and rush within pool (GSCR); cover by any form of refuge within the pool
such as vegetation, rocks, and coarse woody debris (pool cover); predator presence; and sample size

per pool.
Predictor Min Max Mean + SE
Age 1.5 5 3.12 +£0.21
Canopy Cover (0-1) 0.00 0.52 0.06 & 0.03
Diameter (m) 3.16 11.94 6.77 £ 0.40
GSCR (0-1) 0.01 0.44 0.15 4+ 0.02
Pool Cover (0-1) 0 0.53 0.23 +0.02
Predators (0-3) 0.00 3.00 1.72 +£0.13
Sample Size per Pool 10.00 44.00 26.17 4+ 2.00

Relatedness had multiple competing models with AAIC less than two. These in-
cluded models with the predictor’s pool cover, sample size, GSCR, region, and pool
diameter (Table 4). In every model, predictors had negative relationships with related-
ness (Tables 4 and 5, Figure 5). The top model was pool cover + sample size, which was
weighted 27% and explained 32% of the deviance (adj 2 =027 F [2,27] = 6.26, p = 0.006;
Table 5, Figure 5). The second strongest model was GSCR + sample size with AAIC less
than one.

The only significant regression model for Hg was pool cover + sample size (y = 0.77
+0.05 pool cover + 0.0005 sample size within pool: adj r* = 0.16, F [2,27] = 3.68, p = 0.04).
Both predictors had positive relationships with Hg (Figure S5). The coefficients were not
significantly different from zero (p > 0.05), and individually, these predictors were not
significant. Allelic richness had no significant environmental predictors (p > 0.05).
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Figure 4. Biplots displaying the relationship between Ny, and predictors from the most robust model
including: (a) age of pool, (b) GSCR (0-1) (grass, sedge, cattail, and rush coverage within pool),
(c) diameter (m) of pool, and (d) sample size within the pool. Some ages are in-between years due to

combining samples collected over two years.

Table 4. Hypothesized models predicting relatedness for spotted salamanders (Ambystoma maculatum).

Predictors include pool cover which consists of any form of refuge such as vegetation, rocks, coarse

woody debris; sample size within the pool; cover of grass, sedge, cattail, and rush within the pool

(GSCR); region; diameter of the pool; predator presence; and the null ~1. AAICc = change in AIC

corrected for small sample size; w; = weight of the model; asterisks indicate when all predictors in a

model had an estimate and 95% CI interval not overlapping zero.

Model AAICc wj Deviance Explained All Predictors Significant p < 0.05

Pool Cover + Sample Size 0.00 0.27 0.32
GSCR + Sample Size 0.89 0.17 0.30

Sample Size 1.11 0.16 0.23 *
Pool Cover + Sample Size + Region 1.69 0.12 0.34
Pool Cover + Sample Size + Diameter 1.92 0.1 0.34
Pool Cover + Sample Size + Predators 2.46 0.08 0.33

GSCR 3.20 0.05 0.17 *
Pool Cover 4.76 0.03 0.12
~1 6.27 0.01 0.00
Pool Cover + Region + Diameter + Predators 6.62 0.01 0.30
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Table 5. Coefficients for the top model predicting relatedness for spotted salamanders (Ambystoma
maculatum): y = pool cover + sample size within the pool.

Coefficients Estimate Std Error  95% Confidence Interval t P
Intercept 0.13 0.02 0.08 0.17 5.66 <0.0001
Pool Cover —0.10 0.05 —0.21 0.003 —-1.91 0.07
Sample Size —0.002 0.0006 —0.003 —0.0005 —2.76 0.01
a) b)
L] .
0.15 0.15
L] L]
@ |* ® y
20.10 . o010/
O O
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Figure 5. Biplots displaying the relationship between relatedness and predictors from the strongest
model including: (a) GSCR (0-1) (grass, sedge, cattail, and rush coverage within pool) and (b) sample
size within pool.

4. Discussion

We investigated the genetic diversity of spotted salamander larvae in 31 created
vernal pools in the Central Appalachians. As expected, older pools had lower genetic
differentiation and higher Ny,. Larger pools with greater vegetative cover had higher Nj,.
Greater vegetative cover also had a negative association with relatedness. Finally, there
was weak evidence for a positive relationship between pool cover and Hg.

4.1. Population Structure

Although the study area spanned 5 km, it was a panmictic single population with a
cline in population structure from Barton Bench to Lambert North to Lambert South. This
suggests that there is migration from Barton Bench and Lambert South into Lambert North,
which was between the other regions both geographically and in age. Barton Bench and
Lambert South had the oldest and youngest created pools, respectively, and were furthest
apart geographically. Individual spotted salamanders have been documented traveling
maximum distances of 467 m from breeding ponds; however, this species exhibits genetic
connectivity among pools within distances up to 17 km [48,49]. It is possible that migrants
from the other two regions into Lambert North helped increase population size, resulting
in the highest genetic diversity, and similar levels of Ny, and relatedness to Barton Bench,
despite Lambert North being two years younger.

Genetic differentiation between regions was low, indicating movement and migration
among regions and no major obstructions to gene flow. Several pairwise comparisons were
significant, and some were highly differentiated at pools in Lambert North and Lambert
South. Genetic differentiation between some pools might indicate that it takes longer
than 1-3 years for colonizers to establish and disperse among pools. These results are
consistent with research conducted in Maine, where spotted salamander breeding effort
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and reproductive success were variable for six years after pool creation [15]. In tiger
salamanders, newly colonized wetlands had greater genetic differentiation than established
populations [14]. Additionally, female spotted salamanders do not reach sexual maturity
for 3-5 years, meaning it would take at least as long to measure the reproductive success
of offspring produced in the created pools [50,51]. The pools in our study were colonized
as early as the first breeding season after pool creation, reflecting spotted salamanders’
rapid colonizing ability. This was also seen in created pools in North Carolina, where
spotted salamanders colonized 9 out of 10 pools the first year of creation, the same rate as
natural pools sampled [18]. However, determining long-term success requires monitoring
for longer than three years, even when breeding is evident in the first year of creation.

We expected to detect a bottleneck as the result of a founder effect in all regions, where
the low number of colonizing individuals brings limited genetic diversity to the newly
created pools but did not detect any bottlenecks. A possible founder effect in the younger
pools at Lambert South was evident from the higher genetic differentiation of these pools
compared to the older pools [14]. Additionally, salamanders in pools at Lambert South
had the lowest N}, Hg, and Ag, and the highest relatedness. However, the latter three
were not significantly different from other regions. Only Ny, was significantly different
among regions, and only at Lambert South. In such newly created pools, a smaller breeding
population, lower genetic diversity, and higher relatedness may indicate that these breeding
pools were exhibiting signs of a founder effect despite lack of significance in bottleneck
tests. The ability to detect a bottleneck could have been limited due to the low number of
loci, immigration among regions, and size of the source population [52-54].

4.2. Effective Number of Breeders and Genetic Diversity

The effective number of breeders was highest in the oldest pools (4-5 years old) and
lowest in the newest pools (1-2 years old). Only Barton Bench had Ny, values comparable
to those of an established spotted salamander population in Maine across 19 pools [55].
Even the maximum N, for the regions with younger pools was lower than the range of
the population in Maine [55]. This indicates Ny, increased within a couple of years in these
created vernal pools and shows potential for populations inhabiting created pools to estab-
lish breeding populations of a similar size to those of natural pools. Additionally, in three
created pools in Maine, the abundance of breeding spotted salamanders increased 3-6 years
after construction [15]. Spotted salamanders sampled across 26 natural pools in Connecticut
and Massachusetts had an average Ne of 570 [56]. Based on the N}, /N ratios of Allegheny
Mountain dusky salamanders (Desmognathus ochrophaeus) (0.734) [11], we can estimate that
our maximum N}, = 90 at Barton Bench would be roughly equivalent to N = 123, lower
than the established population in Connecticut and Massachusetts [56]. In all regions, ge-
netic diversity (Hg and Ar) was similar to breeding populations in Maine, Connecticut, and
Massachusetts, except for the low Ag of pool 30 in Lambert South [55,56]. Genetic diversity
did not differ by pool age. Relatedness, Hg, and Ar were similar across regions despite
expectations that Hg and Ar would increase, and relatedness would decrease over time as
breeding populations became established. More time may be necessary to detect changes in
genetic diversity in colonizing populations. However, in tiger salamanders, population age,
based on three years of data, was not a significant predictor for A [14]. Because genetic
diversity in our pools was similar to established natural populations [55,56], it is possible
that the rapid colonization of our pools resulted in natural diversity levels.

4.3. Environmental Factors

Habitat quality can impact the population genetics of amphibians [12,13]. We found
that multiple habitat characteristics influenced Nb, including positive associations with
pool age, diameter, and GSCR. In addition to differences in N}, among regions, age was
a top predictor for Nb, indicating that time since creation impacted Ny,. The changes in
N}, with pool age highlight the importance of monitoring populations over time. Larger
pools (up to 11.94 m diameter) had higher N, indicating that larger pools may attract more
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breeders. Others have found that larger pools had higher spotted salamander occupancy,
more egg masses, and higher larval survival rates [17,18,57,58]. Similarly, California tiger
salamanders (Ambystoma californiense) had higher N, in larger vernal pools [38]. Tiger
salamander wetland colonization was positively related to wetland area [59]. Larger wet-
lands also had higher immigration rates for marbled salamanders (Ambystoma opacum) [60].
Larger wetlands produced lower genetic differentiation in tiger salamanders, potentially
indicating higher gene flow [14]. Salamanders may show a preference for larger breeding
pools, or higher colonization rates may be a product of the target effect, where salamanders
are more likely to encounter larger pools during spring migrations to breeding sites [59,61].
These data indicate larger pools can support successful breeding populations [14]. Addi-
tionally, larger pools in our study system produced spotted salamander larvae with lower
stress hormone levels [25]. It is important to note that the created pools in this study were
smaller in size than natural pools with breeding spotted salamander populations in Maine,
which had average diameters of 15-25 m (unpublished data [48]), compared to the average
diameter of 7 m in this study.

The top models indicate that GSCR and canopy cover are positive predictors of Ny,.
Greater pool cover and vegetation cover were also negatively associated with relatedness
within pools. This could confirm expectations that pools with higher coverage of GSCR
would provide a more suitable habitat for egg mass deposition and larval refuge from
predators [62]. Higher availability of GSCR in a pool may attract more breeding adults or
provide more surface area for egg masses. Spotted salamander egg mass density and larval
survival was higher in breeding pools with greater vegetative cover [17,58,63]. Canopy
cover is more difficult to interpret because only 7 of the 31 pools had any canopy cover
and they were all in the Barton Bench region. The positive relationship between canopy
cover and Nj, may reflect higher levels of N}, in Barton Bench due to pool age. However,
spotted salamanders oviposited more egg masses in pools with surrounding forest cover
and avoided clear-cut forests [19-21]. Pools with greater canopy cover also had a higher
density of spotted salamander larvae [64]. Therefore, canopy cover could be an important
factor for spotted salamander breeding habitat.

There is weak evidence that as pool cover increased, Hg increased. This may be related
to the higher reproductive effort in pools with more vegetation [17,63]. We did not find an
effect of pool size on A or Hg, which was also true for the California tiger salamander
in vernal pools [38]. Pond size negatively impacted the allelic diversity of California tiger
salamanders in deeper, permanent, artificial pools [38]. Conversely, Ar of tiger salamanders
in [llinois increased with wetland area [14].

An inherent difficulty of a newly created habitat is the dependency on migration and
colonization. There were pools in Lambert North and Lambert South, with larvae present
in 2015 but not in 2016. At one pool in Lambert North, we caught 22 larvae in 2015 but
none in 2016. After removing full siblings, only three individuals remained with Ny, = 4.
Lambert North pool 25 was surprising because after successfully catching 21 larvae in two
person-hours in 2015, we only found 2 larvae in 2016, despite previously observing 12 egg
masses and sampling the entire area of the pool multiple times over two person-hours.
This pool had Ny, = 12, lower than the region’s average (N}, = 19). Lambert South pool 30
was an extreme among our sampled pools, with the lowest Ny, highest relatedness, and
lowest genetic diversity (Lambert South region means in parentheses): Ny, = 4 (vs. 12),
relatedness = 0.49 (vs. 0.13), Hg = 0.64 (vs. 0.77), and AR = 3 (vs. 5.89). These unique pools
demonstrate the stochastic nature of newly colonized pools, as the presence of breeding
spotted salamanders for one year does not indicate an established population. Long-term
monitoring is important to determine the viability of populations in created pools because
it may take many years for a population to establish [15].

5. Conclusions

Time since pool creation and habitat quality relate to spotted salamanders’ genetic
diversity and differentiation in created vernal pools. Pools were colonized quickly by spot-
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ted salamanders, and N}, increased as soon as 4-5 years after habitat creation. These older
pools also had low genetic differentiation and no bottlenecks, indicating an establishing
breeding population. Vegetation cover within the pool (GSCR) and pool diameter were
important predictors of N}, indicating it would be valuable to incorporate vegetative cover
within created pools to provide oviposition sites and refuge for larvae. Future vernal pool
creation would benefit from larger vernal pools, and future research should determine the
ideal pool size to attract and support spotted salamander breeding populations. At our
study site, there should be continued monitoring to determine if Ny, increases and genetic
differentiation decreases with time since creation at the youngest pools. In general, this
work highlights that genetic analyses can be used to help assess the success of colonization,
and combined with environmental data, help inform future site selection and creation of
vernal pools. Moreover, long-term monitoring is essential to track changes and determine
if created pools sustain viable breeding populations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15020124/s1. Table S1: Details of microsatellites with PCR
conditions. Microsatellite loci are from Julian et al. (2003) [27]. Universal primers are from Blacket et al.
(2012) [28]. *Loci excluded from analysis; Table S2: List of all pools sampled specifying which were
included in analysis. Regions include Barton Bench (BB), Lambert North (LN), and Lambert South
(LS). Sample size is the number of spotted salamander (Ambystoma maculatum) larvae per pool
included in analysis. Years sampled were 2015, 2016, or both. Years combined indicates whether
data from two years were combined: yes Y, no N, or N/A if only sampled one year. Sample year
included is bolded for pools with only one year of sampling included in analysis. Final pool sample
size included 31 pools: 14 based on one year of sampling and 17 based on two years of sampling;
Table S3: Fg; table displaying Fg; values in the top half and p-values in the bottom half. Significant
values are bolded. Pool ID listed by region: Barton Bench 1-11 (BB), Lambert North 12-25 (LN),
and Lambert South 26-31 (LS); Table S4: Summary statistics of effective number of breeders (Ny,),
relatedness (7gG), expected heterozygosity (Hg), and allelic richness (AR) for spotted salamanders
(Ambystoma maculatum) separated by region: Barton Bench (BB), Lambert North (LN), and Lambert
South (LS); Table S5 Pool level values of effective number of breeders (Ny,), relatedness, expected
heterozygosity (Hg), and allelic richness (AR) for spotted salamanders (Ambystoma maculatum) with
region indicated as Barton Bench (BB), Lambert North (LN), and Lambert South (LS); Figure S1: Map
displaying the Barton Bench study region. Circles represent sampled created vernal pool locations
designated by individual pool ID. World imagery source: Esri, DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community;
Figure S2: Map displaying the Lambert North study region. Circles represent sampled created
vernal pool locations designated by individual pool ID. World imagery source: Esri, DigitalGlobe,
GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS
User Community; Figure S3: Map displaying the Lambert South study region. Circles represent
sampled created vernal pool locations designated by individual pool ID. World imagery source: Esri,
DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and
the GIS User Community; Figure S4: Plot of most likely number of spotted salamander (Ambystoma
maculatum) populations (K) across the entire study area (encompassing all three regions together)
by the mean of estimated In probability of the data. Analysis included all regions grouped together
using 5 microsatellite loci run on STRUCTURE with graph produced by STRUCTURE HARVESTER;
Figure S5: Plot of most likely number of spotted salamander (Ambystoma maculatum) populations
(K) by the mean of estimated Ln probability of the data for regions (a) Barton Bench (b) Lambert
North and (c) Lambert South. Analysis included 5 microsatellite loci run on STRUCTURE with graph
produced by STRUCTURE HARVESTER
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