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Abstract: Many forested freshwater wetlands have been altered or destroyed, and wetlands are
constructed to offset loss. However, they do not always replace the function of natural wetlands.
It is important to understand how features of the habitat differ between types of wetlands and
whether constructed wetlands provide an adequate habitat for species adapted to natural wetlands.
Our objectives were to measure the characteristics of Four-toed Salamanders’ nesting habitat and
determine which factors contribute to the abundance of eggs and nests in natural and constructed
upland-embedded wetlands within a ridgetop ecosystem in eastern Kentucky. We located and
examined characteristics for 207 nests in twelve wetlands and measured variables at the nest level
and at the wetland level. The best predictor of the number of eggs and number of nests was amount of
moss at the wetland. These measures of reproductive effort were similar between types of wetlands,
but the number of eggs per nest was higher in constructed wetlands and inversely related to amount
of moss, highlighting a deficit in nesting habitat. Research of embryonic and larval survival is needed
but based on data from other amphibian species in this system, we predict that the survival of Four-
toed Salamanders’ larvae is low in constructed wetlands with permanent hydrology. Restoration
of constructed wetlands should address the need for moss as nesting substrate and drying of the
wetland to reduce the abundance and diversity of predators of larvae.

Keywords: Amphibia; management; oviposition; Plethodontidae; reproduction; restoration ecology;
wetland construction; wetland ecology

1. Introduction

Concern about the effects of loss of wetlands on populations of amphibians dates
back 100 years [1]. In the United States, forested freshwater wetlands lost more area than
any other type of wetland from 1974 to 2009 [2,3]. Consequently, wetlands have been
constructed as mitigation or to enhance populations of wildlife. However, constructed
wetlands do not replicate natural systems, and floral and faunal assemblages in constructed
wetlands often differ from those in natural wetlands and fall short of conservation goals [4].

Construction of wetlands as mitigation tools for conservation of amphibians has had
mixed results. This occurs for several reasons. For example, the structure of amphibian
assemblages typically differs among sites because of disparities in hydrology, habitat con-
nectivity, floral assemblages, and the ability of species to exploit new wetlands [4–7]. Some
species, particularly generalists, may benefit, whereas rare species or habitat-specialists may
have difficulty colonizing. Furthermore, colonization of ponds does not imply reproductive
success. Some species using wetlands do not reproduce, their life history traits (e.g., larval
duration and size at metamorphosis) may be altered leading to unsuccessful or reduced
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recruitment, and predation upon embryos and larvae by invertebrates or other amphibian
species may be enhanced [8–11].

Four-toed Salamanders (Hemidactylium scutatum) have specific requirements for nest-
ing and embryonic development [12–14]. Females may nest communally, depositing their
clutch in the same nest as others [15–17]. Females typically select nesting sites on slopes
facing north to northeast and with steeper banks; these factors are correlated with in-
creased embryonic survival and may facilitate the entry of larvae into the water [18,19].
Mosses (e.g., Sphagnum and Thiuidium spp.) are important for nesting, presumably because
of moisture required at nesting sites and the loose, deep structure they provide [18,19].
Identifying favorable nesting site characteristics, especially in constructed wetlands, is
important because sites used for oviposition can affect reproductive fitness in amphibians
by influencing both embryonic and larval success [20]. Additionally, because wetlands are
constructed to offset the loss of habitat, it is critical to understand how characteristics of
the terrestrial and aquatic habitat differ between natural and constructed wetlands and
how this impacts the distribution and abundance of species. Therefore, our objectives
were to describe characteristics of Four-toed Salamanders’ nests and determine which
environmental factors contribute to the abundance of eggs and nests in natural and con-
structed upland-embedded wetlands within a ridgetop ecosystem in eastern Kentucky. We
hypothesized that we would find differences between natural and constructed wetlands
in the type of nesting habitat used by Four-toed Salamanders in this system as well as in
reproductive effort.

2. Materials and Methods

In the Cumberland Ranger District of the Daniel Boone National Forest (DBNF),
Kentucky, more than 700 wetlands have been constructed on ridgetops for the management
of wildlife and enhancement of habitat [11,21]. The area encompassing these wetlands
consists of the unglaciated portions of the Western Allegheny Plateau Ecoregion and is
dominated by mixed mesophytic forest [22]. We identified 18 prospective study sites (nine
natural and nine constructed wetlands) based on the presence of Four-toed Salamanders
from previous research of wetlands that were systematically selected based on pairing of
natural and constructed wetlands on the landscape [6,7]. We excluded sites if no nests were
found during this study or if humans recently altered the site. This resulted in six natural
and six constructed wetlands, all of which were fishless and located on forested ridgetops
and had either ephemeral hydrology (all the natural wetlands) or permanent hydrology
(all the constructed wetlands) (Figure 1).

We measured the length and width of each wetland to calculate area and measured
the perimeter of the wetland to the nearest 0.1 m. We determined the total amount of
moss in each wetland by summing the lengths that clumps of moss intersected the water’s
edge around the perimeter of the wetland and in the interior of the wetland (e.g., clumps
surrounding trees in the wetland’s interior). After full leaf out, beginning 15 May 2011,
we determined the closure of the canopy at each study site using a spherical densiometer;
we measured this in the center of each wetland and at the perimeter of the wetland in the
cardinal and ordinal directions, and averaged the measurements [6,23,24]. Additionally,
we scored wetlands using the Kentucky Wetland Rapid Assessment Method (KY-WRAM),
which is an assessment of the condition of the wetland that ranges from 0 to 100 from
lowest to highest condition [25].

We searched all moss, herbaceous plants, leaf litter, and downed woody debris along
the water’s edge to 1 m past the highwater line of each wetland for Four-toed Salamanders’
nests at approximately every two weeks during the nesting period, beginning 1 March 2011
and continuing until no viable embryos remained (12 June 2011). During mid-May to late
May 2011, after egg laying had ended, the region experienced heavy and prolonged rainfall
and 83% of the nests were inundated, with most eggs being washed into the wetland.
Accordingly, thereafter, we limited our focus to nesting ecology because we were unable to
determine success of hatching.
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the constructed wetlands had a permanent hydroperiod. 

When a nest was found, we counted the number of eggs and number of females per 
nest. To discern between females ovipositing and leaving a nest from those attending the 
nest, we used the maximum number of females found at a nest after egg laying had ceased 
at that nest as the number of females attending a nest. To determine the percent of ground 
cover by type of plant (moss, grass, sedge, and herbaceous plants) and nonliving material 
(decaying wood, leaflitter, pine needles, soil, gravel, and dead vegetation), we centered a 
small plot (10 cm2) on the nesting site and made a visual estimate of cover by type. We 
also identified mosses (to genus). We measured aspect (the direction that the slope faced 
toward the water from a nest) with a compass to the nearest degree. We measured the 
slope from the nest to the water line (using a clinometer, accuracy to 1°), with 0° being flat 
and 90° being vertical. We also measured the distance from the center of the nest to the 
water to the nearest 0.5 cm. One extreme outlier for distance was removed from the da-
taset after box plot analysis revealed its value was much greater than all the other ones 
(248 cm compared to a maximum of 26.5 cm for the remaining distances). We measured 
the moisture of the soil at each nest as volumetric water content in standard mode using 
a Fieldscout TDR 100 Soil Moisture Meter (Spectrum Technologies, Inc.); this value is the 
ratio of water volume to total soil volume. We used measurements of moisture from 
weeks 6 and 7 (14–28 April 2011) in the analyses because some earlier measurements were 
missed due to difficulty with the equipment. We measured the pH of the soil (Kelway soil 
acidity and moisture tester, model HB-2; Kel Instruments Company, Inc., Wyckoff, NJ, 
USA) to the nearest 0.1 when each nest was initially found. When no soil was present at a 
nest, we measured pH and moisture of the soil in the nearest soil within 1 m in any direc-
tion; if there was no soil within that distance, we did not take a measurement. 

The following statistical tests were performed using SPSS (v 24, IBM Corp, Armonk, 
NY, USA). Because the data were not distributed normally and the sample size was small, 

Figure 1. Natural wetlands (left) showing trees in the interior surrounded by thick clumps of moss.
Constructed wetlands (right) showing no trees in the interior, some downed woody debris, and little
(if any) mossy cover. The natural wetlands dried during the summer (e.g., bottom left) while the
constructed wetlands had a permanent hydroperiod.

When a nest was found, we counted the number of eggs and number of females per
nest. To discern between females ovipositing and leaving a nest from those attending
the nest, we used the maximum number of females found at a nest after egg laying had
ceased at that nest as the number of females attending a nest. To determine the percent of
ground cover by type of plant (moss, grass, sedge, and herbaceous plants) and nonliving
material (decaying wood, leaflitter, pine needles, soil, gravel, and dead vegetation), we
centered a small plot (10 cm2) on the nesting site and made a visual estimate of cover
by type. We also identified mosses (to genus). We measured aspect (the direction that
the slope faced toward the water from a nest) with a compass to the nearest degree. We
measured the slope from the nest to the water line (using a clinometer, accuracy to 1◦),
with 0◦ being flat and 90◦ being vertical. We also measured the distance from the center of
the nest to the water to the nearest 0.5 cm. One extreme outlier for distance was removed
from the dataset after box plot analysis revealed its value was much greater than all the
other ones (248 cm compared to a maximum of 26.5 cm for the remaining distances). We
measured the moisture of the soil at each nest as volumetric water content in standard
mode using a Fieldscout TDR 100 Soil Moisture Meter (Spectrum Technologies, Inc.); this
value is the ratio of water volume to total soil volume. We used measurements of moisture
from weeks 6 and 7 (14–28 April 2011) in the analyses because some earlier measurements
were missed due to difficulty with the equipment. We measured the pH of the soil (Kelway
soil acidity and moisture tester, model HB-2; Kel Instruments Company, Inc., Wyckoff, NJ,
USA) to the nearest 0.1 when each nest was initially found. When no soil was present
at a nest, we measured pH and moisture of the soil in the nearest soil within 1 m in any
direction; if there was no soil within that distance, we did not take a measurement.

The following statistical tests were performed using SPSS (v 24, IBM Corp, Armonk,
NY, USA). Because the data were not distributed normally and the sample size was small,
we used Mann–Whitney U to determine whether the site-level variables measured in
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each wetland differed between types of wetlands (natural or constructed): perimeter,
area, total moss in the wetland, canopy-closure, and KY-WRAM score. We used Chi-
square contingency table analyses to determine whether the following variables were
associated with types of wetlands: number of nests with females present, the number
of females attending a nest, the amount of moss as nesting substrate (% cover), and the
number of wetlands with a uniform distribution of the aspect of the nests. When results
were significant, we performed post hoc analysis using Bonferroni correction. We used
nested ANOVAs, with individual wetlands nested within types of wetlands, to determine
whether the following nesting characteristics varied between types: slope, distance to water,
moisture of soil, and pH of soil (each log-transformed). We performed Rayleigh’s Test
using Program Oriana (v 3.21, Kovach Computing Services, Anglesey, UK) to determine
whether the distribution of the aspect of the nests were uniform [26].

We performed multiple linear regression with a model selection approach using a
second-order Akaike’s Information Criterion (AICc) in R (v 3.3.2, R Core Team, Vienna,
Austria; ‘AICcmodavg’ package; see Mazerolle [27]) to determine which factors best pre-
dicted the number of eggs per wetland, the number of nests per wetland, and the number
of eggs per nest. We used Spearman correlations to determine multicollinearity between all
pairs of explanatory variables and excluded variables from statistical models when r > 0.70.
KY-WRAM was correlated with total moss amount with an r > 0.70, so KY-WRAM was
excluded from models. Because our response variables were counts, we determined the
appropriate distribution for modeling each variable by comparing log-likelihood ratios of
the global model with a Poisson distribution, negative binomial distribution, and a normal
distribution with log-transformed data. For both the number of eggs per wetland and
the number of nests per wetland, a normal distribution with log-transformed data fit best.
For the number of eggs per nest, a negative binomial distribution fit best, and because
this response variable was nested within type of wetland, we used a generalized linear
mixed model approach in package ‘lme4′ [28], in which the site was included as a random
explanatory variable.

We tested all combinations of explanatory variables and an intercept-only model
for the number of eggs per wetland and number of nests per wetland, including type of
wetland (natural or constructed), canopy-closure, and total amount of moss in the wetland.
The model set for the number of eggs per nest included the type of wetland, total amount
of moss, canopy-closure, and the following measurements at the nest: number of females
present, substrate used for nesting, slope to water, distance to water, moisture of the
soil, and pH of the soil as explanatory variables. Our candidate models for eggs per nest
included the global model, a model for each single variable, models for all pairs of variables,
and an intercept-only model. For all three model sets of response variables, we used model
averaging to conduct multi-model inference [29]. Variables whose model-averaged estimate
and 85% confidence interval did not overlap zero were interpreted as statistically significant;
we used this value because Arnold [30] argued that this procedure promotes compatibility
between the information-theoretic approach and statistical inference.

3. Results
3.1. Analyses at the Wetland Level

We located and examined characteristics of 207 nests in 12 wetlands: 133 nests in
natural wetlands and 74 nests in constructed wetlands. The number of nests and eggs was
similar between types of wetlands. The perimeter, area, and total amount of moss in a
wetland was also similar between natural and constructed wetlands. However, canopy-
closure and KY-WRAM scores were higher in natural wetlands than in constructed wetlands
(Table 1).
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Table 1. Comparison of wetland-level factors, using a Mann–Whitney U, and nest-level factors, using
ANOVA, measured for nests of Four-toed Salamanders (Hemidactylium scutatum) in natural and
constructed ridgetop wetlands in the Daniel Boone National Forest, Kentucky. Factors are presented
as mean ± SE; bold values are statistically significant at an α = 0.05.

Nest and
Wetland Factors Natural Wetlands Constructed

Wetlands Statistics

Wetland-level factors
Nests
Eggs

Perimeter (m)

22.2 ± 13.5
808.3 ± 367.1
94.0 ± 26.6

12.3 ± 3.4
756.2 ± 187.7

46.1 ± 5.9

U = 16.5, p = 0.81
U = 14.0, p = 0.52
U = 7.0, p = 0.078

Area (m2) 383.0 ± 194.0 138.6 ± 49.3 U = 11.0, p = 0.262
Total moss (m) 41.7 ± 29.0 10.2 ± 5.6 U = 13.0, p = 0.423

Canopy-closure (%) 96.1 ± 1.5 84.7 ± 4.6 U = 3.0, p = 0.016
KY-WRAM score 72.5 ± 3.6 47.7 ± 4.3 U = 3.0, p = 0.016

Nest-level factors
Slope (degrees) 53.41 ± 1.86 34.86 ± 2.06 F = 0.9, P1,12.9 = 0.351

Distance to water (cm) 9.17 ± 0.51 15.58 ± 1.26 F = 0.9, P1,12.6 = 0.368
Moisture (%) 28.9 ± 0.76 25.9 ± 0.53 F = 2.7, P1,11.5 = 0.126

pH 5.78 ± 0.05 6.27 ± 0.03 F = 8.7, P1,15.8 = 0.010

In natural wetlands, many nests faced north, but this pattern was less apparent in
constructed wetlands (Figure 2). The results from Rayleigh’s test showed that the aspect
of the nests was not uniformly distributed at three natural wetlands and two constructed
wetlands (Table 2). There was no difference between types of wetlands in the uniformity of
the distribution of the aspect of the nest (X2 = 0.3, p = 0.56).

Diversity 2022, 14, x FOR PEER REVIEW 5 of 12 
 

 

Table 1. Comparison of wetland-level factors, using a Mann–Whitney U, and nest-level factors, us-
ing ANOVA, measured for nests of Four-toed Salamanders (Hemidactylium scutatum) in natural and 
constructed ridgetop wetlands in the Daniel Boone National Forest, Kentucky. Factors are presented 
as mean ± SE; bold values are statistically significant at an α = 0.05. 

Nest and Wetland Factors Natural 
Wetlands 

Constructed 
Wetlands 

Statistics 

Wetland-level factors    
Nests 
Eggs 

Perimeter (m) 

22.2 ± 13.5 
808.3 ± 367.1 

94.0 ± 26.6  

12.3 ± 3.4 
756.2 ± 187.7 

46.1 ± 5.9 

U = 16.5, p = 0.81 
U = 14.0, p = 0.52 
U = 7.0, p = 0.078 

Area (m2) 383.0 ± 194.0 138.6 ± 49.3 U = 11.0, p = 0.262 
Total moss (m) 41.7 ± 29.0 10.2 ± 5.6 U = 13.0, p = 0.423 

Canopy-closure (%) 96.1 ± 1.5 84.7 ± 4.6 U = 3.0, p = 0.016 
KY-WRAM score 72.5 ± 3.6 47.7 ± 4.3 U = 3.0, p = 0.016 

Nest-level factors    
Slope (degrees) 53.41 ± 1.86 34.86 ± 2.06 F = 0.9, P1,12.9 = 0.351 

Distance to water (cm) 9.17 ± 0.51 15.58 ± 1.26 F = 0.9, P1,12.6 = 0.368 
Moisture (%) 28.9 ± 0.76 25.9 ± 0.53 F = 2.7, P1,11.5 = 0.126 

pH  5.78 ± 0.05 6.27 ± 0.03 F = 8.7, P1,15.8 = 0.010 

In natural wetlands, many nests faced north, but this pattern was less apparent in 
constructed wetlands (Figure 2). The results from Rayleigh’s test showed that the aspect 
of the nests was not uniformly distributed at three natural wetlands and two constructed 
wetlands (Table 2). There was no difference between types of wetlands in the uniformity 
of the distribution of the aspect of the nest (Χ2 = 0.3, p = 0.56). 

 
Figure 2. Rose diagram showing the aspect of the nests of Four-toed Salamanders (Hemidactylium 
scutatum) in natural and constructed upland-embedded wetlands in the Daniel Boone National For-
est, Kentucky. Numbers around the perimeter represent compass direction; bold lines represent 
mean vector and circular standard deviation. 

Table 2. Comparison of the uniformity of the distribution of the aspect of the nests of Four-toed 
Salamanders (Hemidactylium scutatum) in natural and constructed ridgetop wetlands of the Daniel 
Boone National Forest, Kentucky. Bold values are statistically significant at an α = 0.05. 

Wetland Type 
Rayleigh 
Test (Z) 

Rayleigh 
Test (p) 

Mean 
Vector (µ) 

Circular Standard 
Deviation 

Booth  Natural 7.85 <0.001 348.45 89.27 
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Figure 2. Rose diagram showing the aspect of the nests of Four-toed Salamanders (Hemidactylium
scutatum) in natural and constructed upland-embedded wetlands in the Daniel Boone National Forest,
Kentucky. Numbers around the perimeter represent compass direction; bold lines represent mean
vector and circular standard deviation.

The top three models for analyses of the number of eggs per wetland had a total
weight of 0.86, and all included the total amount of moss at the wetland (Table 3). The
total amount of moss and the extent of canopy-closure both were positively related to, and
significantly contributed to, explaining the number of eggs per wetland (Table 4). The top
two models for analyses of the number of nests per wetland had a total weight of 0.97, and
both included the total amount of moss at the wetland (Table 3). Only the total amount of
moss significantly contributed to the model and had a positive association; therefore, there
was no significant difference between constructed and natural wetlands in the number of
nests or the number of eggs (Table 4).
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Table 2. Comparison of the uniformity of the distribution of the aspect of the nests of Four-toed
Salamanders (Hemidactylium scutatum) in natural and constructed ridgetop wetlands of the Daniel
Boone National Forest, Kentucky. Bold values are statistically significant at an α = 0.05.

Wetland Type Rayleigh
Test (Z)

Rayleigh
Test (p)

Mean
Vector (µ)

Circular Standard
Deviation

Booth Natural 7.85 <0.001 348.45 89.27
DC2 Natural 2.48 0.082 16.67 76.90
DC6 Natural 1.89 0.152 31.88 73.97
ELN Natural 3.26 0.033 14.87 54.30
HEN Natural 0.78 0.488 317.89 73.21
JRN Natural 3.36 0.028 334.80 49.08

35–97 Constructed 4.42 0.011 337.09 74.53
ELA Constructed 0.06 0.948 344.43 120.69
HEA Constructed 2.60 0.073 173.35 78.55
JRA Constructed 0.13 0.901 80.00 94.20
LRA Constructed 1.62 0.202 215.03 77.32
P5 Constructed 3.57 0.025 263.92 70.16

Table 3. Top models with weight > 0 for number of eggs per wetland, number of nests per wetland,
and number of eggs per nest of Four-toed Salamanders (Hemidactylium scutatum) in natural and
constructed ridgetop wetlands of the Daniel Boone National Forest, Kentucky.

Parameter K Log-Likelihood AICC ∆AICC Weight

Number of eggs per wetland
Total moss 3 −9.17 27.34 0 0.60

Wetland-type, total moss 4 −8.17 30.06 2.73 0.15
Wetland-type, total moss, canopy 5 −5.33 30.66 3.32 0.11

Intercept-only 2 −12.90 31.12 3.79 0.09
Canopy 3 −12.49 33.98 6.64 0.02

Wetland-type 3 −12.88 34.76 7.42 0.01

Number of nests per wetland
Total moss 3 −10.53 30.06 0 0.87

Wetland-type, total moss 4 −10.32 34.35 4.29 0.10
Intercept-only 2 −16.09 37.51 7.45 0.02

Number of eggs per nest
Global model 13 −543.13 1115.78 0 0.99

Nest-level full model 10 −552.01 1126.10 10.32 0.01

Table 4. Model-averaged parameters across models for total number of eggs, total number of nests,
and eggs per nest of Four-toed Salamanders (Hemidactylium scutatum) in natural and constructed
ridgetop wetlands of the Daniel Boone National Forest, Kentucky. Bold values are statistically
significant at an α = 0.05.

Dependent
Variable

Predictor
Variable

Model-Averaged
Estimate (¦Â)

Unconditional
SE 85% CI

No. of eggs Total moss 0.010 0.003 0.005, 0.015
Canopy 0.036 0.020 0.007, 0.065

Wetland-type
Natural −0.593 0.431 −1.214, 0.028

Constructed 0 0 0, 0

No. of nests Total moss 0.015 0.004 0.009, 0.020
Canopy 0.010 0.029 −0.032, 0.051

Wetland-type
Natural −0.217 0.428 −0.833, 0.399

Constructed 0 0 0, 0
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Table 4. Cont.

Dependent
Variable

Predictor
Variable

Model-Averaged
Estimate (¦Â)

Unconditional
SE 85% CI

Eggs per nest All moss substrate −0.001 0.002 −0.003, 0.003
Slope −0.002 0.004 −0.007, 0.003

Moisture 0.038 0.012 0.020, 0.055
pH −0.109 0.181 −0.370, 0.152

Female presence 0.315 0.072 0.211, 0.419
Distance to water −0.007 0.003 −0.122. −0.002

Total moss −0.003 0.001 −0.005, −0.002
Canopy 0.031 0.012 0.013, 0.048

Wetland-type
Natural −0.690 0.207 −0.988, −0.392

Constructed 0 0 0, 0

3.2. Analyses at the Nest Level

There were significantly more eggs per nest in constructed wetlands (Mean ± SE =
61.3 ± 7.0) than in natural wetlands (Mean ± SE = 36.47 ± 3.0) (Table 4; see statistics
below). The number of nests with a female present was 39 of 133 nests (29.3% ± 0.04)
in natural wetlands and 17 of 74 nests (23.0% ± 0.05) in constructed wetlands, and this
did not differ between types of wetlands (X2 = 1.0, p = 0.32). The number of females
present per nest ranged from 0 to 4 and did not differ between natural (0.71 ± 0.07) and
constructed (0.70 ± 0.10) wetlands (X2 = 4.8, p = 0.31). Moss was the substrate used
most for nesting: 78% of nests were found in areas with 100% moss and 82% were found
in areas of >50% moss. There was a significant difference in use of moss as nesting
substrate among natural and constructed wetlands (X2 = 65.1, p < 0.001). Post hoc analysis
with Bonferroni correction indicated that there were more nests found with no mossy
substrate in constructed wetlands (n = 30 of 74; 41%) than in natural wetlands (n = 2 of 133;
0.02%) and that there were more nests found in 100% moss substrate in natural wetlands
(n = 122 of 133; 92%) than in constructed wetlands (n = 39 of 74; 53%) (X2 = 65.1, p < 0.001).
In fact, one constructed wetland did not have any moss, with nesting occurring in leaf litter;
during heavy rain, however, in this case, many eggs and much of the substrate washed into
the wetland (Figure 3). We also observed that some moss (Thuidium spp.) in constructed
wetlands was very thin and dried earlier than did thicker mats of moss in natural wetlands
(Sphagnum spp. and Thuidium spp.) (Figure 4). Other moss (Leucobryum spp.) was very
dense, which made laying eggs within the moss difficult. The slopes, soil moisture, and
distance to the water where nests were found were similar between types of wetland, but
the pH was lower at nests in natural wetlands (Table 1).

The top model for analyses of the number of eggs per nest had a total weight of 0.99
and was the global model with all explanatory variables (Table 3). The number of eggs
per nest was positively and significantly associated with moisture, presence of females,
and canopy-closure and negatively and significantly associated with distance to water
and total extent of moss. Natural wetlands had significantly fewer eggs per nest than did
constructed wetlands (Table 4).
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4. Discussion

We found no difference in the number of Four-toed Salamanders’ nests or eggs at
constructed versus natural wetlands; however, due to the low sample size and large
variation within types of wetlands, we believe the differences in the mean number of
eggs and nests do reflect differences that exist between natural wetlands and many of the
constructed wetlands. These measures of reproductive effort were best predicted by the
total amount of moss at a wetland and greater closure of the canopy. In natural wetlands,
the use of 100% moss as substrate for nesting was greater than in constructed wetlands,
which corresponds to other studies that found the presence of high-quality moss to be an
indicator of Four-toed Salamander presence on the scale of the landscape [18,31].

Our hypothesis that there would be differences between types of wetlands in Four-toed
Salamander’s nesting habitat was supported; primarily, there was a greater use of moss as
nesting substrate in natural wetlands. The importance of moss as nesting substrate has been
shown previously [18,19,31]. There was greater closure of the canopy in natural wetlands.
Previous researchers reported that constructed wetlands with permanent hydroperiods in
open-canopy areas did not contain Four-toed Salamanders, but they were found in nearby
natural wetlands [32]. Canopy-closure was not a predictor for the number of nests in a
wetland, but it was important, along with the total amount of moss, in predicting the
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number of eggs. This is because the number of eggs per nest differed between types of
wetlands; there were more eggs per nest in constructed wetlands because there was less
moss used for nesting, possibly because closure of the canopy was lower, and pH was
higher in constructed wetlands. This ‘deficit’ in moss is further highlighted by our findings
that in constructed wetlands, there was increased use of other substrates for nesting. This
underscores how constructed wetlands are lacking in thick beds of moss (particularly
Sphagnum spp.).

Furthermore, the number of females present at a nest did not differ between types
of wetlands, but the number of eggs per nest did, indicating that more females were ‘egg
dumpers’ in communal nests at constructed wetlands than at nests in natural wetlands.
We observed few instances of communal nesting at the highest quality natural wetlands
with plenty of thick moss. Breitenbach [33] concluded communal nesting would occur less
frequently in wetlands with more suitable nesting sites. Communal nesting likely occurred
more often in constructed wetlands because of the lack of suitable nesting sites comprised
of thick beds of moss.

When wetlands were constructed, the canopy was removed in the process [34]. Canopy
and cover by low vegetation are important for the retention of moisture and growth of
moss [35–37]. Understory vegetative communities differ between wetland-types in this
system, with more shade-tolerant species found in the understory of natural wetlands [38].
Most nests faced north in natural wetlands and in wetlands where the aspect of the nest
was not uniformly distributed. It is possible that closure of the canopy, low cover, aspect,
and pH are more important for the growth of moss than as a cue for nesting by Four-toed
Salamanders. We hypothesize that closure of the canopy may occur much more rapidly at
constructed wetlands than moss can colonize and populate them, so the extent of moss is
limited in these wetlands, at least initially. With favorable nesting sites limited, communal
nesting increases and eggs are oviposited at fewer sites, thus significantly increasing the
number of eggs per nest, with unknown consequences for embryonic survival at the
population level. Perhaps as constructed wetlands age, the canopy closes, and more
downed woody debris accumulates, more moss will grow in thicker clumps, although it is
unclear what impact the difference in pH might have on the growth of moss. Consequently,
north-facing shorelines should become increasingly different from those facing south. Nests
on the moist, north-facing shorelines should be at a selective advantage over those on the
drier, south-facing shorelines [19].

Natural wetlands had significantly higher KY-WRAM scores than did constructed
wetlands, and these scores were positively correlated with the total amount of moss in a
wetland. We used abundance of moss in our statistical analyses because it is more directly
important for Four-toed Salamanders’ nesting. The amount of moss in the wetland was
associated with number of eggs per wetland, number of nests per wetland, and number
of eggs per nest, suggesting that KY-WRAM can be an indicator of wetland condition
and might be a proxy for indicating suitable nesting habitat for Four-toed Salamanders in
ridgetop systems. Rapid assessment methods have been suggested as useful in discerning
habitat suitability for other amphibians in this system [6]. However, it is important to note
that KY-WRAM scores can be high in wetlands with no moss or Four-toed Salamanders
and that these salamanders can inhabit other types of wetlands that may not score high on
the KY-WRAM.

Implications for management: Our findings, taken in consideration with the find-
ings from other research conducted in this system, indicate there are differences in the
ecological functioning of constructed wetlands when compared to the natural, ephemeral
wetlands [6,7,11,38]. For example, we found there was more moss used for nesting, which
is very important for a habitat specialist such as the Four-toed Salamander, and greater
closure of the canopy in natural wetlands than in constructed wetlands. Closure of the
canopy may not only lead to increased growth of moss, but a closed canopy can impact the
hydroperiod of the wetland by increasing evapotranspiration [39]. Constructed, permanent
wetlands have greater abundance and diversity of predators of larval amphibians that may
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impact survivorship and population dynamics of amphibians than do natural wetlands
or those with variable hydroperiods [6,11,32]. It is possible that Four-toed Salamanders
choose to nest in constructed wetlands, but that these wetlands serve as sinks, unable to
support populations, as was found for wood frogs (Lithobates sylvaticus) in this system [11].
Unless constructed wetlands provide an optimal habitat for nesting by Four-toed Salaman-
ders and development of their larvae, these wetlands may not mitigate the loss of critical
natural habitat.

We believe our results can be applied to similar wetland complexes throughout the
Appalachians and other areas of the Eastern United States where similar floral and faunal
assemblages are found. However, interpretation of our data, especially for management,
needs to consider that constructed wetlands in our study were selected based on previous
research that documented the presence of Four-toed Salamanders at each site [6,7]. Other-
wise, the amphibian and plant communities of these wetlands were representative of other
wetlands in the Cumberland Ranger District based on the research of Fedders [38] who
randomly selected study sites across the entire district. It is important to note that most
constructed wetlands did not support populations of Four-toed Salamanders: larvae were
found in only 7 of 38 constructed wetlands [38]. Therefore, our study potentially overesti-
mates the suitability of constructed wetlands for this species. Restrictive requirements for
habitat in addition to the low numbers detected in wetlands across this system mean that
suitable habitat for Four-toed Salamanders may be limited. Monitoring of populations, par-
ticularly in wetlands where the conditions of the habitat are less than ideal (i.e., permanent
hydrology or lack of Sphagnum moss), is recommended.

Long-term monitoring is essential for detecting changes in populations of Four-toed
Salamanders at constructed wetlands [4,40]. We urge strong caution be taken in using the
presence of nests as an indicator of population status; we were unable to assess embryonic
and larval survivorship, which is required to determine this. In the absence of these data,
we recommend using nest surveys over long periods of time to monitor populations and
determine the impact of constructed wetlands on Four-toed Salamanders’ demography and
population viability. Ultimately, data on the survival of offspring are required to determine
whether populations are self-sustaining, and whether a nearby natural wetland constitutes
a source for recruitment of adults.

Constructed wetlands may be a valuable tool for replacing lost wetlands. However,
current construction techniques for upland-embedded wetlands often fail to replicate the
natural, favorable conditions for many amphibian species [4,6]. Hopefully, the techniques
used when constructing wetlands can address these differences. For example, maintaining
trees in the interior of the wetland during construction would address deficits with the
closure of the canopy and may alter the hydroperiod to exclude predators. Creating
wetlands of irregular shape, with a wandering or meandering edge, would more closely
approximate natural wetlands and may provide better nesting for Four-toed Salamanders
by increasing the amount of north-facing shoreline. Maintaining downed woody debris
and trees in the interior of a wetland also promotes its drying, something that other research
has indicated to be important in this system [6,7]. Adding hummocks by uplifting clumps
of soil could increase microhabitat complexity and promote the colonization and growth of
moss [4,12,33]. Transplanting or ‘head-starting’ moss to assist in colonization may also be
beneficial. The United States Forest Service recently began constructing wetlands in DBNF
with more irregularity of shorelines, more trees in the interior, and more downed woody
debris which, if covered with moss, will provide steep slopes and suitable sites for nesting
by Four-toed Salamanders.
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