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Abstract Loss of wetlands worldwide has necessi-
tated the creation of wetlands to counteract declines of
fauna associated with these habitats. Ephemeral
wetlands have been disproportionally lost and hydrol-
ogy of ephemeral wetlands is challenging to restore.
Created wetlands with water control structures may be
a viable option. In Western Kentucky, we surveyed
three ephemeral wetland types [managed open canopy
(MOC), unmanaged open canopy (UMOC), and
unmanaged closed canopy (UMCC); managed = cre-
ated wetlands with water control structures] to
estimate amphibian richness and occupancy among
wetlands, and estimated abundance of three locally
common species: Southern Leopard Frog (Lithobates
sphenocephalus), Spotted Salamander (Ambystoma
maculatum), and Crawfish Frog (L. areolatus). In
addition, we quantified physical characteristics and
water quality among wetland types. Managed Open
Canopy wetlands had a greater percent of submergent
vegetation than both UMCC and UMOC wetlands,
shallower depth at 1.0 m from the wetted wetland edge
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than UMOC wetlands, and were larger than UMCC
wetlands. Mean predicted amphibian species richness
and occupancy was highest at larger wetlands
(0.15-0.78 ha). Occupancy of three common species
was not influenced by management. Estimated abun-
dance of L. areolatus, a species of conservation
concern, was higher at MOC wetlands, and con-
versely, A. maculatum abundance was highest at
UMCC wetlands. Larger wetlands had higher esti-
mated abundances of L. areolatus and L. spheno-
cephalus. Our results suggest that created, open
canopy wetlands managed for hydroperiod have
similar species richness to unmanaged ephemeral
wetlands. Furthermore, these managed wetlands
provide habitat for a species of concern in Kentucky
(i.e., L. areolatus).

Keywords Abundance - Binomial mixture model -
Occupancy - Lithobates areolatus - Species richness -
Wetland physical characteristics

Introduction

High rates of global historical wetland loss (> 50%;
Meyers 1997) has increased efforts for wetland
creation and management. Since the advent of Ducks
Unlimited in 1937, wetlands have been created and
managed for game species (e.g., duck, deer, turkey;
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Biebighauser 2011); however, recently the emphasis
has shifted to non-game species (Stahlschmidt et al.
2012; Calhoun et al. 2014). Specifically, wetland
creation for amphibians has been heavily advocated in
recent years due to widespread population declines
(Brown et al. 2012). Investigations have focused on
wetland design (Snodgrass et al. 2000; Porej and
Hetherington 2005; Shulse et al. 2010; Drayer and
Richter 2016; Rothenberger et al. 2019), placement in
the landscape (Houlahan and Findlay 2003; Rannap
et al. 2009; Rothenberger et al. 2019), amphibian
community dynamics (Porej and Hetherington 2005;
Shulse et al. 2010; Denton and Richter 2013; Drayer
and Richter 2016), and creating habitats for species of
conservation concern (Ammon et al. 2003; Ashpole
etal. 2018; Magnus and Rannap 2019). Yet, follow-up
monitoring has indicated various levels of success
regarding how well populations and communities
establish (Brown et al. 2012; Calhoun et al. 2014;
Rothenberger et al. 2019). A central finding from
previous studies indicates that hydroperiod, or the
length of time a wetland is inundated, can strongly
influence species richness in created wetlands (i.e.,
Snodgrass et al. 2000; Babbit 2005; Denton and
Richter 2013; Drayer and Richter 2016).

Historically, wetlands with ephemeral hydroperi-
ods (i.e., dry completely at least once annually) were
common in the conterminous United States (Tiner
2003). These habitats are vital for maintaining
amphibian diversity (Kirkman et al. 1999; Calhoun
et al. 2017) as predators are excluded by seasonal
drying (Porej and Hetherington 2005; Kross and
Richter 2016; Toledo 2005), a process essential for
successful reproduction of many amphibian species
(Kross and Richter 2016). Furthermore, ephemeral
wetlands can produce considerable amphibian bio-
mass (159 kg/ha/year; Gibbons et al. 2006), which can
bolster amphibian population sizes while providing an
important ecological link between aquatic and terres-
trial systems (Regester and Whiles 2006; Capps et al.
2015). Yet, managing and creating ephemeral wet-
lands can present challenges. Short-duration hydrope-
riods are difficult to mimic and wetland creation and
restoration efforts seldom produce hydrologically
dynamic, and thus ecologically, functioning ephem-
eral wetlands (Gamble and Mitsch 2009; Moreno-
Mateos et al. 2012; Calhoun et al. 2014; but see Strain
et al 2017; Rothenberger et al. 2019). However, where
managers are available on site, wetlands with water
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control structures can produce seasonal hydroperiods
(i.e., ephemeral wetlands) by adjusting water levels in
response to rain events or time of year (Galatowitsch
and Van der Valk 1994; Baecher et al. 2018). This
management strategy is an important conservation
tool for species of concern that rely on ephemeral
wetlands.

The Mississippi Embayment in Western Kentucky,
a northern extension of the Southeastern Coastal Plain
region known for its amphibian diversity, contains 34
amphibian species. This region is bounded by the
Mississippi River, Ohio River, and Tennessee River
and is characterized by alluvial deposits and loess. The
Mississippi Embayment contains the highest concen-
tration of wetlands and fertile soil in the state; much of
Kentucky’s historic wetland loss (81%; Dahl 1990)
occurred in this region due to conversion of wetlands
to agricultural land. This region of Kentucky is an
Amphibian Conservation Area for the state as it hosts
several amphibian species of state conservation con-
cern, including Mole Salamander (Ambystoma talpoi-
deum), Lesser Siren (Siren intermedia), Green
Treefrog (Hyla cinerea), and Crawfish Frog (Litho-
bates areolatus), a species considered near threatened
by the International Union for Conservation of Nature
(Hammerson and Parris 2004; Kentucky’s Compre-
hensive Wildlife Conservation Strategy 2013). To
support amphibian diversity and overcome historical
wetland loss in Western Kentucky, creation of
wetlands with a variety of hydroperiods and, in
particular, ephemeral wetlands is essential. Although
created wetlands have been established in Western
Kentucky since at least 1998 (Dahl 2006, 2011), to our
knowledge, no study has evaluated created, ephemeral
wetlands in this region with respect to physical
wetland characteristics or amphibian use of created
wetlands with water control structures.

Wetlands with water control structures were cre-
ated from 2002 to 2016 at West Kentucky Wildlife
Management Area (WKWMA) as part of a manage-
ment plan for amphibians and waterfowl (Fig. 1).
Comparing these created, ephemeral wetlands with
water control structures to unmanaged (water control
structures absent) ephemeral wetlands, our objectives
were to: (1) characterize differences in physical
wetland characteristics and water quality parameters
across wetland management category, (2) analyze
amphibian species richness and occupancy among
wetland management categories, canopy cover and
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Fig.1 Map of study site: West Kentucky Wildlife Management
Area (WKWMA), McCracken County, Kentucky, USA with
wetland management types: Unmanaged Open Canopy
(UMOC) represented by open circles, Unmanaged Closed

wetland size, and (3) estimate abundance of three
locally common amphibian species: Southern Leopard
Frog (L. sphenocephalus), Spotted Salamander (Am-
bystoma maculatum), and L. areolatus relating to
wetland management category and wetland size.

Canopy (UMCC) represented by open triangles, and Managed
Open Canopy (MOC) represented by open crosses. Inset depicts
the state of Kentucky with McCracken County in dark gray

Methods
Study Site

West Kentucky Wildlife Management Area is located
in McCracken County, KY adjacent to the Ohio River
in the Mississippi Embayment physiographic province
(Fig. 1). The Management area encompasses 2630
hectares (ha) and is owned and leased by Kentucky
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Department of Fish and Wildlife Resources. Over 100
wetlands occur on the site (Price and Kreher 2016).
These wetlands are of unknown origin; most naturally
occur on the site, but a few wetlands were likely
created for livestock or other purposes prior to 1980
(T. Kreher pers. comm). Regardless, these wetlands do
not have water control structures. Several wetlands,
built from 2002 to 2016, are actively managed for
hydroperiod with water control structures. These
managed wetlands were created to provide habitat
for amphibians and migrating birds (Price and Kreher
2016). At these managed wetlands, water control
structures are used to slowly draw down water from
May through July; these ponds are generally dry from
late July through early October. The uplands sur-
rounding the managed wetlands are maintained as
grassland and have been planted with game forage
plant species including Eastern Gamagrass (Trip-
sacum dactyloides), Orchardgrass (Dactylis glomer-
ata), Red Clover (Trifolium pretense), and Redtop
(Agrostis gigantea), while unmanaged wetlands have
grassland species that recruited naturally.

Physical wetland characteristics and water quality

We examined habitat conditions at 30 ephemeral
wetlands. Prior to sampling, we grouped the wetlands
into three management categories. Wetland manage-
ment categories include both level of management (i.e.
water control structures present/absent; man-
aged = water control structure present) and canopy
cover class (i.e. open/closed) resulting in seven
managed open canopy (MOC), seven unmanaged
open canopy wetlands (UMOC), and 16 unmanaged
closed canopy wetlands (UMCC) (Fig. 1). Managed
wetlands ranged in age from one to 15 years. Wetlands
in the unmanaged categories were ephemeral wetlands
identified by Price and Kreher (2016) with unknown
origins (i.e. present on WKWMA prior to 1980 with
no known records of creation) and may be created or
natural wetlands lacking water control structures.
Percent canopy cover was determined for each wet-
land using a spherical densiometer (Forestry Suppli-
ers, Jackson, MS, USA; Price and Kreher 2016).
Wetlands were considered closed canopy if they had
95-100% canopy closure and were considered open
canopy if they had 40% or less canopy closure; all
sampled wetlands were above 95% or below 40%
canopy cover. We used 2014 National Agriculture
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Imagery Program (NAIP) aerial imagery, acquired
during the agricultural growing season, in a GIS
(ArcMap 10.3, ESRI; Price and Kreher 2016) and, for
wetlands constructed after 2014, we imported georef-
erenced Google Earth Imagery (Google Earth
2015, 2019). We used these layers to digitize maxi-
mum wetland surface area (i.e. area inside perimeter of
wetland basin visible in aerial imagery) polygons and
used the calculate geometry tool within the polygon
layer to determine maximum surface area of each
wetland. Percent vegetation (emergent or submergent)
and wetland littoral depth measurements were
recorded at 0.5 m and 1.0 m from the wetted wetland
edge from May 1 to 10, 2017.

We also assessed water chemistry at the 30
wetlands. Water samples (250 ml) were collected
from May 15 to 17, 2017 and placed on ice in
accordance with standard sampling protocol. Water
samples were analyzed for concentrations of total
organic carbon (TOC), pH, alkalinity, chloride (Cl),
sulfate (SQOy), nitrate (NO3-N), ammonium (NHy4-N),
calcium (Ca), magnesium (Mg), potassium (K),
sodium (Na), nitrite (NO,-N), iron (Fe), manganese
(Mn), total suspended solids (TSS), and specific
conductance (Cond). Water quality sampling, preser-
vation, and analytic protocols were performed in
accordance with standard methods (Greenberg et al.
1992). The Forest Hydrology Lab at the University of
Kentucky conducted all water quality analyses.

To assess differences in water quality and wetland
characteristics based on wetland management cate-
gory, we used a non-parametric Kruskal-Wallis test
with a Bonferroni correction in SPSS (SPSS 24, IBM
Corp). Significant differences in mean rank, detected
by the Kruskal-Wallis test (Kruskal and Wallis 1952),
were further analyzed using Dunn-Bonferroni pair-
wise comparison tests (Dunn 1964).

Amphibian surveys

We used quantitative larval amphibian surveys (i.e.
dipnet sweeps; Skelly and Richardson 2010) to assess
amphibian communities at the 30 sites from May 1,
2017 through July 12, 2017 capturing the known larval
window in Kentucky for all wetland breeding amphib-
ian species expected at WKWMA (Fig. 2). Before
each survey we recorded variables expected to influ-
ence detection including water temperature (with a
digital thermometer) and day of year. At each wetland,
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Fig.2 Known periods of larval amphibian presence in wetlands
for species present in McCracken Co., Kentucky by calendar
date (pers. com. J. MacGregor). Asterisks indicate presumed
larval windows due to limited data availability for the species in

dipnet surveys were conducted on five occasions. The
number of dipnet sweeps per wetland per visit were
determined based on square meter surface area of the
wetland (1 sweep per 25 m?) at time of sampling (as
per Shulse 2010). Captured larvae were counted and
classified to species. We released all individuals at
their capture location after counts were recorded.

Species richness analysis

To estimate amphibian community responses to site
specific covariates (wetland area and management
category) and sampling covariates (date and water
temperature), we used a multi-species hierarchical
Bayesian community occupancy model (Zipkin et al.
2009; Hunt et al. 2013). This approach incorporates
species and assemblage-level covariate effects into the
same modeling framework, allowing species-specific
estimation of occurrence and detection probabilities
along with site-specific estimates of species richness
(Dorazio and Royle 2005; Zipkin et al. 2009). Using
this modeling approach, individual species-level esti-
mates are a combination of the single species and the
average estimate of those parameters for the entire
community (Pacifici et al. 2014), thus individual
parameter estimates, particularly for rare species, are
more precise and less likely to be biased (Sauer and
Link 2002). Specifically, estimates for data-poor

6/28 7/28 8/27 9/26 10/26 11/25 12/25

Kentucky. Note: Siren intermedia adults are aquatic and
available for capture year-round. Black dotted lines indicate
amphibian sampling window

species with few detections are more precise because
they can borrow information from data-rich species, or
those with many detections (Pacifici et al. 2014).
Notably, borrowing information may only be appro-
priate if the species that are sharing information have
some degree of relatedness (Pacifici et al. 2014),
whether ecological, functional, or behavioral. In this
study, all species were sampled as larvae, and thus all
individuals occur in ponds during the same time and
are similarly detectable using our capture methods.

We generated species-specific observance matrices
for five sampling occasions at each site, where
detection was represented as 1, and non-detection as
0. We let z;; denote true occupancy status such that
zi; = 1 if species i occupies site j, otherwise z;; = 0.
The occupancy state is considered a Bernoulli random
variable, z;; ~ Bern('¥; ;), where \P'; is the probability
that species i occupies site j. Similarly, we modeled
species detection as a Bernoulli random variable:
Yijx ~ Bern(p; ;i + zij), where y,; ; is 1 if species i is
detected at site j during survey k, or O otherwise and
Pij 1s the probability that species 1 is detected at site
during survey k.

We related species-specific amphibian covariate
parameters (o and P values, described below) and
occupancy and detection probabilities (‘V;; and @
respectively) with the model below.
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lOgil (lP,j) =u; + ocl,-Areaj + o2; UMOCJ
+ 063,' MOCJ

We modeled detection probabilities for each
species with the following equation, within the model
described above:

logit (@,-jk) =v; + Bl; Day of Year;
+ B2; Water Temperature;

Parameters a2—o3 are interpreted as contrasts of the
categorical predictor variable “management cate-
gory” (i.e., UMOC and MOC) with “UMCC” as the
reference category. The u; parameter is the mean
community response (across species) to each o
parameter listed above. For example, u,; is the mean
community response to the Area covariate. Continu-
ous covariates (i.e., Area, Day of Year, and Water
Temperature) were centered and scaled (i.e., [site’s
Area value — mean]/SD). We used uninformative
priors for the hyper-parameters (i.e., U(-3 to 3) for
My and pg parameters and U(0, 5) for all 6 parameters;
species-specific model coefficients were truncated
at = 5 from p to avoid traps).

We estimated species richness at sampled sites by
summing indicator variables for estimated occupancy
for each species at each site and simulated species
richness at hypothetical sites with wetland area
ranging from 0.01 to 0.8 hectares for each model
iteration to generate a posterior predictive distribution
for species richness as a function of wetland size. For
species richness and abundance modeling, we fit
models using WinBUGS (Spiegelhalter et al. 2003)
called from R (3.4.4) (R Core Team 2018) and
executed using the RZWinBUGS (Sturtz et al. 2005)
package. We implemented these models in a Bayesian
framework using Markov chain Monte Carlo
(MCMC) sampling in WinBUGS to generate samples
from the posterior distribution (Lunn et al. 2000). For
the species richness model, we used 3 Markov chains,
each of length 100,000; the first 70,000 were removed
as burn-in, and remainder were thinned by a factor of
3. Across the three chains, this provided 30,000
samples to approximate posterior summary statistics
for each model parameter including mean, standard
deviation, and 2.5% and 97.5% percentiles of the
distribution, which represent 95% Bayesian credible
intervals. For species richness and abundance model-
ing (below) we assessed model convergence via the
Gelman-Rubin diagnostic and a visual inspection of
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chains, with both measures indicating a reasonable
assumption of convergence (i.e., for all monitored
parameters, the Gelman-Rubin statistic value was at or
below 1.02; Gelman and Rubin 1992).

Abundance analysis

We used a binomial mixture model (Royle 2004) to
examine effects of site-specific covariates (wetland
surface area and wetland management category) and
sampling covariates (Day of Year and Water Temper-
ature) expected to influence L. areolatus, L. spheno-
cephalus, and A. maculatum abundance estimates. We
conducted five replicate count surveys at 30 spatially
distinct sites (i) during temporally indexed surveys (j),
denoted as c; (Royle and Dorazio 2008). Under this
framework, counts were modeled as independent
outcomes of binomial sampling with index N; and
detection probability p; Abundances (A) at the
local level were modelled with a Poisson distribution,
and heterogeneity in abundance among populations
due to site-specific covariates (x;) were modelled using
a Poisson-regression formulation of local mean abun-
dances, given by log(A;) = By + Bix;. Sources of
heterogeneity in detection were identified by mod-
elling associations between sampling covariates and p;
such that logit(p;) = oy + ox;;. See Price etal. (2013)
for further model description.

We organized count data by site and survey and
specified species abundance with the model below.

NiMi ~ POi()vi)

log(4;) = oy + By x Area + f, x UMOC + [,
* MOC

Heterogeneity in detection probability was mod-
elled with the following equation included within the
model described above:

C,'j|N,' ~ Bil’l(N,',p,'j)

logit(p,j) = dg + o * Day of Year + o
* Water Temperature

Parameters a2—03 are interpreted as contrasts of the
categorical predictor variable “management cate-
gory” (i.e., UMOC and MOC) with “UMCC” as the
reference category. Continuous covariates (i.e., Area,
Day of Year, and Water Temperature) were centered
and scaled (i.e., [site’s Area value — mean]/SD). We
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used uninformative priors; specifically, we assumed
Bo Br, Bos Bs ~ N (0,10), o9 ~ N (0, 1.6%) and o,
oy, ~ N (0,10). The oy prior approximates a U (0,1)
prior for expit(oy), where expit represents the inverse
logit function (i.e., exp(o)/(1 + exp(a)). We used 3
Markov chains, each of length 150,000; the first
100,000 were removed as burn-in, and remainder were
thinned by a factor of 3. Across the three chains, this
provided 50,000 samples to approximate posterior
summary statistics for each model parameter includ-
ing mean, standard deviation, and 2.5% and 97.5%
percentiles of the distribution, which represent 95%
Bayesian credible intervals.

Results
Physical wetland characteristics and water quality

Three wetland characteristics differed by wetland
category, percent submergent vegetation (x>
(2) = 15.78, p < 0.001), wetland depth at 1.0 m from
wetted wetland edge (xz (2) = 6.28, p <0.04), and
wetland surface area ()(2 (2) =9.11, p < 0.01). MOC
wetlands had a greater percent submergent vegetation
(10.14 &+ 4.13) than both UMCC and UMOC wet-
lands, shallower depth at 1.0 m from the wetted
wetland edge (189.48 4+ 13.85 mm) than UMOC
wetlands, and larger wetland surface area (mean =
0.32 ha, SE= #+ 0.10) than UMCC wetlands
(Table 1). Of the sixteen water quality parameters
tested, eight were different among wetland manage-
ment categories, including: conductivity  (y?

(2)=11.67, p<0.01), TOC (¥* (2)=10.18,
p < 0.01), PO, (3* (2) =9.10, p = 0.01), alkalinity
(o (2)=9.63, p<001), Ca (¥ (2)=10.18,
p <0.01), Mg (x> (2) =10.61, p<0.01), K (>
(2) =939, p<0.01), and NO, (x> (2)=6.58,
p = 0.04); UMCC wetlands had the highest concen-
trations of six of these parameters (Table 2).

Species richness, occupancy, and detection

Among our 30 sampled wetlands, we observed 13
amphibian species including three species of conser-
vation concern, A. talpoideum (41 total captures; 3
UMCC, 2 UMOC; 0.02-0.15 ha), H. cinerea (16 total
captures; 2 MOC, 1 UMCC; 0.15-0.78 ha), and L.
areolatus (286 total captures; 7 MOC, 9 UMCC,
4 UMOC; 0.01-0.78 ha) (Table 3). Amphibian spe-
cies richness was positively associated with wetland
size (Fig. 3). More specifically, assuming average
values of other site and sampling covariates, predicted
species richness per site increased from a median of 6
species (95% CI 3-9) at the smallest wetlands
(< 0.01 ha) to 11 species (95% CI 7-13; Fig. 3) at
the largest wetlands (0.78 ha). When examining
amphibians as an assemblage, the mean wetland
surface area coefficient estimate was positive (pol:
0.83; 95% CI 0.20-1.62), indicating support for a
positive relationship between mean occupancy prob-
ability and increasing wetland size (up to 0.78 ha;
Fig. 3). There was no difference in estimated species
richness among wetland management categories
(mean UMCC = 6.44; 95% CI 5.44-7.44, UMOC =
6.86; 95% CI 5.00-7.57, MOC = 7.43; 95% CI

Table 1 Physical characteristics of wetland management categories: unmanaged closed canopy (UMCC), unmanaged open canopy

(UMOC), and managed open canopy (MOC)

Wetland characteristics UMCC UMOC MOC

% Emergent 13.19 + 5.57 1043 + 2.17 16.43 + 6.24
% Submergent 0.63 £ 0.63* 8.29 + 7.04* 10.14 £ 4.13"
Depth 0.5 m 166.02 + 11.86 194.43 + 25.63 132.85 + 7.73
Depth 1.0 m 243.06 + 18.75°" 285.13 + 35.53° 189.48 + 13.85"
Littoral slope —0.15 + 0.02 —0.18 £ 0.03 —0.11 £ 0.02
Wetland size 0.06 £ 0.02* 0.10 £ 0.06°" 0.32 £ 0.10"

Wetland characteristic values include the mean (£ SE) for percent emergent vegetation (% Emergent), percent submergent
vegetation (% Submergent), wetland depth (mm) at 0.5 m and 1.0 m (Depth 0.5 m, Depth 1.0 m), littoral slope, and wetland surface
area (hectares) (Wetland Size). Bold type and lowercase superscript letters indicate significant differences among treatments; site
types that do not share a letter are significantly different
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Table 2 Water chemistry attributes for wetland management categories: unmanaged closed canopy (UMCC), unmanaged open
canopy (UMOC), and managed open canopy (MOC)

Water quality parameters UuMCC UMOC MOC

Cond 65.71 £ 8.07° 39.33 + 3.41° 41.03 + 3.20°
TOC 19.07 £ 2.23* 13.20 £ 2.02° 8.95 + 1.34°
PO4 0.66 + 0.20* 0.84 + 0.26* 0.17 + 0.16"
pH 5.20 + 0.06 5.09 + 0.10 5.33 £ 0.05
Alkalinity 61.47 + 8.78° 35.62 + 6.56" 33.70 + 2.15°
al 0.60 & 0.07 0.57 £ 0.05 0.78 & 0.17
SO4 3.02 £ 0.53 211 4+ 022 3.05 £ 0.51
NO3-N 0.05 & 0.02 0.03 + 0.02 0.07 & 0.03
NH4-N 0.13 £ 0.05 0.05 £ 0.03 0.01 + 0.01
Ca 6.88 £ 1.41° 2.88 + 0.68" 3.38 £ 0.25"
Mg 1.42 £ 0.14° 0.78 + 0.12" 0.97 + 0.08*"
K 2.97 + 0.27° 2.65 + 0.39* 1.51 £ 0.17°
Na 1.45 4+ 0.24 1.14 + 0.32 1.48 & 0.55
NO2-N 0.18 £ 0.05% 0.19 £ 0.06*" 0.02 £ 0.02°
Fe 0.71 & 0.43 0.84 + 0.44 1.98 + 0.92
Mn 0.15 &+ 0.10 0.04 £ 0.03 0.06 + 0.04

Water chemistry values include the mean (& SE) for specific conductance (Cond), total organic carbon (TOC), pH, alkalinity,
chloride (Cl), sulfate (SO,), nitrate (NO3-N), ammonium (NHy4-N), calcium (Ca), magnesium (Mg), potassium (K), sodium (Na),
nitrite (NO,-N), iron (Fe), and manganese (Mn). Bold type and lowercase superscript letters indicate significant differences among
treatments; site types that do not share a letter are significantly different

Table 3 Summary of species captured, with model-estimated mean occupancy and detection probabilities and 95% credible
intervals, for amphibians within wetlands in Western Kentucky, USA

Common name Scientific name Sum # of sites Occupancy Detection

Mean 95% posterior Mean 95% posterior

interval interval
Eastern Cricket Frog Acris crepitans 169 9 037 0.15 0.67 036 023 0.50
American Toad Anaxyrus americanus 17 4 0.20  0.05 0.62 0.25  0.09 0.50
Cope’s Gray Treefrog Hyla chrysoscelis 239 13 0.61 0.32 0.87 0.28 0.17 0.41
Green Treefrog Hyla cinerea 16 3 0.14  0.03 0.49 0.25 0.08 0.51
Crawfish Frog Lithobates areolatus 286 20 0.81 0.54 0.96 0.38  0.28 0.49
American Bullfrog Lithobates catesbeianus 4 3 0.39  0.09 0.91 0.13  0.04 0.32
Green Frog Lithobates clamitans 190 27 0.96 0.84 0.99 0.38  0.30 0.47
Southern Leopard Frog Lithobates sphenocephalus 185 23 092 0.73 0.99 036 027 0.46
Upland Chorus frog Pseudacris feriarum 152 18 0.87 0.62 0.98 026 0.17 0.37
Spotted Salamander Ambystoma maculatum 419 19 0.81  0.60 0.92 0.72  0.62 0.81
Mole Salamander Ambystoma talpoideum 41 5 0.22  0.08 0.45 049 027 0.71
Small-Mouthed Salamander Ambystoma texanum 12 1 0.19  0.03 0.89 0.12  0.02 0.43
Eastern Tiger Salamander = Ambystoma tigrinum 1 1 0.13  0.01 0.88 0.12  0.01 0.50
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Fig. 3 Relationship between wetland surface area (hectares)
and median estimated species richness of amphibians in
Western Kentucky, USA. Solid lines represent the posterior
median and dashed lines represent the 95% predictive interval of
species richness at hypothetical sites. Circles are site-specific
mean richness estimates

5.86-8.57). Likewise, we did not detect clear evidence
for a positive or negative relationship between occu-
pancy probability and wetland management category
across the amphibian assemblage (UMCC mean
53.4%, 95% CI 24.5-80.8%; UMOC 47.6%, 95% CI
16.5-81.2%, MOC 42.7%, 95% CI 12.3-79.9%).
Across amphibian species, we estimated a positive
association between mean occupancy probability and
wetland size, but the magnitude of the relationship
varied among species (Fig. 4). Green Frog (L. clami-
tans), Southern Leopard Frog (L. sphenocephalus),
and Upland Chorus Frog (Pseudacris feriarum) had
high occupancy probability across all wetlands. Three
species, Cope’s Gray Treefrog (Hyla chrysoscelis),
Eastern Cricket Frog (Acris crepitans), and American
Bullfrog (L. catesbeianus) only attained high mean
occupancy probability (> 75%) at relatively large
wetlands (> 0.3 ha; Fig. 4). Likewise, we estimated a
positive association between mean occupancy and
wetland size for two species of conservation concern,
L. areolatus and H. cinerea. Mean occupancy prob-
ability of several species, American Toad (Anaxyrus
americanus), H. cinerea, A. talpoideum, Small-
Mouthed Salamander (A. fexanum), and Tiger Sala-
mander (A. tigrinum), was low across all sites

(0.13-0.22; Table 3). Although A. talpoideum mean
occupancy was low, precluding a conclusive associ-
ation with wetland size, it is notable that 33 of the 41
captured individuals were in wetlands > 0.15 ha. For
locally common species, L. areolatus, L. spheno-
cephalus, and A. maculatum, estimated mean occu-
pancy was not influenced by management category.
More specifically, credible intervals were relatively
wide around estimates, and mean occupancy varied
little among species (79.4 to 89.80% at UMCC; 60.1 to
85.8% at UMOC; 44.1 to 83.4% at MOC wetlands;
Fig. 5).

Mean detection probabilities varied from 13% for
A. tigrinum to 96% for L. clamitans; (Table 3). The
estimated assemblage response to the Day of Year
covariate indicated that detection probability was
greater when sampling occurred at later dates
(B1 = 0.24; 95% CI 0.02-0.49; Fig. 6). Species most
strongly influenced by increasing Day of Year
included A. maculatum (B; =0.29; 95% CI
0.01-0.70) and H. chrysoscelis (B; = 0.42; 95% CI
0.08-1.13). Four species, including L. areolatus, were
not influenced by date and had consistently high
(> 70%) estimated detection probabilities throughout
the entire sampling period (Fig. 6). We did not detect
clear evidence for a positive or negative influence of
Water Temperature on detection probability of the
amphibian assemblage.

Estimated abundance of locally common species

The estimated abundance of three locally common
species varied across wetland management categories
and with wetland surface area. Lithobates areolatus
were most abundant in MOC wetlands (53 = 1.55,
95% CI 1.11-2.01; mean 46.29, 95% CI
20.84-105.11; Fig. 7), but were also positively asso-
ciated with UMCC wetlands (o = 2.194, 95% CI
1.48-3.07), and showed no relationship with UMOC
wetlands (B, = — 0.45, 95% CI — 1.14 to 0.19). In
contrast, estimated abundances of A. maculatum were
greatest in UMCC wetlands (B = 2.58, 95% CI
2.37-2.79; mean 13.23, 95% CI 10.67-16.22; Fig. 7)
and negatively associated with UMOC wetlands
(B = — 1.51,95% CI — 2.04 to — 1.03). Lithobates
sphenocephalus were not influenced by wetland
management category, and mean abundance estimates
were similar across wetland types (mean 8.24 to 15.51;
Fig. 7). Wetlands with a greater surface area had
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Fig. 4 Relationship between wetland size and mean occupancy
probability for thirteen amphibian species in Western Kentucky,
USA: Green Frog (Lithobates clamitans), Southern Leopard
Frog (L. sphenocephalus), Upland Chorus Frog (Pseudacris
Sferiarum), Crawfish Frog (L. areolatus), Cope’s Gray Treefrog
(Hyla chrysoscelis), Eastern Cricket Frog (Acris crepitans),
American Bullfrog (L. catesbeianus), Spotted Salamander

higher estimated abundances of L. areolatus
(B1 = 0.62,95% C10.52-0.73) and L. sphenocephalus
(By = 0.61, 95% CI 0.46-0.78; Fig. 8).

Discussion

Creating wetlands that function as natural habitats can
be challenging because physical wetland characteris-
tics are difficult to replicate and play a significant role
in governing the amphibian species that use these
habitats (Calhoun et al. 2014). Our comparison
between managed and unmanaged ephemeral wet-
lands identified differences in physical wetland char-
acteristics and water quality. Amphibian species
richness and occupancy did not vary among managed
and unmanaged wetlands and the overall amphibian
community responded positively to larger wetlands.

@ Springer

(Ambystoma maculatum), Green Treefrog (H. cinerea), Small-
Mouthed Salamander (A. texanum), American Toad (Anaxyrus
americanus), Mole Salamander (A. talpoideum), and Eastern
Tiger Salamander (A. tigrinum). Credible intervals are omitted
for clarity, and asterisks indicate species for which the Area
parameter estimate (a1;) did not overlap zero

Although estimated occupancy of the three locally
common species varied little among management
categories, estimated abundances varied by manage-
ment category and wetland surface area. Our research
suggests wetlands 0.15-0.78 ha are important conser-
vation tools for the overall amphibian community in
Western Kentucky as wetlands in this size range
support three species of conservation concern and
greater than half of the predicted amphibian species
richness in this study. In addition, we found larger
(0.15-0.78 ha), created MOC wetlands to be a viable
option for augmenting local populations of L. areola-
tus, a species of conservation concern.

Physical wetland characteristics influence chemical
and biological processes within wetlands (Pollock
et al. 1995). When compared to unmanaged wetlands,
managed ephemeral wetlands located at WKWMA
were characterized by a large wetland surface area,
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Fig. 5 Relationship between wetland management category
and mean occupancy for Crawfish Frog (Lithobates areolatus),
Southern Leopard Frog (L. sphenocephalus), and Spotted
Salamander (Ambystoma maculatum). Error bars represent
95% credible intervals

open canopy, submergent vegetation, and shallow
wetland littoral depth. We observed a marked increase
in aquatic macrophytes within our open canopy
wetlands, MOC and UMOC, when compared with
our closed canopy wetlands, UMCC. Large wetlands
with maintained open canopy increase availability of
solar radiation reaching the water surface (Shoemaker
et al. 2005), boosting primary productivity (Skelly
et al. 2002) leading to increased macrophytes (i.e.
submergent vegetation), known to decrease conduc-
tivity (as observed in MOC and UMOC wetlands),
increase dissolved oxygen, and create pockets of
cooler water temperatures below, and warmer tem-
peratures above submerged plants (Brix 1994; Sharip
et al. 2012). Our MOC wetlands had the shallowest
littoral depth compared with UMCC and UMOC
wetlands and shallow littoral depth is linked to
increases in water temperature of at least 2°C
compared with adjacent open water (Sharip et al.
2012). Hydroperiod fluctuations, characteristic of
ephemeral wetlands, can also drive variability in
water temperature, chemical and biological processes,
availability of nutrients, and substrate exposure (Bid-
well 2013; Goldyn et al. 2015). Water temperature
fluctuations initiate microbial activity within these
systems (Kadlec 1999), prompting changes in water
chemistry (Bodelier and Dedysh 2013). Given the
variability in water quality in ephemeral wetland

systems and our limited sample, water chemistry
results for WKWMA wetlands should be considered
tenuous. Nevertheless, we recorded different water
quality values in UMCC sites compared with UMOC
and MOC sites. We suspect these values are the result
of allochthonous leaf litter input (Palik et al. 2006) at
these closed canopy sites; however, the water quality
parameter values for all WKWMA wetlands, UMCC,
UMOC, and MOC, were all within the normal range
for isolated, ephemeral wetlands (Brodman et al.
2003; Wingham and Jordan 2003).

We found overall estimated amphibian occupancy
and species richness increased as wetland surface area
increased. Wetland surface area has been positively
correlated with species richness, particularly in
ephemeral (Babbitt 2005) and open canopy wetlands
(Werner et al. 2007). Research by Semlitsch et al.
(2015) found the highest amphibian species richness in
wetland sizes similar to those in our study (0.1 ha to
1.0 ha). However, this wetland size effect may be
limited to wetlands between 0.1 and 1.0 ha as
Snodgrass et al. (2000) found no relationship with
species richness and wetland surface area in wet-
lands > 1.0 hectare in size. Semlitsch et al. (2015)
suggest this intermediate wetland size effect on
amphibian species richness is likely due to the
threshold between increased drying pressure in small
wetlands and increased predation pressure (i.e. fish,
invertebrates) present in large wetlands. Thus, in our
study, wetlands closer to 1.0 ha represent ephemeral
wetlands that contain enough water to prevent drying
too early for successful amphibian development but
are not large enough for predator establishment. In
addition, surface area of ephemeral wetlands may be
particularly important for amphibian larvae because
smaller wetlands may have less thermal (Lucas and
Reynolds 1967) and structural refugia (Kopp et al.
2006) for developing larvae during the drying cycle.
Our study indicates that occupancy probability of five
species (A. crepitans, H. chrysoscelis, H. cinerea, L.
areolatus, and L. catesbeianus) is higher at larger
wetlands (up to 0.78 ha), as did Shulse et al. (2010)
and Zipkin et al. (2012). Increased occupancy at larger
ephemeral wetlands is likely related to the natural
history of these species. Acris crepitans, H. cinerea, L.
areolatus, and L. catesbeianus are frequently found in
larger bodies of water (i.e., lakes; flooded fields) and
H. chrysoscelis are habitat generalists and can be
found in a variety of habitats (Dodd 2013). While our
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Fig. 6 Relationship between date and mean detection proba-
bility for thirteen amphibian species at wetlands in Western
Kentucky, USA: Green Frog (Lithobates clamitans), Southern
Leopard Frog (L. sphenocephalus), Upland Chorus Frog
(Pseudacris feriarum), Crawfish Frog (L. areolatus), Cope’s
Gray Treefrog (Hyla chrysoscelis), Eastern Cricket Frog (Acris
crepitans), American Bullfrog (L. catesbeianus), Spotted

results indicate a positive association of the amphib-
ian community with wetland size, it is important to
note this association for some species could be driven
by our choice to use a community model, specifically
for species with limited capture data (i.e. A. tigrinum,
A. texanum, A. talpoideum, A. americanus, H. cinerea,
and L. catesbeianus). Using this modeling approach
incorporates partial pooling to generate occupancy
probabilities for each species, and rare species will
tend toward the mean (Pacifici et al. 2014; Sauer and
Link 2002; Zipkin et al. 2009, 2012). However, Zipkin
et al. (2009, 2012, 2020) highlight the advantage of
using the full community, given hierarchical model
limitations, as rather than losing valuable information
by removing rare species due to lack of data, these
species can be included leading to more robust
community conservation and management decisions.
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Salamander (Ambystoma maculatum), Green Treefrog (H.
cinerea), Small-Mouthed Salamander (A. texanum), American
Toad (Anaxyrus americanus), Mole Salamander (A. talpoi-
deum), and Eastern Tiger Salamander (A. tigrinum). Credible
intervals are omitted for clarity, and asterisks indicate species
for which the Area parameter estimate (a1;) did not overlap zero

Three species were common across all wetlands
and permitted a more in-depth examination of varia-
tion in abundance. In accordance with each species’
preferred habitats and natural history, abundance
varied by wetland management category. Lithobates
areolatus and A. maculatum are known obligates of
open canopy wetlands (Heemeyer et al. 2012; Dodd
2013) and closed canopy wetlands (Petranka 1998),
respectively, and L. sphenocephalus was not partial to
just one management category as expected for a
habitat generalist (Dodd 2013). This suggests that
although maintaining closed canopy wetlands is
important for habitat specialists like A. maculatum
(Calhoun et al. 2014), open canopy wetlands may
benefit a wider range of species and can increase local
amphibian diversity (Werner et al. 2007; Skelly et al.
2014). Open canopy wetlands benefit developing
amphibian larvae by supporting increased vegetative
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Fig. 7 Mean estimated abundance of three amphibian species
[Crawfish Frog (Lithobates areolatus), Southern Leopard Frog
(L. sphenocephalus), and Spotted Salamander (Ambystoma
maculatum)] among wetland management categories. Error
bars represent 95% credible intervals

growth (Skelly et al. 2002) necessary for predator
avoidance (Kopp et al. 2006); notably we observed
abundant submergent vegetation within MOC and
UMOC wetlands. Further, open canopy wetlands tend
to have higher water temperatures resulting in faster
larval growth rates (Skelly 2005). Finally, the ability
to regulate water level within these MOC wetlands
allows managers to maintain ideal hydroperiod length
during variable weather conditions, thus reducing
predator populations (Porej and Hetherington 2005;
Toledo 2005; Kross and Richter 2016) and maintain-
ing local amphibian diversity (Kirkman et al. 1999;
Calhoun et al. 2017).

While it is important to note that our study is limited
to Western Kentucky and one amphibian breeding
season, results indicate that created wetlands with
water control structures can enhance local L. areolatus
populations, as has been found for other amphibian
species of conservation concern (i.e. L. luteiventris—
Ammon et al. 2003; Spea intermontana—Ashpole
et al. 2018; Triturus cristatus, Pelobates fuscus—
Magnus and Rannap 2019). We found L. areolatus
mean occupancy estimates to be higher than other
parts of the species’ range (Williams et al. 2012;
Baecher et al. 2018) and abundance was highest in
MOC wetlands suggesting that creation of large
(0.15-0.78 ha), open canopy wetlands with shallow
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Fig. 8 Relationship between wetland surface area (hectares)
and mean estimated amphibian abundance [Crawfish Frog
(Lithobates areolatus), Southern Leopard Frog (L. spheno-
cephalus), and Spotted Salamander (Ambystoma maculatum)].
Solid lines represent the mean and dashed lines represent the
95% credible interval

littoral depths and water control structures may be an
important management strategy for this species.
Baecher et al. (2018) corroborate this finding in
Arkansas where L. areolatus calling intensity was
greater at created wetlands with water control struc-
tures surrounded by restored native tallgrass prairie.
Reduced abundances of L. sphenocephalus and A.
maculatum in MOC wetlands are likely beneficial to
persistence of L. areolatus in these habitats. Parris and
Semlitsch  (1998) found L. areolatus larval

@ Springer



Wetlands Ecol Manage

performance decreased alongside interspecific com-
petition with other Lithobates sp., including compe-
tition with L. sphenocephalus. In addition, recently
metamorphosed L. sphenocephalus leaving the wet-
lands may out-compete L. areolatus for food
resources. For example, Crawford et al. (2009) found
significant overlap in metamorph diet between the two
species, and where they co-exist, significantly lower
volumes of prey in L. areolatus stomach contents
compared to L. sphenocephalus.

Managed open canopy wetlands (0.15-0.78 ha)
with water control structures provide habitat for a wide
variety of amphibians and function to augment local
populations of amphibian species of conservation
concern (i.e. L. areolatus) dependent on ephemeral
wetland hydrology in Western Kentucky. Water
control structures, while management intensive,
provide an avenue for manipulating hydroperiod
length, which is the most difficult component of
natural wetlands to replicate (Calhoun et al. 2014). In
addition, our findings corroborate previous research
on wetland management that suggests wetland design
features (i.e. wetland surface area, canopy cover) play
a key role in facilitating increased species richness and
abundance. Creating a matrix of wetlands with
differing attributes (i.e. closed canopy cover, wet-
lands < 0.15 ha, etc.) is imperative for addressing
local amphibian species declines (Petranka et al. 2007;
Magnus and Rannap 2019), and large (0.15-0.78 ha)
open canopy wetlands with water control structures
should be considered a viable option.
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