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Abstract

Context Agricultural land-use conversion has frag-
mented prairie wetland habitats in the Prairie Pothole
Region (PPR), an area with one of the most wetland
dense regions in the world. This fragmentation can
lead to negative consequences for wetland obligate
organisms, heightening risk of local extinction and
reducing evolutionary potential for populations to
adapt to changing environments.

Objectives This study models biotic connectivity
of prairie-pothole wetlands using landscape genetic
analyses of the northern leopard frog (Rana pipiens)
to (1) identify population structure and (2) determine
landscape factors driving genetic differentiation and
possibly leading to population fragmentation.
Methods Frogs from 22 sites in the James River and
Lake Oahe river basins in North Dakota were geno-
typed using Best-RAD sequencing at 2868 bi-allelic
single nucleotide polymorphisms (SNPs). Population

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10980-022-01515-8.

J. M. Waraniak (D<) - C. A. Stockwell

Department of Biological Sciences, Environmental

and Conservation Sciences Program, North Dakota State
University, Fargo, ND, USA

e-mail: justin.waraniak @ndsu.edu

D. M. Mushet

U.S. Geologic Survey, Northern Prairie Wildlife Research
Center, Jamestown, ND, USA

Published online: 30 August 2022

structure was assessed using STRUCTURE, DAPC,
and fineSTRUCTURE. Circuitscape was used to
model resistance values for ten landscape variables
that could affect habitat connectivity.

Results STRUCTURE results suggested a panmictic
population, but other more sensitive clustering meth-
ods identified six spatially organized clusters. Circuit
theory-based landscape resistance analysis suggested
land use, including cultivated crop agriculture, and
topography were the primary influences on genetic
differentiation.

Conclusion While the R. pipiens populations appear
to have high gene flow, we found a difference in the
patterns of connectivity between the eastern por-
tion of our study area which was dominated by cul-
tivated crop agriculture, versus the western portion
where topographic roughness played a greater role.
This information can help identify amphibian disper-
sal corridors and prioritize lands for conservation or
restoration.

Keywords Amphibians - Population structure -
Grasslands - Agriculture - Wetlands - Circuit theory -
Landscape genetics - North Dakota - Circuitscape
Introduction

Land-use change causing habitat loss and fragmenta-

tion is one of the greatest threats to biodiversity glob-
ally (Mantyka-Pringle et al. 2012; Haddad et al. 2015;
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Wilson et al. 2016) and is of particular concern in the
Prairie Pothole Region (PPR) of the northern prairies
of North America. Here, biotic connections which
link prairie-pothole wetlands and associated dryland
environments (Smith et al. 2019) are now threatened
by accelerating land-use change, as agricultural con-
version has removed up to 90% of wetlands in some
parts of the PPR (Dahl 1990, 2014; Van Meter and
Basu 2015).

Fragmentation of the remnant grasslands and wet-
lands in the PPR has likely impacted biotic connect-
edness (Wright 2010; Wimberley et al. 2018). Knowl-
edge of biotic connectivity among habitats is critical
information for conservation efforts, as connectivity
can counteract the negative effects of isolation on the
average fitness within populations and metapopula-
tion extinction risk (Simberloff 1988; Saunders et al.
1991; Holyoak and Heath 2016; Mable 2019). Most
exploration of landscape connectivity in the PPR has
been through generic modeling (Wright 2010; Wim-
berley et al 2018), however, connectivity of popula-
tions can vary greatly depending on the dispersal
abilities of different species (Cushman et al. 2013;
Mims et al. 2015). Landscape genetic analyses can
be powerful tools to empirically assess and improve
models of habitat connectivity, revealing patterns of
gene flow and identifying environmental factors influ-
encing the migration of organisms (Epps et al. 2007;
Segelbacher et al. 2010; Dickson et al. 2018).

Amphibian meta-populations in the PPR are ideal
for studying biotic connectedness among prairie-
pothole wetlands because of their need for an intact
mosaic of grassland and wetland habitats (Mushet
et al. 2014; Holm 2020). Because amphibians are
often dispersal-limited, habitat fragmentation poses
a high risk to amphibian metapopulations and com-
munities (Lehtinen et al. 1999; Funk et al. 2005;
Belasen et al. 2019). Further, amphibians can serve
as useful bio-indicators of wetland condition (Bowers
et al. 1995), as they occupy roles in both aquatic and
terrestrial food webs (Rittschof 1975; Benoy 2005;
McLean et al. 2021).

The northern leopard frog (Rana pipiens) is com-
mon throughout the PPR (Lehtinen et al. 1999;
Balas et al. 2012) and relies on numerous habitat
types, including semi-permanently ponded, fish-
less wetlands for breeding (Dole 1971; Herwig et al.
2013), grasslands and meadows for adult foraging
(Rittschof 1975; Pope et al. 2000), and deep-water or
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flowing-water habitats for overwintering (Emery et al.
1972; Cunjack 1986; Mushet 2010). Rana pipiens is
also a very vagile amphibian species with individuals
often migrating >800 m between overwintering and
breeding habitats each breeding season. Individuals
are also capable of long-distance dispersals that can
exceed 3 km (Dole 1971; Knutson et al. 2018). Rana
pipiens rely on different seasonal habitats, and annual
movements through diverse matrix habitats make
connectivity especially important for the persistence
of populations in the PPR.

Previous genetic studies of R. pipiens in North
Dakota used microsatellite markers and indicated
that, statewide, populations were structured by pre-
historic climate, glacial history, and river basins
(Waraniak et al. 2019). We designed this study to
investigate factors that may affect gene flow and con-
nectivity within an area undergoing an exceptionally
high rate of agricultural conversion.

Methods
Sample site selection and sample collection

We conducted our study in the North Dakota por-
tions of the Lake Oahe and James River (Hydrologi-
cal Unit Code HUC-6) river basins. Previous genetic
analyses of R. pipiens populations in North Dakota
indicated that in these two river basins the species
formed a distinct genetic cluster (Waraniak et al.
2019). We selected sample sites within the Lake Oahe
and James River Basins by screening National Wet-
land Inventory (NWI) data for permanently ponded
wetlands located on public lands. Twenty-eight sam-
ple sites at least 10 km apart were selected based on
land-use data from the National Land Cover Database
(NLCD) in a 5 km buffer around each wetland. Sites
were selected to ensure that a wide variety of land
use was represented within our sample. Addition-
ally, the study area spans two Level III ecoregions,
the relatively flat Northern Glaciated Plains (hereafter
referred to as the Drift Prairie) to the east and the hill-
ier Northwestern Glaciated Plains (hereafter referred
to as the Missouri Coteau) to the west, each shaped
by different geological histories resulting in distinct
topographies and configurations of wetlands (Bryce
et al. 1996).
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Sample sites were visited 1 to 2 times in 2018 and
2019 between late July and early August with the
purpose of collecting toe clip tissue samples from 20
individuals from each site. The timing of the sam-
pling in late summer was chosen to primarily target
neonates that had recently undergone metamorphosis
so we could be reasonably certain that the sampled
individuals originated from the target wetland. All
animal handling and tissue collection was permit-
ted by the North Dakota Game and Fish Department
(License numbers GNF04736156 and GNF04910652
for 2018 and 2019, respectively) and strictly follow-
ing North Dakota State University Institutional Ani-
mal Care and Use Committee (IACUC) approved
protocol #18,052.

DNA extraction and BestRAD library construction

DNA was extracted using the Qiagen DNeasy Blood
& Tissue kit according to the manufacturer’s proto-
col. Genomic libraries were constructed using the
BestRAD protocol as described in Ali et al. (2016).
DNA was digested using Sbfl restriction enzyme
prior to ligation of P1 RAD adaptors that contained
one of 96 unique identifier sequences for each indi-
vidual within a library. DNA from all individuals
within a library was then pooled and incubated with
NEBNext dsDNA fragmentase for 45 min at 37 °C.
DNA libraries were then concentrated using Ampure
XL beads and prepared for Illumina sequencing using
the NEBNext Ultra II DNA Library Kit for Illu-
mina, selecting for an average library fragment size
of ~400 bp. Completed libraries were shipped to
the University of Minnesota Genomics Center and
sequenced on an Illumina NovaSeq V1 flowcell with
150 bp paired-end reads.

Genomic data processing

Raw genomic data was processed using STACKS
v.2.41 (Catchen et al. 2011, 2013). Sequence data was
demultiplexed using the ‘process_radtags’ command,
assigning each sequence to the correct individual
and removing sequences of poor quality. Following
demultiplexing, the reads were passed through the
‘clone_filter’ command in STACKS to remove poly-
merase chain reaction (PCR) duplicates introduced
during the library construction process. Next, RAD
loci were identified with both a de novo approach and

by aligning the reads to the R. catesbeiana reference
genome (Hammond et al. 2017) using the bwa mem
alignment algorithm (Li 2013). Successfully aligned
reads were then run through ‘gstacks’ in STACKS
which identifies polymorphic loci. Genomic data
was exported from the STACKS pipeline in vcf
and genind formats using the ‘populations’ module
without any filters. Genotype data filtering was per-
formed and threshold values for quality control filters
were set using the ‘radiator’ package in R (Gosselin
2020). Individuals with more than 60% missing data
and heterozygosity values that fell outside of 0.02 to
0.65 were removed from the dataset. Loci that failed
the following filters were removed from the dataset:
(1) minor allele frequencies below 3% (minor allele
count less than 12), (2) less than 4X coverage, (3) had
greater than eight single nucleotide polymorphism
(SNPs), (4) heterozygosity above 0.65, (5) signifi-
cantly deviated from Hardy—Weinberg Equilibrium
within sample sites, or (6) had a global missing data
rate of greater than 30%. To avoid effects of linkage,
only one SNP with the highest minor allele count
was kept for each locus. Putative siblings were iden-
tified from individuals collected at the same sample
site using COLONY (Jones and Wang 2010). For
any groups of siblings identified, the individual with
the lowest amount of missing data was retained. The
final filtering step was to remove populations that had
fewer than eight individuals remaining after the ‘radi-
ator’ filtering steps and putative siblings had been
removed (Willing et al. 2012).

Population structure analyses

General population genetic statistics (expected/
observed heterozygosity, Fi5) were calculated using
the ‘hierfstat’” package in R (Goudet and Jombart
2022). Nucleotide diversity (n) for the filtered loci
included in the dataset was calculated using the pop-
ulations module in STACKS and included all SNPs
present on the loci. Effective population size (N,) for
each sample site was estimated using the linkage dis-
equilibrium with random mating model, heterozygote
excess, and molecular coancestry methods in NeEsti-
mator v2 using markers with > 0.05 minor allele fre-
quency within sample sites (Do et al. 2014).
Population genetic structure was identified using
several methodologies, including STRUCTURE
v2.3.4 (Pritchard et al. 2000), k-means clustering
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and discriminant analysis of principal compo-
nents (DAPC), and fineRADstructure (Malinsky
et al. 2018). For the initial exploratory STRUCTU
RE analysis, we ran 10 replicates for each number
of clusters, assuming a maximum of 22 clusters
(from K=1 to K=22) with each replicate consist-
ing of 40,000 burn-in steps and 25,000 iterations. A
second set of more robust STRUCTURE runs was
performed on the most likely values of K, using 5
replicates for each number of clusters from K=1
to K=9, with each replicate consisting of 500,000
burn-in steps and 1,000,000 iterations. The STRU
CTURE model was used to infer lambda for three
iterations, which is appropriate for this dataset
which contains many rare alleles (Falush et al.
2003). The mean of the inferred lambda across
these iterations was used as a constant lambda for
the full STRUCTURE run. No prior location infor-
mation was used for the STRUCTURE model. The
optimal number of clusters was determined using
mean log-likelihood, Evanno’s AK, evaluating the
change in log likelihood of the dataset given the
STRUCTURE model as the number of clusters
increased (Evanno et al. 2005) and using the Med-
MeaK, MaxMeaK, MedMedK, and MaxMedK sta-
tistics with a threshold of 0.5 (Puechmaille 2016).

A successive k-means clustering method was
used to determine the clusters to be used in the dis-
criminant analysis of principal components. For each
value of K (from K=1 to K=22), a k-means clus-
tering analysis was performed and evaluated using
Bayesian information criterion (BIC) and by com-
paring the ratio of between cluster sums of squares
to the total sums of squares. The number of clusters
best supported by these two k-means metrics was
used to define the clusters for the DAPC. Sample
sites were assigned to clusters based on which clus-
ter a majority of the individuals within the sample
site were assigned to by the k-means analysis. The
optim.a.score function from the ‘adegenet’ package
was used to determine the number of principal com-
ponent axes to retain to avoid overfitting the discrimi-
nant functions (Jombart 2008).

A dataset containing all SNPs from the filtered loci
was analyzed using fineRADstructure, a program that
models co-ancestry based on linkage of SNPs within
RAD loci (Malinsky et al. 2018). We ran the MCMC
with 100,000 burn-in steps followed by 100,000 itera-
tions. Assessment of convergence and visualization of
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results was conducted using the scripts provided with
fineRADstructure in R.

Landscape genetics analyses

Three measures of pairwise genetic distances were
calculated for each combination of sample sites: an
empirical Bayes estimate of Fgp (Kitada et al. 2007,
2017), Nei’s Ggp (Nei 1973), and Jost’s Dy (Jost
2008). Pairwise geographic distances were calculated
for each pair of sites using Great Circle distances
based on the WGS84 ellipsoid. Mantel tests were per-
formed for each set of pairwise genetic distances to
test for an effect of isolation by distance. Mantel tests
were bootstrapped with 999 permutations to calculate
significance. Additionally, because HUC-6 level river
basins were found to structure R. pipiens populations
on a statewide level (Waraniak et al. 2019), maximum
likelihood population effects (MLPE) models were
fit to each of the genetic distance measures to see if
HUC-8 level subbasins similarly structured R. pipiens
populations on this smaller scale. To test for subbasin
effects, the MLPE analysis compared the fit of mod-
els including a constant factor of random population
effects, and two variables (1) pairwise geographic
distances and (2) a subbasin variable represented by
a pairwise matrix in which sample site pairs had a
value of zero if located in the same HUC-8 subbasin
and a value of one if located in different subbasins
(Fig. S1). The fits of MLPE models were assessed
using Akaike’s Information Criterion adjusted for
small sample sizes (AICc).

Landscape effects on genetic diversity were
assessed using linear models with measures of
genetic diversity [expected heterozygosity (H,),
nucleotide diversity (m), and inbreeding coefficient
(Fig)] as the dependent variables. Four landscape
variables previously shown to affect genetic diver-
sity of leopard frogs at larger scales in North Dakota
(Stockwell et al. 2016) were included in the full mod-
els. These included latitude, longitude, mean annual
precipitation (WorldClim), and proportion of wet-
land land cover in a 15 km buffer around each sample
site to replicate the analysis conducted in Stockwell
et al. (2016). A fifth variable based on the propor-
tion of cultivated crop land cover in a 15 km buffer
around samples was also included. All combinations
of variables were fit using the glm function in R and
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relative variable importance was calculated using 2008; Anantharaman et al. 2019). Ten landscape
AICc weights. variables that could contribute to resistance were

The effects of landscape on genetic connectivity included in the analysis (Table 1, Fig. 1). Rasters for
were assessed with circuit theory resistance distances each of these landscape variables were clipped to the
implemented through Circuitscape in Julia (McRae study area (50-km buffers around the sample sites that

Table 1 List of landscape variables tested in circuit distance-based landscape resistance analysis

Variable Source Description

Land use/agriculture

Land cover NLCD? Categorical classification of land classes with 9 categories, some USGS
NLCD classifications were collapsed for simplification
(1) Open water
(2) Developed low: developed—open space, developed—low intensity
(3) Developed high: developed—medium intensity, developed—high intensity,
barren
(4) Forest: deciduous forest, evergreen forest, mixed forest
(5) Shrubland/Scrubland
(6) Grassland
(7) Pasture
(8) Cultivated crops
(9) Wetlands: woody wetlands, emergent herbaceous wetlands
Frequency of corn planting CDL® Continuous variable of proportion of years from 2006 to 2018 when a raster
cell was planted with corn
Frequency of soybean planting CDL Continuous variable of proportion of years from 2006 to 2018 when a raster
cell was planted with soybeans
Frequency of winter wheat planting CDL Continuous variable of proportion of years from 2006 to 2018 when a raster
cell was planted with winter wheat
Roads ND DoT*® Categorical classification with two categories. Roadways were buffered by
100 m to ensure that they would remain continuous when rasterized
(1) US interstate, US highway, or state highway
(2) No major roadways

Water stress

Distance to permanent wetland NwI Continuous variable of kilometers from the nearest permanently flooded
wetland
Heat load USGS 3DEP® Continuous variable of heat load index (McCune and Keon 2002) inferring the

amount of solar radiation a surface receives based on slope and aspect

Topographic wetness index USGS 3DEP Continuous variable of the topographic wetness index, also known as the
compound topographic index, based on slope and amount of upstream area
contributing to hydrological flow

Wet days PRISMf Continuous variable of the 30-year average number of days with measurable
precipitation during the active season for R. pipiens in North Dakota (May
through October)

Topography
Roughness USGS 3DEP Continuous variable of topographic roughness measuring the mean change in

elevation from one cell to each of its neighbors

For each landscape variable, the data source and a short description of the variable is given
22011 release of the national land cover database (Homer et al. 2015)

PUSDA National agriculture statistics service cropland data layer (2006-2018)

“North Dakota department of transportation

4US Fish and wildlife service national wetlands inventory

°USGS 3D Elevation program digital elevation models (DEMs)

fPRISM climate group, Oregon state university
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Fig. 1 Maps of study area showing patterns of the 10 landscape variables used in the Circuitscape-based ResistanceGA analysis,

organized by categories according to Table 1

passed quality control filters within an extent between
45.5°N and 48°N latitude and 97.5°W and 101.5°W),
aligned with a snap raster to ensure that the spatial
dimensions of each landscape variable were identi-
cal, and coarsened to a cell size of 120 mx 120 m to
reduce computational load. The resistance models for
each landscape variable were first optimized as a sin-
gle resistance surface using custom R scripts and the
"ResistanceGA’ package in R (Peterman 2018). Con-
tinuous surfaces were transformed using monomo-
lecular or Ricker functions and the best performing
transformation was assessed using AICc calculated
from maximum likelihood population effects models
with the genetic distance as the dependent variable,
sample site as a random effect, and resistance distance
as the sole fixed explanatory variable. The optimized
resistance surfaces were then combined in combi-
nations of up to four surfaces in an additive process
where all remaining surfaces were added to single
surfaces or surface combinations with AAICc <2 and
optimized. Circuit distances were calculated for each
single and combined optimized surface and modeled
against Nei’s Ggp and Jost’s D; pairwise genetic dis-
tances. These resistance models were assessed using
AlCc calculated from MLPE models as described
above.
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Results
SNP dataset

After all STACKS and ‘radiator’ filtering steps, the
final dataset contained 2868 loci. Thirty-three indi-
viduals were identified as putative siblings by COL-
ONY, so 23 of the individuals were removed to retain
only one individual from each sibling group. After
individuals had been removed for high levels of miss-
ing reads as well as putative sibship, six sample sites
had fewer than eight individuals remaining, so these
populations were removed from the dataset. The final
dataset contained 315 individuals across 22 sample
sites with a mean missing data rate of 23.78% (min
4.01%, max 57.81%). Patterns of missingness were
consistent across sample sites except for slightly ele-
vated missingness in the sample sites of Chase Lake
NWR, Sykeston, and Wing where nearly all individu-
als had missingness higher than the dataset average
(Table S1.)

Population genetic summary statistics and population
structure

The sample sites had similar measures of observed
heterozygosity (mean +sd =0.0748 +0.0073),
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inbreeding coefficient (mean =+ sd=0.0029 +0.0135),
and © (mean +sd=0.178 +0.004; Table 2). Effective
population size estimates ranged from 72.9 to infinite
for the LD method and from 31.0 to infinite estimates
based on heterozygosity excess (Table 2). No private
alleles were detected within sample sites.

Mean log-likelihood of STRUCTURE  results
increased gradually across numbers of K from K=1
to K=9 (Fig. S2A). The Evanno’s AK method of
interpreting the STRUCTURE analysis indicated
K =2 as the best estimate for the number of genetic
clusters, though this method cannot be used to assess
the fit of K=1 (Fig. S2B). MedMeaK, MaxMeakK,
MedMedK, and MaxMedK all estimated the number
of genetic clusters to be equal to 1. Overall, the STRU
CTURE analysis suggests that all sites belong to the
same genetic population.

Optim.a.score indicated that 58 principal com-
ponents should be retained to prevent overfitting of
clustering models for use in DAPC clustering. In
the successive k-means clustering analysis on the 58
retained principal components, clusters from K=4
to K=6 had similar BIC values (Fig. S2C). K-means

clustering results were further assessed using the
ratio of between cluster sums of squares to the total
sum of squares (Fig. S2D). The amount of varia-
tion explained by adding new clusters consistently
increased up to K=6. The clusters found by k-means
clustering showed clear spatial patterns, though there
was also evidence of admixture among the different
clusters within study sites (Fig. 2).

The analysis of co-ancestry using fineRADstruc-
ture indicated little evidence for strong population
structure within our samples (Fig. S3). The co-ances-
try model converged on 22 unique clusters, however,
most of the inferred clusters among the samples were
weakly supported. When only clusters that received at
least a moderate level of support (appearing in>30%
of MCMC iterations) were considered, the resulting
clusters were similar to the clusters determined by
k-means analysis.

Landscape genetics analyses

Mantel tests showed significant effects of isolation by
distance among the sample sites for two of the three

Table 2 Summary of basic

X . o Sample Site N Hs Ho Fig T N,
population genetic statistics
for the northern leopard Albertha 18 00765  0.0753 00151 0175  1016/c0
frog, Rana pipiens Byersville Pag 14 00725 0.0706 0.0247  0.175 co/co
Byersville Pnat 16 0.0675 0.0687 -0.0173 0173 00/31.0
Chase lake NWR 10 0.0827 0.0814 0.0157  0.184 oo/co
Cottonwood lakes Pag 13 0.0709 0.0705 0.0039 0.176 oo/
Cottonwood lakes Pnat 18 0.0722 0.0727 - 0.0067 0.174 00/149.9
Florence lake NWR 16 0.0680 0.0669 0.0177 0.176 oo/c0
For each of the 22 Glacier Pag 8 0.0823 0.0843 —0.0240  0.190 00/38.2
populations retained Glacier Pnat 15 0.0821 0.0810 0.0135 0.178 173.9/c0
after single nucleotide Jamestown 17 00892 00892 00011 0179 729/
polymorphism (SNP) data
filtering steps, the number Jud Pag 14 0.0755 0.0757 -0.0032 0177 00/121.9
of individuals retained Jud Pnat 20 0.0878 0.0875 0.0032 0.176 93.8/00
(N) and the population Kensal 12 0.0667 0.0666 0.0011 0.185 /132.5
?ﬁiﬂafﬁi 2252&?56(%1 o Logan 14 00707 00711 —0.0060  0.177  oo/74.4
heterozygosities, estimated Mauch Pag 17 0.0753 0.0746 0.0087  0.175 149.1/c0
Fy5 values, and population Mauch Pnat 20 0.0806 0.0796 00111  0.173 143.2/c0
average nucleotide diversity Sykeston 8 0.0679 0.0698 —0.0291 0.183 o0/31.5
() are shown. The final Verona 14 0078  0.0780 00068 0178  ooloo
Z?;;:Eg;gggj]széﬁlziz for Wallace Pag 16 00751 00740 00141 0175  776.6/c0
(N,) calculated using both Wallace Pnat 11 0.0757 0.0748 0.0119 0.179 oo/co
the linkage disequilibrium Wimbledon 11 0.0750 0.0747 0.0040 0.179 oo/co
(left) and heterozygote Wing 13 00575 00574 —0.0003 0177 /6973

excess (right) methods

@ Springer



Landsc Ecol

Land Use

Open Water

Developed - Open Space
Developed - Low Intensity
Developed - Medium Intensity
Developed - High Intensity
Barren

Deciduous Forest
Evergreen Forest

Mixed Forest

Shrub/Scrub

Grassland

Pasture

[ cultivated Crops

Woody Wetlands

[ Emergent Herbaceous Wetlands

47.5°N
47.0°N g s [ChaseLoke NWRJ!
. : s
el
2
©
- . AR
[MacLean Bottoms]
46.5°N
46.0°N 4
T 5 B : g o,
01.0°W  100.5°W  100.0°W  99.5°W 99.0°W 98.5°W 98.0°W 97.5°W
Longitude
. ... ] Byersvile [l Glacier _ Northwest
Cluster Assignment Probability [ Central [l Jamestown [l Southeast
~
=5
Ke]
©
c
35
i
€
®
£
£
—
20
2

-5.0 -25 0.0 2.5 5.0
Discriminant Function 1

@ Springer



Landsc Ecol

«Fig. 2 Map of sample sites used in population structure analy-
sis. Sample sites are shown as pie graphs with the colors rep-
resenting the average proportion of assignment probability to
one of the K=6 genetic clusters as estimated by discriminant
analysis of principal components (DAPC) for individuals in
that sample site. The six sample sites that were dropped due
to insufficient numbers of individuals that passed quality con-
trol filters are represented by black points. Background shows
USGS NLCD land use categories. DAPC results for Discri-
minant Functions 1 and 2 with K=6 genetic clusters are pre-
sented in a scatterplot graph below the map

genetic distances tested (Fig. 3; EBFgp P=0.001; Ggp
P=0.187; Dy P=0.025). MLPE analysis for all three
genetic distances showed that the model including
both geographic distance and subbasins best fit the
genetic data, but in all cases these models had simi-
lar fits to the model with geographic distance alone
(AAICc 2.2-3.7; Table S2).

Analysis of genetic diversity showed that lower,
often negative, values of Fjg were associated with
areas with higher proportions of agriculture, but
did not indicate that any of the landscape vari-
ables tested had a substantial effect on H, or n in
the study area (Table S3). All the models testing the
effects of landscape variables on Fig with AAICc <2
included a negative relationship with the proportion
of agriculture in a 15 km buffer. Agriculture was the
most important variable associated with Fig (vari-
able importance =0.85), no other landscape variables
had a consistent effect (variable importance <0.5)
The best ranked model for expected heterozygosity
included longitude as a factor, though this model
was only slightly favored over the intercept-only
model (AAICc=1.09). All model variables had an
importance <0.5.

The analysis of landscape resistance showed there
were consistent patterns in landscape variables asso-
ciated with genetic differentiation among the sample
sites (Figs. 4, S4, S5). At least one of the land-use or
topographic roughness variables was always included
in the top models for both genetic distances (Nei’s
Ggr and Jost’s Dy) used in the Circuitscape analysis
(Table 3). Model averaged values for land-use cat-
egories showed low-disturbance dryland habitats
generally had the lowest resistances, including the
following land-use categories: forests, developed—
low intensity/open space, scrubland, and grassland
(Table 4). Agricultural land uses had moderate resist-
ance values, with pasture having lower resistance

than cultivated cropland. The areas with the highest
resistance were typical barriers like open water and
medium/high intensity urban areas, along with wet-
land core habitat. The topographic roughness compo-
nents of all top models show agreement that flat ter-
restrial areas have the lowest resistance. Areas with 0
roughness index values occurred on bodies of water
and had very high resistance values. Variables related
to planting frequency of different crops also had some
marginal effects as areas where one crop type (either
corn, soybeans, or winter wheat) was frequently
planted tended to have higher resistance (Table 3).
Only winter wheat appeared in the top models based
on Ggr, while all three crops contributed to top mod-
els based on Jost’s D. The major road variable did not
appear in any of the top models, and variables related
to water stress only appeared in top models with land
use or topographic roughness variables and only
made minor contributions to the overall resistance in
these models.

Discussion

Our landscape genetic analysis of Rana pipiens in
the PPR suggests that land use and topography are
the primary drivers of population connectivity in the
region, although there did not appear to be strong
effects of fragmentation in the frog populations sur-
veyed. Apart from some localized spatial clustering
and a general pattern of isolation by distance, leopard
frogs in the James River and Lake Oahe basins did
not show signs of strong genetic differentiation. There
were also no signs of extensive inbreeding (all Fig
values < 0.03). While current genetic patterns suggest
that R. pipiens populations in this area are character-
ized by extensive gene flow, increasing landscape
resistance to gene flow due to agricultural expansion
may still pose a risk.

Land-use effects on connectivity

Landscape resistance analysis of R. pipiens genetic
connectivity produced similar patterns of resistance
to different land-use categories as previous stud-
ies. Open water, urban areas and wetlands provided
the highest resistance to gene flow. Open-water areas
and urban areas are clear barriers to movement, as
both pose high risk of mortality to leopard frogs.
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Open-water areas are generally avoided, as the lack
of vegetative cover leaves northern leopard frogs
exposed to high predation risk from both fish and
avian predators (Lundgren et al. 2012; Geluso et al.
2013). Likewise, urban areas are often associated
with reduced abundances in R. pipiens populations
(Gagné and Fahrig 2007; Johnson et al. 2011). Devel-
oped land uses can lead to increased adult mortality
due to higher density of roads and traffic (Carr and
Fahrig 2001; Glista et al. 2008) and higher tadpole
mortality due to the presence of invasive and intro-
duced species (Germaine and Hays 2009; Johnson
et al. 2011). Additionally, higher exposure to pesti-
cides, road salts, and other chemicals from roadway
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and urban runoff have negative effects on larval
development and behavioral responses (Croteau et al.
2008; Denoél et al. 2010).

It appears counterintuitive that wetlands, the pre-
ferred breeding habitat of R. pipiens, would have
resistance similar to that of land uses associated with
high mortality risk for amphibians, but this pattern
of preferred habitat having high resistance values has
been observed in other landscape genetic studies on
amphibians (Angelone et al. 2011; Peterman et al.
2014). While the explanations for this phenomenon
are speculative, for the landscape context and scale
of our study area, wetlands may be acting as settling
locations for migrants. The PPR is characterized by
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Table 3 List of the best

. . Gsr
fitting landscape resistance

AAICc Weight

models that contribute at
least 1% to average model

Land cover +Frequency of winter wheat planting + Roughness 0 0.37

for Circuitscape resistance Land cover +Roughness 0.61 0.27
distances based on both Land cover + Wet days + Roughness 2.03 0.13
Ggr and Jost’s D genetic Land cover + Frequency of soybean planting 4+ Roughness 2.68 0.10
distances Land cover + Topographic wetness index + Roughness 2.71 0.10
Frequency of winter wheat planting + Roughness 5.82 0.02
Dy
Land cover +Roughness 0 0.15
Land cover + Frequency of corn planting 0.04 0.15
Land cover +Frequency of winter wheat planting + Roughness 0.52 0.11
Land cover + Frequency of corn planting 4+ Topographic wetness index 1.81 0.06
Land cover + Wet days 4+ Roughness 2.09 0.05
Land cover + Frequency of corn planting 4+ Frequency of soybean planting 2.17 0.05
Land cover +Frequency of corn planting 4+ Frequency of winter wheat planting ~ 2.17 0.05
Land cover + Distance to permanent wetland 4+ Roughness 222 0.05
Land cover + Frequency of corn planting + Distance to permanent wetland 2.24 0.05
Land cover + Frequency of corn planting + Wet days 2.25 0.05
Land cover + Frequency of corn planting +Roughness 2.25 0.05
Land cover + Frequency of corn planting + Heat load 2.28 0.05
Frequency of winter wheat planting 4+ Frequency of soybean planting 2.53 0.04
AICc akaike’s information Land cover + Heat load 4.30 0.02
criterion adjusted for small Land cover + Wet days 519 001

sample sizes

abundant wetlands separated by drylands, so frogs
would necessarily have to pass through non-wet-
land matrix habitat when they disperse. Migrating
frogs may be likely to settle near wetlands, but move
through other habitat types.

Agricultural land uses had intermediate resistance
estimates, offering more resistance than low distur-
bance natural habitats, but less resistance than open

Table 4 Model averaged resistance values for the land use
types for both sets of models based on Gy and Jost’s D

Land use type Gy resistance Dy resistance
Open water 1393 2506
Developed low 1 165
Developed high 4067 5804
Forest 1 5748
Shrubland/Scrubland 9 5691
Grassland 1 83
Pasture 157 149
Cultivated crops 662 4462
Wetlands 5273 5026

water and urban land uses which function more as
strict barriers. Experiments in the PPR suggested that
cultivated crops did not necessarily impede R. pipi-
ens movement or increase desiccation risk of R. pipi-
ens, though these effects were strongly dependent on
weather conditions and seasonality (Inczauskis 2017).
Telemetry studies of R. pipiens in similar agricultural
environments found that migrating frogs avoided
traveling through cropland but could cover long dis-
tances through crops under certain conditions (Bartlet
and Klaver 2017; Knutson et al. 2018).

In our analysis, pasture and hayfields appeared to
have much lower resistance compared to cultivated
crops, which most landscape genetic analyses often
combine into a single category. Movement studies
have recorded R. pipiens using pasture and hayfields
as dispersal corridors, though these land uses come
with additional risks of mortality from being killed
by agricultural machinery (Joseph and Johnson 2012;
Knutson et al. 2018). Overall, it appears that R. pipi-
ens in the PPR exhibit a similar relationship to agri-
culture as other anurans in agricultural landscapes,
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i.e., cropland is not a preferred matrix habitat but is
at least somewhat permeable to gene flow (Goldberg
and Waits 2010; Richardson 2012; Youngquist et al.
2017). Additionally, because much of the expansion
of cultivated-crop land use has been relatively recent,
the resistance values may be somewhat conserva-
tive as recent isolation may not be fully reflected by
genetic distances, referred to as time lag (Manel and
Holderegger 2013; Epps and Keyghobadi 2015).

One of the clearest signals from our landscape
resistance analysis was the importance of low-distur-
bance land uses in maintaining connectivity. Grass-
land, shrubland, and forests usually had the lowest
resistance scores among the best models. Grassland
is particularly important in the PPR as it comprised
25.7% of the land use in the study area while shrub-
land and forest land-uses combined consisted < 1% of
the total land area and had more variation in resist-
ance among models. It is well documented that R.
pipiens extensively uses grassland habitat for forag-
ing and dispersal (Dole 1965, 1971; Pope et al. 2000),
and wetlands networks with large amounts of grass-
land matrix habitat have been associated with greater
occupancy and movement in other amphibian species
as well (Balas et al. 2012; Mushet et al. 2014; Mester
et al. 2020).

Differences in gene flow patterns between the drift
prairie and the Missouri Coteau

The Drift Prairie and Missouri Coteau are charac-
terized by different landscape features. The Mis-
souri Coteau is more topographically complex, with
numerous moraines and glacial depressions compared
to the relatively flat plains of the Drift Prairie (Bryce
et al. 1996). This difference in topographic rough-
ness is reflected in the patterns of gene flow from
the Circuitscape models. In the Missouri Coteau,
topographic roughness contributed 79% to the total
landscape resistance in the Ggr model averages. As
expected, topographic roughness in the Drift Prairie
contributed less to resistance (67%) to the Ggp model
averages. Topographic roughness contributed less to
resistance overall in D; models, but showed similar
patterns to the Ggr models when comparing the two
ecoregions (Table S4).

These two regions also differed in land-use pat-
terns. The Drift Prairie was dominated by agricul-
ture, with cultivated cropland comprising 55.3% of
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the total land use. By contrast, the Missouri Coteau
had a more varied land use dominated by grassland
(45.6%), cultivated crops (9.6%), and pasture (7.9%).
Land use contributed 30% and 18% of the total land-
scape resistance in the Drift Prairie and Missouri
Coteau, respectively. Differences in landscape con-
text are often invoked to explain contrasting resist-
ance models from multiple disjunct populations
(Trumbo et al. 2013; Micheletti and Storfer 2015;
Emel et al. 2019) or in comparisons to the results of
other studies on the same or similar organisms (Gold-
berg and Waits 2010; Coster et al. 2015; Youngquist
et al. 2017). Our findings show how landscape con-
text can alter gene flow in different parts of a single
metapopulation.

Lack of strong population structure

Despite this study covering an area (maximum dis-
tance of 244 km between sample sites) much greater
than the dispersal distance of an individual frog
(maximum recorded dispersal distance of 5 km;
Dole 1971), there was no indication of strong popu-
lation structure in our genetic data. This result was
not entirely unexpected, as a previous statewide sur-
vey of genetic diversity of Rana pipiens in North
Dakota indicated that the R. pipiens sampled in the
James River and Lake Oahe River basins belonged to
the same genetic cluster (Waraniak et al. 2019). Like-
wise, genetic analysis of R. pipiens on a more local
scale in this region also found no evidence for strong
genetic structure (Mushet et al. 2013). Genetic clus-
tering analyses more sensitive to fine-scale structure
(DAPC and fineRADstructure) reported here detected
some spatially organized genetic clustering, however,
most sample sites contained a mixture of the genetic
clusters identified, suggesting high rates of gene flow
among these genetic groups.

The dispersal behavior of R. pipiens and the recent
climatic history of the eastern PPR may help explain
the weak genetic population structure found in this
study. Dispersal and colonization rates appear to be
exceedingly high and site fidelity relatively low for
northern leopard frogs in parts the Upper Midwest
with high wetland densities compared to drier parts
of the species’ range (Merrell 1970; Lehtinen and
Galatowitsch 2001; Mushet 2010). Effective popula-
tion size estimates of the sampled populations also
suggest large breeding populations. Large population
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sizes along with extensive gene flow would limit
genetic differentiation due to genetic drift and are
likely explanations for the lack of strong popula-
tion structure observed in this study. Additionally,
this portion of the PPR has been experiencing an
unprecedented wet period for the past 30 years (McK-
enna et al. 2017). During drought years, R. pipiens
have limited suitable overwintering habitat, and this
occasionally leads to sharp bottlenecks that would
increase the likelihood of population differentiation
due to genetic drift (Mushet 2010). However, the
extended wet period likely prevented any recent bot-
tlenecks and may have allowed increased gene flow
between genetic clusters that may have been less con-
nected during typical climate conditions.

Conservation implications for amphibians in
agriculture-dominated landscapes

While land-use change and intensive agriculture have
appeared to impact connectivity among R. pipiens
in the PPR, leopard frogs have been able to main-
tain enough gene flow to avoid serious genetic con-
sequences from habitat fragmentation. There was no
detectable decline in genetic diversity for R. pipi-
ens populations associated with higher amounts of
nearby agricultural land use, and the lack of popula-
tion structure also suggests that gene flow is frequent
among breeding sites throughout the study area. This
evidence indicates that R. pipiens have been resilient
to agricultural conversion (at least from a population
genetic standpoint), likely due to their high vagility
and an extended period of favorable climatic condi-
tions. However, it is possible that genetic signals may
lag (Epps and Keghobadi 2015) relative to the recent
rapid expansion of row crops on the landscapes.
There are also alternative possible explanations for
the patterns seen in our connectivity analyses. The
patterns of gene flow detected might be reflecting
historical land use and habitat types correlated with
modern land use, and the effects of modern land-use
patterns are too recent to be detected in the genetic
data. However, most conversion of grasslands to cul-
tivated cropland in the PPR occurred >40 years ago
(Rashford et al. 2011), which is>20 generations for
R. pipiens (Hoffman et al. 2004). Additionally, pat-
terns in gene flow appear to be relatively stable across
time because both genetic distances produced highly
similar best-fitting models, with Ggr expected to be

more sensitive to population structure caused by
recent changes in gene flow or genetic drift while
Jost’s D is expected to reflect population structure
due to colonization history (Ma et al. 2015). Finally,
there could be other more important variables shap-
ing gene flow that were not considered in our connec-
tivity analysis. This is a shortcoming in all landscape
genetic studies using landscape variables as predic-
tors of connectivity. However, the models generated
in our analyses outperformed null models of uniform
resistance distances and Euclidean distances by wide
margins, so at least some of the more important fac-
tors influencing gene flow were likely identified in
our study or were correlated with important drivers
we did not measure.

While the genetic connectivity of R. pipiens popu-
lations appears to be resilient to agricultural land-use
change, our study also highlights the importance of
grassland conservation for amphibians, as grasslands
were most often the habitat type with the lowest
resistance among the top performing models of con-
nectivity. Suitable matrix habitat may be even more
important for amphibian species with lower dispersal
capabilities [e.g., wood frogs (Rana sylvatica), and
tiger salamanders (Ambystoma tigrinum)] for main-
taining genetic connectivity. These species exhibit
population structure on smaller geographic scales
than leopard frogs and may be more susceptible to
fragmentation due to increased landscape resistance
from agricultural land use (Spear et al. 2005; Crosby
et al. 2009). More connectivity studies of amphibians
in the PPR could determine if agriculture is having
more severe impacts on other amphibian species and
if matrix habitat requirements differ among species.

Grasslands with little elevation change are particu-
larly vulnerable to agricultural conversion (Rashford
et al. 2011) and are also the most valuable matrix
habitat for R. pipiens as identified in our analysis.
By including these habitat parameters when making
decisions, our results can help land managers and
conservationists prioritize areas for conservation and
restoration to aid connectivity among amphibian pop-
ulations. Conservation organizations already use con-
nectivity models to identify valuable habitat patches,
often based on species of conservation concern or
species-agnostic expert opinion models (Dickson
et al. 2018). Adding empirically-backed modelling,
especially for underrepresented taxonomic groups
with unique habitat requirements, can help improve
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these land-management decisions (Krosby et al.
2015; Reed et al. 2017). Fragmentation of amphib-
ian habitat is a threat throughout the Great Plains
(Heintzman & Mclntyre 2021) and using information
from R. pipiens connectivity models can ensure that
dispersal needs of amphibians are considered in land-
scape management decisions.
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