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Abstract

At the southern edge of their range, woodland jumping mice (Napaeozapus insignis) are associated with the high-elevation spruce-fir “sky
islands” of the Southern Appalachians, one of the most fragmented and endangered ecosystems in North America. Consequently, gene flow
is expected to be limited among sky island populations, which could result in strong geographic patterns of genetic structuring. Here, we
present the first assessment of population genetic structure in woodland jumping mice of the Southern Appalachian Mountains of Eastern
North America. We identified and sampled male and female woodland jumping mice from seven distinct mountains/mountain ranges in the
Southern Appalachians of North Carolina, the Allegheny Mountains in the Central Appalachians of West Virginia, and the White Mountains
in the Northern Appalachians of New Hampshire. Using a ~350 base pair fragment of the mitochondrial DNA control region and 13 novel
microsatellites, we estimated genetic diversity, relatedness among individuals, patterns of population genetic structure, and gene flow
among populations. The geographic distribution of mtDNA haplotypes showed distinct haplogroups for the Northern Appalachian, Central
Appalachian, and Southern Appalachian Woodland Jumping Mouse populations. Microsatellite analyses showed that within the Southern
Appalachians, the northernmost and southernmost groups of spruce-fir sky island populations, separated geographically by the French
Broad River, clustered separately. Surprisingly, however, there was minimal genetic differentiation among spruce-fir sky island populations
on each side of the French Broad River; only the southernmost population was significantly differentiated from all others. Overall, females
displayed greater genetic differentiation than males, suggesting differences in philopatry and dispersal among the sexes. Our study suggests
that although Southern Appalachian sky islands serve as an important habitat for woodland jumping mice, it would be overly simplistic to
conclude that the fate of this small mammal in the southern portion of its range is tied solely to that of this endangered ecosystem.
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The current geographic distribution patterns of sky island ecosystems
and their associated animal species are thought to be shaped by cycles
of localized extinctions in lowland areas caused by past climate
change (Brown 1971; Lomolino 1986; Wiens et al. 2019). The term sky
island refers to ecosystems of unique community compositions
restricted to mountaintops. The repeated isolation of populations on
these mountaintops has led to the hypothesis that contemporary
immigration between sky island populations is minimal or entirely
absent, particularly for highly specialized taxa (Brown 1971; Lomolino
1986). However, this hypothesis has been challenged by studies sug-
gesting that while some sky island specialists may indeed experience
significant isolation, many sky island communities are largely com-
posed of generalist woodland species potentially capable of dispers-
ing between habitat patches. These generalists may experience fewer
isolation effects and greater connectivity across fragmented land-
scapes (Lawlor 1998). This interplay between isolation and

connectivity highlights the complex dynamics shaping sky island
communities, where the persistence of glacial relics contrasts with the
broader ecological strategies of more generalist species. These
dynamics underscore the importance of understanding the differen-
tial responses of species to isolation and environmental change
within these unique refugial systems.

Geographic barriers such as lowland valleys characteristic of mon-
tane landscapes can significantly impede gene flow, promoting
genetic drift and driving population differentiation. This genetic dif-
ferentiation is shaped not only by contemporary population distribu-
tions but also by historical geographic patterns influenced by past
geologic eras (Mastretta-Yanes et al. 2018). For instance, geographic
patterns of genetic structure observed in certain Southern
Appalachian salamander populations suggest that historical isolation,
potentially due to competition or other ecological factors, has played
a crucial role in shaping their genetic diversity (Crespi et al. 2003).
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Additionally, genetic drift—strongest in small populations (Kimura
1983)—often leads to pronounced differentiation at the range margins
of a species, where populations tend to be smaller and more isolated.
This inverse relationship between genetic drift and population size
has led to the hypothesis that edge-of-range populations exhibit the
strongest genetic structure and reduced genetic diversity compared
to core populations (Hampe and Petit 2005; Eckert et al. 2008).

The high-elevation mountain peaks of the Southern Appalachian
Mountains form a classic sky island complex composed of small and
disjunct patches of high-elevation Red Spruce (Picea rubens) and
Fraser Fir (Abies fraseri) forests surrounded by expanses of mixed
hardwood forests (Fig. 1). This spruce-fir ecosystem, covering only
about 22,000 ha, is one of the most restricted and fragmented ecosys-
tems in North America, making it exceptionally vulnerable to global
change (Wear and Greis 2002). Additionally, the Fraser Fir is endemic
to Southern Appalachian sky islands. Rising temperatures and shift-
ing precipitation patterns are expected to further isolate these forest
patches, reducing their already limited habitat range and increasing

the risk of localized extinctions. Compounding the effects of climate
change, historical threats posed by logging, acid rain, and the intro-
duction of the Balsam Woolly Adelgid (Adelges piceae), an invasive
insect first detected in the region in 1957 (Speers 1958), have made this
ecosystem less resilient to contemporary threats. The contemporary
stressors, in conjunction with historic degradation, continue to
threaten the spruce-fir ecosystem, including the animal communities
that inhabit them.

The Southern Appalachian spruce-fir sky islands are considered
Pleistocene refugia as they provide habitat for many animal and plant
species that were more broadly distributed during glacial periods.
These high-elevation habitats now host a diverse assemblage of taxa,
including numerous glacial relics typically found at much higher lat-
itudes, reflecting the role of sky islands in preserving biodiversity and
acting as critical refugia for cold-adapted species through climatic
fluctuations (Arbogast 1999; Walker et al. 2009; Mastretta-Yanes et al.
2018; He et al. 2019). However, with the threat of anthropogenic cli-
mate change, this refugial habitat may be lost entirely.

Fig. 1 Woodland Jumping Mouse (Napaeozapus insignis) sampling sites in the Southern Appalachians (n=7), the Central Appalachians (n=1), and the
Northern Appalachians (n=1). Inset: Distribution of the spruce-fir sky islands (green) of the Southern Appalachians in North Carolina, Tennessee, and

Virginia. Abbreviations are described in the text.

920z AelN 61 uo Jasn Ajsianiun euljose) widlsap) Agq £6£8798/8z00eAb lewwewl/g601 0L /10p/a]011B-80uUBApPE/[BWWEW /W02 dno-olwapede//:sdjy wolj papeojumoq



The Woodland Jumping Mouse, Napaeozapus insignis (Miller 1891),
isahibernating rodent widely distributed throughout the Appalachian
Mountains of the eastern United States and southeastern Canada
(Campbell et al. 2010). In the Southern Appalachian region, this spe-
cies is recognized as a distinct subspecies, N. i. roanensis (Whitaker
and Wrigley 1972). Historically, populations in the Southern
Appalachians were thought to be confined primarily to high-elevation
peaks and cool, moist coves (Whitaker and Wrigley 1972). However,
more recent studies suggest that while the species is associated with
spruce-fir forests, it can also be abundant in adjacent northern hard-
wood forests, which are found at mid-elevations in the region
(DeGraaf et al. 1991). The Woodland Jumping Mouse typically occupies
cool, moist, wooded habitats with abundant shrubby ground cover
and decomposing woody debris, key features that support its ecolog-
ical needs (Brower and Cade 1966; Brannon 2005). In these habitats,
the Woodland Jumping Mouse also provides valuable ecosystem ser-
vices such as long-distance dispersal of mycorrhizal fungi (Ovaska
and Herman 1986). Although environmental conditions influence
population density, the species can occasionally reach high abun-
dances, with estimates of up to 59 individuals per hectare reported
(Townsend 1935). Despite its prevalence and importance in these
ecosystems, the population genetic structure of the Woodland
Jumping Mouse within this portion of its range has never been
studied.

The Southern Appalachian spruce-fir ecosystem is a biodiversity
hotspot that harbors unique species and offers an invaluable oppor-
tunity to study the effects of geographic and climatic factors on genetic
diversity and connectivity. Although other studies have examined
aspects of the population genetic structure of small mammals in the
Southern Appalachians (Sipe and Browne 2004; Arbogast et al. 2005;
Browne and Ferree 2007), significant gaps remain in our understand-
ing of these patterns. Previous research on other small mammal spe-
cies such as the Southern Red-backed Vole (Clethrionomys gapperi),
Smoky Shrew (Sorex fumeus), and Masked Shrew (Sorex cinereus), has
revealed that the French Broad River may serve as a key geographic
barrier influencing gene flow in these taxa (Sipe and Browne 2004;
Browne and Ferree 2007), raising the possibility that the French Broad
River could similarly impact the genetic structure of Woodland
Jumping Mouse populations.

As a species nearing its southern range limit in the Appalachian
Mountains, the Woodland Jumping Mouse may also display unique
genetic patterns shaped by historical range contractions during the
Pleistocene (Hewitt 1996). Interestingly, many species that were once
widely distributed during the Pleistocene contracted into southern
montane refugia during interglacial periods, potentially forming
large and stable populations at the edge of their range (Hewitt 1996).
As a result, these southern populations may exhibit higher genetic
diversity than that found in conspecific northern populations. This
disparity could arise because southern refugial populations retained
relatively greater genetic diversity during bottleneck events associ-
ated with repeated cycles of range expansion and contraction (Hewitt
1996). Thus, both contemporary and historical processes must be
considered when assessing the genetic structure and diversity of
montane species. This pattern contrasts with the hypothesis that pop-
ulations at range edges often experience reduced genetic diversity
and heightened isolation, which can influence their long-term viabil-
ity (Eckert et al. 2008).

Here, we employ mitochondrial DNA (mtDNA) and nuclear micro-
satellite markers to estimate genetic diversity indices and evaluate
biogeographic patterns of population structure in woodland jumping
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mice across 7 distinct mountains or mountain ranges in the Southern
Appalachians in North Carolina. We also include populations from
the Northern and Central Appalachians: White Mountains in New
Hampshire and Allegheny Mountains in West Virginia, respectively,
providing a comparative framework for understanding genetic pat-
terns in the Southern Appalachians. We predict that: (i) sky island
populations will be genetically differentiated from one another; (ii)
the French Broad River will serve as a geographic barrier for
Woodland Jumping Mouse populations in the Southern Appalachians;
(iii) genetic diversity indices will be lower; and (iv) inbreeding and
kinship coefficients will be higher in Southern Appalachian popula-
tions. We also ask if and how these metrics differ between males and
females, potentially reflective of sex-biased dispersal. Overall, we aim
to clarify how historical barriers, such as geological features like river
valleys, and contemporary barriers, such as non-spruce-fir habitat
between sky islands, shape genetic diversity and connectivity, which
is crucial for assessing the broader implications of environmental and
geographic constraints on montane biodiversity.

Methods
Sample collection and preparation

Data were collected on 7 distinct mountains and mountain ranges in
North Carolina, which served as Southern Appalachian study areas.
Six of these 7 mountains and mountain ranges contained spruce-fir
sky islands (Fig. 1). Between May and August 2023 and 2024, 8 samples
were collected from Roan Mountain (RM), 22 from Grandfather
Mountain (GM), 8 from Mount Mitchell (MtM), 19 from the Great
Smoky Mountains (GSM), 11 from the Plott Balsams (PB), 21 from the
Great Balsam Mountains (GB), and 35 from Highlands (HL; Fig. 1;
Supplementary Data SD1). Within each mountain or mountain range,
we sampled between 1 and 4 sites; that were a minimum of 5 km and
a maximum of 40 km apart. Sites were selected based on the presence
of preferred Woodland Jumping Mouse habitat (i.e., water sources)
and historical records of Woodland Jumping Mouse captures. At each
site, we set transects, ~1,000 m in length, of Large Folding Heavy Duty
(LFHD) Sherman traps (3” x 3.5” x 97; H.B. Sherman Traps, Tallahassee,
FL, United States) placed ~10 m apart. Traps were set and baited with
a mixture of sunflower seeds, oats, and dried mealworms 1 to 2h
before sunset and checked the following morning at sunrise. We col-
lected tissue samples from captured individuals and identified the sex
of each individual. Sample collection consisted of Woodland Jumping
Mouse ear tissue biopsies preserved in 90% to 95% ethanol. We cap-
tured and handled woodland jumping mice following applicable
guidelines on the use of wild mammals in research from the American
Society of Mammalogists (ASM; Sikes et al. 2016) and following proto-
cols approved by the UNCW institutional animal care and use com-
mittee (IACUC). We obtained additional mammalian samples for
genetic analysis from the West Virginia Division of Natural Resources,
the North Carolina Museum of Natural Sciences, the University of
North Carolina at Greensboro mammal collection, and the Museum of
Southwestern Biology. Samples consisted of Woodland Jumping
Mouse liver tissue preserved in ethanol: 12 samples from 1 locality in
the White Mountains of NH; 33 from various localities in the Allegheny
Mountains of WV; and 9 from various localities in the Great Balsam
Mountains, Great Smoky Mountains, and Mount Mitchell in NC (Fig. 1;
Supplementary Data SD1). The Northern Appalachian samples (NH)
were collected in the 1980s and, as such, were excluded from micro-
satellite analysis so as not to introduce temporal differences into the
spatial structure and genetic diversity analyses. They were, however,
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included in the mtDNA analyses described below. We extracted
genomic DNA from all samples using QIAGEN DNeasy Blood and
Tissue Kits (Qiagen, Valencia, CA, United States) following the manu-
facturer’s standard protocol for DNA isolation from tissue.

Mitochondrial DNA

We amplified and sequenced a ~350 base-pair (bp) segment of the
mtDNA control region (D-loop) for all samples using primers CTRL-L
(Bidlack and Cook 2001) and TDKD (Kocher et al. 1993). PCR conditions
were as follows: an initial denaturation at 94 °C for 45 s followed by
34 cycles of a 30 s denaturation step at 94°C, a 30 s annealing step at
52°C, and a 45 extension step at 72 °C, with a final 3 min extension at
72°C. We sent unpurified PCR products to the NC State University
Genomic Sciences Laboratory (Raleigh, NC, United States) for purifica-
tion and Sanger sequencing.

We visually inspected mtDNA sequences for errors and multiple
peaks, then trimmed and aligned them using SEQUENCHER v4.10.1
(Gene Codes Corporation, Ann Arbor, Missouri). To determine
within-group mtDNA nucleotide diversity (1; Nei 1987) and the aver-
age number of nucleotide differences between sequences (k; Tajima
1983), we used DnaSP v6 (Rozas et al. 2017). Following these initial
analyses, we separated individuals by sex and calculated diversity
indices for male and female individuals separately. To create haplo-
type networks with a 95% parsimony connection limit (Templeton
et al. 1992), we used TCS v1.23 (Clement et al. 2000). We used Geneious
Prime 2024.0.7 (https://www.geneious.com) to infer haplotype trees
using a GTR+Gamma substitution model, which is highly flexible and
accounts for both variable substitution rates between nucleotides and
rate variation across sites in a DNA sequence (Waddell and Steel 1997).
The maximum likelihood (ML) approach was run with 1,000 ML rep-
licates to assess nodal support. For the Bayesian approach, each
MCMC run used a burn-in of 50,000 with a sampling frequency of
5,000 generations and a run length of 1,000,000 generations.
Napaeozapus abietorum was used as an outgroup for these analyses.

Microsatellites

We genotyped individuals at 13 microsatellite loci using novel
Napaeozapus primers developed by CD Genomics (Shirley, New York,
United States; Supplementary Data SD2). PCR conditions were as fol-
lows: an initial denaturation at 95°C for 15 min followed by 35 cycles
of a 30 s denaturation step at 94 °C, a 30 s annealing step at 58 °C, and
a 20 s extension step at 72 °C, with a final 10 min extension at 72 °C. We
mixed 1pl PCR product with 9l highly deionized formamide (HiDi)
and 0.4 pl GeneScan-600 LIZ size standard (Applied Biosystems, Foster
City, California, United States) for genotyping on an Applied Biosystems
3500 Genetic Analyzer at the UNCW Center for Marine Science Core
Genetic Laboratory. We scored fragments using Applied Biosystems
Microsatellite Analysis Software (ThermoFisher Scientific Inc.).

We ran Micro-Checker v2.2.3 to check for null alleles, large allele
drop-out, and stuttering (Van Oosterhout et al. 2004). To determine
basic diversity indices, we calculated the number of alleles, allelic
richness rarified to the smallest population sample size (n=8) and
observed and expected heterozygosity (H, and H) using the packages
“PopGenReport” and “hierfstat” in R v4.4.0 (Adamack and Gruber
2014; Gruber and Adamack 2015; Goudet and Jombart 2022; R Core
Team 2024). We determined inbreeding coefficients (F,)) and tested for
significance with 1,000 permutations of the data using GenoDive
(Meirmans and Van Tienderen 2004). To determine family structure
and contemporary patterns of association, we calculated kinship

coefficients (k; Loiselle et al. 1995) using GenoDive (Meirmans and Van
Tienderen 2004). We binned individuals according to the following
levels of kinship: “nearly identical,” 0.57> k> 0.375; “full siblings,”
0.375> k>0.1875; “half siblings,” 0.1875>k>0.09375; and “quarter
siblings,” 0.09375> k> 0.047, following the methods used by lacchei
etal. (2013). Following these initial analyses, we separated individuals
by sex and calculated diversity indices, inbreeding, and kinship coef-
ficients for male and female individuals separately. We then tested for
significant differences of these variables between males and females
using t-tests with unequal variance.

To infer spatial patterns of genetic structure across sampled sites,
we calculated all pairwise values of population differentiation using
Weir and Cockerham’s F-statistics (F; Weir and Cockerham 1984) and
tested for significance with 10,000 permutations of the data using
GenoDive (Meirmans and Van Tienderen 2004). To test whether pat-
terns of differentiation within Woodland Jumping Mouse populations
fit an isolation by distance model, we performed multiple regression
analysis with 10,000 permutations using package “ecodist” in R
(Goslee and Urban 2007; R Core Team 2024). The geographic distance
(in km) between locations was determined as the shortest straight-line
path connecting those points. For this analysis, we removed the
Allegheny Mountains population from consideration as it was the
only population that we sampled that was >200 km in distance from
the other populations used in this study. We used the same methods
to test for F and isolation by distance in male and female woodland
jumping mice separately.

We used STRUCTURE v2.3.4 to detect genetic structure and assign
individuals to genetic clusters (Pritchard et al. 2000). We assessed the
number of genetic clusters (K) for values of K ranging from 1to 9 using
an admixture model with allelic frequencies correlated among popu-
lations and population information assigned. We ran 10 Bayesian
Markov chain Monte Carlo (MCMC) searches of 350,000 steps with a
50,000-step burn-in. STRUCTURE results were collated and AK was
computed using the Evanno method (Evanno et al. 2005) implemented
in STRUCTURE SELECTOR (Li and Liu 2018) to find the value of K that
best fit the observed distribution of genotypes. Given that AK fre-
quently identifies K=2 as the top level of hierarchical structure, even
when more subpopulations are present, we also conducted hierarchi-
cal STRUCTURE runs by first identifying major clusters, then analyz-
ing each cluster separately (Janes et al. 2017). Results were visualized
using the package “mapmixture” in R (Jenkins 2024; R Core Team 2024).

To further partition genetic variance within and among popula-
tions, we performed an AMOVA under the assumptions of the infinite
allele model using GenoDive with 1,000 permutations of the data to
test for statistical significance (Meirmans and Van Tienderen 2004).
Populations were grouped in part based on the STRUCTURE results
(see below) such that variance was assessed among and within major
regions (those sampled south of the French Broad River, north of the
French Broad River, and in the Central Appalachians), among individ-
ual populations within regions, and among and within Woodland
Jumping Mouse individuals within populations. Finally, to visualize
genetic clusters, we created discriminant analysis of principal compo-
nents (DAPC) plots using the function DAPC from the package “ade-
genet” in R (Jombart 2008; Jombart and Ahmed 2011; R Core Team
2024). We also created separate DAPC plots for male and female
woodland jumping mice following the same methods (Jombart 2008;
Jombart and Ahmed 2011; R Core Team 2024).

To test for population bottlenecks, we used BOTTLENECK v1.2.02
(Piry et al. 1999). We used both the mode-shift test, which can detect
recent bottlenecks (within the past 25 to 50 generations) and the
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Wilcoxon’s sign-rank test, which can detect older bottlenecks (within
the past 250 generations; Cornuet and Luikart 1996). For the Wilcoxon’s
sign-rank test, we chose to use the 2-phase model (TPM; Di Rienzo
et al. 1994) and set the parameters to 95% single-step mutations and
5% multiple-step mutations and set the variance among multiple
steps to 12% as suggested by Piry et al. (1999). To estimate 6—defined
as 4Neu where Ne is the effective population size and y is the muta-
tion rate—and immigration rates among populations, we used
LAMARC v2.1.10 (Kuhner et al. 2006). We estimated 6 and immigration
rates using 10 initial chains with 500 genealogies sampled and 2 final
chains with 10,000 genealogies sampled.

Results
Mitochondrial DNA

We successfully obtained ~350 bp mtDNA control region sequences
from most of the collected Woodland Jumping Mouse tissues (total
n=176 out of 179; Table 1). Analysis of the mtDNA control region
sequence data revealed a total of 14 polymorphic sites and 30 differ-
ent haplotypes across the 9 populations. The number of haplotypes
per population was lowest at Roan Mountain (n=1) in the Southern
Appalachians and highest in the Allegheny Mountains in the Central
Appalachians (n=12; Table 1). Moreover, both mtDNA nucleotide
diversity (m) and the average number of nucleotide differences
between sequences (k) were lowest at Grandfather Mountain in the
Southern Appalachians (0.001 and 0.355, respectively) and highest in
the Allegheny Mountains in the Central Appalachians (0.005 and
1.890, respectively; Table 1). We were unable to determine 1 and k for
Roan Mountain because all individuals shared the same haplotype.
We found no significant differences in mtDNA diversity indices
between males and females (Supplementary Data SD3).

The network shows all 30 Woodland Jumping Mouse haplotypes
joined together, with the 2 main clusters of Southern Appalachian
haplotypes being separated by 1 nucleotide difference (Fig. 2). Within
the Southern Appalachians, we identified 12 unique haplotypes and 2
shared haplotypes, 1 with the White Mountains population (Northern
Appalachians) and the other with the Allegheny Mountains popula-
tion (Central Appalachians). Of the 12 unique haplotypes, a clear pat-
tern of spatial arrangement emerged, with only 2 haplotypes shared

Table 1 Summary statistics from mtDNA control region sequences
for Woodland Jumping Mouse (Napaeozapus insignis) populations
sampled across 9 mountain sites from the Southern, Central, and
Northern Appalachians, including sample size (n), number of haplo-
types (Nh), number of polymorphic sites (Ps), nucleotide diversity
(), and the average number of nucleotide differences between
sequences (k).

Population n Nh Ps n k

Highlands-Cashiers plateau 34 5 4 0.004 1.392
Great Balsam Mtns 23 5 4 0.004 1.277
Plott Balsams 1" 3 3 0.004 1.527
Great Smoky Mtns 20 5 4 0.004 1.505
Mt. Mitchell 13 4 3 0.003 0.897
Grandfather Mtn 22 5 4 0.001 0.355
Roan Mtn 8 1 0 - -

Allegheny Mtns 33 12 6 0.005 1.890
White Mtns 12 6 4 0.003 0.955
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between populations separated by the French Broad (Fig. 3). We also
identified 5 unique haplotypes in the White Mountains and 11 unique
haplotypes in the Allegheny Mountains. We recovered a single best
ML tree and a consensus Bayesian tree using Geneious. There was no
internal clade structure, with 1 exception that lacked support
(Supplementary Data SD4).

Microsatellites

We obtained microsatellite genotypes from 158 out of 179 individuals
(Table 2). Overall, 98.42% of those Woodland Jumping Mouse loci
were successfully amplified and scored (4,043 of 4,108 alleles). All loci
were polymorphic, ranging from 7 alleles (NI-3684441) to 26 alleles
(N1-3521084; Supplementary Data SD5). A global test for the presence
of null alleles and stuttering revealed that several loci, including
NI-3521084, NI-1509778, NI-155143, NI-3886996, and N1-241994, showed
potential evidence of null alleles (i.e., homozygote excess), though the
frequency was low, this pattern was not detected in all populations.
We ran analyses with and without these loci, and the results were
qualitatively similar. As such, we report results using the full dataset.

The mean number of alleles varied across populations and was
lowest at Roan Mountain in the Southern Appalachians (x = 5.77) and
highest in the Allegheny Mountains in the Central Appalachians (x =
9.69), though this might have been driven by differences in sample
size (n=8 and 33, respectively). Comparisons of rarified allelic rich-
ness were relatively similar across populations, with the lowest
(x = 5.12) and highest (x = 6.70) values at the Plott Balsams and
Highlands-Cashiers Plateau in the Southern Appalachians, respec-
tively (Table 2). Observed heterozygosity (H,) values were lower than
expected heterozygosity (H,) values in all cases, but both diversity
indices were relatively similar across all sampled populations
(Table 2). We detected significant F estimates in all populations
(Table 2). Estimates of k were relatively consistent across populations,
with the lowest kinship estimate (k= 0.016) recorded at Roan Mountain
and the highest kinship estimate (k = 0.041) recorded in the Allegheny
Mountains, values both within the unrelated category (Table 2).
Diversity indices and inbreeding coefficients were not significantly
different between males and females, but estimates of mean kinship
were significantly higher in females (k = 0.048; quarter-siblings) than
in males (k=0.004; unrelated) (¢-test=-3.035, df =11, P-value = 0.011;
Supplementary Data SD6).

Pairwise comparisons of genetic differentiation were highest
between the Allegheny Mountains and Mount Mitchell and lowest
between Roan Mountain and Mount Mitchell (Table 3; Supplementary
Data SD7). Within sampled Southern Appalachian populations,
Highlands was significantly differentiated from all populations (mean
pairwise Fy = 0.023). Minimal genetic differentiation was detected
among populations southwest (n=0 significant comparisons) and
northeast (n=1 significant comparison) of the French Broad River,
though significant pairwise differentiation was detected in all
cross-river comparisons (mean Fg. = 0.028; Table 3). Genetic distance
was weakly correlated with geographic distance (r>=0.031,
P-value = 0.045; Supplementary Data SD8). Pairwise F,, values were
significantly higher between females than males (t-test=-6.399,
df =28, P-value = 6.3E-7; Fig. 4), though weakly significant isolation by
distance was observed in males (12 = 0.064, P-value = 0.042) but not in
females (r? =0.025, P-value = 0.285; Supplementary Data SD9).

The STRUCTURE analysis returned 3 clusters (AK = 3; Supplementary
Data SD10), with Cluster A containing the Highlands, the Great
Balsams, the Plott Balsams, and the Great Smoky Mountains; Cluster
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Fig. 2 Network of 30 Woodland Jumping Mouse (Napaeozapus insignis) haplotypes in the Southern, Central, and Northern Appalachians, with colors
indicating sampled populations, and connecting lines representing single nucleotide differences between haplotypes. Circles are proportional to their

sample size.

Fig. 3 Geographic distribution of Woodland Jumping Mouse
(Napaeozapus insignis) mtDNA haplotypes across all sampled populations
in a) the Southern Appalachians, b) the Central Appalachians, and c) the
Northern Appalachians; each color represents a unique haplotype.
Bolded haplotypes are shared among regions and shaded haplotypes
are shared across the French Broad River.

B containing Mount Mitchell, Grandfather Mountain, Roan Mountain;
and Cluster C containing the Allegheny Mountains. Clusters A and B
were separated by the French Broad River. Subsequent hierarchical
analyses on each cluster revealed further population structure within
Cluster A: all individuals at Highlands were assigned to subcluster Al;
the remaining 3 populations contained individuals from both sub-
clusters Al and A2 (Fig. 5). The DAPC plot showed similar patterns of
spatial structure across the 3 regions (Fig. 6). When only males were
included, spatial structure appeared more pronounced than when
only females were analyzed (Supplementary Data SD11).

Similarly, the AMOVA analysis revealed significant spatial structur-
ing among regions southwest and northeast of the French Broad

Table 2 Summary statistics from microsatellite genotypes for
Woodland Jumping Mouse (Napaeozapus insignis) populations sam-
pled across 8 mountain sites from the Southern and Central
Appalachians including sample size (n), allelic richness averaged
across loci (A), rarefied allelic richness (AR), inbreeding coefficients
(F,; bolded where significant at P <0.5), observed heterozygosity (H,),
expected heterozygosity (H,), and mean kinship coefficients (k).

Population n A AR F H, H. &k

IS o E

Highlands-Cashiers plateau 27 9.85 6.70 0.19 0.66 0.82 0.019

Great Balsam Mtns 23 8.69 6.05 0.23 0.61 0.79 0.016
Plott Balsams 10 5.85 5.12 0.17 0.63 0.76 0.024
Great Smoky Mtns 20 8.62 6.39 0.19 0.67 0.82 0.017
Mt. Mitchell 13 7.00 5.57 0.18 0.63 0.77 0.031
Grandfather Mtn 22 8.00 6.00 0.14 0.67 0.78 0.019
Roan Mtn 8 5.77 5.20 0.13 0.67 0.77 0.016
Allegheny Mtns 33 9.69 6.22 0.21 0.62 0.77 0.041

Table 3 Matrix of pairwise genetic distance (F;;) with distance (km)
above the dashed lines, bolded values are significant at P<0.05.

HL GB PB GSM  MtM GM RM AM
HL - 37.933 55.403 57.086 113.087 173.746 152.335 511.333
GB 0.014 - 32.906 35.617 75.509 136.024 114.423 473.612
PB 0.030 0.012 - 2.763 80.742 136.654 110.661 463.961
GSM 0.012 0.007 0.009 - 82.266 137.610 111.341 463.804

MtM 0.034 0.030 0.039 0.029 -
GM 0.018 0.025 0.025 0.031 0.014 - 29.161 342.533
RM 0.029 0.005 0.036 0.030 -0.010 0.009 - 359.578
AM 0.043 0.046 0.041 0.042 0.047 0.038 0.030 -

60.714 43.344 401.526

River in the Southern Appalachians, and in the Central Appalachians
(variance explained = 2.3%, P-value = 0.009; Table 4). Less pronounced
spatial structure was also apparent among sky island populations
within regions (variance explained =1.2%, P-value =0.001), though
values overall were low and the majority of the variation was
explained by differences within and among individuals in a popula-
tion (Table 4).
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Fig. 4 Pairwise genetic distance (F,;) using microsatellite data between populations of a) male and b) female woodland jumping mice (Napaeozapus
insignis). Red indicates higher estimates of F; and thus, genetic differentiation; blue indicates the converse.

We detected no evidence of relatively old bottlenecks (ca. 250 gen-
erations) in the sampled Woodland Jumping Mouse populations, and
weak evidence of recent bottlenecks (ca. 25 to 50 generations) in 2
populations. Roan Mountain showed a signature of heterozygote
excess, although this signature was not significant (Supplementary
Data SD12). The mode-shift tests revealed shifted distributions at Roan
Mountain and the Plott Balsams, though sample sizes for both were
small (n=8 and 11, respectively) and results should be interpreted
with caution (Supplementary Data SD12). Effective population size
estimates were generally high; lowest in Roan Mountain and the
highest in the Allegheny Mountains, with 6 ranging from 1.095 to
10.431 (Supplementary Data SD13). Overall, immigration rates between
populations were high (Supplementary Data SD13).

Discussion

In this study, our data suggest that the population genetic structure of
Southern Appalachian woodland jumping mice is primarily driven
by historical riverine barriers rather than by the more recent, con-
temporary barriers posed by the distribution of the non-spruce-fir
forests that separate the disjunct, high-elevation spruce-fir sky islands
in the region. Although spruce-fir sky islands clearly serve as an
important habitat for woodland jumping mice in the Southern
Appalachians, contrary to our initial predictions, our results indicate
that the present-day fragmented nature of this habitat is not reflected
in the population genetic structure of woodland jumping mice in the
Southern Appalachians. Several factors could have contributed to this
surprising result, including: (i) the ability of woodland jumping mice
to inhabit not just spruce-fir forests, but also adjacent high-mid-eleva-
tion hardwood forest habitats in the Southern Appalachians; (ii) the
relatively recent (i.e., post-Pleistocene) fragmentation of a previously
much more continuous spruce-fir forest ecosystem in the region; and
(iii) an extremely large effective population size of woodland jumping
mice in the Southern Appalachians. However, Southern Appalachian
populations of this species form separate genetic clusters northeast

and southwest of the French Broad River, consistent with our predic-
tion that the French Broad River acts as an important geographic and
genetic barrier for woodland jumping mice. Additionally, we docu-
mented that the Highlands-Cashiers Plateau population is signifi-
cantly differentiated from all other populations we sampled.

Whereas previous studies of other spruce-fir-associated small
mammals, such as smoky shrews, southern red-backed voles, and
Carolina northern flying squirrels (Glaucomys sabrinus coloratus),
have reported significant population structure across spruce-fir sky
islands (Sipe and Browne 2004; Browne and Ferree 2007; Schumacher
2012), we found no evidence of similar patterns in woodland jumping
mice. Rather, and contrary to our prediction, we found limited
inter-island genetic differentiation among the sky island populations
of woodland jumping mice, which may reflect immense Woodland
Jumping Mouse effective population sizes. Although estimating effec-
tive population size in non-isolated populations can be challenging
(Ryman et al. 2019), it is worth noting that our estimates of 6 were very
high (ranging from 1.095 to 10.431; Supplementary Data SD7). Because
genetic drift is weak in large populations (Kimura 1983), low levels of
drift may contribute to the lack of pronounced genetic structure in
Southern Appalachian woodland jumping mice, which appear to
have extremely large contemporary population sizes.

Conversely, while woodland jumping mice are a key component of
the high-elevation spruce-fir forests of the Southern Appalachians,
they are not restricted to this habitat. For example, there are records
(albeit rare) of woodland jumping mice occurring at elevations well
below the spruce-fir/hardwood ecotone in the Southern Appalachians
(including 1 outlier record in South Carolina at 251m in elevation;
Williams and Webster 2022). Thus, while extensive ongoing connec-
tivity between geographically distant Southern Appalachian montane
island populations seems unlikely, occasional instances of immigra-
tion along riparian corridors (especially during cool weather; Hall
1946; Lawlor 1998) may promote higher than expected levels of gene
flow between populations of woodland jumping mice in the Southern
Appalachians. This possibility is supported by a study of a similar
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Fig. 5 Geographic distribution of STRUCTURE population clusters (n=4) and admixture proportions per Woodland Jumping Mouse (Napaeozapus
insignis) population in the Southern and Central Appalachians. Each color represents a unique genetic subcluster.

species, the Pacific Jumping Mouse (Zapus trinotatus), that revealed
riparian habitats facilitate dispersal of the species, even across topo-
graphic barriers (Vignieri 2005). Riparian habitats may therefore
similarly facilitate dispersal of woodland jumping mice where there
are small, mid- to high-elevation mountain streams, which could
contribute to the lack of significant genetic differentiation between
sky islands. Therefore, the theory that sky island small mammals do
not migrate outside of their respective sky island habitat, posed by
Brown (1971), may not apply to many of the small mammals associ-
ated with the spruce-fir sky islands of the Southern Appalachians.
Finally, woodland jumping mice almost certainly had extensive geo-
graphic connectivity in the relatively recent past (i.e., during cooler
periods of the Pleistocene). As such, factors such as ancestral polymor-
phism may be influencing contemporary patterns of genetic struc-
ture. This possibility may be especially likely in our study given the
large estimated effective population size for Southern Appalachian
Woodland Jumping Mouse populations today and because popula-
tions were likely much larger during cooler periods of the Pleistocene
when spruce-fir forests were much lower and more extensive in the
study region.

We found strong evidence that the French Broad River functions as
a geographic barrier for Woodland Jumping Mouse populations. This
result was supported by the existence of 2 main genetic clusters
within the Southern Appalachians that occur southwest and north-
east of the French Broad River, in addition to a third cluster represent-
ing the Allegheny mountains (Fig. 5). Hierarchical structure analysis
identified additional subclusters (A1l and A2) that occur southwest of
the French Broad River, indicative of differentiation with respect to
Highlands. Similarly, the geographic distribution of mtDNA haplo-
types shows that only 2 out of the 12 unique haplotypes that we iden-
tified in the Southern Appalachians are shared between populations
of woodland jumping mice found on the southwest and northeast
sides of the French Broad River. Moreover, the DAPC plot and pairwise
estimates of F; based on microsatellite data show similar geographic
patterns of genetic structure to those based on the distribution of
mtDNA haplotypes and the microsatellite genetic cluster analysis
(Fig. 6, Table 3). Thus, our combined genetic data support the idea that
the French Broad River is likely a geographic barrier for woodland

jumping mice (and presumably many other species of small mam-
mals; Sipe and Browne 2004; Browne and Ferree 2007), across which
there is little contemporary gene flow.

Additionally, pairwise values of F, indicate that the Highlands-
Cashiers Plateau population is significantly differentiated from all
other sampled populations (Table 3); individuals from this location
were primarily assigned to subcluster Al (Fig. 5), whereas other
populations sampled from southwest of the French Broad River were
more admixed. This observed pattern may also be driven by the
position of multiple low-lying river valleys that separate the
Highlands-Cashiers Plateau from other populations located south of
the main stem of the French Broad River, including the Tuckasegee,
the Chattooga, and the Cullasaja.

This pattern is consistent with several previous studies that have
found that riverine barriers appear to play a primary role in shaping
geographic patterns of genetic variation in both the Southern
Appalachians (Sipe and Browne 2004; Browne and Ferree 2007) as
well as in many other places, such as the Eastern Arc Mountains in
Tanzania (Stanley and Esselstyn 2010). Alternatively, the genetic dif-
ferentiation of woodland jumping mice from the Highlands-Cashiers
Plateau may be explained by the fact that other areas that we sampled
southwest of the French Broad River (the Great Smoky Mountains, the
Plott Balsams, and the Great Balsams) are located on adjacent ridges
and separated by relatively small gaps of non-spruce-fir forest habi-
tat. Furthermore, the elevations in these gaps do not drop below those
commonly inhabited by woodland jumping mice (Linzey 1995). In
contrast, the Highlands-Cashiers Plateau is more distant from these
ridges, and no patches of high-elevation spruce-fir occur between it
and the Great Balsam Mountains, the nearest area sampled. Therefore,
differences in elevation and corresponding intervening habitat
between these sites may have also played a role in shaping the geo-
graphic patterns of genetic structure observed.

Although we predicted that genetic diversity indices would be
lower in the Southern Appalachians than in the Central or Northern
Appalachians, support for this prediction was mixed. While allelic
richness varied widely across sites, rarefied allelic richness—wherein
estimates of allelic richness are based on a sample size rarefied to that
of the population with the smallest sample size—was relatively
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Fig. 6 Discriminant analysis of principal components (DAPC) plot using microsatellite data from the eight Woodland Jumping Mouse (Napaeozapus

insignis) populations in the Southern and Central Appalachians.

Table 4 Hierarchical analysis of molecular variance (AMOVA) as a
weighted average over all loci among regions (north and south of the
French Broad, and Central Appalachians), among populations within
regions, and within and among individuals within populations.

Among population groups 2.3 0.009

Among populations within popula- 1.2 0.001
tion groups

Among individuals within populations 17.5 0.001

Within individuals 79.0 -

consistent across populations (Table 2). Other diversity indices calcu-
lated with our microsatellite data were also fairly consistent and
generally high (Table 2). This pattern differs from that observed by
Arbogast et al. (2005), where Carolina northern flying squirrels were
found to have lower indices of genetic diversity than other popula-
tions of northern flying squirrels. It is worth noting, though, that since
2005, G. sabrinus has been split into 2 species, G. sabrinus and G. ore-
gonensis (Arbogast et al. 2017), so the inclusion of G. oregonensis indi-
viduals in the aforementioned 2005 study likely greatly inflated the
diversity estimates for populations outside the Southern Appalachians
(Arbogast et al. 2005). However, mtDNA diversity indices varied more
widely (Table 1). For example, the number of haplotypes observed at
each locality was highest in the Central Appalachians, where we
identified 12 haplotypes, whereas it ranged from 1 to 5 per population
in the Southern Appalachians (Table 1). Additionally, nucleotide diver-
sity and the average number of nucleotide differences between
sequences were lowest in Grandfather Mountain and Roan Mountain.
Interestingly, these 2 sites have the lowest spruce-fir coverage of any

spruce-fir sky island sampled, which could factor into their lower
levels of genetic diversity.

Despite the relatively high genetic diversity and very large esti-
mated effective size of these populations, we detected significant
inbreeding coefficients in all Southern Appalachian populations and
in the Allegheny Mountains population. This result could be due to the
Wahlund effect, which is a reduction in heterozygosity in a popula-
tion caused by its subdivision into smaller, reproductively isolated
groups (Dharmarajan et al. 2013). When individuals from these sub-
populations are pooled together, the overall population shows a
higher frequency of homozygotes and a lower frequency of heterozy-
gotes than would be expected if the entire population were mating
randomly. In this study, sampling tended to occur across several
localized patches, resulting in the identification of both positive
inbreeding coefficients and large estimates of © (which can be used as
a proxy for effective population size). The Wahlund effect might rec-
oncile these patterns, especially given that behaviors thought to result
in inbreeding avoidance have been observed in other species of
jumping mice (genus Zapus; Vignieri 2007). High levels of promiscuity
have also been observed in other species of jumping mice and small
mammals more generally, raising the likelihood of limited inbreeding
and low kinship among breeding individuals (Vignieri 2007).
However, it remains an open question whether similar avoidance
behaviors and mating patterns are present in woodland jump-
ing mice.

Finally, we asked whether patterns of relatedness and population
connectivity might differ among the sexes, potentially reflecting
sex-biased dispersal. We found that within-population estimates of
kinship were significantly higher in females than in males and that
measures of genetic differentiation between populations were signif-
icantly higher in females than in males (Fig. 6). Indeed
within-population kinship estimates in females tended to reflect
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degrees of relatedness attributed to “quarter-siblings,” whereas male
kinship estimates tended to suggest that individuals were unrelated.
This pattern may indicate that female woodland jumping mice are
more philopatric than males as high levels of kinship are often asso-
ciated with strong philopatry (Arbogast et al. 2022), suggesting they
may not disperse as far from their natal area as do their male coun-
terparts. This pattern complements mark-recapture and genetic
studies that uncovered evidence of male-biased dispersal in Pacific
jumping mice (Vignieri 2007). Indeed, studies of movements and
home ranges in woodland jumping mice have found that males travel
further over time and have larger home range sizes (Ovaska and
Herman 1988). In contrast to previous work, however, we did not
detect the same pattern of isolation by distance, which found that
females were significantly isolated by distance while males were not
(Vignieri 2007). This difference leads us to believe that while dispersal
may be male-biased, it does not occur over far enough distances to
drive patterns of population genetic structure. Indeed, Ovaska and
Herman (1988) found that the distance between the 2 farthest captures
of male woodland jumping mice between June and August was 447 m.
Although our results reveal subtle patterns of population genetic
structure in the woodland jumping mice of the Southern Appalachians,
much is still unknown about subpopulations within this portion of
their range and familial structure in the species as a whole. Due to our
sampling protocol, we likely missed genetic patterns at the subpopu-
lation or familial level, as high F estimates likely indicate cryptic
substructure rather than true inbreeding. Therefore, future studies of
woodland jumping mice with modifications to sample collection (i.e.,
multiple sampling sites within each sky island with sufficient sample
sizes for statistical tests) may provide additional insights into the
patterns driving this result, and more samples are needed from the
Plott Balsams and Roan Mountain to confirm the recent bottlenecks
that we inferred in these populations with the mode shift test
(Supplementary Data SDS5). Additionally, we recommend more sam-
pling in the Highlands-Cashiers Plateau area, where the single site
sampled was genetically differentiated from other sites sampled
south of the French Broad River. Additional sampling there may help
to further clarify patterns of genetic structure near the southern
edge-of-range of the Woodland Jumping Mouse. Moreover, the scope
of our study was limited primarily to the southern extent of the geo-
graphic range of this species; similar studies of conspecific popula-
tions would provide additional context for interpreting Woodland
Jumping Mouse population genetic structure in the Southern
Appalachians. Finally, while some studies have addressed similar
questions about other Southern Appalachian spruce-fir sky
island-associated small mammals (Sipe and Browne 2004; Arbogast
etal. 2005; Browne and Ferree 2007), much is still unknown about the
genetic health and resilience of most species of small mammals asso-
ciated with the spruce-fir ecosystem of the Southern Appalachians.
Both the highly fragmented nature of the spruce-fir sky islands of
the Southern Appalachians and the many threats facing this ecosys-
tem have generated concern about the future of spruce-fir associated
organisms. Moreover, projections of range reductions for many
Appalachian mammals due to climate change threaten to increasingly
fragment and isolate these populations (Zhu et al. 2022), which may
result in future threats to their genetic health. Establishing temporal
baselines on genetic diversity and structure for these populations will
assist long-term monitoring efforts (Pimm et al. 2006); however, the
woodland jumping mice of the Southern Appalachians presently do
not warrant conservation concern. Indeed, our findings suggest gene
flow among Southern Appalachian Woodland Jumping Mouse

populations in the recent past. We conclude that although spruce-fir
sky islands are an important habitat for woodland jumping mice in
the Southern Appalachians, their present-day fragmented distribu-
tion has not resulted in similarly fragmented patterns of contempo-
rary population genetic structure in the species. From a conservation
perspective, our study suggests that while woodland jumping mice
are an important ecological component of Southern Appalachian
spruce-fir sky islands (Ovaska and Herman 1986), the near- and
long-term fate of the species is certainly not solely dependent on that
of contemporary spruce-fir sky islands. This conclusion has important
implications given the predicted changes in elevational distributions
and overall reduction in coverage of spruce-fir forests in the Southern
Appalachians associated with climate change.
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Supplementary Data SD4. Maximum likelihood haplotype tree depict-
ing the phylogenetic relationships of all 30 identified Woodland Jumping
Mouse (Napaeozapus insignis) haplotypes with bootstrap support values
shown along the node branches. A N. abietorum sequence was included as
an outgroup in which the tree is rooted. This tree is representative of the
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Supplementary Data SD5. Summary statistics from microsatellite
genotypes at 13 microsatellite loci, including the effective number of alleles
(AE), inbreeding coefficients (F), observed heterozygosity (H_), and
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Supplementary Data SD6. Summary statistics from both microsat-
ellite genotypes for male and female woodland jumping mice
(Napaeozapus insignis) from all sampled Woodland Jumping Mouse
populations including sample size (n), allelic richness averaged across
loci (A), rarefied allelic richness (AR), inbreeding coefficients (F),
observed heterozygosity (H,), expected heterozygosity (H,), and mean
kinship coefficients (k).

Supplementary Data SD7. Matrix of pairwise genetic distance (F)
calculated from microsatellite data. Red indicates higher estimates of F
and thus genetic differentiation; blue indicates lower estimates F and
genetic differentiation.

Supplementary Data SD8. Relationship between geographic distance
(km) and genetic distance (F,;) between North Carolina localities of sam-
pled Woodland Jumping Mouse (Napaeozapus insignis) populations. The
r-squared value and slope of the fitted line are included in the lower right
corner of the plot.

Supplementary Data SD9. Relationship between geographic distance
(km) and genetic distance (F;) between North Carolina localities for: A)
Woodland Jumping Mouse (Napaeozapus insignis) males; and B) woodland
jumping mouse females. The r-squared values and slope of the fitted lines
are included in the lower right corner of each plot.

Supplementary Data SD10. Delta K analysis (top) and Q-Plot (bottom)
from STRUCTURE analysis. A peak is evident at K = 3, suggesting 3 subclus-
ters, which correspond to southwest of the French Broad (populations 1
to 4), northwest of the French Broad (populations 5 to 7), and the Allegheny
mountains.

Supplementary Data SD11. Discriminant analysis of principal compo-
nents (DAPC) plot of the 8 microsatellite sampling sites. Each color repre-
sents a different sampling site. A) shows the DAPC plot for male woodland
jumping mice (Napaeozapus insignis); and B) shows the DAPC plot for
female woodland jumping mice.

Supplementary Data SD12. Bottleneck detection under the TPM
model and allele frequency distribution, bolded values are significant at
P<0.05.

Supplementary Data SD13. Immigration rates from a source popula-
tion to a receiving population; 6, a proxy for the effective population size
of each source population, is listed in parentheses following the name of
the source population.
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