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Abstract
Understanding how species have responded to past climate change may help refine projections of how species and biotic
communities will respond to future change. Here, we integrate estimates of genome-wide genetic variation with demographic
and niche modeling to investigate the historical biogeography of an important ecological engineer: the dusky-footed woodrat,
Neotoma fuscipes. We use RADseq to generate a genome-wide dataset for 71 individuals from across the geographic distribution
of the species in California. We estimate population structure using several model-based methods and infer the demographic
history of regional populations using a site frequency spectrum-based approach. Additionally, we use ecological niche modeling
to infer current and past (Last Glacial Maximum) environmental suitability across the species’ distribution. Finally, we estimate
the directionality and possible spatial origins of regional population expansions. Our analyses indicate this species is subdivided
into three regionally distinct populations, with the deepest divergence occurring ~1.7 million years ago across the modern-day
San Francisco-Bay Delta region; a common biogeographic barrier for the flora and fauna of California. Our models of
environmental suitability through time coincide with our estimates of population expansion, with relative long-term stability in
the southern portion of the range, and more recent expansion into the northern end of the range. Our study illustrates how the
integration of genome-wide data with spatial and demographic modeling can reveal the timing and spatial extent of historic
events that determine patterns of biotic diversity and may help predict biotic response to future change.

Introduction

The glacial–interglacial cycles of the Quaternary have long
been considered primary drivers of contemporary patterns

of biodiversity (Hewitt 2000; Peterson 2009). The dynamic
climatic oscillations of this time period were characterized
by cooler glacials followed by warmer interglacials, and
very short transitions from cool to warm periods (Dansgaard
et al. 1993). For example, in North America during the Last
Glacial Maximum (LGM) 22,000–18,000 years before
present, large ice sheets covered most of the northern por-
tion of the continent, and climatic conditions were generally
cooler and drier than at present (Hopkins et al. 2013),
except in the southwest where it was wetter (Clark et al.
2012). These global climatic oscillations and associated
landscape changes likely influenced the current distribution
of biodiversity through repeated reduction, isolation, and
subsequent expansion of species across large geographic
areas (Hewitt 2004; Svenning and Skov 2004).

Paleoecological, distribution modeling, and genetic evi-
dence support the dynamic changes that species experi-
enced with past climate change. During the Quaternary,
many plant and animal species retreated into areas of glacial
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climate refugia (termed refugia hereafter)—local areas with
the appropriate environmental conditions to allow species to
persist—and expanded their ranges when environmental
conditions were favorable once again (Jackson and Over-
peck 2000; Hewitt 2004; Nogués-Bravo et al. 2008). This
pattern of range shift is seen in North America during the
most recent glacial–interglacial transition from the LGM to
the present (Graham et al. 1996; Jackson and Overpeck
2000; Waltari et al. 2007). In addition to range shifts, many
species in North America experienced a reduction in habitat
during the glacial periods (e.g., Knowles and Massatti 2017;
Reid et al. 2018) due to the spread of continental ice sheets
during the LGM and the reduction or fragmentation of
species preferred habitat (Hewitt 2004; Nogués-Bravo et al.
2008). These dramatic changes to species ranges can leave
distinct patterns on the present-day genetic structure of a
species (Waltari et al. 2007; Knowles and Massatti 2017;
Reid et al. 2019). For example, populations that recolonized
areas that were previously covered by glaciers or otherwise
inhospitable should show signs of recent rapid genetic
expansion (Lessa et al. 2003; Burbrink et al. 2016).

California offers a unique opportunity to study how cli-
mate oscillations influence patterns of diversity and differ-
entiation in detail across a wide breadth of ecologically
distinct taxa. The California Floristic Province is a recog-
nized diversity hotspot due to the combination of high
species endemism and significant conservation threat
(Myers et al. 2000). The high topographic complexity of
California leads to significant environmental gradients in
temperature, precipitation, and many other variables, across
latitudes, meridians, and elevations that contribute to the
generation and maintenance of genetic and biotic diversity
(Parisi 2003; Davis et al. 2008). High topographic com-
plexity has magnified the ecological dynamics and climatic
oscillations of the past 3–5 million years (Badgley et al.
2017) leading to repeated broad-scale contractions and
expansions of species ranges resulting, in many cases, in
concordant patterns of diversity and differentiation across
multiple species and taxonomic groups (LaPointe and
Rissler 2005; Rissler et al. 2006). In particular, concordant
phylogeographic breaks exist in many plant and animal taxa
across the San Francisco Bay-Delta, the Monterey Bay,
between the northern Sierra Nevada and southern Cascade
Mountains, along the western slope of the Sierra Nevada,
and across the Tehachapi-Transverse Ranges (reviewed in
Schierenbeck 2014). These concordant phylogeographic
patterns within California further support the role of repe-
ated climatic oscillations across the geographic landscape as
drivers of differentiation and diversity across species (Lessa
et al. 2003; Grivet et al. 2006).

Species that should be of particular interest for recon-
structing phylogeographic history are those that have
numerous ecological connections to their communities.

Such ecological connections include predator–prey and
host–pathogen relationships, as well as species that are
environmental engineers that determine the presence of
other community members (i.e. ‘strong interactors’; Soulé
et al. 2005). One such species in California is the dusky-
footed woodrat (Neotoma fuscipes (Goldman 1910; Hooper
1938; Matocq 2002a, b)). This taxon is well known for the
large stick houses (commonly ~1 m in height) that indivi-
duals build (Carraway and Verts 1991). These structures
provide a stable microclimate in comparison to the outside
environment (Brown 1968) not only for the woodrat that
occupies the house, but also for the many other small ver-
tebrate and invertebrate species that occupy these structures
(Whitford and Steinberger 2010). In addition to their role as
environmental engineers, woodrats are the most common
prey item of the northern spotted owl (Sakai and Noon
1993; Thome et al. 1999), and one of the primary mam-
malian hosts of Borrelia burdorferi, the causative agent of
Lyme disease (Lane and Brown 1991) and other tick-borne
pathogens (Foley et al. 2016). Beyond their central role in
the communities they occupy, species of the genus Neotoma
are also well known for the rich paleorecord they have left
behind. The contents of their complex, multi-chambered
houses (e.g. plant fragments, scat, raptor pellets) often
become fossilized and have provided a uniquely detailed
view of ecological and environmental change through time
in western North America (Jackson et al. 2005). These
“middens” can persist for thousands of years and have been
used to document change in body size (Smith et al. 1995)
and community composition across tens of thousands of
years (Blois et al. 2010). By understanding the evolutionary
history and historical demography of woodrats, we can
begin to shed light on species-level dynamics that may
have had community-level consequences, and that can be
uniquely tested given the existence of the high-resolution
paleorecord generated by these animals.

The range of Neotoma fuscipes (sensu Matocq 2002a)
extends from western Oregon through the Coast Ranges of
northern California, the San Francisco Bay Area and south
through the Inner Coast Range, and throughout the northern
Sierra Nevada foothills, Modoc Plateau, and Cascade Range
(Fig. 1). Using mitochondrial data, Matocq (2002b) showed
that N. fuscipes comprises two lineages separated by the San
Francisco Bay, and suggested that N. fuscipes had recently
expanded into northern California, given relatively low
mtDNA diversity across that region. Here, we revisit many
of these original collections and substantially augment them
with newly available samples, especially from northeastern
California (courtesy of the Museum of Vertebrate Zoology
and the Grinnell Resurvey Project). In addition to aug-
mented spatial coverage, we also augment our genomic
sampling by using high-throughput sequencing across the
nuclear genome. We integrate these genetic data with both
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niche and demographic modeling to provide a temporally
comprehensive and spatially detailed view of the demo-
graphic and biogeographic history of this species across
its distribution. Specifically, we ask (1) does N. fuscipes
exhibit significant subdivision within its distribution that
coincides with known phylogeographic breaks in other
species? (2) Did N. fuscipes experience range contractions/
expansions in the recent past despite occurring in largely
unglaciated areas, and if so, were there multiple refugial
areas? (3) What is the timing of major events in the history
of this species including divergence, contraction, and
expansion? By integrating genome-wide estimates of
genetic variation with niche and demographic modeling, we
provide a temporally and spatially detailed view of the
history of this taxon across its range.

Materials and methods

ddRAD library preparation and sequencing

DNA was extracted from 71 individual Neotoma fuscipes
and 8 N. macrotis (to provide outgroup rooting; Fig. 1;

Supplementary Table 1) using the Qiagen DNeasy Blood
and Tissue kit (Qiagen, Inc.). All samples used in this study
are housed in the Museum of Vertebrate Zoology, Uni-
versity of California, Berkeley. We generated multilocus
SNP datasets following the double-digest RADSeq protocol
(Peterson et al. 2012). Briefly, we used 500 ng of genomic
DNA per sample and digested them overnight with the
common-cutting restriction enzyme EcoR1 and the rare-
cutting enzyme MSP1. We cleaned the digested samples
with Ampure (Invitrogen) beads and eluted the samples
with water. These products were tagged with a unique five
base-pair (bp) barcode adaptor. We pooled and purified the
tagged samples (8–10 individuals per pool) and used a
pippin prep to size select for fragments between 300 and
500 bp long. Each library was amplified via PCR with a
second index primer to differentiate individuals. Finally, the
libraries were sequenced at the U.C. Berkeley QB3 Vincent
J. Coates Genomics Sequencing Laboratory on two lanes of
an Illumina HiSeq 2500 to produce 100 bp single end reads.

The Illumina HiSeq raw reads were cleaned using
the Stacks pipeline (v. 1.21; Catchen et al. 2013). The
process_radtags script (from Stacks) was used to filter out
low-quality reads and demultiplex the reads according to

Fig. 1 The geographic structure of Neotoma fuscipes across its
range in California based on the 85% missing-data threshold
ddRAD matrix. Maximum likelihood tree, ADMIXTURE, and STRUCTURE

results showing three distinct clusters (K= 3): one southern and two
northern populations. Colors on the branch tips correspond to the

ADMIXTURE/STRUCTURE population individuals were placed within, and
the colored circles on map indicate the proportion of ancestry each
individual has to a population. The black circles at nodes indicate
bootstrap support >70%.
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their unique barcodes. The demultiplexed reads were
imported into ipyrad (v. 0.7.17; https://github.com/derenea
ton/ipyrad/blob/master/docs/index.rst) pipeline to cluster
first within and then among individuals and de novo
assemble the reads. We ran several iterations of ipyrad
because with next generation sequencing, there can be large
amounts of variation between loci due to missing data
(Huang and Knowles 2016). We ran ipyrad with all samples
(both N. fuscipes and N. macrotis) to include the outgroup
for phylogenetic analyses. We then re-clustered the N.
fuscipes samples alone to be used in the population structure
and demographic analyses focused solely on this taxon.
We used two different thresholds for the minimum number
of individuals needed to retain a locus to determine the
effects of missing data: 50% and 85%, referred to hereafter
as the 50% and 85% datasets, respectively (see Appendix
S1 for program inputs). This first filtering step controls for
the amount of missing data across individuals. Following
read clustering, we used the --missing-indv tool in vcftools
(v. 0.1.17; Danecek et al. 2011) to calculate the amount of
missing data within each individual and removed three
samples that had more than 70% missing data. Once we
explored the effect of missing data and determined it has
little influence on inference of population structure, we ran
the range expansion and genetic diversity analyses using a
67% threshold to strike a balance between missing data
from natural sequencing variation and the different number
of individuals per population. We subsequently re-ran
ipyrad on each of the populations identified in the
population structure analyses using a 67% threshold.

Phylogenetic analyses

We inferred phylogenetic relationships among sequenced
individuals with N. macrotis as the outgroup using RAxML
(v. 8.2.12; Stamatakis and Ludwig 2005; Stamatakis 2014)
a software program used for large datasets that employs a
maximum likelihood (ML) algorithm. Note, this analysis is
not appropriate for many phylogenetic questions involving
intraspecific SNP data; however, we used this method to
understand how individuals grouped together, rather than to
infer their specific phylogenetic relationships (following
Harrington et al. 2017). To understand the effects of miss-
ing data, we ran the RAxML analysis on both the 50% and
85% datasets. Further, we used the full concatenated
sequence (invariant and variant sites) to avoid acquisition
bias (Leaché et al. 2015). We used rapid bootstrapping
(with an automatic stop under the autoMRE criterion), and
searched for the best tree under the GTRGAMMA model
with final optimization of trees using GTR+Γ. We used
Splitstree (V 4.14.8; Huson and Bryant 2006) with only the
N. fuscipes individuals to generate a phylogenetic network.
We calculated distances between all individuals using the

Jukes–Cantor model (Jukes and Cantor 1969) and used the
neighbornet method to build the network. Finally, we used
these pairwise distance estimates to compare genetic var-
iation within and among clades.

Population structure and isolation by distance

To investigate population structure, we used two model-based
and one non-model-based approaches. All methods attempt to
determine the optimal number of populations present within
the dataset. We used only one SNP per locus for each
population structure analysis. We ran STRUCTURE, a Bayesian-
clustering algorithm that identifies population structure
(Pritchard et al. 2000), using 50,000 burn-in generations,
1,000,000 generations, K= 1–5 populations, using the
admixture and allele frequencies correlated models, and for
10 iterations. We used the Evanno method (Evanno et al.
2005) in STRUCTURE HARVESTER (V. 0.6.94; Earl and vonHoldt
2012) to determine the optimal number of populations.
Because STRUCTURE HARVESTER may not accurately infer the
correct number of groups, typically inferring the upper most
level of genetic structure (often K= 2; Janes et al. 2017), we
used a hierarchical approach, and performed a second set of
STRUCTURE analyses on each of the initial populations identi-
fied (Pritchard et al. 2000). We used 50,000 burn-in genera-
tions, 200,000 generations, K= 1–5 populations, using the
admixture and allele frequencies correlated models, and for
five iterations. We also used ADMIXTURE (v. 1.3), a maximum-
likelihood approach to determine the optimal number of
populations (Alexander et al. 2009). We used cross-validation
error values across different values of K to determine the
optimal number of populations. Finally, we used the non-
model-based method discriminate analysis of principal com-
ponents (DAPC) in the adegenet package (Jombart 2008;
Jombart and Ahmed 2011) in R (v. 3.5.1; R core team 2106)
to infer structure. For the DAPC analysis, we used Bayesian
information criterion to determine the optimal number of
populations. Once optimal populations were identified from
each method, we estimated population differentiation by
calculating pairwise FST using vcftools (v. 0.1.17; Danecek
et al. 2011). To understand the effects of missing data, we ran
all of these analyses on the 50% and 85% datasets.

We assessed whether there was a significant signal of
isolation by distance (IBD) within the entire species and
each regional group identified by STRUCTURE. A pattern of
IBD is expected to arise at a regional scale once populations
reach an equilibrium between dispersal among populations
and genetic drift within populations (as shown in Hutchison
and Templeton 1999 [Case1]; van Strien et al. 2015). This
specific pattern of IBD, showing increased genetic differ-
ences with an increase in geographic distance across the
whole range, is generally expected to arise in regions that
have been stably occupied (Hutchison and Templeton 1999).
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We plotted the relationship between genetic (FST) and geo-
graphic distance among populations within regional genetic
groups and determined the significance of these relationships
using a Mantel test and 10,000 permutations in the adegenet
package (Jombart 2008; Jombart and Ahmed 2011).

Demographic model testing

We used a coalescent-based approach to model the demo-
graphic history of Neotoma fuscipes in a temporal frame-
work, specifically with respect to isolation and migration.
We selected and parameterized the best-fit demographic
model using fastsimcoal2 (FSC2; v2.6.0.3; Excoffier et al.
2013), which estimates demography from the site frequency
spectrum (SFS). We followed guidance from Hotaling et al.
(2018) in setting up several of our input files. FSC2 allows
users to generate hypotheses with differing levels of com-
plexity and uses simulations to estimate the likelihood of
competing hypotheses with different parameters. Individuals
were assigned using a three-population model based on the
population structure analyses (see above), with admixed
individuals assigned to the majority population. We gener-
ated the observed joint SFS using code developed by Isaac
Overcast (https://github.com/isaacovercast/easySFS).

We tested 17 different demographic scenarios (Fig. 2).
Briefly, they describe variations of a three-population model
that have two divergence events with every possible topology
and vary in the amounts of migration and timing in diver-
gence between populations, while also estimating the effec-
tive population size (NE) of every regional grouping.
Additionally, we modeled trifurcation scenarios with different
levels of historical and recent migration events. For Neotoma
fuscipes, we used a nuclear mutation rate of 2.5 × 10−8

mutations/site/generation based on estimates from human loci
(Nachman and Crowell 2000) and used one-year estimated
generation time. For each model we ran 75 replicate FSC2
analyses, each using 250,000 coalescent simulations. We
selected the best fit model by calculating AIC and ΔAIC
scores to account for number of parameters following the
guideline of Excoffier et al. (2013). Once the best model was
obtained, we re-estimated parameter values by simulating
100 SFS from the maxL.par file to obtain a mean parameter
estimate and 95% confidence intervals. We accounted for
N. fuscipes being diploid by dividing the FSC2 estimates in
half. For migration rates, we multiplied the values by popu-
lation size, and then divided by two to account for ploidy.

Ecological niche models

We generated ecological niche models (EMNs) to infer past
areas of refugia. For ENMs, we limited the scope of the
analyses to only individuals for which we had genetic data
(Supplementary Table 1). Because of the deep divergence

between the two northern and the southern populations
we modeled each separately (combined north, south). To
remove spatial biases, we spatially filtered the dataset to
ensure no two localities were within 5 km of one another
(Boria et al. 2014) using the R package spThin (Aiello-
Lammens et al. 2015). For environmental data, we used
Community Climate Simulation Model 3 (CCSM3; Liu
et al. 2009). CCSM3 variables are downscaled to 50 ×
50 km degree grid cells for North America from 21,000
years ago to present day at 500-year intervals (Lorenz et al.
2016). To approximate modeling assumptions regarding
dispersal and biotic interactions more closely, we delimited
a custom study region, specifically by drawing a minimum
convex polygon around the localities and adding a 3.0°
buffer (Anderson and Raza 2010; Barve et al. 2011). We
used a machine learning algorithm, maxent (V3.4.1; Phillips
et al. 2017, 2006) to infer the ENMs. We calibrated and
evaluated the models using a jackknife approach (Pearson
et al. 2007) in the ENMeval package in R (Muscarella et al.
2014). To select species-specific model settings approx-
imating optimal levels of complexity, we tuned model set-
tings by varying different combinations of feature class and
regularization multiplier (RM; Shcheglovitova and Ander-
son 2013). To identify the optimal parameter settings, we
evaluated model performance using sequential criteria,
lowest average omission rate and secondarily on the highest
average AUC value (minimizing overfitting and then max-
imizing discriminatory ability; Shcheglovitova and Ander-
son 2013; Muscarella et al. 2014). We used the optimal
settings to project the ENM for each regional population
into current climatic conditions and the LGM.

Range expansion

We inferred origins of recent range expansion within the
southern and combined northern populations using the ran-
geExpansion package in R (Peter and Slatkin 2013). Briefly,
this method detects range expansion and gives an estimated
location of the origin of expansion. It does so by calculating
a directionality index (Ψ), using the genetic data and spatial
coordinates, based on allele frequency clines found between
multiple populations (Peter and Slatkin 2013). Populations at
the expanding edge will tend to have lower genetic diversity
because of serial founder events and higher fixation rates due
to small effective population sizes (Peter and Slatkin 2015).
For each population, we only used loci that were present in
at least two-thirds of the individuals.

Genetic diversity

We estimated the population genetic diversity parameter,
θ, using ThetaMeta (Adams et al. 2018). This program uses
an infinite sites likelihood model to estimate a posterior
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Fig. 2 The 17 phylogeographic hypotheses used to simulate
demographic history for Neotoma fuscipes in California. The
parameters included contemporary population size for the three

populations, their ancestral population sizes, migration rates between
the populations, and the timing of divergence.
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probability distribution of θ for a given dataset. To under-
stand the population dynamics further, we used the popu-
lation structure results and calculated θ for each of the three
identified populations. For each population, we only used
loci that were present in at least two-thirds of the indivi-
duals. We used the ThetaMater.M1 simulation to generate a
posterior probability distribution of θ with a burnin of
100,000 and a MCMC run of one million generations.

Results

ddRAD data

We obtained 216,373,426 raw single end reads from the
Illumina HiSeq run across all individuals. There were
140,817 loci present before ipyrad quality filtering. After
filtering, there were 15,334 loci (mean across individuals=
13,576) for the 85% missing-data threshold and 57,860 loci
(mean= 43,670) for the 50% missing-data threshold. For
the final 50% and 85% datasets, there were 34,434 (85%)
and 122,636 (50%) total SNPs, respectively.

Phylogenetic analyses

We obtained very similar tree topologies with RAxML with
both the 50% and 85% datasets (Fig. 1; Supplementary Fig.
1A). Essentially, we recovered one monophyletic group of
individuals south of the San Francisco Bay-Delta region,
and one large monophyletic group of individuals north of
the Bay-Delta region (Fig. 1). The northern group is further
split into two monophyletic groups, one that comprises the
majority of the northern range (North A hereafter), and a
second that is primarily restricted to the western slopes of
the Sierra Nevada (North B hereafter). The Splitstree results
were very similar, clearly separating the northern and
southern populations (Supplementary Fig. 2), as well as
separating the North A and North B populations.

Inter-individual genetic distances were higher among
individuals in the southern clade than in either the North A or
North B clades. On average, southern individuals were dif-
ferentiated from one another by a genetic distance of 0.073
(min.−max.: 0.044–0.097), North A had average pairwise
divergence of 0.04 (0.015–0.054) and North B had 0.033
(0.013–0.042; Supplementary Table 2). These distinctions are
visually evident (Fig. 1) in the deeper genetic structure of the
southern clade in contrast to the shallow, minimal pairwise
divergences that characterize both northern clades.

Population structure and isolation by distance

STRUCTURE initially gave a K= 2 model as the best fit for
the data; however, when we ran STRUCTURE on the two

subpopulations, the northern population was split further
into two distinct populations (Fig. 1) and for the southern
population the optimal number of subpopulations was K=
4, though the number of individuals sampled was low in
each subpopulation (Supplementary Fig. 3). Although K=
2 was the optimal model in STRUCTURE, K= 3 inferred the
same northern split of samples we found by running the
northern region alone (Fig. 1). ADMIXTURE indicated K= 3 as
the optimal number of populations based on cross-
validation (Fig. 1; Supplementary Tables 3 and 4) regard-
less of the amount of missing data included. DAPC analysis
identified K= 3 as the optimal number of populations
for both datasets (Supplementary Figs. 4 and 1C). Both
ADMIXTURE and STRUCTURE identified some admixture
between the two Northern populations. All methods
assigned the same individuals to the same population across
analyses (and datasets), and ADMIXTURE and STRUCTURE

identified the same individuals in the northern group as
being admixed. Pairwise FST showed strong differentiation
between the southern and northern groups (ave. FST= 0.36)
and moderate differentiation between the North A and
North B groups (FST= 0.08; Supplementary Fig. 1D;
Supplementary Table 5). We adjusted downstream analyses
to reflect the population structure results, generally relying
on K= 3 except for the niche modeling and range expan-
sion analyses.

The Mantel test showed significant isolation by distance
for the overall dataset (r= 0.605, p < 0.001). However, we
did not recover a distinct cline, indicating lack of a clear
IBD signature (Supplementary Fig. 5; Supplementary Table
6). Each of the regional groups showed a significant rela-
tionship between genetic and geographic distance, all fol-
lowing a similar pattern of increasing genetic differentiation
with increased geographic distance (Case 1 of Hutchison
and Templeton 1999; Fig. 3). The southern region showed a
pronounced pattern of IBD (r= 0.731, p < 0.001) and the
North A group had a slight pattern of IBD (r= 0.537,
p < 0.001). The North B region showed an IBD pattern (r=
0.544, p < 0.001) though the samples from this region
occurred over a very small spatial scale.

Demographic modeling

Using FSC2, the model that best fit the data according
to AIC was scenario 11 (Table 1; Supplementary Table 7;
Fig. 4). This consisted of the two northern populations coa-
lescing most recently, with an older coalescent event between
the north and south clusters and both historical and recent
admixture (Fig. 4; Supplementary Table 8; see Supplemen-
tary Table 9 for confidence intervals). No other scenario had
a reasonably good fit (Table 1; Supplementary Table 7).

Scenario 11 estimated the two northern populations coa-
lesced about 76,000 ka (73,063–79,644) and the ancestral
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northern and southern lineages coalesced ~1.72 million years
ago (1.71–1.73; Fig. 4). The southern population has the
largest effective population size (over 800,000 individuals),
North A population has the second largest population size
(over 300,000), and North B has the smallest effective
population size (~4000). The migration rates between most of
the populations (historical and recent) were all less than one
individual per year (Fig. 4).

Ecological niche models

The optimal Maxent settings for the northern population
was the Hinge feature with a RM= 1.0 (Supplementary
Table 10). This model had an AUC of 0.83 and an omission
rate of 0.045. The optimal model for the southern popula-
tion used the Linear and Quadratic features and a RM= 1.5
and had an AUC of 0.88 and an omission rate of 0.091.

Table 1 Top five demographic scenarios using fastsimcoal2 according
to AIC scores for Neotoma fuscipes in California.

Scenarios Parameters AIC ΔAIC AICW

S11 15 117,927.777 0 0.99

S14 11 117,947.791 20.014 4.508 × 10−5

S12 15 118,037.638 109.860 1.393 × 10−24

S8 15 118,193.532 265.755 1.959 × 10−58

S10 15 118,237.327 309.550 6.053 × 10−68

Scenario 11 was indicated as the model that best fit the data.

Fig. 4 The best fit model and parameter estimates of demographic
history for Neotoma fuscipes in California. Note these are the re-
estimated parametervalues from 100 simulated Site Frequency
Spectrums.

Fig. 3 Plots of genetic distance by geographic distance for all
populations of Neotoma fuscipes in California. A North A (r=
0.537, p < 0.001); B North B (r= 0.544, p < 0.001); C South (r=
0.731, p < 0.001). Note that there is significant isolation by distance
found within each population.
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ENMs for the northern population inferred suitable envir-
onment present throughout the entire known range of
N. fuscipes for current conditions, and a severe reduction
of habitat at the LGM relative to the contemporary range
(Fig. 5). For the southern population, ENMs inferred sui-
table conditions in the southern part of the N. fuscipes range
for contemporary climatic conditions, matching the current
distribution of the population. The distribution of the
southern population was inferred to occur even further
south during the LGM (Fig. 5).

Range expansion

The range expansion analyses indicated that both popula-
tion expansion origins were close to the middle of the
contemporary Neotoma fuscipes range in California, near
the San Francisco Bay-Delta area (Fig. 5; Supplementary
Fig. 6). The north origin of expansion located at a slightly
higher latitude and closer to the Sierra Nevada (p < 0.001),
while the southern origin was located closer to coastal
California (not significant; p > 0.1), just east of the San
Francisco Bay.

Genetic diversity

Results from ThetaMater showed the southern population
had the highest median posterior θ, indicating it holds the
highest levels of genetic diversity (Fig. 6), followed by
North A and then North B.

Discussion

Quaternary climate oscillations across California’s land-
scape had dramatic effects on patterns of biological and
genetic diversity (Rissler et al. 2006). Here, we show that
the dusky-footed woodrat responded to past climatic shifts
through widespread contraction and expansion of its range,
which led to lineage divergence and a spatial distribution of
genetic variation that remains evident today. By integrating
genomic data with demographic and ecological niche
modeling, we were able to reconstruct the dynamic history
of this species across its range.

Deep divergence and the distribution of suitable
environmental conditions

Matocq (2002b) proposed that Neotoma fuscipes, and its
sister species Neotoma macrotis diverged from one another
~2 million years ago in the foothills of the central Sierra
Nevada, likely between Auburn and Placerville, the current
distributional limits of each species (Matocq and Murphy
2007). Under this scenario, within a short window of time,

early N. fuscipes would have expanded to the north and
west around a partly inundated northern Central Valley and
experienced a major divergence event leading to the
northern and southern N. fuscipes groups (referred to as the
northern and west central groups by Matocq 2002b). Our
estimates of this early divergence within N. fuscipes using
genome-wide SNPs dates to ~1.7 million years ago, largely
consistent with the original mtDNA-based estimate of
1.8 mya (Matocq 2002b). This genetic divergence is mir-
rored by morphological differentiation within N. fuscipes
(Hooper 1940), supporting not only the depth of this
divergence but also its potential functional significance.

Fossil evidence of the history of N. fuscipes is sparse but
not inconsistent with the genetic data. Neotoma fossils
are widespread throughout the more southerly parts of
California and the west by the Pliocene (Paleobiology DB
search for “Neotoma” on 17 April 2020, paleobiodb.org),
perhaps mirroring the more stable habitat available in the
southern parts of the state. The earliest Neotoma fossils in
the central and northern parts of the state are not found until
the Irvingtonian 1.8–0.3 Ma, around the same time as or
after the initial divergence events among species and
between clades within N. fuscipes inferred from the genetic
data. These earliest fossils are found in the San Francisco
Bay Area (Alameda County; Savage 1951) and the San
Joaquin Valley (Fairmead Landfill, Madera County; Dundas
et al. 1996), and thus within the overall region identified as
key origins of expansion for both lineages within N. fus-
cipes. These early fossils are not identified to individual
species within Neotoma, so additional collections focused
on the potential regions of divergence and subsequent
expansion, aided by new methods for species-level identi-
fications of specimens, would be extremely useful.

The central portion of California was particularly
dynamic in the mid to late Pleistocene (Bartow 1991), and
many factors could have contributed to the generation and
maintenance of early divergence within N. fuscipes. These
processes include continued and repeated glaciations
extending down the western slopes of the Sierra Nevada
(Richmond and Fullerton 1986), large (Sacramento River)
and shifting freshwater drainages (Lock et al. 2006),
extensive volcanic activity including the emergence of the
Sutter Buttes in the northern Central Valley at ~1.6 mya
(Prothero 2017), the inundation of the Central Valley by
Corcoran Lake from ~700 to 600 ka (Bartow 1991), and the
sudden establishment of the outflow of Corcoran Lake
through the Carquinez Strait and what would become the
modern San Francisco Bay-Delta ~600 ka (Sarna-Wojcicki
et al. 1985; Bartow 1991). This historic landscape dyna-
mism coupled with the fact that the modern San Francisco
Bay-Delta presents a strong contemporary barrier to
north–south movement for terrestrial species has led to this
region being a concordant phylogeographic break among
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many taxa (Rodrı  guez-Robles JA et al. 2001; Feldman and
Spicer 2006; Martínez-Solano et al. 2007; Phuong et al.
2014; Lavin et al. 2018; reviewed by Rissler et al. 2006;
Gottscho 2016).

Following initial divergence of the northern and southern
lineages of N. fuscipes, our demographic modeling shows
there was little admixture between the two groups, with one
group largely isolated to the north of the modern day San
Francisco Bay–Sacramento–San Joaquin Delta, and the
other largely restricted to the south, but primarily in the
Coast Ranges on the western side of the Central Valley. Our
niche modeling of present and LGM distributions of sui-
table environmental conditions for the northern and south-
ern lineages can be viewed as rough proxies of conditions

during repeated glacial (LGM) and interglacial (present)
conditions of the mid to late Pleistocene (Millar and
Woolfenden 2016). These models suggest that the southern
lineage would have had fairly continuous access to suitable
conditions in the South Coast Ranges through both glacial
and interglacial times, while the northern lineage would
likely have experienced much greater shifts in suitable
conditions, likely leading to repeated episodes of range
expansion and contraction. Our estimates of the location of
lineage coalescence, or the source area for subsequent
expansion, for the northern lineage is located at a central
point in the Central Valley, while the source point of the
southern lineage is at the northern end of the South Coast
Ranges near the modern San Francisco Bay-Delta.

Fig. 5 Ecological niche models for the combined northern and
southern populations of Neotoma fuscipes in California. A Com-
bined north present day; B combined north last glacial maximum;
C south present day; D south last glacial maximum. Note the reduction
of possible suitable areas in the past for both the northern and southern
populations. Blue lines in A and C indicate rivers >50 m (made with

Natural Earth. Free vector and raster map data @ naturalearthdata.
com), and blue pixels in B and D indicate ice or paleolakes during the
last glacial maximum (Dyke et al. 2003). The blue triangle in B and
D indicate the origin of expansion for the combined north and south,
respectively.
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The northern range

The dynamic history of the northern range of N. fuscipes
makes it possible that there were multiple episodes of range
expansion and contraction. One or more of these episodes
led to a significant divergence within the northern lineage
~76 ka where the northern Sierra Nevada meet the southern
Cascade Range. This timing is potentially consistent with an
early Wisconsin glaciation where there is glacial evidence
(Tahoe till) in the east-central Sierra Nevada that is younger
than 118–119 ka and a till from Crater Lake National Park,
Oregon that is older than 67 and 72 ka (Richmond and
Fullerton 1986). In addition to repeated glaciations of the
northern Sierra Nevada and southern Cascades, the southern
Cascades have been particularly volcanically active (Sarna-
Wojcicki et al. 1985). In California, Mount Shasta and
Mount Lassen along with lava flows across the Modoc
Plateau have likely repeatedly influenced local to regional
habitat suitability for woodrats throughout the Pleistocene
and Holocene. Spatially concordant with the genetic sub-
division we found at the Sierra Nevada–Cascades transition,
Hooper (1940) found a morphological subdivision between
the subspecies N. f. fuscipes and N. f. streatori, suggesting
the potential ecological significance of this subdivision.
Matocq’s (2002b) limited sampling in the northern Sierra
Nevada and mtDNA analysis led to a failure to detect the
distinction of the North A and North B clades.

In addition to woodrats, many other species show genetic
discontinuities between the northern Sierra Nevada and

southern Cascades (e.g., Rodrı  guez-Robles JA et al. 2001;
Barrowclough et al. 2005; Kuchta et al. 2009; Phuong et al.
2014; Lavin et al. 2018). As in other parts of California,
these common phylogeographic breaks are characterized by
different depths of divergence across taxa depending on
which particular glacial or volcanic event impacted a taxon
in that region (Matocq 2002b). Of particular note is that
spotted owls, an important predator of woodrats, have a
similar distribution to N. fuscipes in northern California and
share a similar spatial genetic disjunction at the boundary of
the northern Sierra Nevada and southern Cascades (Bar-
rowclough et al. 2005).

Range expansion and secondary contact

Our niche modeling suggests that the southern lineage has
occupied a part of the range that potentially had suitable
environmental conditions through both glacial and inter-
glacial periods of the Quaternary. Our range expansion
analysis suggests that sometime after the initial divergence
with the northern lineage, the southern lineage expanded
into the South Coast Range region from the modern San
Francisco Bay region. The possible north to south coloni-
zation of the Inner Coast Range by this lineage of N. fus-
cipes is also reflected in mtDNA data, with more northern
haplotypes of the Inner Coast Range ancestral to haplotypes
at the southern end of the range (Matocq 2002b). Using our
SNP data, our estimates of relatively large effective popu-
lation size, high genetic diversity, deeper divergences
among genotypes (Figs. 1, 4, and 6), and a relatively pro-
nounced pattern of isolation by distance (Fig. 3) suggest
relative stability in this portion of the range in comparison
to the northern lineage. This is consistent with mtDNA data
that also showed greater diversity and clade structure in the
southern (west central) range in comparison to the north
(Matocq 2002b). Regions inferred to be climatically stable
through time are typically characterized by the accumula-
tion of higher levels of genetic diversity and deeper genetic
structure (Lessa et al. 2003; Carnaval et al. 2009; Jezkova
et al. 2015, 2016; but see Hewitt 2004; Excoffier and
Ray 2008), as seen here in the southern portion of the
N. fuscipes range.

In contrast to the relative stability of the southern range,
the northern range was likely characterized by repeated
expansions and contractions of N. fuscipes, based on the
known history of the region and our ENM’s for this portion
of the range (Fig. 5). The relatively small effective popu-
lation size (Fig. 4), low genetic diversity (Fig. 6), shallow-
star-like clade structure (Fig. 1; Slatkin and Hudson 1991;
Avise 2000) and weak pattern of isolation by distance
(Fig. 3) suggest that modern patterns of genetic variation in
northern N. fuscipes are the result of relatively recent
expansion (re-expansion) into northern California. It is

Fig. 6 The posterior probability distribution of genetic diversity
analyses from ThetaMater for the three populations, North A,
North B, and South, of Neotoma fuscipes in California. Note the
southern population had the highest diversity, followed by North A,
and then North B.
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likely that clades North A and North B re-expanded sepa-
rately into their current distributions, but our lack of thor-
ough sampling of the North B range precludes robust
modeling of this process. Additionally, these methods
assume populations are in a continuous and homogenous
landscape and incorporating fragmented landscapes should
be explored in future studies. Nonetheless, we were able to
identify an area of lineage admixture just west of the Mount
Lassen area. Interestingly, here too, there is striking con-
cordance with an important predator of N. fuscipes, the
spotted owl. This is the region in which northern and
California spotted owl meet, and these two lineages admix in
the area near Mount Lassen, just like N. fuscipes (Barrow-
clough et al. 2005). These authors suggest that this area of
admixture between spotted owl lineages is due to a density
trough related to unsuitable habitat. In particular, much of
the area is characterized by open understory pine forest,
whereas owls prefer habitat with a more well-developed
understory (Gutiérrez and Barrowclough 2005). Likewise,
woodrats typically only occupy forested areas that have a
well-developed understory in which they can build their
houses (Sakai and Noon 1993; Innes et al. 2007). Interest-
ingly, then, both predator and prey are characterized by a
shared regional phylogeographic break and a concordant
area of subsequent secondary contact and admixture. Space
use (Carey et al. 1992; Zabel et al. 1995) and fitness (Thome
et al. 1999) of spotted owls are correlated to woodrat
abundance, so while both species may be responding inde-
pendently to habitat structure in the area of admixture, owls
are also likely responding to woodrat availability. This
intriguing pattern suggests that building community-wide
genomic, ENM, and demographic modeling datasets may
shed light on the ecological interactions and evolutionary
processes that underlie patterns of phylogeographic and
population genetic concordance among taxa.

Future directions

One limitation of our work, as with most efforts to hindcast
species distributions, is the use of only climatic variables in
our estimations. Ideally, future modeling efforts would
incorporate biotic interactions, including those with vege-
tation and predators, and for these woodrats in particular—
their interactions with congeners. The range of N. fuscipes
today and through time has been strongly influenced by the
distribution of closely related congeners with which they
often compete or even hybridize (Matocq 2002a, 2012;
Matocq and Murphy 2007; Coyner et al. 2015;
Dochtermann and Matocq 2016; Hunter et al. 2017).
Woodrat species often compete for resources such as opti-
mal nest sites and food resources (Dial 1988), leading to
minimal overlap of species ranges and fine-scale parapatry
(Matocq and Murphy 2007; Coyner et al. 2015; Shurtliff

et al. 2014). The notion that differentially adapted woodrat
species replace each other in response to changing climate
conditions is evident in the paleorecord (Smith et al.
1995, 2009) and even on a multi-annual scale (Gillespie
et al. 2008; Hunter et al. 2017). In northern California, we
suspect the distributional response of N. fuscipes has been
influenced in part by the changing distributions of its rela-
tively cold-adapted congener, the bushy-tailed woodrat N.
cinerea (Hornsby and Matocq 2012) and the relatively arid-
adapted N. lepida (Gillespie et al. 2008). As stated pre-
viously, most specimens are not distinguished at the species
level in the fossil record of northern California [though both
N. cinerea and N. fuscipes have been identified from cave
deposits in northern California (Furlong 1904; Sinclair
1907; Stock 1917)], so morphology-based work on the
genus would be useful, and genetic distinction of these
species and reconstruction of their changing occupancy
through time could be reconstructed using ancient DNA
methods (reviewed in Shapiro and Hofreiter 2014). Ecolo-
gical niche modeling for N. fuscipes, like many species, will
be improved with integration of ecologically and physio-
logically relevant parameters.

Our demographic analyses would also be improved with
greater sampling, especially in the range of the North B
clade and in the southern portion of the distribution.
Another limitation to our study is the relatively small
number of demographic scenarios we explored, given that
the history and demography of N. fuscipes are certainly
much more complex. For example, it is likely that these
taxa, like many others, experienced asymmetric gene flow
in their history. We only explored four asymmetric gene
flow scenarios as a subset of scenario 11 (Supplementary
Fig. 7). Our results suggest that while asymmetric models
may be better (Supplementary Table 11), parameter esti-
mates are consistent between symmetric and asymmetric
models (Supplementary Table 7). Finally, the assumptions
of mutation rate and generation time used in this study
directly affect parameter estimates. For example, having a
longer generation time or a slower mutation rate would shift
the estimates of population subdivision further back in time.
Nonetheless, genome-wide datasets and the potential to
exploit SFS patterns is a huge advance in the field of
population genetics and these data and methods will con-
tinue to be refined and integrated with even more sophis-
ticated simulation and spatial modeling approaches that
promise improved insight into complex biogeographic
histories.

Data archiving

The DNA sequences used in this study are deposited at
NCBI SRA (accession: PRJNA634210). All R code and
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data used to perform the analyses are available at https://
github.com/bloispaleolab/Neotoma_demography.
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