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For regions that were covered by ice during the Pleistocene glaciations, species must have emigrated from
unglaciated regions. However, it can be difficult to discern when and from what ancestral source populations such
expansions took place, especially since warming climates introduce the possibility of very recent expansions.
For example, in the Great Lakes region, pronounced climatic change includes past glaciations as well as recent,
rapid warming. Here we evaluate different expansion hypotheses with a genomic study of the white-footed
mouse (Peromyscus leucopus noveboracensis), which is one of the most common mammals throughout the Great
Lakes region. Ecological surveys coupled with historical museum records suggest a recent range expansion of
P. leucopus associated with the warming climate over the last decades. These detailed records have yet to be
complemented by genomic data that provide the requisite resolution for detecting recent expansion, although
some mitochondrial DNA (mtDNA) sequences have suggested possible hypotheses about the geography of
expansion. With more than 7,000 loci generated using RADseq, we evaluate support for multiple hypotheses of
a geographic expansion in the Upper Peninsula of Michigan (UP). Analysis of a single random single-nucleotide
polymorphism per locus revealed a fine-scale population structure separating the Lower Peninsula (LP) population
from all other populations in the UP. We also detected a genetic structure that reflects an evolutionary history of
postglacial colonization from two different origins into the UP, one coming from the LP and one coming from the
west. Instead of supporting a climate-driven range expansion, as suggested by field surveys, our results support
more ancient postglacial colonization of the UP from two different ancestral sources. With these results, we
offer new insights about P. leucopus geographic expansion history, as well as a more general phylogeographic
framework for testing range shifts in the Great Lakes region.
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Understanding the factors that shape the genetic structure
of species by separating contemporary drivers (e.g., recent
warming of temperate regions) from past drivers (e.g., the for-
mation of geographical barriers or historic climatic shifts such
as those associated with the Pleistocene glaciations) is crit-
ical, as historical processes may confound demographic ana-
lyses focused on the recent past (He et al. 2013; Lanier et al.
2015). In northern glaciated landscapes, processes linked to

the Pleistocene climatic shifts are posited to be some of the
most important in structuring genetic variation (Knowles and
Massatti 2017; Baumgartner and Hoffman 2019), especially
when the ranges of species were displaced to southern refugia
during glacial periods (Rowe et al. 2004; Bemmels et al. 2019).

The Great Lakes region offers an interesting opportunity
to understand the effects of contemporary and past events
on the genetic structure of terrestrial species. The lakes are a
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substantial water barrier limiting the dispersal of taxa (Rowe
et al. 2006; Moscarella et al. 2019). For example, there are
approximately 80 native mammal species in the Great Lakes
region, over half of which have southern or northern distri-
butional limits in the area (Myers et al. 2009; Kurta 2017).
The region has also been ice free for only about 12,000 years
(Holman 2001; Moscarella et al. 2019). Moreover, like other
northern latitudes, the Great Lake region has experienced sub-
stantial warming during the last century (Handler et al. 2014;
Baumgartner and Hoffman 2019).

The  white-footed  mouse  (Peromyscus  leucopus
noveboracensis; hereafter P. leucopus) is the most common
mammal species throughout the region (Moscarella et al. 2019).
This generalist species is found in virtually all deciduous forest
stands in the midwestern and eastern United States (Lackey
et al. 1985). It is small (~20-30 g), nocturnal, semi-arboreal,
and a common host for the major vector of Lyme disease in
North America (Ixodes scapularis), as well as serving as the
primary natural reservoir for the bacterium that causes Lyme
disease (Lackey et al. 1985; Cook and Barbour 2015; Pardifias
et al. 2017). Recent expansion of P. leucopus has been linked
to changes in the climate (Rowe et al. 2006; Baumgartner and
Hoffman 2019; Moscarella et al. 2019). For example, multiple
studies have traced the demographic history of P. leucopus in the
northern Midwest, which includes an expansion during the post-
glacial colonization of the region, as well as a recent contempo-
rary northward expansion (e.g., from the southern Great Lakes
deciduous forests to the Upper Peninsula of Michigan (here-
after, the UP), northern Wisconsin and Minnesota, and central
Quebec) due to the rapid warming of northern latitudes (Rowe
et al. 2006; Jannett et al. 2007; Myers et al. 2009; Roy-Dufresne
et al. 2013; Baumgartner and Hoffman 2019; Moscarella et al.
2019). Within the Great Lakes region specifically, historical mu-
seum and literature records from the early to mid-1900°s indi-
cate that the northern Lower Peninsula of Michigan (hereafter,
the LP) was the limit of P. leucopus’s range in the north (Osgood
1909; Myers et al. 2009). However, records of occurrence began
in 1939 in Michigan’s UP (Myers et al. 2009), but only in a
restricted area in the southernmost part of the peninsula (in
Menominee County). Starting in 1981, P. leucopus began to ap-
pear in other parts of the UP, and they were first captured in the
easternmost part of the peninsula in 2004 (Myers et al. 2009).

Such detailed tracing through museum specimens and his-
torical records can provide information about the distributional
shifts of P. leucopus in response to recent climate change.
However, there are limits to the insights they provide. In par-
ticular, they cannot test hypotheses about gene flow associated
with shifting distributions or population bottlenecks that im-
pact genetic structure and diversity. Such inferences about the
demography of colonization of previously glaciated areas are
important beyond a focus on the history of expansion itself.
For example, gene flow and/or reduced genetic diversity have
consequences for the ongoing response of species to climatic
changes (e.g., constraining genetic variation, and/or limiting
adaptive responses). Such information can only be gained from
genomic studies.

There have been a few genetic analyses in P. leucopus, but
given they were based on single locus studies (i.e., mitochon-
drial DNA, mtDNA) or a relatively small set of microsatellites,
they are limited in their resolution. For example, no genetic
differences between P. leucopus populations in the eastern UP
and northern LP were detected based on a set of eight microsat-
ellite markers (Baumgartner and Hoffman 2019). In contrast,
analysis of sequence data of mtDNA detected regional differ-
ences in Great Lakes P. leucopus. Specifically, one mtDNA
lineage found in individuals from UP populations (i.e., areas
previously covered by glacial ice) is also found in Wisconsin,
while another mtDNA lineage found in the LP of Michigan was
estimated to have diverged from a shared common ancestor
about 34,500 BP (Rowe et al. 2006; Moscarella et al. 2019).
This divergence predates the formation of Lake Michigan
(13,000 BP; Holman 2001). Moreover, the geographic dis-
tribution of the divergent mtDNA lineages suggests that the
postglacial colonization of the previously glaciated area of
UP proceeded from the western mtDNA lineage, which had
spread from Illinois to Wisconsin, Minnesota, and the south-
ernmost UP, as opposed to the eastern mtDNA lineage, which
spread from Ohio into the LP of Michigan (Rowe et al. 2006;
Moscarella et al. 2019). The ancestral source population for
the recent expansion of P. leucopus into the UP was therefore
identified as part of the western lineage that followed a coloni-
zation route from populations in Wisconsin. A few individuals
of the eastern mtDNA lineage were also detected in the eastern
UP during sampling of the species in 2007 (Moscarella et al.
2019), as well as at additional sites in the eastern UP in sam-
ples collected in 2017 (Baumgartner 2017), which suggests a
possible contact zone between two expanding fronts (i.e., one
lineage from Wisconsin and another from the LP that collide
in the UP).

Here we investigate the expansion history of P. leucopus
using genomic data, testing hypotheses about its geographic
expansion into the UP, including the previous hypotheses
suggested by mtDNA analyses. Specifically, capitalizing on
the resolution provided by random genomic markers from
RADSeq (Vendrami et al. 2019), we (i) test for genetic structure
among populations, (ii) infer the time of genetic divergence,
and (iii) evaluate different expansion scenarios in P. leucopus.
Specifically, we test whether the divergence times estimated
from parameterized models correspond better with postgla-
cial expansion in the more distant past (e.g., following the last
glacial maximum —LGM), versus recent climatic changes
(i.e., the warming of the Northern Hemisphere) as suggested
by historical museum records, since this was not addressed by
previous studies based on mtDNA. In addition, based on the
information presented above, we also test hypotheses about
two different putative ancestral sources for the colonization of
the UP. A first scenario where the UP populations were col-
onized by two separate events, i.e., the common ancestry of
the western UP populations, is distinct from the common an-
cestry of the eastern UP and LP populations (see Rowe et al.
2006; Moscarella et al. 2019), and a second scenario with a
single colonization of the UP populations from the western part
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of the species range (see Myers et al. 2009; Baumgartner and
Hoffman 2019). Based on the best fit model identified statisti-
cally (using AIC criteria), we discuss the implications of a cor-
respondence (or lack thereof) between genomic tests and field
surveys over the last several decades.

MATERIALS AND METHODS

Sampling, genomic data generation and processing.—
Genomic data were generated for 62 individual white-footed
mice (P. leucopus) vouchered at the University of Michigan
Museum of Zoology or collected by the Hoffman Laboratory at
Miami University, following the ASM guidelines (Sikes et al.
2016). All individuals were sampled from four sites in northern
Michigan: three sites in the UP (Menominee, Schoolcraft, and
Chippewa Counties) and one in the LP (Cheboygan County;
Fig. 1). These populations span the geographic distribution

(west to east) of P. leucopus in the UP, and they should repre-
sent different periods of occupancy, with UP populations estab-
lished after 1981 in the east (Myers et al. 2009) versus historic
populations in the west that have been assumed to represent
post-Pleistocene ancestral population sources for the expansion.
Hereafter these populations are referred to as western historic
(W,;; Menominee County), western expansion (W; Schoolcraft
County), eastern historic (E; Cheboygan County), and eastern
expansion (E; Chippewa County; Fig. 1, see Supplementary
Data SD1 for details about specimens).

Genomic DNA was extracted from bone tissue using a
DNeasy Blood and Tissue Kit (Qiagen, Valencia, California),
with modifications for working with museum specimens (see
Rubi et al. 2020 for full protocol). To minimize damage to the
skulls, we sampled the microturbinates (small nasal bones;
Wisely et al. 2004; Taylor and Hoffman 2010). Prior to DNA
extraction, the bone fragments were placed into a thick-walled
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Fig. 1.—Map of the four studied populations sampled in either the LP (shown in blue) and UP populations (shown in shades of brown-orange)
from the western or eastern part of UP. Differences in the periods of occupancy of the populations are denoted by the subscripts (i.e., expansion
versus historic regions). Western historic (W, Menominee county), western expansion (W, Schoolcraft county), eastern historic (£,;, Cheboygan

county), and eastern expansion (£, Chippewa county).

220z I1dy 9z uo Jasn [opusp\ 8leu| Aq 8005 L G9/€72/Z/€0 L /2101 e/ewiwew/woo dnoolwspede//:sdiy woly papeojumoq


http://academic.oup.com/jmammal/article-lookup/doi/10.1093/jmammal/gyab158#supplementary-data
http://academic.oup.com/jmammal/article-lookup/doi/10.1093/jmammal/gyab158#supplementary-data

246 JOURNAL OF MAMMALOGY

2 ml microcentrifuge tube with four 2.4 mm stainless steel
beads and processed in a FastPrep tissue homogenizer (MP
Biomedicals) for 1 min at 6.0 m/s. All pre-amplification steps
were performed in a laboratory for processing low-quality spe-
cimens and followed stringent anti-contamination protocols.

One double-digest reduced representation library was con-
structed following the protocol for ddRADSeq from Peterson
etal. (2012). Briefly, the DNA was double digested with two re-
striction enzymes (SphI-HF and MIuCI), followed by a ligation
step and amplification by PCR, where unique barcodes (custom
IMlumina adapters (Sigma-Aldrich)) were added to the digested
DNA. PCR products were cleaned and 376 to 412 bp fragments
were size-selected using a Pippin Prep (Sage Biosciences).
The library was sequenced in one lane of an Illumina HiSeq
2500 (San Diego, California), producing 54 million 100 bp
paired-end reads.

The pipeline STACKS version 2.41 (Catchen et al. 2013)
was used to check for adapter contamination, demultiplex,
and process the genomic sequences. One mismatch in the
adapter sequence (—adapter_mm) and a barcode distance of one
was used in process radtags (—barcode_dist). All reads were
trimmed to a length of 96 bp, and reads with unambiguous
barcodes and Phred score >10 retained. Individuals with less
than 200,000 raw reads were excluded, resulting in a dataset
with 32 individuals. The reads for each individual were aligned
to the Peromyscus leucopus genome (NCBI assembly ID:
GCA_004664715.1) using Bowtie2 (Langmead and Salzberg
2012) with default parameters (i.e., maximum and minimum
mismatch penalties were 6 and 2, respectively). Because of
limited overlap of the paired-end sequences, we restricted our
analysis to the first reads only.

Consensus sequences for each assembled locus in the data
were extracted using gstacks, with default options, and these files
were read in populations to identify loci across populations (with
—p 2). The resulting output was processed in R version 3.3.2 (R
Core Team, 2017) to eliminate single-nucleotide polymorphisms
(SNPs) from the 16 last base pairs in the 3’-end of each locus, as
well as loci with exceedingly high genetic diversity, as such high
values are suggestive of sequencing and assembly errors. One
random SNP per locus was selected using populations for loci
with a maximum of 20% missing data (selected using PLINK
1.07; Purcell et al. 2007). The final dataset contained 7,088 loci
from 32 individuals (16 individuals from the E, 8 from the E_,
5 from the W, and 3 from the W population). All STACKS
modules were run under parallel execution on the University of
Michigan ARC cluster, and specimens level library information
can be found in Supplementary Data SD2.

Genetic diversity statistics.—Genetic diversity was summar-
ized for the 7,088 loci (as opposed to a single SNP per locus)
by nucleotide diversity (5t), expected heterozygosity (Exp_Het),
and Wright’s inbreeding coefficient (F1S) at each locus. A paired
t-test (conducted in R, BSDA package; Arnholt 2017) was used
to test for significant differences in genetic diversity between all
pair-wise comparisons of populations. A Bonferroni correction
for multiple comparisons was applied using the p.adjust func-
tion in R version 3.3.2 (R Core Team, 2017).

Genetic structure.—A principal component analysis
(PCA) on the genetic covariance matrix was performed to
visualize the major axes of population genetic variation with
the prcomp function in R version 3.3.2 (R Core Team, 2017).
Specifically, we computed the PCA with the two historical
populations, projecting the individuals from the two ex-
panded populations onto the axes of the historic populations
(following Lipson et al. 2018).

Potential genomic structure was estimated using
STRUCTURE 2.3.4 (Pritchard et al. 2000), for a range of
different genetic clusters (i.e., K-values ranging from 1 to
5). Ten independent runs were performed for each K-value,
with 300,000 MCMC iterations and a burn-in of 100,000.
STRUCTURE HARVESTER (Earl and vonHoldt 2012) was
used to identify the K-value that best fit the data based on
the AK (Evanno et al. 2005), and each individual genomic
makeup (i.e., the proportional contribution of each of the dif-
ferent putative ancestors) was visualized using CLUMPAK
(Kopelman et al. 2015).

F,, values and significance were calculated with the R
package dartR (function gl.fst.pop(); Gruber et al. 2018). An
association between all pairwise F, values and the Euclidean
geographic distances among populations (i.e., isolation-
by-distance; IBD) was tested with a Mantel test using the R
package VEGAN version 2.5-6 (Oksanen et al. 2013). We also
applied a sequential population dropout procedure, in which
the test was repeated excluding one population at time, in order
to confirm that the results were robust.

Divergence time and expansion scenarios.—To test the hy-
pothesis of a range expansion, we calculated the directionality
index 1 (Peter and Slatkin 2013). This statistic detects the allele
frequency clines created by successive founder events, where
the further away a population is from the origin of the range
expansion, the higher the probability that a SNP increases in
allele frequency or becomes fixed. We estimated the statistic
between all pairwise populations pairs using the scripts avail-
able in the X-Origin pipeline (He et al. 2017) to calculate the
pairwise 1 values.

For a formal statistic evaluation of the demographic past, in-
cluding the timing of divergence, we parameterized several dif-
ferent models of the potential colonization history. These models
differed with respect to the ancestry of the different historical
and expansion populations. Specifically, we tested two alterna-
tive models (which were outlined in the Introduction): namely,
(i) a model of two colonizations of the UP populations (i.e., the
W, and E) that posits a common ancestry of the western UP
populations (i.e., W, and W), which is distinct from the histor-
ical population from the LP and the eastern population from UP
(i.e., E, and E) (see Rowe et al. 2006; Moscarella et al. 2019),
and (ii) a model of a single colonization of the UP populations
(i.e., the W, and E,) from the western part of the species range
(represented by W; see Myers et al. 2009; Baumgartner and
Hoffman 2019). These two models were tested with and without
the migration parameter. For each model, parameters were esti-
mated using a composite-likelihood simulation-based approach
as implemented in FASTSIMCOAL?2 (Excoffier and Foll 2011;
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Excoffier et al. 2013) using the site frequency spectrum (SES).
To improve performance, one population parameter (the effec-
tive population size, N,) was fixed and calculated directly from
the empirical data (based on nucleotide diversity (st) of variant
and invariant sites; see Excoffier et al. 2013). Other parameters
such as N2 and N3, ancestral population sizes N, ., and di-
vergence times 7}, were estimated from the SFS using uni-
form priors, with a genomic mutation rate, p, of 3.67 x 10°8
per site per generation, and a 2.5-year generation, based on in-
formation from the close taxon P. maniculatus (Pfeifer et al.
2018). A total of 40 FASTSIMCOAL?2 runs were conducted
per model, with 100,000 simulations per likelihood estimation
based upon a stopping criterion of 0.001, and 40 expectation-
conditional maximization (ECM) cycles. The Akaike informa-
tion criterion (AIC) was used to select the best-fit model, based
on the single run with the highest composite likelihood. A para-
metric bootstrap was used to estimate 95% confidence intervals
for the parameter estimates by estimating the parameters from
100 simulated datasets under the parameter-values estimated
for the empirical data (Excoffier et al. 2013). Note that sepa-
rate datasets were generated for each of the two models using
the populations program (STACKS; Catchen et al. 2013) to
maximize the amount of data; calculation of the SFS requires
no missing data (Excoffier and Foll 2011). We used a Python
script to remove all missing data and calculate the joint SFS be-
tween each population pair (available on Github/KnowlesLab;
Knowles et al. 2016). Five individuals from each population
were used to calculate the SFS; however, this required pooling
of individuals from the western populations (W, and W, 5 and 3
individuals, respectively), and to avoid an overparameterization
model (i.e., a model with four population lineages) given the
limited amount of data (i.e., a simpler model was used, which
assumes a single ancestry for individuals from W, and W_,; see
results from STRUCTURE analyses to justify the simplifica-
tion of pooling keep the W, and W, populations).

RESULTS

Genetic diversity did not differ substantially among the UP
populations (W, W, and E), irrespective of the diversity sta-
tistic considered; the genetic diversities of those populations
were lower than that of the LP population (£},), although the dif-
ference was not statistically significant (Fig. 2; Supplementary
Data SD3). Note that the lower genetic diversity of the W, and
W, populations when compared with the eastern populations is
not an artifact of the smaller number of individuals sampled (5
and 3 individuals, respectively) given that the same results were
obtained when subsampling three individuals for all popula-
tions (see Supplementary Data SD4).

Projection of the populations from the UP (W, W, and E)
upon the primary axes of variation (i.e., PC1 and PC2) charac-
terized by a principal component analysis of the genetic vari-
ation of the eastern historic population in the LP (£},) shows
the genetic separation of the UP populations (W, W,;, and E)
from the LP population (£,) along PC1 (Fig. 3). There are dif-
ferent degrees of distinctiveness among the UP populations,

0.3 AE
¢ E
A oW,
| W
& !
8 | : A
T . :
£ i :
E 0.2 ! f
2 L 4 !
12 :
() '
= '
a !
O
5 * ®
[
(] |
(D — -
ks
o 0.1 o
>
S i
TS
o
0.0

H exp I_I F

Fig. 2.—Comparison of genetic diversity of the four different popula-
tions shown as box plots (calculated with boxplot function in R) for
each summary statistic, the LP population (E,) shown in blue and the
three UP populations (W, W, and E) in the brown-orange tones.

is

with some overlapping more than others (e.g., W,; Fig. 3).
The genetic makeup of the eastern expansion (E,) is more di-
verged from the individuals from the LP population (£}), com-
pared with the western historic (W},) individuals, which show a
stronger affinity with the LP population (E,) along the axis of
genetic variation defined by PC1, despite being the most geo-
graphically distant from the LP population (E,).

Genetic differentiation (F;) was low among all populations,
as expected given their recent shared ancestry (Supplementary
Data SD5). However, the degree of differentiation was not
correlated with geographic distance between populations
(Supplementary Data SD6, Mantel test » = 0.61, P = 0.12). For
example, the lowest level of F . (0.002) was between the ge-
ographically distant western expansion (W) and eastern his-
toric (E,) populations (Supplementary Data SD5). This lack
of a correspondence between pairwise F, values and the ge-
ographic distances among populations did not change when
one population was excluded from the analysis (i.e., the lack
of a correlation between the degree of genetic differentiation
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Fig. 3.—Distribution of genetic variation based on a principle components analysis of the individuals from the historical populations (£, and W),
with individuals from the expansion populations (E; and W) projected onto the PC axes. The E,, population was sampled in the LP, and the W,

W, and E_ populations were collected in the UP.

and geographic distance was not due to one outlier population;
Supplementary Data SD6). We also did not find a conspicuous
positive relationship between the genetic distance of individuals
(rather than populations) as a function of geographic distance.

The STRUCTURE analyses identified K = 3 as the most
likely number of genetic clusters. However, the individuals all
have a large component of their genetic makeup that reflects a
shared ancestral source that is represented in similar propor-
tions across all individuals (Fig. 4). Likewise, all populations
showed a similar amount of admixture, albeit with the two
western populations sharing a proportion of their ancestry from
an ancestral population that is distinct from the eastern popula-
tions (for K = 3).

The directionality index showed a weak signal of a range ex-
pansion scenario that was marginally nonsignificant (2 = 0.50,
P =0.06). The strongest differences in allele frequencies were
observed in pairwise comparisons between populations from
eastern (E,; and E) versus western (W, and W,) regions (e.g.,
Y > 0.02), whereas within each of the regions (e.g., between
the £, and E, populations), pairwise comparisons were close to
0.01 (Supplementary Data SD7).

The best model to describe the divergence history was the
model with two independent colonizations of the UP, that is,
populations from the east (E;) and west (W, and W) in the
UP had distinct shared ancestors (Fig. 5, Tables 1 and 2)
based on the parameterization of the models using the SFS

in FASTSIMCOAL2. Divergence time estimates suggest that
within the eastern region, the £, population in the LP diverged
from the E_ population in the UP around 4,800 years ago,
which was more recent than the estimated divergence of the
eastern and western regions from their last common ancestor at
around 91,000 years ago (Fig. 5); note that we did not estimate
a time of divergence between the western populations, given
the limited sample sizes of the W population (see Methods for
details). In all cases, estimates of the ancestral population sizes
were larger than estimates for the current populations (Table 1).
Also note that although a model with migration fit the data
better than one without migration, estimated migration rates
were very low (e.g., <0.0003).

DISCUSSION

As with other taxa in northern latitudes (Rowe et al. 20006;
Garcia-FElfring et al. 2017; Kliitsch et al. 2017; Bi et al. 2019),
climatic changes structure patterns of genetic variation in
P. leucopus. Analyses of genomic data show that such effects
are not limited to a single event, but rather are consistent with
divergences that trace to the retreat of ice during glacial cycles
in the more distant past, as well as to the last glacial maximum
(Fig. 5). These findings support some of the previous studies
based on analyses of mtDNA or microsatellites (Baumgartner
and Hoffman 2019; Moscarella et al. 2019). However, genomic
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LP

Fig. 4.—Results from STRUCTURE analyses depicting the genetic structure with k = 3 groups, and the ancestry of the three groups represented
by three different colors. Individual admixture proportions show reduced differentiation among populations.

Towe= 91,217yrs
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Formation Tow= 4,895yrs

(2,752 55,072)

West E. E.

Fig. 5.—The best model of divergence estimated using FASTSIMCOAL?2, in which expansion populations in the east shared a more common
ancestor with the E,; population (i.e., the LP population), compared with a more distant ancestry with western populations (as opposed to a single
colonization route from the W, population). Arrows indicate the presence of migration among populations.
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Table 1.—ML estimates of model parameters for the best fit model (see Fig. 5) estimated with migration across 40 runs in FASTSIMCOALZ2.
Specifically, the model that posits two colonization of the UP from an eastern and western source that shared a common ancestry over 91,000 years
(T,yy,)> compared with the more recent divergence, T, between the historical population from the LP (V) in the east with the £}, population
(N,); also shown are 95% confidence intervals in parentheses. Note that we did not estimate a time of divergence of the western populations (V)
given the limited sample sizes of the W, population (see methods for details). Divergence times are shown in years, assuming, 2.5 years per gen-

eration.

LOCi Nl (ﬁxed) TDIVI TDIVZ NANC2 NANCI NZ N3
1180 48,501 4,895 91,217 260,4676 123,981 1,976 36,227

(2,752-55,072) (10,834-246,077) (1,104-23,402) (19,367-92,129)

Table 2.—Composite likelihood [max In(L)], Akaike information criterion (AIC), and AAIC for each of the tested demographic models for
Peromyscus leucopus; the best model is shown in bold (see Table 1 for parameter estimates). The histories were chosen based on the demographic

results previously showed.

Model MaxIn(L) n.param AIC AAIC
Two colonization sources -3,438.554 6 6,889.108 673.954
Two colonization sources with migration -3,095.577 12 6,215.154 0
Single colonization source -3,497.217 6 7,006.434 791.28
Single colonization source with migration -3,143.563 12 6,311.126 95.972

analyses suggest a more nuanced history for the white-footed
mouse than previously recognized. Specifically, with the res-
olution provided by thousands of genomic loci and a formal
statistical evaluation of alternative hypotheses, the proposal of
a single ancestral source for UP populations derived from the
west, as was suggested by previous studies based on mtDNA
(Rowe et al. 2006; Moscarella et al. 2019), is not supported;
nor do the genomic data indicate a lack of any population dif-
ferentiation among UP populations, as inferred from analyses
of microsatellites (Baumgartner and Hoffman 2019). Instead,
the genomic data support a postglacial colonization of the UP
from two different ancestral sources. This includes a shared an-
cestry of the LP population (£}) and the eastern populations
that expanded into the UP (E), as well as a shared ancestry be-
tween the western populations (i.e., W, and W,). The genomic
makeup of individuals also highlights their shared common an-
cestry (Fig. 4), as well as a distinct ancestry of western versus
eastern populations.

The divergence separating the eastern population in the
LP (E,) and western populations in the UP (W, and W) is
older than the divergence between the LP (E,) and E_ popu-
lations; however, it is still recent (occurring within the last
100,000 years; Fig. 5). These recent divergence estimates are
consistent with the large amounts of shared ancestry among all
the populations (Fig. 4); if such divergences occurred in the
distant past, it is unlikely that the ancestral genetic variation
would still be shared among individuals from different popu-
lations (Edwards and Beerli 2000). These divergence times
are also considerably older than the expansion history docu-
mented by historical museum collections and faunal surveys
(Myers et al. 2009). As such, the genomic data do not support
the hypothesis that the UP populations were founded recently
by P. leucopus, in contrast with the results of recent trapping
efforts. Likewise, although the genetic diversity among the
UP populations (W, W, and E) was lower than the diversity

within the LP population (E,; see Fig. 2), evidence for an ex-
treme bottleneck associated with the founding of the UP popu-
lations is lacking. Nevertheless, the genetic makeup of the LP
population (E,) is more similar to the geographically more dis-
tant W, population than to the £}, and W expansion populations
(Fig. 3). This suggests that there may have been a shift in the
genetic variants (i.e., drift-induced genetic changes) associated
with the expanded populations. However, this shift is not suffi-
cient to erase a pattern of common ancestry of each expanded
population with its respective historical population, since a
small fraction of their genetic makeup reflects the contribution
of a common regional ancestral source (Fig. 4).

It may be tempting to interpret the patterns of similar genetic
makeup among populations in the UP and LP as reflecting large
amounts of gene flow. As an ecological generalist, P. leucopus
appears to have a considerable dispersal capacity relative to
its body size. For example, the distance of natal dispersal in
P. leucopus is known to vary from a few hundred meters to
almost one kilometer (Krohne et al. 1984; Gaitan and Millien
2016), and the shift in distribution to the UP represents a range
expansion on the order of 250 km. Moreover, unlike the ex-
panding distribution of P. leucopus, field surveys suggest that
the distribution of its close relative P. maniculatus gracilis has
remained historically stable (at least based on faunal surveys)
since its postglacial colonization of the UP (Myers et al. 2009).
However, there are several aspects of the analysis that make it
more likely that the shared genetic makeup of individuals re-
flects the sorting of ancestral variation from common ancestors,
rather than dispersal per se. First, there is no support for isola-
tion by distance (Supplementary Data SD6). Second, the distri-
bution of individuals from the UP expansion populations (W,
and E;) does not overlap with the genomic space of the histor-
ical LP population (E ), as defined by the PCA of genetic var-
iation (Fig. 3). This does not mean the populations are entirely
isolated. For example, the best fit model to the data includes
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migration among the populations (Table 2), and the greater ge-
netic diversity of the E relative to the W,, and W, populations
(Fig. 2) may reflect the contribution of genetic variants from
these populations, in addition to variation from E,,. Moreover,
aside from the shared ancestral variation common to all indi-
viduals (Fig. 4), there are portions of the genetic makeup of
eastern (Ey) versus western (W) expansion populations that
are shared with the W and E populations, respectively, but
are nonetheless distinct between the two expansion populations
(i.e., K =3, Fig. 4). Such a genetic signature is inconsistent with
a hypothesis of widespread and high levels of gene flow, which
would have homogenized genetic variation across individuals,
erasing the genetic distinctions among populations (Fig. 3).

An open question regarding the expanding range of
P. leucopus in the UP of Michigan is whether it reflects en-
vironmental tracking versus rapid adaptive change. The same
populations studied here genetically are morphologically var-
iable (based on analyses of the skull and mandible); however,
that morphological variation is not geographically structured
(Baumgartner and Hoffman 2019). Instead, there is consider-
able overlap in morphological variation between populations,
suggesting a plastic response to local environmental condi-
tions. In addition, analysis of epigenetic variation in the same
populations studied here is not consistent with a compensatory
hypothesis in which there are genetic constraints imposed on
expanding populations that might be alleviated by epigenetic
variation (unpublished data), which suggests that the genetic
variants available in the genome of the ancestral population
may be sufficient to accommodate any differences in the en-
vironment in the UP. Together, the tangential evidence from
analyses of morphology and epigenetics suggests that the ex-
pansion of P. leucopus reflects environmental tracking. Formal
testing of this hypothesis in P. leucopus will require additional
sampling of populations across both the ancestral and expanded
distribution in order to identify direct evidence of environ-
mental tracking (see Massatti and Knowles 2020).

Finally, the divergence time of the ancestors giving rise to the
western populations (Wisconsin) and eastern (LP of Michigan)
populations (291,000 years ago) is older than previous esti-
mates for the split between these western and eastern lineages
based on mitochondrial data (234,000 years ago; Moscarella
et al. 2019). The difference in estimated dates likely reflects
the fact that divergence times were estimated from the genomic
data, but not from the mtDNA, using a model to accommodate
the possibility of migration. Irrespective of the different esti-
mated divergence times, both mtDNA and genomic data sets in-
dicate that there was a historical substructure in P. leucopus that
predates the formation of Lake Michigan about 13,000 years
ago (Holman 2001).

In contrast, the genetic differentiation detected here be-
tween the eastern LP (E;) and UP (E,) populations that dates
to 4,800 years ago is consistent with the retreat of glacial ice
and the closing of the land connection between the LP and UP,
due to the formation of the Straits of Mackinac, which con-
nect Lake Huron and Lake Michigan (Holman 2001). The cur-
rent physical separation of the UP and LP populations by Lake

Michigan and Lake Huron appears to be playing an ongoing
role in the genetic differentiation between the UP and LP popu-
lations, since genetic variation between these populations has
not been homogenized by gene flow (Fig. 3). The possibility
of human-mediated dispersal suggested by Moscarella et al.
(2019) is contradicted by the genetic dissimilarity between ge-
ographically proximate populations in the northern LP and the
eastern UP (Fig. 3).

Several scenarios may reconcile the historical museum re-
cords and field surveys of expansion (and/or human mediated
dispersal) with what appears to be a longer history of occupancy
of the eastern UP by P. leucopus, as suggested by the genomic
data. Survey data admittedly only provide a minimum estimate
for expansion, so it is theoretically possible, even though ex-
tremely unlikely given a history of intensive surveying, that
long-term populations of P. leucopus in the UP simply went
undetected. Furthermore, it is also possible that the expansion
into the UP was not homogeneous, such that the areas previ-
ously surveyed (Myers et al. 2009) did lack P. leucopus until
very recently, and these areas were colonized by other popu-
lations in the UP that had been more stable. Alternatively, the
difference in the time of colonization might not reflect the lim-
itations of the survey data. For example, if populations within
the LP have been historically differentiated, and if the eastern
UP population studied here (E,) was founded from a different
LP ancestral population than the one sampled here (i.e., E,),
the older divergence between the LP and eastern UP population
E, (Fig. 4) could reflect this ancestral substructure. In this sce-
nario, it is possible that the £, may have indeed been colonized
recently, as suggested by the faunal surveys. However, without
additional evidence of substructure in the LP, which would re-
quire the sampling of additional populations (and is beyond the
scope of this study), this hypothesis cannot be tested.

Irrespective of which of these alternative explanations is cor-
rect, this study is another example of how genetic studies raise
alternative hypotheses that are beyond the scope of contempo-
rary data based on field surveys (see Biek et al. 2006). Given
that there is geological evidence to support routes of coloni-
zation from the LP to the UP, and the support of the genomic
data for hypothesized historical postglacial expansion, the most
pertinent question may be: why do not the genomic data corre-
spond to what faunal surveys suggest about the expansion his-
tory of P. leucopus? Our findings are consistent with the many
examples of shifts in distribution coinciding with climatic shifts
that are associated with the last glacial maximum (Carstens and
Knowles 2007; Shafer et al. 2010; Fasanella et al. 2013; Ortego
et al. 2015; Gonzdlez-Wevar et al. 2016). However, there are
certainly cases where the shifts in distribution of species docu-
mented in field surveys are supported by genetic analyses (e.g.,
the Grinnell surveys of elevational shifts in California mammal
communities; see Moritz et al. 2008). Given the association of
P. leucopus with specific forest habitats (which includes data
from other parts of its range not studied here; Baumgartner
2017) and the regional environment of the UP, a hypothesis
of historical postglacial expansion into the UP was not simply
overlooked. Such a hypothesis is inconsistent with ecological
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information about this species. At this point, given that we do
not have evidence of a general correspondence between his-
torical faunal surveys in P. leucopus and genomic estimates of
divergence, there is a clear conundrum that remains to be re-
solved. Only with future investigations that include more popu-
lations can we test whether the divergence between the LP and
the UP (and in particular, E;) estimated here represents a dif-
ferent geographic configuration.

In conclusion, the expansion of P. leucopus into the UP has
indeed occurred recently. However, genomic data identifies ge-
netic divergences between the LP and UP that coincide with the
retreat of ice during the last glacial maximum and the formation
of the Great Lakes, rather than with recent climatic warming, as
was suggested from previous studies based upon historical mu-
seum records and field surveys. Genomic data from additional
populations will be needed to evaluate whether these differences
between ecological and genomic data might be reconciled by
a different model of colonization: specifically, could the diver-
gence observed between the LP (£ ) and eastern UP (E) actually
predate the colonization of the eastern UP? Within the UP itself,
we find evidence of separate ancestral sources (i.e., eastern and
western sources) that trace their common ancestry to a popula-
tion that predates the formation of the Great Lakes, corroborating
evidence based on mtDNA (Moscarella et al. 2019). These re-
sults highlight the need for integration of genomic data with field
surveys, in order to test hypotheses about ecological range ex-
pansions due to recent contemporary climate change versus alter-
native hypotheses such as historical postglacial range expansion.
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