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Temperate species experienced dramatic range reductions during
the Last Glacial Maximum, yet refugial populations from which
modern populations are descended have never been precisely located.
Climate-based models identify only broad areas of potential habitat,
traditional phylogeographic studies provide poor spatial resolution,
and pollen records for temperate forest communities are difficult to
interpret and do not provide species-level taxonomic resolution. Here
we harness signals of range expansion from large genomic datasets,
using a simulation-based framework to infer the precise latitude and
longitude of glacial refugia in two widespread, codistributed hickories
(Carya spp.) and to quantify uncertainty in these estimates. We show
that one species likely expanded from close to ice sheet margins near
the site of a previously described macrofossil for the genus, highlight-
ing support for the controversial notion of northern microrefugia. In
contrast, the expansion origin inferred for the second species is com-
patible with classic hypotheses of distant displacement into southern
refugia. Our statistically rigorous, powerful approach demonstrates
how refugia can be located from genomic data with high precision
and accuracy, addressing fundamental questions about long-term
responses to changing climates and providing statistical insight
into longstanding questions that have previously been addressed
primarily qualitatively.

approximate Bayesian computation | eastern North America | glacial
refugia | microrefugia | temperate trees

Locations in which temperate taxa from eastern North America
might have persisted during the dramatic climatic changes of the

Last Glacial Maximum (LGM; ca. 21.5 ka) (1) remain largely un-
known, even though there is no question that temperate species
across the globe have repeatedly experienced major range shifts in
response to Pleistocene glacial cycles (2–4). Identifying the loca-
tions of glacial refugia has been a focus of many phylogeographic
studies, in part because of the importance of refugial histories for
explaining contemporary population genetic structures (5), defining
regions of long-term conservation priority (6), predicting migration
capacity given future climate change (7), and inferring how dis-
persal limitation has impacted extinction rates and species richness
patterns (8, 9).
Numerous refugial regions have been proposed in eastern North

America, including the Gulf and Atlantic Coastal Plains, the Lower
Mississippi River Valley, the Southern Appalachians, peninsular
Florida, and central Texas (10–14), and opinions on the extent of
such refugia vary widely. For example, proposals for some species
include widespread distributions throughout unglaciated eastern
North America during the LGM (15–17), some of which include
areas not far from the southern edge of the Laurentide Ice Sheet (18).
Moreover, most pollen assemblages across this region suggest non-
analog conifer-dominated communities with only trace to low levels of
temperate deciduous tree pollen or communities with species char-
acteristic of more open vegetation (1, 15, 19, 20), fueling the ongoing
debate about the nature of glacial refugia for temperate taxa.
Likewise, the discovery of macrofossils of several mesic cool-

temperate deciduous taxa in the northern Lower Mississippi
River Valley (ca. 35°N) (1, 21) suggests that some species might

have survived in localized microrefugia. Microrefugia are sites in
which unusual local microclimates may have allowed persistence
of isolated populations within a broader region of generally in-
hospitable climate (22–26). However, the dominance of Picea,
Larix, and other boreal taxa in regional pollen assemblages (1,
19) implies that such microrefugia would have supported only a
select set of temperate species. Although regional climates were
cold and dry, some local sites along the edge of the valley likely
had a cool, humid climate, possibly due to frequent fogs that
transported moisture from nearby glacial meltwater (21, 27).
However, even if some species might have been able to survive in
these microrefugia given their ecological characteristics and
specific habitat affinity, it is not clear whether these microrefugia
persisted throughout the entire LGM, and, consequently, whether
they were likely sources of postglacial recolonization. In other words,
even if cool, mesic microsites along the northern Lower Mississippi
River Valley may have in theory provided opportunities for
persistence of temperate species adapted to such conditions,
whether they were actually a source of expansion of species that
now populate previously glaciated regions is far from clear. As such,
classical views of displacement to more distant, southern geographic
regions may still be most likely for many taxa (3, 4, 13, 28).
Here we address this debate by using genomic data to infer the

actual latitude and longitude of postglacial range expansion in
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ulation persistence under different climatic conditions and
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two broadly distributed hickory species: bitternut hickory, Carya
cordiformis (Wangenh.) K. Koch, (Juglandaceae) and shagbark
hickory, Carya ovata, (Mill.) K. Koch from eastern North America.
Although they are codistributed, the species differ in their respective
habitat affinities, with C. cordiformis found predominantly in mesic
sites and bottomlands, whereas C. ovata is more abundant on dry
sites in upland habitats (29–31). Leveraging the resolution of geno-
mic data, combined with analytical advances for estimating the lati-
tude and longitude from which range expansion was initiated and
quantifying statistical uncertainty in these estimates, our work tackles
classic questions about the nature of population persistence under
different climatic conditions and demonstrates how genomic data
can provide statistical insight into controversial historical scenarios.

Results and Discussion
Locating Geographic Coordinates of Refugia with Genomic Data. The
ability to extract detailed spatial and demographic information
about range expansion from population genomic data (32) pro-
vides a powerful, statistically rigorous means of identifying the
geographic coordinates of glacial refugia from which range ex-
pansion proceeded when species were displaced by changing
climatic conditions. Here we infer different expansion origins for
the two codistributed hickory species and show the inferred or-
igins to be both precisely and accurately estimated.
To estimate the geographic expansion origins of each hickory

species, we used an approximate Bayesian computation (ABC)
framework (33) in which the latitude and longitude of the ex-
pansion origin is a model parameter (32) estimated by comparing

empirical genetic summary statistics to summary statistics gener-
ated from spatially explicit demographic and coalescent simula-
tions initiated from a broad geographic prior for different potential
origins of population expansion (Fig. 1 and Table 1). Because it is
not necessary to define specific refugial scenarios to test a priori
(e.g., refs. 34 and 35), expansion origins can be identified de novo
and independently from alternative sources of inference, such as the
fossil record, which may then serve as a source of corroboration. For
example, our genomic results for C. cordiformis (Fig. 2A) converge
with independent macrofossil evidence (1, 21) in identifying a likely
location of microrefugia for mesic cool-temperate deciduous
trees. Specifically, the latitude and longitude of the estimated
expansion origin (Ω) for C. cordiformis was located near the
confluence of the Mississippi and Ohio Rivers (37.3°N, 89.1°W),
with high-likelihood areas covering the northern Lower Mis-
sissippi River Valley (Fig. 2A). This inferred origin close to the
LGM ice sheet margin is consistent with controversial proposals
for expansion from microrefugia and with macrofossil evidence
of the presence of some mesic cool-temperate deciduous trees in
this region (1, 21). In contrast, for C. ovata, the expansion
origin corresponds to more traditional proposals of a southern
refuge, in this case in central Mississippi in the eastern Gulf
Coastal Plain (32.2°N, 89.1°W), with high-likelihood areas cov-
ering most of Alabama, Mississippi, and southeastern Louisiana
(Fig. 2B).
In addition to being corroborated by independent data, our re-

sults are strongly statistically supported, with clearly distinguished
regions that differ in their relative likelihoods of serving as the
expansion origin (Fig. 2), low errors associated with the estimated
expansion origin overall (Fig. 3), and a low probability that the ex-
pansion origin was misidentified given our specific empirical data-
sets (SI Appendix, Fig. S8). Comparisons of prior and posterior
distributions show that demographic model parameters were mostly
estimated with good precision (e.g., the per deme maximum car-
rying capacity, Kmax, and migration rate, m), with the exception of
the ancestral population size, Nanc (SI Appendix, Fig. S4). Latitude
and longitude were also estimated with good precision (SI Appen-
dix, Fig. S5), although estimates of these variables considered in
isolation should be interpreted with caution due to the 2D nature of
the simulations; the kernel density of retained simulations provides
a more powerful approach to their joint inference (Fig. 2).
A set of complementary power analyses validated the accuracy

of our estimates, which are based on analysis of >1,000 SNPs in
approximately 150 individuals from across each species’ range
(36). Specifically, the average error in estimating the expansion
origin from pseudo-observed datasets (PODs) simulated with
known expansion origins (Fig. 3) was low in both species (C.
cordiformis: median, 250 km; mean, 338 km; C. ovata: median,
325 km; mean, 421 km). Likewise, it is highly unlikely that the
empirical expansion origins estimated for each species would have
been incorrectly inferred if the true expansion were actually from
another geographic region (SI Appendix, Fig. S8). The only region
with a high average error is located in the Bahamas and southern
Florida far from the inferred expansion origin coordinates (Fig. 3),

Fig. 1. Schematic overview of demographic simulations. (A) Simulations
were initiated in the LGM landscape (shown here for C. cordiformis) from a
central deme (see red dot as an example) plus an area extending three ad-
ditional demes (black dots) in all directions. Different geographic sources of
expansion were modeled as selected from a uniform geographic prior (red
rectangle). Per deme carrying capacities were scaled relative to maximum
carrying capacity (Kmax) according to habitat suitability from an SDM. (B)
Individuals were allowed to colonize the landscape with relative carrying
capacities shifting from the LGM to present.

Table 1. Priors on model parameters

Parameter Description Distribution Minimum Maximum

Latitude Latitude of Ω (°) Uniform 25 39
Longitude Longitude of Ω (°) Uniform −103 −74
Nanc Ancestral population size before initiating expansion (number

of individuals)
Log-uniform 103.3 105.0

Kmax Maximum carrying capacity of a deme (number of individuals) Log-uniform 103.3 105.0

m Migration rate between neighboring demes (proportion of
individuals migrating per generation)

Log-uniform 10−2.0 10−0.3

The same priors were used in both species.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1901656116 Bemmels et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901656116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901656116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901656116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901656116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901656116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1901656116


and only C. ovata has a low probability of failure to detect true
expansion from this region (SI Appendix, Fig. S8D), which most
likely reflects the high overall error for this region, given that it is
not hypothesized to be an expansion source for cool-temperate
trees (1, 11, 13). Importantly, however, it is particularly unlikely
for C. cordiformis that a northern expansion origin would be
inferred, given expansion from a southern source (SI Appendix, Fig.
S8 A and B), providing further confidence in the inferred existence
of putative microrefugia in this region (1, 21).
Our analyses also show that our models are capable of gen-

erating data consistent with aspects of the empirical data in both
species. Specifically, we estimated Wegmann’s P value, defined
as the proportion of retained simulations with a smaller likelihood
than that of the empirical data (37). Wegmann’s P value was high
(0.86 for C. cordiformis and 1.0 for C. ovata), suggesting that the
models were able to generate simulated datasets that closely matched
the empirical data in terms of the summary statistics we used. Direct
comparison of the empirical, simulated, and retained summary
statistics also suggests that the retained simulations closely matched

the empirical data (SI Appendix, Figs. S6 and S7). However, much
lower Wegmann’s P values for higher dimensions of the data (i.e.,
for principal component axes of variation in summary statistics
beyond those retained in the presented analysis; SI Appendix, Figs.
S2 and S3 and Table S3), suggest there are some aspects of our
datasets for which the models are a poor fit.
As with any model-based inference, our models contain a

number of simplifications that affect their scope of inference.
Previous analysis of the species (17) revealed no signatures of
multiple genetically isolated refugia in either species, except for
a genetically distinct Texas population of C. ovata. This pop-
ulation was not included here because ignoring its distinctive
phylogeographic history would invalidate any inference based on
allele frequency gradients arising due to range expansion from
the same ancestral population, which is the foundation of the
summary statistics that we used (32, 38). We expect that if ex-
pansion of the populations studied here had occurred from
multiple refugia or a broad, diffuse area, we might have obtained
results with high error or with signal of expansion from multiple

Fig. 2. Estimated expansion origins (Ω; red cross) in C. cordiformis (A) and C. ovata (B). The shading of pixels depicts a probability surface (kernel density)
showing the likelihood that each pixel served as the expansion origin relative to the pixel with the highest likelihood (i.e., Ω). Glaciated regions are shown in
blue. The results presented in A and B are based on retention of four and three PC axes of variation in genetic summary statistics, respectively. Results based
on retaining additional PC axes are presented in SI Appendix, Figs. S2 and S3.

Fig. 3. Mean error in expansion origins (Ω) estimated from PODs for C. cordiformis (A) and C. ovata (B). Colors of each pixel show the mean geographic distance
between the inferredΩ and the true expansion origin, when the true origin was located in that pixel. Mean errors of each pixel are calculated from a total of 10 PODs.
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regions, yet we obtained a strong signal for a high likelihood of
expansion from a single, geographically well-defined region (Fig. 2).
It is also worth considering whether the inferred expansion

origins can be confidently dated to the LGM. If range-wide genetic
structure in the empirical dataset corresponds to events that oc-
curred during a different time period, this would confound infer-
ences based on comparisons with simulations initiated during the
LGM. However, previous analysis found no evidence of genetic
structure that likely predates the LGM (17). The divergence of the
genetically distinct Texas population of C. ovata may be an ex-
ception, but as noted, its distinctive history is separate from and
thus not part of the expansion origins estimated here. Demographic
events that occurred more recently than postglacial expansion could
affect local populations but would not be expected to fundamen-
tally alter range-wide genetic structure. Likewise, high gene flow
could homogenize populations and erode expansion signals over
time, yet the empirical data retain clear expansion signals (SI Ap-
pendix, Tables S1 and S2).
In addition, we note that X-ORIGIN predicts the origin of

lineages that genetically contributed to postglacial recolonization
(32), not the complete LGM geographic distribution of the en-
tire species, as with inferences based on ecological niche models
(e.g., ref. 17). Additional populations that made little or no
contribution to postglacial expansion may have existed in areas
identified as having a low likelihood of serving as the expansion
origin. For example, some southern populations of C. cordiformis
(SI Appendix, Fig. S1A) may have persisted since the LGM, and
the genetic distinctiveness of the excluded Texas population of
C. ovata (17) strongly suggests that C. ovata was also present west
of the Mississippi River. In this sense, our models do not capture
the entire LGM and postglacial history of either species. Our
models are also unable to generate data consistent with the
higher dimensions of the observed data (SI Appendix, Table S3),
which may reflect the effects of locally distributed alleles in the
empirical data that are found at high frequency only in a few
populations, or the effects of unusual patterns of gene flow be-
tween particular populations, which our range-wide models are
not designed to accommodate.
Nevertheless, even though our models admittedly do not

capture the entire LGM and postglacial history of the species,
our results provide strong statistical support for specific geo-
graphic locations of glacial refugia that served as expansion or-
igins in both species, which we were able to corroborate with
independent fossil evidence (C. cordiformis) and compare with
previous phylogeographic knowledge from other species (C.
ovata). As such, our approach highlights the power of harnessing
signals from genomic data to infer the locations of postglacial
range expansion, either to test hypotheses from the fossil record
and climate change models or to identify refugia de novo for taxa
lacking detailed species-specific knowledge.

Ecology Impacts Where Species Persist. The identification of the
northern Lower Mississippi River Valley as the likely expansion
origin in C. cordiformis with high statistical support provides
some of the strongest genetic evidence to date that northern
microrefugia, in addition to or instead of classic southern
refugial areas, played a role in the LGM survival and postglacial
recolonization of some temperate tree species (22, 24–26, 39).
Given the dominance of boreal species in the cold, dry climates
of this region during the LGM (1, 19, 21), regional climates were
unlikely to have been generally suitable for survival of C. cordi-
formis (Fig. 1) (17) and other temperate species. Evidence of
expansion from this region therefore suggests survival in local-
ized habitats best characterized as microrefugia (26). However,
the widespread presence of nonanalog communities in eastern
North America during the LGM (1, 20) has complicated efforts
to understand community-level responses to Pleistocene glacia-
tion. In particular, the extent to which codistributed species

shared glacial refugia remains unknown. Although our results
provide strong evidence that northern microrefugia existed for
some temperate deciduous trees, including C. cordiformis, these
microrefugia may have been occupied by only a subset of species
adapted to local microhabitats. In particular, the inferred ex-
pansion origin for C. ovata in the eastern Gulf Coastal Plain (Fig.
2)—a region previously proposed as a general glacial refugium
for many temperate taxa (11, 13) and predicted to have con-
tained suitable regional-scale climates for C. ovata (17)—is
compatible with classic phylogeographic paradigms of displace-
ment far from the edges of continental ice sheets.
The different refugial histories inferred for these two codis-

tributed species suggest that contemporary regional communities
may have been assembled from populations from diverse geo-
graphic sources. The ability of relict populations to persist in
local areas during periods of climate change is affected by a
variety of abiotic and biotic constraints (39), and species differing
in such traits as habitat affinity and dispersal ability often exhibit
different phylogeographic patterns and population genetic
structure (34, 40–42). Here, consideration of the specific habitat
affinities of C. cordiformis and C. ovata compared with the local
microhabitats that likely existed in the northern Lower Mississippi
River Valley during the LGM may explain why different refugia
were inferred. Specifically, the putatively cool, moist microclimates
along the edge of the valley (21) were likely suitable for survival of
the mesic, primarily bottomland species C. cordiformis (30, 31) but
might have been less favorable for the persistence of C. ovata than
drier, upland areas (29, 31) that may have existed in the low hills
and rolling plains of the eastern Gulf Coastal Plain.
Although the phylogeographic histories of species with dif-

fering ecological requirements may be nonconcordant, are any
patterns generalizable across taxa? Interestingly, we note an
emerging pattern in which tree species hypothesized to have
persisted in northern regions are often adapted to mesic or
wetter microsites. In both eastern North America and Europe,
northern persistence has been inferred for various mesic trees
and shrubs [e.g., C. cordiformis (this study), Dirca palustris (43),
Fagus grandifolia (18), Fagus sylvatica (44–46)] and habitat gen-
eralists [e.g., Acer rubrum (18); Quercus rubra (16)], but not for
species adapted to drier microhabitats. It is possible that cool,
moist, sheltered microclimates may have been more common near
the margins of continental ice sheets than warm, dry, upland
microsites, but given that the potential for northern mircorefugia
has been explicitly investigated in only a handful of tree species,
further research, especially in dry-adapted taxa, is needed.

Conclusions. Our analyses demonstrate a powerful approach to
addressing pressing, unresolved questions about the nature of
population persistence under different climatic conditions. The
phylogeographic history of temperate tree taxa has been at the
center of this debate because of enigmatic aspects of the pollen
record for temperate trees. In particular, we have used genetic
data to estimate the actual latitude and longitude from which the
range expansion of plant taxa was initiated and to quantify rel-
ative statistical support for these estimates, as opposed to relying
on pollen data, projections from distributional models, or quali-
tative interpretation of genetic structure. Our results corroborate
both classic refugial hypotheses and more controversial proposals
concerning the existence of northern microrefugia by showing that
even species that are codistributed today may have substantially dif-
fering histories as a function of differences in their ecology. Our work
points to the utility of population genomic data to resolve long-
standing questions in other, ecologically divergent taxa from eastern
North America and in taxa from other regions of the world where
phylogeographic narratives concerning the regional biota are in flux
(2, 4, 25, 28).
Finally, increasing evidence of expansion out of northern micro-

refugia suggests that conventional wisdom about management of
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genetic diversity may need to be revised. Northern populations that
were recently recolonized are often thought to be unimportant for
conservation of genetic diversity and long-term species survival
relative to southern populations that are believed to be reservoirs of
unique genetic diversity (6, 47). However, especially in eastern
North America, where genetic diversity of temperate trees does not
typically decline with increasing latitude (17, 48), midlatitude re-
gions that potentially harbored microrefugia, such as the northern
Lower Mississippi River Valley, may be equally important reser-
voirs of genetic diversity and long-term population stability and
ought to be additional areas of high conservation priority.

Materials and Methods
Study Species. C. cordiformis and C. ovata are widespread, wind-pollinated
and animal-dispersed trees native to the temperate deciduous forest biome
of eastern North America (SI Appendix, Fig. S1) (49). Both species inhabit a
range of different sites (29, 30); however, C. cordiformis is a more mesic
species common in fertile bottomlands, whereas C. ovata is more abundant
in dry, upland habitats (31). Carya fossil pollen from the LGM is broadly
distributed longitudinally across southeastern North America (1, 50), while
macrofossils are known from just two sites along the Lower Mississippi River
Valley (1, 21, 51). A lack of strong genetic structure characterizes both
species, except for a phylogeographic break between a single Texas pop-
ulation and all other populations of C. ovata (17), which suggests that both
species were fairly geographically widespread over southeastern North
America during the LGM. The Texas population of C. ovata was excluded
here because it likely has a separate history from the rest of the population
and did not make a major contribution to postglacial recolonization of the
study area (17); ignoring phylogeographic breaks within the species to infer
a single expansion history for the entire species would invalidate any in-
ference based on allele frequency gradients (32, 38).

Empirical Genetic Data. Previously published datasets of putatively unlinked
SNPs identified without ascertainment bias from double-digest restriction
site-associated DNA sequencing (17, 36) were obtained for both species. Pop-
ulations represented by fewer than five individuals per species were excluded
because they contain limited information on allele frequency differences
among populations. The minimumminor allele frequency was set to 3.3% (17).
This resulted in final datasets of 1,046 SNPs from 20 populations (168 individ-
uals total) for C. cordiformis and 1,018 SNPs from 17 populations (148 indi-
viduals) for C. ovata, with an overall genotyping rate of 88% in both species.
The high precision and accuracy inherent in our power analyses (Fig. 3 and SI
Appendix, Fig. S8) indicates that 1,000 SNPs was an adequate number for dis-
tinguishing among scenarios. Details of SNP discovery and filtering are provided
in SI Appendix.

Demographic and Coalescent Simulations. The X-ORIGIN pipeline (32) was
used to conduct demographic and coalescent simulations and to estimate
the expansion origin of each species. The key components of X-ORIGIN are
to (i) simulate a spatially explicit demographic model of population ex-
pansion, with carrying capacities of demes and migration rates scaled rela-
tive to habitat suitability from species distribution models (SDMs); (ii) to
simulate genetic data for each set of simulated demographic conditions (i.e.,
different carrying capacities and migration rates) under a spatially explicit
coalescent model; and (iii) to use summary statistics and ABC to estimate
model parameters from the empirical genetic data, including the latitude
and longitude of population expansion (Ω). We describe key details here; a
complete overview of the pipeline is provided elsewhere (32).

To generate the dynamic landscapes required for demographic simula-
tions (Fig. 1), previously published SDMs (17) (Datasets S1–S4) were con-
verted into downscaled raster landscapes at 25-arcmin resolution (∼46.3 km)
with 10 habitat-suitability bins for the LGM and current time period. The
landscape for the intermediate time period was generated by averaging
carrying capacities during the LGM and current time period, as described
previously (52). All unglaciated areas with zero habitat suitability in the LGM
landscape were converted to the lowest nonzero habitat-suitability bin, so
that it was possible to initiate simulations from regions that may have
contained climatic microrefugia. A broad, uniform prior on the latitude and
longitude of range expansion was chosen (Fig. 1 and Table 1), because SDMs
predicted a wide area to have contained potentially suitable habitat for
both species during the LGM (Fig. 1).

For each species, 106 time-forward demographic simulations were gen-
erated in SPLATCHE2 (53) and were initiated from a source population with

latitude and longitude of the central deme chosen from the geographic
prior using the X-ORIGIN pipeline (32). Initial source populations extended
three additional demes in all directions beyond the central deme, to avoid
enforcing a genetic bottleneck by collapsing individuals into a single deme.
This created an initial area of expansion seven demes wide (175 arcmin, or
∼324 km; Fig. 1). Simulations were initiated at 21.5 ka, and individuals were
allowed to colonize the landscape according to the carrying capacity of each
deme (K; scaled relative to Kmax based on habitat suitability of the dynamic
SDM) and the proportional migration rate among neighboring demes (m).
Priors on Kmax and m followed a log-uniform distribution (Table 1) and were
selected to ensure full recolonization of the species range within the time
frame of the simulation, but not so rapidly as to allow nearly instantaneous
recolonization after the onset of the simulation (an extremely unlikely sce-
nario). Habitat suitability maps representing the LGM, intermediate time
period, and current conditions were each successively used for one-third of
the total generations (52). Generation time was 50 y, corresponding roughly
to the minimum time to reach peak reproductive age (29, 30).

After the demographic portion of each simulation, genetic data were
simulated to match the format of the empirical data. Input parameters to
SPLATCHE2 specified that the same number of SNPs as in the empirical data
should be simulated, along with the same number of individuals per pop-
ulation and same geographic locations of populations. Coalescent genetic
simulations were performed with the ancestry of alleles traced from the
present backward to the initial demes at 21.5 ka. At this time, all initial demes
were collapsed into a single ancestral source population of size Nanc (following
a log-uniform prior; Table 1) in which all alleles were allowed to coalesce. The
SNP mutation model in SPLATCHE2 was used to generate genotypes for each
individual according to the simulated pattern of coalescence, with a minimum
minor allele frequency fixed at 3.3% to match that of the empirical data (17).

Estimating the Expansion Origin. Spatial summary statistics (population pair-
wise directionality index, Ψ, and pairwise FST) (32) were generated for both
the empirical data (SI Appendix, Tables S1 and S2) and all simulated datasets
in Arlequin v.3.5 (54) using scripts provided with X-ORIGIN. The directionality
index (Ψ) is a statistic used the infer the direction of range expansion be-
tween two populations based on allele frequency gradients that arise due to
genetic drift during expansion (38). For the purpose of calculating pairwise
Ψ (38) in the empirical data, ancestral alleles for each SNP were defined by
the allele with the highest frequency in populations from areas predicted by
the SDMs to have contained suitable habitat during the LGM. Principal
component (PC) analysis was performed on all pairwise summary statistics (Ψ
and FST) to reduce the dimensionality of the summary statistic datasets while
still retaining information about the majority of variation in the simulated
data. An optimization based on Wegmann’s P values was used to select the
optimal number of PC axes to retain (see below for details).

ABC (35) was used to compare empirical and simulated summary statistics
and infer the latitude and longitude of population expansion (Ω) and other
demographic parameters. The 5,000 simulations (0.5%) with transformed PCs of
summary statistics most closely matching the empirical data were retained using
ABCtoolbox (37). A 2D kernel density of the expansion origin was calculated
from the retained simulations using scripts provided with X-ORIGIN, except that
we applied a log10 transformation to the default weighting values for each
simulation (based on distance between the empirical and simulated datasets)
before calculating the kernel density, to reduce the effect of a few extreme
outliers with very small distances. Posterior distributions of other model pa-
rameters (Kmax, Nanc, m) were estimated from the retained simulations using
ABC-generalized linear model adjustment (55) implemented in ABCtoolbox (37).

To determine howwell themodels are able to generate the observed data,
we calculated Wegmann’s P value (37), which is the proportion of retained
simulations with a smaller likelihood than that of the empirical data based
on the transformed PCs of spatial summary statistics (Ψ and FST). Small P
values indicate that a model is unable to generate the observed data (37).
We also examined Wegmann’s P values across different numbers of retained
PC axes for spatial summary statistics, to determine the optimal number of
PC axes to retain for estimating the expansion origin and other model pa-
rameters. Based on this optimization, we retained four PC axes in C. cordi-
formis that together explained 67.7% of the overall variation and three PC
axes in C. ovata that together explained 63.4% of the overall variation.

In addition, we calculated the average error in estimating the expansion
origin, by estimating this parameter from PODs with known expansion ori-
gins using the same estimation procedure as for the empirical data and a
subset of 5 × 105 simulations. Ten PODs were generated for each possible ex-
pansion origin, and the geographic distance between the inferred expansion
origin and the true expansion origin simulated for each POD was calculated
using the R package “geosphere” (56). We also used these PODs to test
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whether the estimated empirical expansion origins are likely to have been in-
correctly inferred, by plotting the true expansion origin of all PODs with an
inferred expansion origin matching the high-likelihood area estimated for the
empirical data (defined as all areas with a likelihood ≥0.5 relative to the highest
observed likelihood).

Data Accessibility Empirical genetic datasets (17) are available from Deep Blue
Data (DOI: 10.7302/Z2JS9NNG; ref. 36). Projected SDMs are provided in Datasets
S1–S4. Scripts for simulations and data analysis are distributed with X-
ORIGIN (32).
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