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ABSTRACT

Aim: Warmer range limits of species distributions offer a window into the ecological and evolutionary processes associated with
long-term warming, as they often harbour relicts of refugial populations from the last glaciation. However, warm-edge popu-
lations vary in their refugial, evolutionary, and climatic histories, complicating their use as models. Here, we characterise this
variation at the warmer range limit of the North American herb Campanula americana.

Location: Eastern North America.

Taxon: Campanula americana.

Methods: We evaluated the warmer range limit using species distribution model hindcasting, range-wide analyses of population
structure, effective migration, and phylogenetic relationships.

Results: Warm-edge populations vary in their refugial history; most are relicts of historic refugial populations (i.e., rear edge),
but some result from southward postglacial colonisation. Within the rear edge, populations exhibit pronounced genetic structure,
forming highly isolated clusters despite contiguous geography and only modest landscape barriers. Distinct rear-edge clusters
varied in climate history and gene flow among populations, with more southern populations experiencing greater habitat de-
cline, fragmentation and isolation. Finally, only rear-edge populations from northern refugial areas contributed to postglacial
range expansion.

Main Conclusions: Our study highlights the challenges of using warm-edge populations as ecological and evolutionary models
of response to climate change. Even in a geographically simple setting, warm-edge populations exhibit refugial, genetic, and
climatic heterogeneity. Characterising this variation is essential for accurately identifying rear-edge populations and inferring
their evolutionary history. Knowledge of the contribution of warm-edge populations to range-wide genetic variation is key when
considering how these populations may inform studies of adaptation to future climate change.

| Introduction how historical processes have shaped range limits (Davis and

Understanding how changes in climate affect species distri-
butions is a central challenge in ecology, evolution, biogeogra-
phy, and conservation (Aguirre-Liguori et al. 2021; Lenoir and
Svenning 2015; Nadeau and Urban 2019; Rubenstein et al. 2023;
Urban 2024). This challenge can be addressed by studying

Shaw 2001; de Lafontaine et al. 2018). In temperate regions,
Pleistocene glacial cycles repeatedly drove range contractions
into refugia at low latitudes and elevations during cold peri-
ods, followed by expansions out of refugia in periods of warm-
ing (G. Hewitt 2000; G. M. Hewitt 2004). Much of the current
range of temperate species thus reflects postglacial colonisation
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(“expanded range”) after the Last Glacial Maximum (LGM, ~20
kya; Hughes et al. 2013). Warmer range limits often harbour
populations that have been exposed to near continuous warm-
ing since the LGM, and are thus increasingly being used to
study ecological and evolutionary outcomes of warming (Perrier
et al. 2026; e.g., Masuda et al. 2023; Nielsen et al. 2024; Song
et al. 2021; Tavares et al. 2024). However, these populations may
vary in their refugial, evolutionary and climatic histories, both
among and within species, and this complexity is underappreci-
ated. Characterising this variation is key for using warmer range
limits as models of climate response.

Warmer range limits vary in whether they represent former
refugial populations. In temperate species, postglacial range
expansion generally occurred by tracking shifts in suitable hab-
itats, expanding from warmer refugia into areas that were pre-
viously too cold (G. Hewitt 2000; G. M. Hewitt 2004; Stewart
et al. 2009). Contemporary populations at warmer range limits
may thus represent descendants of historic refugial populations
that persisted more-or-less in place, and that have given rise
to populations in the expanded range. These descendants are
termed “rear-edge” populations (Hampe and Petit 2005). The
identity of rear-edge populations has often been assumed from
their geographic position at the warmer latitudinal or eleva-
tional limit (Perrier et al. 2026). However, warmer range limits
do not necessarily conform to these expectations and may in-
clude expansion populations (e.g., Bouchard et al. 2017; Korabek
et al. 2023; Willi et al. 2018). The assumption that warm-edge
populations represent a rear edge, i.e., ancestral and occurring
in refugia, must therefore be tested if they are to serve as models
of response to past climate change. Multiple lines of evidence
can be used to test this assumption. The location of refugia can
be inferred from species distribution model (SDM) hindcasting
or from available fossil and pollen records, while ancestry can
be inferred from phylogeographic analyses (Gavin et al. 2014).

Rear edges are also not uniform, even within a single species.
For example, temperate species may have multiple, geograph-
ically distinct rear edges, corresponding to separate refugia
isolated by major geographic barriers (e.g., Aradhya et al. 2017;
Assis et al. 2016; G. Hewitt 2000; Provan and Maggs 2011; Zeng
et al. 2015). Separate refugia create opportunities for indepen-
dent evolution and genetic divergence. For example, climate
history may vary among distinct rear edge regions. Refugia are
often thought to have relatively stable climates (Gavin et al. 2014;
e.g., Tzedakis et al. 2002), leading to long-term demographic
stability and high genetic diversity in rear-edge populations
(e.g., Erichsen et al. 2018; Neiva et al. 2020; Piotti et al. 2017).
However, the continuous warming since the LGM may result in
some rear-edge populations occurring in areas where suitable
habitats are rare and of poor quality (Vila-Cabrera et al. 2019),
leading to genetic signatures of demographic decline and long-
term isolation (e.g., Masuda et al. 2023; Sielezniew et al. 2015;
Song et al. 2021; Tavares et al. 2024). Last, long-term environ-
mental change at the rear edge may result in pronounced local
adaptation (Bontrager et al. 2021), with unique adaptations to
warming (e.g., Ghouil et al. 2020; Pelletier et al. 2023; Perrier,
Turner, and Galloway 2025). Understanding such heterogeneity
in evolutionary history is important as it affects the extent to
which inferences of vulnerability and adaptive potential of rear-
edge populations are broadly applicable under future warming.

Finally, the genetic contribution of rear-edge populations to the
expanded region of a species range may vary. Postglacial range
expansion carries the assumption that refugial populations are
ancestral to populations elsewhere in the range. By extension,
the genetic diversity in expanded portions of the range is ex-
pected to be a subset of that in refugial populations. However,
this may not always be the case. For example, expansion may
have had a limited origin, such as from populations at the colder
edge of refugia or from cryptic mid-range refugia (e.g., Bemmels
et al. 2019; Fernandez et al. 2021; Hantemirova et al. 2017; Lee-
Yaw et al. 2008; Rull 2009), with limited contribution from an-
cestors of populations that now form the rear edge (Hampe and
Petit 2005). Alternatively, in species with multiple rear edges,
some edges may contribute to expansion while others do not,
with variation linked to the presence of geographical barri-
ers. For example, in Europe, high mountain ranges (e.g., Alps,
Pyrenees) often divide refugia and expanded areas, limiting
recolonisation (G. M. Hewitt 2004; Korkmaz et al. 2014; Petit
et al. 2003). Evaluating the contribution of rear-edge populations
to postglacial expansion is important for understanding the ex-
tent to which the rear-edge’s genetic diversity, and therefore evo-
lutionary potential, may be shared with the rest of the range.

Characterising populations at warmer range limits is important
if we are to use them to understand response to past warming
and to predict change from current warming. In this study, we
explore the refugial, phylogeographic and climatic history of the
warmer range limit of the North American herb Campanula
americana. Specifically, we ask (1) Are populations at the warm
edge of the range ancestral and located in refugial habitats, in-
dicating rear-edge populations? (2) Does genetic complexity at
the rear edge suggest multiple evolutionarily distinct refugia?
(3) Are former refugial areas currently suitable habitats or have
they become marginal under past warming, and has this af-
fected genetic patterns at the rear edge? (4) What is the contri-
bution of rear-edge populations to postglacial range expansion?
We find that rear-edge populations can be highly heterogeneous
even in a fairly small and largely contiguous geographic area.
Our study provides a framework for evaluating and interpreting
the heterogeneity of warm-edge populations and for informing
our understanding of how to use them as models of species re-
sponses to environmental change.

2 | Materials and Methods
2.1 | Study System

Campanula americana is a monocarpic herb of open forests
found in the eastern USA across a broad climatic and geo-
graphic range, from the subtropical Gulf coast to the Great
Lakes, and from west of the Mississippi to the Appalachian
Mountains (Figure 1A). Populations belong to three geo-
graphically distinct genetic clades that diverged before the
LGM, ca. 0.7-7.0 mya (Barnard-Kubow et al. 2015), that are in
contact along the Appalachian Mountains (Lamb et al. 2024).
We focus on the larger “Western” clade, comprising most
populations of the species (~80%), and largely found at low
elevations (<600m) west of the Appalachian Mountains.
This clade is derived from the older “Appalachian” clade
whose distribution is limited to the mountains. The Western
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FIGURE1 | Climatic history of Campanula americana. Species distribution model (SDM) showing predicted habitat suitability during the pres-
ent (A) and the Last Glacial Maximum (B), with occurrences used to build the SDM as black dots. (C) Present-day (grey) and LGM (red) suitability,
and (D) present-day connectivity estimated for all occurrences used to build the SDM. Vertical dotted line represents the geographic separation be-

tween the rear edge (< 35°N) and the expanded range. Lines represent the significant model-predicted relationship between each estimate and pop-
ulation latitude, with the 95% confidence interval indicated as shading. In (C), the black arrow represents the threshold where present-day suitability

best matches presence and absence data. Test statistics reported in Table 1.

clade is characterised by a history of rapid postglacial col-
onisation with a mid-latitude origin estimated in eastern
Kentucky (Barnard-Kubow et al. 2015; Koski et al. 2019; Prior
et al. 2020). However, the phylogeography of the warmer
range edge is unclear.

We define the warmer edge of C. americana's Western clade as
roughly the lower latitudinal third of the range (below 35°N,

Perrier, Turner, and Galloway 2025). This area is characterised
by subtropical climates, with mild winters and rare freezing
events, in contrast to the temperate climate found through-
out the rest of the range. Warm-edge populations harbour
unique phenotypes, including populations that have lost the
vernalisation requirement for flowering (Perrier, Turner, and
Galloway 2025). Warm-edge populations broadly overlap with
refugial areas and contain chloroplast haplotypes that, while not
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TABLE1 | Test of variation in present-day and past habitat suitability and connectivity across the latitudinal range of Campanula americana.

Latitude
Dependent variable N Blinear B, quare Boubic x? R?
LGM suitability 763 -12.86 12.03 —4.02 56.08 ok 0.35
Present-day suitability 763 6.65 —14.24 — 33.55 ok 0.17
Present-day connectivity 763 1.67 —27.33 9.43 74.12 ok 0.30

Note: Dependent variables were tested assuming binomial distribution. Test statistics include the slope of the effect of latitude () estimated for the linear, square and,
if applicable, the cubic term (Table S2.1), the y? value, and the McFadden's pseudo-R? of each model.

##5p <0.001.

unique to this area, are ancestral to the clade (Barnard-Kubow
et al. 2015), suggesting these populations are the rear edge of the
species distribution.

2.2 | Species Distribution Model (SDM)

We created a SDM of populations in C. americana's Western
clade to identify potential glacial refugia though hindcast-
ing (Q1) and to assess how these habitats have changed under
postglacial warming (Q3). We first generated a SDM based on
contemporary climates using Random Forest with the package
ranger (Wright and Ziegler 2017) in R (R Core Team 2025). The
model was based on 763 occurrences obtained from iNaturalist
(Figure 1A, www.inaturalist.org), and a 30 year average of 19 bio-
climatic variables obtained from WorldClim 2.1 (1970-2000; Fick
and Hijmans 2017). See Appendix 1 Method S1.1 in Supporting
Information for details.

We used this SDM to develop a geographic projection of areas
likely to have suitable climates based on the climate of present-
day occurrences (WorldClim 2.1; Fick and Hijmans 2017).
Suitability is defined as the relative likelihood a species will be
present at a location based on the climate, and ranges from 0
(unsuitable) to 1 (suitable). We defined suitable habitat for C.
americana as areas with a model predicted suitability >0.51.
This value is the suitability threshold at which binarised SDM
predictions best match presence-absence data used to gener-
ate the SDM (Method S1.1). It was calculated using the opti-
mal.thresholds function from the R package PresenceAbsence
(Freeman and Moisen 2008). We assessed suitability across
the range during the LGM to identify putative refugia (Q1)
by geographically projecting the SDM using downscaled
paleo-climate data (i.e., hindcasting) as input (WorldClim
1.4, https://www.worldclim.org/data/v1.4/paleol.4.html, ac-
cessed 04/11/2025). The location of putative glacial refugia
was inferred as areas with suitable habitats during the LGM.
Geographic projections of present-day and LGM suitability
were then visually compared to assess differences in past and
present suitability across the range (Q3).

We then estimated three habitat quality metrics for each iNatu-
ralist occurrence from the SDM projections: LGM suitability,
present-day suitability, and connectivity. Connectivity is a mea-
sure of habitat marginality and was estimated as the proportion
of suitable habitat in a 25km radius circle around each iNatural-
ist occurrence, and ranges from 0 (no suitable habitats, i.e., low

connectivity) to 1 (full area is suitable, i.e., high connectivity). We
tested for differences in LGM suitability, present-day suitability,
and present-day connectivity across the warm range edge and the
expanded range in separate linear models, using latitude as a proxy
for range position. Preliminary analysis tested whether latitude
was best described by a linear, second-degree or third-degree qua-
dratic relationship (the latter allows variables to vary at both high
and low latitudes). Results are reported for the best model based
on AICc scores (Appendix 2 Table S2.1, Sugiura 1978). If multiple
models performed equally well (IAAICc|<2), the simplest model
was chosen. Dependent variables were tested assuming binomial
distribution. For each model (and in all subsequent analyses), we
tested and confirmed model assumptions.

2.3 | Sequencing and Genotyping

To determine phylogenetic relationships among populations
(Q1, Q4) and population structure (Q2, Q3), we analysed se-
quence data from 5 individuals in each of 36 populations (four
for OK61, 179 individuals total, Figure S2.1C, Table S2.2).
These spanned the whole range of the Western clade of the
species, excluding the Appalachian Mountains where gene-
flow among clades may blur phylogeographic patterns (Lamb
et al. 2024). We also included five individuals of Appalachian-
clade population VA73 to serve as an outgroup in phylogenetic
analyses. Sequence data was generated using Restriction-site
Associated DNA sequencing (RAD-Seq; Andrews et al. 2016;
Baird et al. 2008) as part of a larger project described in Perrier,
Keenan, et al. (2025; Bioproject PRINA1306192). Details of the
plant material, DNA extraction, library preparation, and se-
quencing are provided in Method S1.2. In short, DNA extraction
was performed by the Genomics & Cell Characterisation Core
Facility at the University of Oregon (Eugene, OR, USA). Library
preparation and sequencing was performed by Floragenex, INC
(Beaverton, OR). Raw reads were processed into single nuclear
polymorphism (SNP) calls following a modified STACKS v2
pipeline (Rochette et al. 2019) and using a haploid reference ge-
nome (Lopez-Caamal et al. unpublished data). The species is an
old autotetraploid that has undergone cytological diploidisation
(Lopez-Caamal et al. unpublished data.); prior phylogeographic
studies have treated it as diploid (Barnard-Kubow et al. 2015;
Koski et al. 2019; Prior et al. 2020; Lamb et al. 2024). Genotypes
were thus called in diploid variant call format (VCF). SNPs were
filtered for missingness (90%), minor allele count (5), sequencing
depth (20x-70x), and indels and linkage, resulting in a final set
of 40,195 SNPs.
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2.4 | Phylogeny and Population Structure

We assessed phylogenetic relationships among populations by
constructing a phylogenetic tree with the Appalachian popu-
lation VA73 as an outgroup using TreeMix v1.12 (Pickrell and
Pritchard 2012). TreeMix was chosen over other population-level
phylogenetic methods to account for the admixture identified in
the population structure analysis (see below). TreeMix was run
assuming one to 10 migration events (m). The optimal number of
migration events was chosen as the m with the highest second-
order rate of change (Method S1.2; Evanno et al. 2005). For this
best m, TreeMix was run again with 100 bootstraps and visual-
ised following the workflow of the BITE package in R (Milanesi
et al. 2017). Higher m values only marginally improved the
model fit (Methods S1.2) and were not investigated.

We inferred the genetic structure across 36 populations by de-
termining individual-level genotype clustering using sparse
nonnegative matrix factorisation (SNMF) implemented in the
LEA package in R (Frichot and Francois 2015). The SNMF was
run assuming one to 36 clusters (K, details in Method S1.2).
Individual-level admixture, the proportion of an individual's
genome assigned to genetic clusters, was generally consistent
within a population (Figure S2.1B). We therefore focused on
population-average admixture and assigned a main genetic clus-
ter to each population (Method S1.2, Table S2.2).

We characterised geographic patterns of gene flow to complement
the population structure analysis by estimating effective migration
surfaces (Petkova et al. 2016) implemented in the python package
feems (Marcus et al. 2021; Method S1.2). This method identifies
geographic areas where gene flow between populations is higher
or lower than expected under isolation-by-distance. It provides a
spatially explicit visualisation of population structure, allowing for
identification of geographic barriers and corridors of gene flow.

To infer the colonisation history of the species, we visually com-
pared the results of the three phylogeographic analyses with the
distribution of past and present-day suitability. We also com-
pared these results with large geographical features across the
range that could serve as barriers to infer their potential impact
on colonisation history and population structure.

3 | Results
3.1 | Identification of Glacial Refugia

The SDM was a good match for the current range of the species
(Figure 1A, Method S1.1), with a small error rate of 7.08% false
negatives and 2.30% false positives, indicating it captures the cli-
matic niche of the species well. Therefore, the SDM is appropriate
for hindcasting the niche of the species to the LGM. Hindcasting
the SDM suggests that the contemporary range above ~35° N was
unsuitable during the LGM (Figure 1B). Populations in this area
therefore likely established after the LGM, tracking shifts in suit-
able habitats. In contrast, the lower latitudinal range, below ~35°
N, overlaps with an area of high LGM suitability extending from
the northern Gulf coast up to the southern Appalachians, indicat-
ing it may have served as refugia during the LGM. Contemporary
populations at C. americana’s warmer range edge occupy putative

former refugial areas and thus likely represent remnants of refu-
gial populations that have persisted more-or-less in place until the
present day. LGM habitat suitability showed a significant third-
degree quadratic relationship with latitude (Tables 1 and S2.1).
Suitability was greatest at low latitudes and declined rapidly to-
wards higher latitudes, with LGM habitats becoming unsuitable
(<0.62 suitability) above ~34.5° N (Figure 1C), supporting infer-
ence from geographic projections.

3.2 | History of Postglacial Climate Change

Warmer range-edge habitats have deteriorated since the LGM. The
SDM projection indicates that most populations across the species’
distribution currently occur in suitable habitats, while southern
parts of the range are less suitable and increasingly fragmented
(Figure 1A). In line, present-day habitat suitability and connectiv-
ity both had significant negative quadratic relationships with lat-
itude (second-degree and third-degree, respectively, Tables 1 and
S2.1), with the highest values at mid latitudes and sharp declines
towards low latitudes, particularly below 35° N (Figure 1C,D),
and to a lesser extent at high latitudes. This relationship predicts
that contemporary habitats become unsuitable (<0.51 suitability)
below ~33°N. Only a small area along the northern edge of the
putative refugia retains suitability today (Figure 1A,B).

3.3 | Phylogeography of the Rear Edges of
C. americana

Most warm-edge and refugial populations belong to a distinct
early-diverging clade. For the best migration (m =1) and topology,
the phylogenetic tree largely recapitulated geography and shifts
in habitats between the LGM and present-day. Populations be-
long to two major and geographically distinct clades (Table S2.2,
Figure 2A). The “Refugia” clade is largely composed of popula-
tions occurring in putative refugia identified in the SDM analy-
sis, except for the most basal one, TN2, occurring just beyond the
northern edge of the refugia. In contrast, most populations of the
“Expansion” clade occur in areas unsuitable during the LGM.
The exception, OK61, occurs in the refugial area just south of the
Ozark mountains, and is one of the most derived expansion popu-
lations, suggesting relatively recent recolonisation of refugial hab-
itats. The overall topology and the split between the Refugia and
Expansion clades was well supported by bootstraps. Within each
clade, bootstrap support varied and was particularly low for the
basal branches of the Refugia clade.

‘Warm-edge populations have substantial genetic structure. Range-
wide genetic variation was best partitioned into five genetic clus-
ters in the population structure analysis (best K=5, best run=3,
Method S1.2, Figure S2.1A). The genetic clusters are geographi-
cally structured (Figure 2B, Table S2.2). Refugial populations in
the southeastern part of the range belong to two “Refugia” clusters
separated longitudinally (Refugia W, Refugia E). Further north,
populations belong to a “Core” cluster that spans the putative re-
fugial habitat and the expansion region of the range. Populations
in the expanded western part of the range belong to two clusters,
the large Expansion N cluster in the northwest and the smaller
Expansion S cluster in the southwest of the range. Patterns of popu-
lation structure generally recapitulated the phylogeny (Figure 2A).
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representing areas suitable both during LGM and today.

The “Refugia” clade is largely composed of populations from the
two Refugia clusters, while the “Expansion” clade is mainly com-
posed of populations from both Expansion clusters. Populations
from the Core cluster are basal in both clades with the five south-
ernmost populations at the base of the Refugia clade, and the six
northernmost populations at the base of the Expansion clade. Both
clades show substructure reflecting genetic clusters, with popula-
tions from the Expansion S and from the Refugia E and W forming
distinct sub-clades.

Most refugial populations show high isolation among and
within genetic clusters. The effective migration analysis iden-
tified limited migration between the clusters characterised by
the population structure analysis (Figure 2C), with all clusters
separated by areas of low gene flow. Within the Expansion clus-
ters, populations were connected by areas of high gene flow,
except for the northeasternmost population (MI2) in Expansion
N. Core populations were also generally well connected, except
for the three southernmost. In contrast, the two Refugia clusters
showed reduced gene flow between populations within clusters.

Admixture between genetic clusters was common and largely
reflects geographic proximity and ancestry (Figure 2B).
Populations across the range showed large variation in

admixture between genetic clusters, with the cumulative pro-
portion of genetic variation assigned to secondary clusters rang-
ing from 0.00 to 0.54 (mean =0.17, Method S1.2). Admixture was
homogeneous at the individual level (Figure S2.2B), suggesting
potential gene exchange is old and not ongoing. Highly admixed
populations mostly formed between geographically and phyloge-
netically close clusters and occurred at the geographic boundar-
ies between clusters (Figure 2B). These patterns were also found
in the effective migration analysis, evidenced by small breaks
in the areas of low gene flow between clusters (Figure 3A). One
notable exception was admixture between southern populations
of the Expansion N (TN3) and S clusters (OK1) and three popula-
tions of the Refugia W cluster (MS6, MS8, MS9; Figure 2B). This
was also identified in the phylogeny as a large admixture event
from the Expansion clade into the Refugia clade (Figure 2A).

3.4 | Link Between Phylogeographic Patterns
and Landscape Features

Phylogeographic patterns partially coincide with the extent of
the LGM ice sheets. The three most basal populations of the
Expansion clade (Core cluster, KY1, KY5, TN34; Figure 2A)
are located just south of the ice sheet (Figure 3B) and form a
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distinct subclade. In contrast, the next most derived populations
along the phylogeny occur just to the north in areas covered by
ice sheets during LGM (Figure 3B), suggesting range expansion
after the retreat of the ice sheets.

Landscape features align with phylogeographic boundaries
in the expanded range, but less so at the warmer range edge
(Figure 3B). The Ohio and the lower Mississippi rivers sep-
arate both Expansion clusters from the rest of the range. The
Expansion S cluster is partially separated from the Expansion
N cluster by the Ozark Mountains. The Refugia clusters are sep-
arated by the Alabama river. In contrast, the Refugia and the
Core clusters are not separated by defining geographic features,
though they differ in physiographic regions. The southern Core
populations occur in mountainous areas including the southern
reaches of the Appalachian Mountains and uplands such as the
Cumberland plateau and the southern Appalachian Piedmont,
while Refugia population clusters occur in the Coastal plains.

4 | Discussion

4.1 | Refugial Clades and Southward Expansion
Lead to a Complex Warmer Range Limit

The genetic composition of species’ warmer range limits may be
heterogeneous, including populations that vary in their refugial,

phylogeographic, and climatic history. Most are expected to be
rear-edge populations, relicts that persist in glacial refugia and
are ancestral to populations derived from postglacial expansion.
However, warmer edges and rear edges of species distributions
are often conflated (Perrier et al. 2026), with “rear edges” iden-
tified by geographic position (i.e., equatorial edge), climate (i.e.,
warm edge), refugial overlap or phylogeographic history (i.e.,
basal). Depending on which criterion, or combination of them,
is applied, different populations may be designated as the rear
edge. We found that most populations at C. americana’s warmer
range limit likely represent persistent refugial populations, i.e.,
stable rear edges (sensu Hampe and Petit 2005). Hindcasting
SDM revealed that contemporary populations within the geo-
graphic rear edge (<35° N) largely occur in putative LGM refu-
gia along the northern Gulf Coast. These refugia are consistent
with earlier findings in the species (Barnard-Kubow et al. 2015)
and with proposed refugia for other Eastern North American
(ENA) plants and animals (Lyman and Edwards 2022; Soltis
et al. 2006; White et al. 2026), particularly species with dis-
tributions similar to C. americana (Bemmels and Dick 2018;
Mohn et al. 2021; Walker et al. 2009; Wang et al. 2018; Wyatt
et al. 2021; Xia et al. 2024). Populations occurring in putative
refugial areas and east of the Mississippi also form a distinct
Refugia clade that appears to have diverged early from popu-
lations restricted to areas unsuitable during the LGM. The
combination of deep phylogenetic divergence and occurrence
in putative long-term refugia provide evidence, albeit indirect,
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supporting the inference that these warm-edge populations rep-
resent C. americana's rear edge.

Postglacial recolonisation can lead to heterogeneity in warmer
range limits, even among populations in refugial areas. For
example, the southwestern OK61, although located in a pu-
tative refugial area, derives from northern populations of the
Expansion clade, suggesting post-LGM recolonisation of refu-
gia. Therefore, this population likely does not represent a rear
edge. Unlike the Refugia clusters, it inhabits a relatively small
putative refugial area west of the Mississippi. While postgla-
cial expansion into warmer areas may seem counterintuitive,
similar cases have been reported across the globe, including
plants in ENA (Bouchard et al. 2017; Willi et al. 2018) and
land snails in Europe (Kordbek et al. 2023). We identified ad-
ditional genetic signatures of the Expansion clade in refugial
areas through an admixture event from the southern reaches
of C. americana's Expansion clade into the western-most pop-
ulations of the Refugia clade. Together, these findings indi-
cate that populations in warmer range limits are not always
ancestral, even if they occur in putative refugia. Our study
therefore highlights the limitation of using only SDMs to infer
refugial history and underscores the importance of testing the
assumption that warm edges are synonymous with rear edges
with multiple lines of evidence.

4.2 | Multiple Contiguous but Isolated Refugia
Lead to High Rear-Edge Population Structure

The rear edge of C. americana is highly structured despite oc-
curring in a relatively restricted geographic area with limited
topographic heterogeneity. It is composed of three largely inde-
pendent genetic clusters—the southern populations of the Core
cluster and the Eastern and Western Refugia clusters. These
clusters are highly differentiated and isolated from one another,
despite geographic proximity, suggesting that populations were
confined to three independent refugia with limited gene flow
among them during the LGM. In contrast, most of the expanded
region of the Western clade has little structure and is occupied
by a single cluster (Northern Expansion) with the Southern
Expansion cluster modest in size.

Modest geographic features appear to have contributed to iso-
lation between the distinct yet neighbouring rear-edge clusters.
The Alabama River is a possible barrier separating the Refugia
clusters. However, populations along this border show some ad-
mixture suggesting only partial isolation from the river. Rivers
in this region experienced substantial changes during the late
Pleistocene (Leigh 2006) that likely affected their capacity to
act as a barrier. The separation of the southern Core cluster
populations from the refugia clusters may be due to local to-
pography. Habitats at the southern extent of the Core cluster
consist of plateaus separated by deep valleys (e.g., Cumberland
Plateau, Ridge and Valley, Appalachian foothills). Limited gene
flow among the southernmost populations of the Core cluster
suggests these physical features contributed to local isolation.
In contrast to these modest geographic barriers, the genetic
structure of the expanded range appears to have been shaped by
more prominent present and past geographic features. The Ohio
River and the southern extent of the LGM ice sheet overlap with

the Core-Northern Expansion break, and the Ozark Mountains
with the Northern—-Southern Expansion break, suggesting these
features as potential barriers.

Multiple genetically distinct and isolated rear edges are not
uncommon. However, they typically involve well-separated
refugia, divided by large distances or prominent landscape
features. European species with refugia isolated in distinct
Mediterranean peninsulas are classic examples (Havrdova
et al. 2015; Jiménez-Mejias et al. 2012; Korkmaz et al. 2014;
Petit et al. 2003; Svenning et al. 2008). In ENA, major land-
scape features such as the Mississippi river and the Appalachian
Mountains have also been found to isolate refugia, but typically
have been associated with breaks between distinct clades that
diverged well before the LGM (Lyman and Edwards 2022; Soltis
et al. 2006). In contrast, our study found the development of
strong rear-edge genetic structure within a single clade and in
a restricted geographic area, even in the absence of large-scale
geographic barriers. This pattern is unusual, especially at such a
small geographic scale and suggests greater attention is needed
to the phylogeography of rear edges.

4.3 | Rear-Edge Populations Are Isolated

Populations in the rear edge are more isolated from each other
than populations elsewhere in the range. At the rear edge, gene
flow is limited among populations within clusters relative to
expectations under isolation by distance. In contrast, popula-
tions in the Expansion clade, including northern Core popula-
tions and the Expansion clusters, have high levels of gene flow
within clusters. The difference is particularly striking given
that rear-edge populations were sampled more densely than
the rest of the range. In the Expansion clade, substantial gene
exchange within clusters but limited gene exchange between
clusters that arise sequentially along the phylogeny suggests
a serial range expansion process, with infrequent crossings
of major geographic barriers and largely unobstructed gene
flow within regions. This history contrasts with the rear edge,
where populations did not experience range expansion and
there are few barriers to explain isolation among populations
within clusters. This pattern suggests other mechanisms un-
derlie the high isolation at the rear edge.

Sustained postglacial warming over long periods of time may
have contributed to increased isolation among rear-edge popu-
lations. While SDM hindcasting suggests that rear-edge habitats
were once almost uniformly suitable for C. americana, present-
day SDM projections indicate a steep reduction in habitat suit-
ability, especially towards the southern range limit where the
scarce patches of suitable habitat have low connectivity. This
is expected to lead to small, isolated populations, expectations
supported by the limited gene flow among populations in the
southern clusters relative to expectations of isolation by dis-
tance. Therefore, progressive habitat decline and fragmentation
under postglacial warming may have contributed to long-term
isolation among rear-edge populations despite their geographic
proximity. This pattern may be common in temperate taxa where
rear-edge populations frequently occur in ecologically marginal
habitats (Perrier et al. 2026; Vila-Cabrera et al. 2019), near spe-
cies' thermal and xeric physiological limits (Cahill et al. 2014).
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Not all rear-edge habitats have been equally affected by post-
glacial warming. The northern part of the refugium has higher
predicted contemporary suitability and connectivity than
the southern portion, suggesting more modest postglacial
warming with more habitat remaining within C. americana's
environmental tolerance. In line, northern refugial popula-
tions also show somewhat less isolation than more southern
rear-edge populations where predicted suitability and con-
nectivity are low. Variation in evolutionary response to past
warming has been documented across several taxa, but often
only among geographically distinct rear edges (e.g., Havrdova
et al. 2015; Neiva et al. 2014; Provan and Maggs 2011). We find
within a single, contiguous refugial region that rear-edge pop-
ulations can differ in their climatic histories, with lasting con-
sequences for patterns of genetic variation among populations.

4.4 | The Contribution of the Rear Edge to Range
Expansion

A subset of rear-edge populations contributed to postglacial
range expansion in C. americana. Only the southern popu-
lations in the Core cluster share ancestry with the expanded
range, suggesting they served as the source of range expan-
sion. In contrast, the Refugia clusters do not appear to have
contributed to range expansion. While heterogeneity in the
contribution to range expansion among rear-edge populations
is common (Hampe and Petit 2005), it is typically found among
geographically distinct rear edges (G. Hewitt 2000; Lee-Yaw
et al. 2008; Petit et al. 2003; Zeng et al. 2015), where the pres-
ence or absence of geographical barriers limiting poleward
range expansion is associated with the ancestry of populations
in the expanded range (Korkmaz et al. 2014; Petit et al. 2003).
Unglaciated ENA lacks comparable barriers, and most geo-
graphical features that have been associated with phyloge-
netic breaks run north to south (Lyman and Edwards 2022;
Soltis et al. 2006). This suggests a relatively permissive cor-
ridor for range expansion (Bemmels and Dick 2018; Park
and Donoghue 2019), with uniform expected contributions
throughout the rear edge. Despite this, we find that rear edges
may be composed of populations that differ in their contribu-
tion to the genetic composition of the expanded range and that
this heterogeneity may be observed even among neighbouring
populations.

The origin of postglacial expansion remains unclear in C. amer-
icana. Populations in northern, formerly unsuitable habitats,
form a monophyletic clade, with northern and western popula-
tions at its tips and central populations in the east at its base
(Tennessee, Kentucky), consistent with rapid westward range
expansion from a mid-latitude origin (Koski et al. 2019; Prior
et al. 2020). However, the predicted colonisation origin is north
of the presumed refugia. A possible explanation for an origin
in apparently unsuitable habitat is northern microrefugia,
not identified by the SDM (see discussion in Prior et al. 2020).
Postglacial colonisation from microrefugia in colder areas than
main refugial habitats is common among temperate taxa (Gavin
et al. 2014; Rull 2009; e.g., Fernandez et al. 2021; Hantemirova
et al. 2017), including ENA species (Peterson and Graves 2016).
Alternatively, the shared ancestry between northern Refugia-
clade populations and Core-cluster populations that are basal

to the Expansion clade implicates northern parts of the refugia
as the origin of range expansion. In this case, the mid-latitude
origin of the Western clade would represent a secondary expan-
sion. In species with multiple refugia, greater contribution to
postglacial colonisation from colder refugia has also often been
reported (e.g., Lee-Yaw et al. 2008). Our findings indicate that
colonisation from colder areas may also hold in the case of geo-
graphically contiguous refugia.

Which Western-lineage C. americana populations are oldest?
In species or lineages that experienced postglacial range ex-
pansion, the oldest populations should be found at the rear
edge (Hampe and Petit 2005; Park and Donoghue 2019).
However, in contrast to the expected south-to-north gradient
of ancestry (Barnard-Kubow et al. 2015), the base of C. amer-
icana's Western clade is nested within the Core cluster in the
phylogeny. The Core cluster populations are broadly located
in the southern Appalachian Mountains where the Western
clade of the species is thought to have emerged during the
mid-Pleistocene (0.7-2.3 mya; Barnard-Kubow et al. 2015).
One possibility is that the Core cluster is the closest to early
Western populations, and that southern rear-edge populations
represent an early split from this ancestor during (or before)
LGM. However, the low bootstrap support of the split between
southern core populations and the two refugial clades limits
inference of this history. Poor bootstrap support of southern
core populations also suggests that incomplete lineage sort-
ing may obscure a clear phylogenetic signal. This is especially
likely if populations in the core remained large and connected
(Maddison and Knowles 2006). Indeed, we found high gene
flow among populations in the core of the range, where refu-
gial populations occur in climates that are also suitable today,
suggesting demographic stability through time. Overall, these
phylogenetic patterns highlight that rear edges differ not only
in their contribution to range expansion but also in their an-
cestry, and suggest that distinct demographic and climatic his-
tories contribute to their phylogenetic complexity.

4.5 | Integrating Rear Edge Complexity in Models
of Climate Response

Characterising the multiple dimensions of variation in rear-edge
populations is key to using them as ecological and evolutionary
models. We found that not all warm-edge populations represent
rear edges. Distinguishing evolutionary history is important
because populations in refugia that result from recent range
expansion may have reduced diversity due to serial founder
events and bottlenecks relative to populations that persisted in
the rear edge since the LGM (Excoffier et al. 2009). Similarly,
populations with a long history of postglacial warming may
have evolved adaptations to the warm climate while more re-
cent arrivals may be less well adapted or have a different set
of adaptations. Further, gene flow from populations in the ex-
panded range into the rear edge may reduce fitness, swamping
adaptation to warm climates, or increase fitness by providing
novel variants (Aguirre-Liguori et al. 2021; Kottler et al. 2021;
Sexton et al. 2011). Finally, the substantial genetic structure of
the rear edge, with genetically distinct populations and clusters,
provided the opportunity for independent evolution in response
to postglacial warming, yielding possible distinctive adaptive
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outcomes (e.g., Havrdova et al. 2015; Neiva et al. 2014; Provan
and Maggs 2011). With this breadth of variation, assessing the
diversity of the rear edge is key to using them as models of re-
sponse to warming climates and to infer their potential contri-
bution to ongoing change.

Finally, we found that not all rear-edge populations contrib-
ute equally to postglacial range expansion, even among neigh-
bouring populations. Rear-edge populations often exhibit
strong local adaptation (Bontrager et al. 2021), with unique
traits that enable persistence under warming climates (e.g.,
Ghouil et al. 2020; Pelletier et al. 2023; Perrier, Turner, and
Galloway 2025). If the underlying genetic variation is shared
across the range, these adaptations could facilitate response
to future warming in northern populations. However, if rear-
edge populations did not contribute to range expansion, their
adaptive variation may be regionally confined and contribute
little to range-wide responses. For example, in C. americana,
warmer winters reduce reproductive success in northern pop-
ulations but have little effect on fitness in southern rear-edge
populations (Perrier, Turner, and Galloway 2025). The limited
contribution of these southern rear-edge populations to the
expanded range raises concerns about the capacity of more
northern populations to adapt to future warming. Identifying
which populations historically contributed to range expan-
sion, and which did not, will be essential for using rear-edge
populations as models of range-wide responses to climate
change.
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