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Abstract—Applications of molecular phylogenetic approaches have uncovered evidence of hybridization across
numerous clades of life, yet the environmental factors responsible for driving opportunities for hybridization remain
obscure. Verbal models implicating geographic range shifts that brought species together during the Pleistocene have
often been invoked, but quantitative tests using paleoclimatic data are needed to validate these models. Here, we
produce a phylogeny for Heuchereae, a clade of 15 genera and 83 species in Saxifragaceae, with complete sampling
of recognized species, using 277 nuclear loci and nearly complete chloroplast genomes. We then employ an improved
framework with a coalescent simulation approach to test and confirm previous hybridization hypotheses and identify
one new intergeneric hybridization event. Focusing on the North American distribution of Heuchereae, we introduce
and implement a newly developed approach to reconstruct potential past distributions for ancestral lineages across
all species in the clade and across a paleoclimatic record extending from the late Pliocene. Time calibration based on
both nuclear and chloroplast trees recovers a mid- to late-Pleistocene date for most inferred hybridization events, a
timeframe concomitant with repeated geographic range restriction into overlapping refugia. Our results indicate an
important role for past episodes of climate change, and the contrasting responses of species with differing ecological
strategies, in generating novel patterns of range contact among plant communities and therefore new opportunities
for hybridization. The new ancestral niche method flexibly models the shape of niche while incorporating diverse
sources of uncertainty and will be an important addition to the current comparative methods toolkit. [Ancestral niche

reconstruction; hybridization; paleoclimate; pleistocene.]

Hybridization has long seized the attention of system-
atists, but a recent appreciation of the magnitude of
its importance in the tree of life (reviewed in, among
others, Arnold 1997; Soltis and Soltis 2009; Mallet et al.
2016; Payseur and Rieseberg 2016; Folk et al. 2018b) has
been inspired by recent advances in genome-scale data
collection (recent reviews: McCormack et al. 2013; Jones
and Good 2016; McKain et al. 2018; Andermann et al.
2019) and statistical methods (an incomplete but repre-
sentative list: Huson and Bryant 2006; Joly et al. 2009b;
Meng and Kubatko 2009; Yu et al. 2011; Pease and Hahn
2015; Kubatko and Chifman 2019). One of the most
significant contributions of molecular data, from allo-
zymes to genomes, has been a recognition of the sheer
frequency of hybridization across the tree of life (Folk
et al. 2018a), many instances of which were surprises in
groups not traditionally thought to undergo hybridiza-
tion (Garrigan et al. 2012; Liu et al. 2015). Despite sub-
stantial progress, much of this work has been devoted

to the head and tail of the problem: that is, either to the
detection of hybrids (the first step to studying them) or
to assessing their adaptive significance (among their
furthest downstream implications). We know enough
about hybrids now to realize that they truly do lurk
“under every bush” (Anderson 1949, p. 101) and that
their impact can be significant (Arnold 1997; Soltis
and Soltis 2009; Payseur and Rieseberg 2016; Folk et
al. 2018b). While our knowledge of the frequency, dis-
tribution, and implications of hybridization is rapidly
increasing, the external forces that drive hybridization
and that may be partly responsible for the remark-
able variation in the frequency and consequences of
hybridization across taxa and space are still uncertain
(reviewed in Folk et al. 2018b). Hybridization’s “con-
trolling factors” (Wiegand 1935) remain obscure.
Despite a limited empirical understanding of the
drivers of hybridization, there is a rich body of the-
ory about the interaction of hybridization and the
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environment, much of it from the botanical literature
of the mid-20th century. Most influential has been the
hypothesis of Anderson (Anderson 1948, 1949: chap-
ter 2) that hybridization, and specifically the perma-
nent establishment of hybrid progeny, is associated
with “hybridized” habitat, that is, habitat intermediate
between the parents. Anderson argued that such inter-
mediate habitats are crucial to the initial survival of
hybrids with recombined niche traits, and that the gen-
eration of such hybridized habitats is primarily due to
ecological disturbance. Under the heading of ecological
disturbance, Anderson explicitly analogized changes to
habitats of anthropogenic origin (Wiegand 1935) and
those due to historical climatic origin (Anderson and
Stebbins 1954). Anderson’s disturbance hypothesis was
influential (Arnold 2016), and its invocation has been
frequent in the literature, but studies have been largely
restricted to verbal models (Dobes et al. 2004; Edwards
et al. 2006; Melo-Ferreira et al. 2007; Dixon et al. 2009;
Joly et al. 2009a; Majure et al. 2012; Guest and Allen
2014; Sun et al. 2014; Lopez-Alvarez et al. 2015; Klein
and Kadereit 2016; Marques et al. 2016; Villanea and
Schraiber 2019). In many cases, these scenarios were
inspired by strong inferences from molecular data of
evidence for hybridization between putative parents
that are today widely allopatric (reviewed in Folk et al.
2018b). While valuable, these hypotheses have gener-
ally relied primarily on time calibration dating hybrid-
ization to the Pleistocene epoch, but without explicit
quantitative tests of the impact that past climate change
may have had on species distributions (Folk et al. 2018b;
also reviewed in Arnold 2016).

Ancestral niche reconstruction (alternatively, “phylo-
climatic” modeling; Yesson and Culham 2006) provides
an excellent framework for identifying past environ-
mental drivers of hybridization. This set of approaches
seeks to combine environmental information from
present-day species, often in the form of ecological
niche models, with ancestral reconstruction methods
to reconstruct past distributions. These reconstructions
enable analysis of past climate suitability using paleo-
climate data, which are increasingly available with high
spatial resolution (Fick and Hijmans 2017; Brown et
al. 2018). In its application to hybridization, ancestral
niche reconstruction can generate predictions about
past ecological niche and the past distribution of suit-
able habitat, and therefore can directly test the distur-
bance hypothesis and its prediction of greater overlap
and opportunities for interspecific gene flow during
past climate change. Perhaps the most conspicuous and
most commonly invoked example of a climatic enabler
of hybridization would be the Pleistocene period, “the
most revolutionary event in the history of the northern
continents” (Anderson and Stebbins 1954).

Testing the disturbance hypothesis requires a study
system demonstrating hybridization events that span
the time period of interest with appropriate evolution-
ary replication (Folk et al. 2018a). Heuchereae, one of the
10 recognized tribes of the plant family Saxifragaceae
and a recent radiation of late Miocene origin with 83

currently known species in 15 recognized genera (Folk
et al. 2021), meets these requirements. As one of the first
groups for which chloroplast capture was reported,
Heuchereae remains among the most prolific examples
of hybridization in flowering plants, with upwards of a
dozen clear examples of interspecific and intergeneric
gene flow occurring among and between at least 8 of
15 genera: Conimitella, Heuchera, Lithophragma, Mitella,
Ozomelis, Pectiantia, Tiarella, and Tellima (Fernald 1906;
Soltis et al. 1991; Soltis and Kuzoff 1995; Kuzoff et al.
1999; Okuyama et al. 2005, 2012; Folk et al. 2017; Liu et
al. 2020). The reproductive biology of the group is char-
acterized by weak post-zygotic isolation mechanisms,
and artificial hybridization has been demonstrated to
be possible among and within many genera (Rosendahl
et al. 1936; Leedy 1943; Taylor 1965; Spongberg 1972;
Wells 1979; Rabe and Soltis 1999; Okuyama and Kato
2009). Similarly, the broad familiarity of this clade
in landscaping is, in part, due to vigorous artificial
hybrids among often distantly related species (Heims et
al. 2005; Oliver et al. 2006). While polyploidy occurs in
Heuchereae, it is sporadic (Folk and Freudenstein 2014),
with autopolyploidy thought to be the dominant pro-
cess in North American species (Soltis 1984; Soltis and
Rieseberg 1986; Ness et al. 1989; Wolf et al. 1989; Folk et
al. 2017). The separate occurrence of polyploidization
and (homoploid) hybridization, therefore, yields the
opportunity to study the latter process in isolation from
the potentially confounding effect of the former (Folk et
al. 2018a). In nature, pre-zygotic isolation through hab-
itat and pollinator specialization is thought to form the
primary barrier to interspecific gene flow in this clade
(Rosendahl et al. 1936; Wells 1984; Okamoto et al. 2015;
Friberg et al. 2016, 2019; Folk et al. 2021).

As with many other plant groups (Ellstrand et al.
1996; Folk et al. 2018a; Mitchell and Whitney 2021),
the reasons for frequent hybridization in Heuchereae
remain obscure. While few intrinsic barriers to inter-
specific gene flow exist in Heuchereae, that is true of
many taxa that rarely hybridize in nature, suggesting
that external factors, currently poorly understood,
may be responsible for the profound disparities in the
frequency of hybridization across organismal groups
(Ellstrand et al. 1996). One potential explanation, at least
for some lineages, is Anderson’s disturbance hypothe-
sis, which would place at the forefront differing ecolog-
ical histories among clades of life. Previous work (Folk
et al. 2018b) identified Pleistocene cooling as a driver
of hybridization opportunities in a single pair of focal
taxa of Heuchereae, Heuchera subsect. Elegantes and
Mitella. Here, we implement new approaches to expand
upon this study, testing whether historical climatic
changes that promote range overlap are predictive of
hybridization. To achieve this historical reconstruction,
we first develop a phylogeny of all described species
to identify possible cases of hybridization, confirming
chloroplast capture events evident from the compari-
son of nuclear and chloroplast genome histories using
greatly improved taxonomic sampling. We then apply a
novel method of ancestral niche reconstruction that can
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capture the shape of niche tolerances without imposing
particular assumptions on its distribution, using this
to develop a high-resolution history of ancestral tem-
perature niche and potential suitable habitat in North
America over much of the evolution of Heuchereae
from the mid-Pliocene to the present.

METHODS

DNA Extraction and Sequencing

Samples were chosen to completely represent all spe-
cies-level diversity in Heuchereae. This effort includes
the genera Asimitellaria, Bensoniella, Brewerimitella,
Conimitella, Elmera, Heuchera, Lithophragma, Mitella,
Mitellastra, Ozomelis, Pectiantia, Spuriomitella, Tellima,
Tiarella, and Tolmiea, totaling 83 species currently rec-
ognized, as well as 25/29 subspecific taxa recognized
in the most recent genus-wide treatment of the large
genus Heuchera (Folk 2015). Our coverage of the clade
represents a substantial improvement over previous
studies, which were hampered in part by the difficulty
of obtaining several microendemics (Soltis et al. 1991;
Soltis and Kuzoff 1995; Okuyama et al. 2012; Folk and
Freudenstein 2014; Folk et al. 2017, 2018b, 2021). For
this study, sequence data for 54 new accessions (sum-
marized in Supplementary Table S1) were generated
following Folk et al. (2015) to increase species and sub-
specific taxon representation. Briefly, whole genomic
DNAs were isolated from fresh, silica-dried, or herbar-
ium leaf material using a modified CTAB extraction
protocol (Doyle and Doyle 1987; Folk and Freudenstein
2014). Standard Illumina TruSeq libraries were con-
structed at RAPiD Genomics (Gainesville, FL), and tar-
get sequences were captured in-house with a 277-locus
biotinylated RNA baitset described previously (Folk et
al. 2015) and synthesized by Arbor Biosciences. Capture
conditions followed the version 4 MyBaits protocol but
with modifications identical to those described previ-
ously (Folk et al. 2015). Sequencing was performed
by RAPiD Genomics, generating 150-bp paired-end
[llumina data.

Assembly

We used aTRAM 2 (Allen et al. 2018) for targeted
assembly of nuclear loci. aTRAM is an iterative assem-
bly method that implements a suite of de novo assem-
blers and uses an iterative BLAST process to grow a
target sequence from a reference. The assembler used
here was SPAdes (Bankevich et al. 2012), with five
assembly iterations. References for assembly were the
original sequences used to design probes. Because
probes targeted continuous DNA regions across exons
and introns (Folk et al. 2015), most assemblies covered
at least the full length of the reference. To identify paral-
ogs, we used a sequence similarity criterion (reviewed
in Altenhoff et al. 2019) where the contig with the high-
est bitscore against the reference (which was within

the ingroup) was chosen as the putative ortholog for
downstream alignment. This approach represents a
compromise in orthology assessment, as distance-based
methods are more scalable with taxa than tree-based
methods (e.g., Yang and Smith 2014), but they do not
explicitly assess homology in a phylogenetic context
and may particularly have more difficulty distinguish-
ing in-paralogs (sensu Altenhoff et al. 2019). Phasing
has been of particular interest in the phylogenomics
community, particularly in polyploids where they could
mislead inference (Eriksson et al. 2018; Nauheimer et
al. 2021; Karbstein et al. 2022 but see Kates et al. 2018).
Because the assembly approach used here is based on
a de novo algorithm, the resultant data are effectively
“phased” (in that alleles, if they differ in sequence, are
resolved as separate contigs that are not combined) with
only one allele arbitrarily chosen for downstream anal-
ysis based on distance. While this approach does not
make full use of sequenced allelic data, it greatly sim-
plifies analysis by not attempting to distinguish alleles
from paralogs in the absence of synteny data. Because
Asimitellaria is a clade of allopolyploid origin and forms
a suitable test of the assembly procedure, we investi-
gated the impact on the ultimate phylogenetic findings,
observing a topology with identical well-supported
clades as those found in a previous study where homeo-
logs were fully resolved using a cloning and iterative
partitioning procedure (Okuyama et al. 2012). Manual
examination of alignments and gene trees revealed that
the choice of homeolog among the A and B subgenomes
was inconsistent between genes, but within each gene,
the homeolog choice was generally consistent, and the
gene tree topology within Asimitellaria was typically
similar to the results of Okuyama et al. (2012).
Off-target capture data are often amenable to
high-quality assemblies of organellar genomes
(Weitemier et al. 2014), where typically >1% of reads
are assignable to the chloroplast genome (Folk et al.
2015). Because chloroplast genomes are effectively hap-
loid and all expected paralogs are nuclear or mitochon-
drial and therefore much lower in coverage, chloroplast
genome assembly is straightforward using read-map-
ping assembly. BWA (Li and Durbin 2009) was used
to align off-target reads against the Heuchera parviflora
var. saurensis chloroplast genome (Folk et al. 2015) to
generate near-complete assemblies. To generate consen-
sus sequences for each sample, we called variants on
resultant read pileups using the BCFtools and VCFtools
suites (Danecek et al. 2011), assuming a haploid genome.

Alignment and Phylogenetics

All alignments (nuclear genes, chloroplast genomes)
were performed in MAFFT (Katoh et al. 2009), with a
gap opening penalty of three but default settings oth-
erwise. To handle sites with substantial missing data in
nuclear sequences, mostly corresponding to “ragged”
ends of alignments, many of which exceeded the length
of the original probe region, we removed all sites with
at least 90% missing data. All final tree results were
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rooted with Peltoboykinia tellimoides, the most distant of
the three chosen outgroups, following Folk et al. (2019).

For nuclear data, we first inferred a maximum like-
lihood tree in a concatenated framework using RaxML
v. 8.2.12 (Stamatakis 2014). Given that previous phylo-
genetic analyses of the group have failed to find topo-
logical differences among standard coding/non-coding
and gene-wise partitioning schemes (Folk et al. 2017),
this analysis was unpartitioned to optimize computa-
tional times. Rapid bootstraps (option “-f a”; Stamatakis
et al. 2008) were also calculated to assess support.
Chloroplast phylogenetics followed the concatenated
methods described above. Individual gene trees were
then inferred in RAXML, using unpartitioned GTR-
GAMMA models but otherwise identical to the concat-
enated tree inference. We inferred coalescent trees using
ASTRAL-III (Zhang et al. 2018). Although support in
the gene trees was often low towards the tips, many
backbone gene tree relationships received moderate
to good support and were typically consistent with
recent phylogenetic work (Okuyama et al. 2012; Folk et
al. 2017, 2018b), and therefore we did not filter clades
based on support. Coalescent support was measured
with local posterior probability (Sayyari and Mirarab
2016). We primarily report ASTRAL-III results using an
allele map to recognized species, but a run without the
allele map (which was topologically similar) was used
to match taxon sampling in the chloroplast phylogeny
for gene tree simulations (see below).

Characterization of ILS

We sought to verify that previous evidence of chlo-
roplast capture is robust to increased taxon sampling.
Given that our target of hybridization inference was
the chloroplast, putatively evolving as a single coales-
cent “gene” (c-gene sensu Doyle 1995), and that there
is remarkably little evidence of hybridization from
nuclear loci alone (Folk et al. 2017), we implemented
gene tree simulations under the multispecies coalescent
based on nuclear data alone in order to generate pre-
dictions of expected incomplete lineage sorting (ILS),
and then used this as a null distribution to examine
recovered chloroplast clade probabilities. Gene tree
simulations were performed in Dendropy (https://
github.com/ryanafolk/tree_utilities /blob/master/
simulate_gene_trees.py; based on Mirarab et al. 2014)
using the ASTRAL tree without an allele map. For
bisexual plants, a coalescent branch length scaling fac-
tor of 2 is commonly used to account for expected chlo-
roplast genome N, (given matrilineal inheritance but
both parents yielding offspring; Joly 2012), but given
the sporadic occurrence of dioecy and gynodioecy in
this group (in Asimitellaria and Tellima; Folk et al. 2021)
and its uncertain implications for ancestral N, we also
tested a factor of 4 (given both matrilineal inheritance
and only female plants yielding offspring, arbitrarily
assuming equal sex frequencies; see also Garcia et al.
2017). Finally, we mapped simulated clade frequencies
on the empirical chloroplast-based trees.

Chloroplast-based clades that are an expected out-
come in the presence of ILS should have non-zero
probabilities, while a topology that is poorly pre-
dicted by ILS alone (consistent with the presence of
hybridization) should have many clade frequencies of
probability ~0. This observation suggests an obvious
statistical test for clade frequencies near zero (Folk et
al. 2017; Garcia et al. 2017). But even in the case of
gene trees generated under ILS, many clades could
also have low probabilities when gene conflict is high
and many taxa are sampled. To develop an appropri-
ate null distribution representing our clade frequency
expectations, we used two approaches. First, we cal-
culated clade probabilities on the simulated gene tree
set to characterize the null clade probability expecta-
tion and compared this distribution to the observed
distribution of chloroplast-based clade probabilities.
Second, we calculated the set of pairwise Robinson-
Foulds distances between all pairs of simulated gene
trees to characterize the null expectation for the
amount of discord and compared this to the empirical
distances between the observed chloroplast tree and
all simulated gene trees.

Phylogenetic Dating

Given the relatively large number of taxa and genes,
we chose MCMC .. in PAML 4.9 (Yang 2007) to gen-
erate a dated phylogeny using nuclear loci. MCMC_, ..
represents a suitable compromise for phylogenomic
data (dos Reis and Yang 2019) between highly para-
metric methods such as BEAST (Drummond and
Rambaut 2007) that would be challenging to run on
our data set without strong reduction of loci and indi-
viduals, and fast but relatively simplistic rate smooth-
ing approaches (Smith and O’Meara 2012). We ran
MCMC,,.; in two analysis setups, with topologies
based on either the concatenated or ASTRAL anal-
ysis but using identical parameters and nucleotide
alignments. For the concatenation analysis, the tree
was randomly pruned to one accession per species.
Given the absence of a usable fossil record within
Saxifragaceae (but a strong record of fossils in close
relatives of the family; Magallén et al. 2015), three
secondary calibration points were used for time cal-
ibration following Deng et al. (2015): the mean ages
for the Darmereae (6.68-15.53 MYA [millions of years
ago]) and Heuchereae (4.43-10.56 MYA) clades, and
that for the MRCA of Darmereae + Heuchereae +
Micrantheae (21.74-36.51 MYA). The probabilities
of exceeding calibration upper and lower bounds
were set as 0.01. BASEML was used to obtain branch
lengths with the GTR + G model. Rate priors on inter-
nal nodes were set using autocorrelated rate models.
We ran MCMC, .. for 50 million generations as an
initial burn-in, followed by 50 million generations,
sampling every 1000 generations. To check for con-
vergence, MCMC__ . was run with random seeds four

TREE
times for each analysis setup.


https://github.com/ryanafolk/tree_utilities/blob/master/simulate_gene_trees.py
https://github.com/ryanafolk/tree_utilities/blob/master/simulate_gene_trees.py
https://github.com/ryanafolk/tree_utilities/blob/master/simulate_gene_trees.py

860

SYSTEMATIC BIOLOGY

VOL. 72

Occurrence Records, Niche Modeling, and Climatic Data
Extraction

Occurrences and models used here are from previous
occurrence aggregation efforts (Folk et al. 2018b, 2019,
2021). Species were checked again for any potential
spatial errors in point records against the taxonomic
literature.

Environmental predictors followed those used
previously on this data set (Folk et al. 2018b, 2019)
and comprise a broad swathe of 12 predictors rel-
evant to plant distributions. Climate was repre-
sented by four variables from Bioclim v. 1 (Hijmans
et al. 2005), representing averages of climate data
between 1950 and 2000. Monthly data are available
through the updated Bioclim 2 product (Fick and
Hijmans 2017), but this was deemed unnecessary
for the present study, and Bioclim 1 is consistent
with previous work (Folk et al. 2018b). Two Bioclim
variables represented absolute temperature and its
seasonality (Biol and Bio7; i.e., mean annual tem-
perature and temperature annual range), and two
variables represented overall precipitation and pre-
cipitation during the dry season (Biol2 and Biol7;
i.e., annual precipitation and precipitation of the dri-
est quarter). Two topographic variables (elevation
and slope; https://doi.org/10.5066/F7DF6PQS),
four soil variables (mean coarse fragment percent-
age, mean pH, mean sand percentage, mean organic
carbon content; Hengl et al. 2017), and two variables
representing land cover (needle-leaf and herbaceous
land cover; Tuanmu and Jetz 2014) were also used to
represent other important factors constraining plant
distributions.

For taxa with sufficient data (which we considered
to be at least 15 vetted occurrence records, chosen
such that the number of predictors never exceeded the
number of data points), species distribution models
were built using Maxent (Phillips et al. 2017), follow-
ing the parameters in Folk et al. (2018b). Briefly, this
began with defining accessible areas for the model
training regions using the intersection of a convex hull
and occupied ecoregions. Models were trained at full
30-s resolution using 75% of data points, with 25% set
aside for model test statistics; this was performed in
10 bootstrap replicates per model with resultant out-
puts averaged. Extrapolations were disallowed and
missing data were allowed; settings otherwise were
defaults. Climatic data extraction for ancestral niche
reconstruction was performed on averaged models
using custom code (https://github.com/ryanafolk/
pno_calc). For those taxa with fewer records, given
the importance of comprehensive species sampling,
we instead extracted climatic data by extracting envi-
ronmental data directly from the occurrence points.
Climatic data extractions, either from species distri-
bution models or from point extraction, were repre-
sented as histograms (“predicted niche occupancy
profiles” or PNOs, as described previously; Evans et
al. 2009).

Paleoclimate Layers

Historical layers for mean annual temperature (Biol)
were reconstructed for 51-time points between and
inclusive of 0 and 3.3 MYA using custom scripts to
extend a previous high-resolution data set at selected
time points on this interval (Brown et al. 2018). This
reconstruction is based on global historical temperature
curves withhigh temporal resolution (Hansen etal. 2013)
to represent equally spaced time intervals covering the
Plio-Pleistocene boundary to the end of the Holocene
(3.3 MYA to pre-industrial present). Environmental
data layers were generated based on five of the layers
available through the PaleoClim data set (Brown et al.
2018) for mean annual temperature at 10 arc-min reso-
lution (~20 km at the equator). These layers were cho-
sen to cover major time points from the Pliocene to the
present: specifically, 0 MYA (present), 0.021 MYA (Last
Glacial Maximum), 0.787 MYA (MIS19 in the mid-Pleis-
tocene), 3.264 MYA (the mid-Pliocene Warm Period),
and 3.3 MYA (Pliocene Glacial Event M2). We conser-
vatively only reconstructed mean annual temperature
because historical trends in temperature and precip-
itation are temporally and spatially distinct but only
temperature data were available for extrapolation. This
reconstruction method is an extension of the approach
of Gamisch (2019), with two primary improvements.
First, here we utilize a stronger set of historical time
periods through PaleoClim layers, whereas Gamisch
(2019) used data from two-time points, namely mod-
ern and Last Glacial Maximum (~22 kya). Second, we
avoided climatic extrapolation in the prediction, which
could be associated with poor predictive performance,
by only inferring time points covered by earlier or later
PaleoClim layers (i.e., no inference beyond 3.3 Mya).

Prior to reconstructing time points, each input layer
was cropped to the study area extent and aggregated by
a factor of two to reduce spatial resolution and decrease
computational times. Universal kriging was then used
to calculate geographically interpolated surfaces with
spatial linear dependence, especially useful for predict-
ing environmental conditions for areas not included
in the original layers (e.g., a newly available coastal
region). For each input layer, we determined a vario-
gram where the layer values were linearly dependent
on the spatial coordinates (i.e., in R notation, bio ~ lon-
gitude + latitude) with the autofitVariogram function
from the R package automaps (Hiemstra and Hiemstra
2013). Next, universal kriging was implemented using
the krige function from the R package gstat (Pebesma
2019).

Layers were then inferred for the indicated time
periods as follows. First, we identified two input lay-
ers with the most similar surface temperature asso-
ciated with the desired time point through linear
interpolation on the temperature curve produced by
Hansen et al. (2013) with the R function approx. We
then used these layers to calculate a A layer between
the identified input layers using the overlay function
from the R package raster (Hijmans and van Etten
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2012). Specifically, the A layer is equal to the difference
between the layer with the closest minimum surface
temperature and the layer with the closest maximum
surface temperature.

We then calculated and applied a surface tempera-
ture correction. The surface temperature correction
was calculated based on surface temperature values
identified with linear interpolation on the tempera-
ture curve produced by Hansen et al. (2013). We iden-
tified the approximate surface temperature value for
the time being reconstructed or the temperature sur-
face initial (Tg), as well as the surface temperatures
associated with the two input layers with the most
similar surface temperature, the closest minimum
surface temperature (T,,), and the closest maximum
surface temperature (T ;). The surface temperature
correction is equal to (T, - Tg,)/(T, — Tg;). The A
layer was then multiplied by the surface temperature
correction, and the resulting layer is referred to as the
AT layer. The layer was then corrected with the Delta
method (Ramirez-Villegas and Jarvis 2010), which is
often applied when downscaling climate layers; here,
the layer of the closest maximum surface tempera-
ture (T ;) was added to the AT layer.

Using the ETOPO1 Global relief model (Amante
and Eakins 2009), we corrected coastlines for each
time period examined. ETOPO1 extent was cropped
to match the Bio layers (180°E, 180°W, 0°N, and 90°N).
Additionally, the resolution of the ETOPO1 layer was
set to match the Bio layers using a nearest-neighbor
approach with the projectRaster function in the R pack-
age raster. We corrected the raster values for ETOPO1
by adding an approximated sea level change as pro-
vided by Hansen et al. (2013). We reclassified anything
between 0 m and —15,000 m as water (i.e., as 0) and any
value above 0 m as land (i.e., as 1; Hansen et al. 2013;
Gamisch 2019). This raster was then multiplied with the
scaled AT layer to correct the coastline, which utilizes
the modified ETOPOL1 layer as a mask.

The performance of paleoclimatic interpolation was
assessed via a jackknife approach, successively remov-
ing one layer at a time among the input layers and pre-
dicting the missing raster. We then verified high overall
similarity between the predicted and PaleoClim layers
based on recovering a Pearson correlation coefficient
above 0.70.

Ancestral Reconstruction of Environmental tolerances

We implemented several new methods for generating
predictions of potential distributions based on climatic
data. Many approaches exist (e.g., Graham et al. 2004;
Yesson and Culham 2006; Evans et al. 2009; Folk et al.
2018b) for so-called “phyloclimatic modeling,” which
generally comprises inference of climatic occupancy in
present-day species, integrating this in various ways
with ancestral reconstruction methods, and projecting
reconstructed climatic occupancy onto paleoclimatic
reconstructions. One of the key differences among these
approaches lies in how they handle the niche breadth of

extant species. While accounting for trait variation is a
common problem in ancestral reconstruction and other
comparative methods (Wiens 1999; Felsenstein 2008),
and often no more than a biological annoyance, spe-
cies never occupy a single point in ecological space. It
follows that variation in the occupancy of niche space,
referred to in this context as niche breadth and intel-
lectually central to the concept of niche (Sexton et al.
2017), is integral to ancestral niche reconstruction and
incompletely reconstructed under point-based methods
(Saupe et al. 2018). Some representative examples of
methodological approaches to estimating niche breadth
attempted so far are min-max coding (Graham et al.
2004; Yesson and Culham 2006; Lawing and Polly 2011;
Lawing et al. 2016; Rivera et al. 2020), bootstrapping
over environmental data samples (Evans et al. 2009;
Folk et al. 2018b), and assuming normal or other niche
distributions (Guillory and Brown 2021; McHugh et al.
2022). Min-max coding has important limitations such
as the questionable homology of the extreme limits of a
multidimensional trait, the sensitivity of these statistics
to incomplete modeling of the niche (Saupe et al. 2018),
and the failure to incorporate the distributional shape
of environmental occupancy. Environmental occupancy
breadth could be defined via bootstrapping approaches,
but in practice bootstrapping does not meaningfully
reconstruct the shape of this distribution because the
resultant ancestral reconstructions tend to be normally
distributed (e.g., see Folk et al. 2018b: Fig. 3). Given lim-
itations in the approaches published so far, an approach
would be desirable that relaxes assumptions regarding
the shape of the niche.

We developed a new ancestral reconstruction
approach based on histogram statistics calculated on
predicted niche occupancy profiles (i.e., probability
density profiles that represent niche as a response
to a single environmental variable, sensu Evans
et al. 2009). Instead of drawing from the distribu-
tion of environmental data for many independent
reconstructions, we divide the environment into a
series of bins shared across species and reconstruct
the height of these bins across species (Fig. 1a). The
reconstruction method is from this point forward a
standard implementation of Brownian motion under
maximum likelihood. This treatment carries the
assumption that each bin evolves as an independent
character that is allowed to have independent rate
parameters and root states. The assumption of inde-
pendence is a strong one but is similar to assump-
tions of site independence in standard evolutionary
models of multiple sequence alignments and rea-
sonable, particularly in the motivating case of com-
plex niche distributions. An ancestral reconstruction
philosophy that more directly represents the shape
and breadth of extant niche allows the possibility of
allowing asymmetry and multimodality in the niche
of present-day species to inform ancestral reconstruc-
tion. In practice, the histogram approach enables a
natural way to reconstruct arbitrary distributional
shapes of environmental tolerance in ancestral
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FiGure 1. Workflow for ancestral niche reconstruction. A) Steps for the binned ancestral reconstruction for a single bin. B) Steps for

geographic projection of the binned ancestral reconstruction result for a single node, where f represents divergence time.

taxa. Among previous approaches, that of Saupe et
al. (2018) is most similar, but it represents a pres-
ence-absence approach and does not attempt to inte-
grate over the probability of presence represented in
PNOs. We added this code, implemented in Python,
to the BiotaPhy Analyses repository (https://github.
com/biotaphy/BiotaPhyPy/blob/main/biotaphy/
tools/ancestral_distribution.py; original version by
S.A.S. and B.C.O. at https://github.com/blackrim/
anc_distr_rec) so that future users can utilize the
method through the BiotaPhy platform (https://
data.lifemapper.org/biotaphy/; Soltis and Soltis
2016) or locally on their own data. The package to
recreate all of the analyses presented here is named
“Utremi” after the first three solfege syllables used
to recite modal scales; accordingly, the system of
constructing church modes from tetrachords can be

seen as an early Medieval approach to discretizing
continuous natural phenomena.

Paleo-Range Prediction

With reconstructions of past environmental tolerance
in hand, we generated potential past range predictions
using the interpolated paleoclimatic layers discussed
above. We chose to focus paleoclimatic data on mean
annual temperature, an important predictor of plant
distributions as well as the predictor with the best per-
formance among our paleoclimatic interpolations based
on the jackknife procedure (see above), so these predic-
tions represent the dynamics of broad bands of tem-
perature tolerance since the mid-Pliocene. Notably, our
reconstruction of mean annual temperature is still con-
ditional on the other variables used in the niche model
predictor set, with the simplifying, albeit imperfect,
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assumption that this conditional relationship among
predictor variables is constant through time.

Several methods have been published for translating
environmental tolerance reconstructions into past range
predictions, generally binary predictions based on min-
max coding (Yesson and Culham 2006) or other summary
statistics (Folk et al. 2018b), distance methods (Meseguer
et al. 2018; Williams et al. 2018; Rivera et al. 2020), or meth-
ods based on histogram statistics (Folk et al. 2018b); the
last approach has the advantage of being directly inter-
pretable as a habitat suitability metric (unlike unbounded
distance metrics) that represents probability at relatively
fine grain (unlike coarse binary maps). Methods for pro-
jection here use histogram statistics following Folk et
al. (2018b) and naturally complementing the histogram
method for ancestral reconstruction. Taking the assigned
probability for each environmental bin in the reconstruc-
tion histogram, pixels in the paleoclimatic data falling in
the environmental bin are assigned the corresponding bin
probability (Fig. 1b). Probabilities are normalized to sum to
1 to represent a probability density function in geographic
space. Only mean annual temperature is considered here
for reasons noted above, but it would be straightfor-
ward to multiply multiple range prediction rasters and
re-normalize to yield joint probabilities (Folk et al. 2018b).
Finally, although hybridization has also been documented
for East Asian species (Okuyama et al. 2005, 2012), to cap-
ture the research scope of this contribution (i.e., evaluating
the hypotheses of Folk et al. 2017, 2018b), the prediction
was trimmed to North America. The foregoing was per-
formed on a per-species basis, and predicted ranges were
summed across species. Hence, presented results are at the
clade level, but all modeling steps used contemporaneous
or ancestral species at nodes as the fundamental unit.

An important problem arises in linking climatic
data with phylogenetic time calibration: uncertainty in
phylogenetic dating tends to be very large compared
to the relatively narrow temporal scales represented
by recent Pleistocene climatic shifts (reviewed in Folk
et al. 2018b; see especially Fig. 6 in that paper). For
instance, glacial-interglacial periods are measured in
tens of thousands of years, but a dating uncertainty
of 1 million years or more is not uncommon even in
fairly recent divergences. It is not ideal to use point
estimates under these conditions. We addressed this
mismatch in temporal scale by explicitly integrating
dating uncertainty into our paleoclimatic projections,
implemented as another set of histogram statistics.
We used Dendropy (Sukumaran and Holder 2010) to
derive histograms representing posterior date prob-
abilities from MCMC, .., fixing the bin boundaries to
correspond to the 51 developed for paleoclimatic layers
(discussed above). We used these bin probabilities to
weight paleoclimatic predictions for every node in the
phylogeny by the posterior probability of occurring in
each of the 50-time frames and projected all nodes into
all time frames. Then for each time frame, the sum was
taken for all nodes (analogous to species richness maps,
but here summing occurrence probabilities instead of
species counts). Nodes certain not to occur in a given

time frame have posterior probability ~0 and drop out,
while nodes possibly occurring in multiple time frames
are projected across them proportional to probability to
adequately represent uncertainty.

For the primary ASTRAL analysis, we did not incor-
porate phylogenetic uncertainty (that is, uncertainty in
topology rather than branch length); we feel this is justi-
fied given the small number of poorly supported clades
in the topology obtained in this study as well as the lack
of a tree distribution to use when uncertainty is measured
by LPP (local posterior probability). Notably, our results
(below) are generally comparable to a previous investi-
gation that did integrate phylogenetic uncertainty using
Bayesian methods (Folk et al. 2018b). Nevertheless, the
method could be extended to incorporate uncertainty by
averaging the results over a collection of trees represent-
ing uncertainty, such as bootstrap tree samples, to obtain
predictions weighted by clade uncertainty (see a test of
this procedure for the concatenated tree in Results).

Comparison with Published Methods

We compared the centroid and niche breadth esti-
mates of the histogram method proposed here with
two previously published methods: (i) a widely used
ML implementation in the R package Phyloclim (Heibl
2011) and (ii) a recent Bayesian implementation in
Ambitus (Folk et al. 2018b). These packages were run
using an identical tree and PNO data with default set-
tings to represent typical usage.

Data Availability

Scripts for performing ancestral reconstruction analy-
ses, other than those given above, are posted on GitHub
(ancestral reconstruction: https://github.com/ryana-
folk/utremi/; coalescent simulation: https://github.
com/ryanafolk/tree_utilities; miscellaneous GIS func-
tions: https://github.com/ryanafolk/spatial_utilities).
The described approach for interpolating paleoclimate
layers is also posted on GitHub (https://github.com/
mgaynorl/PaleoGenerate), using only open access data
sets as specified above. Phylogenies, gene trees, align-
ments, and paleoclimatic interpolations are published at
Dryad (https:/ /doi.org/10.5061/dryad.n5tb2rbzn). Raw
sequence data are published on SRA (PRJNA641968).

Supplementary Data Availability

Supplementary Material, including an online-only
appendix with supplemental figures and tables, can
be found in the Dryad data repository (https://doi.
org/10.5061/dryad.n5tb2rbzn).

REesuLTs

Nuclear-Based Phylogenetics

Clade support values were generally high (BS
[bootstrap] ~100; LPP [local posterior probability] ~


https://github.com/ryanafolk/utremi/
https://github.com/ryanafolk/utremi/
https://github.com/ryanafolk/tree_utilities
https://github.com/ryanafolk/tree_utilities
https://github.com/ryanafolk/spatial_utilities
https://github.com/mgaynor1/PaleoGenerate
https://github.com/mgaynor1/PaleoGenerate
https://doi.org/10.5061/dryad.n5tb2rbzn
http://dx.doi.org/10.5061/dryad.n5tb2rbzn
https://doi.org/10.5061/dryad.n5tb2rbzn
https://doi.org/10.5061/dryad.n5tb2rbzn

864

SYSTEMATIC BIOLOGY

VOL. 72

1), especially in concatenation analyses. Members of
Heuchereae, itself confidently resolved as monophy-
letic, were resolved in one of three major clades, namely
Heuchera, the “Ozomelis group,” and the “Pectiantia
group” (Fig. 2, Supplementary Fig. S1; the last clade
interpreted differently from Folk and Freudenstein
2014). Other than population samples of the same
species, most phylogenetic uncertainty in Heuchera, as
measured by support estimates and observed incongru-
ence between analyses, was restricted to close relatives
in Heuchera sect. Rhodoheuchera, as observed previously
(Folk et al. 2017). Most relationships were consistent
with previous work; differences from previously pub-
lished studies are discussed in the Supplementary
Text, and overall phylogenetic results and comparisons
with previous studies are reported in more detail in
Supplementary Table S4.

Chloroplast DNA results, with increased sampling
relative to previous studies, were essentially identical
in topology to previous phylogenomic investigations
of the chloroplast genome (Folk et al. 2017, 2018b; Liu
et al. 2020), to previous results based on the trnL-F,
rpl32-trnL, and rpsl6-trnK regions of the chloroplast
genome (Folk et al. 2017), and, aside from backbone
relationships, to results based on restriction site varia-
tion (Soltis et al. 1991). Chloroplast DNA relationships
differ greatly from the nuclear-based phylogeny, as
described at length previously (Soltis and Kuzoff 1995;
Folk et al. 2017). Nuclear- and chloroplast-based trees
both resolve the monophyly of tribe Heuchereae and
the relatively small genera Asimitellaria, Brewerimitella,
Lithophragma, Mitella, and Tolmiea. Yet backbone rela-
tionships among these genera are completely different
and strongly supported in the chloroplast- and nucle-
ar-based trees (see chloroplast DNA analysis support
values in Supplementary Fig. S2), with numerous
well-supported topological differences within genera
(compare Fig. 2 and Supplementary Fig. S2). Notably,
species of Heuchera, recovered as confidently mono-
phyletic in every major nuclear phylogenetic study of
the genus conducted to date, appear dispersed among
three distantly related and well-supported major clades
in chloroplast-based trees. These clades, named A, B,
and C in Folk et al. (2017), were all recovered here with
decisive support. The increased taxon sampling of this
study placed the monotypic genus Spuriomitella as sis-
ter to also monotypic Tellima (not in the Ozomelis group
as in the nuclear-based analyses); additional species
of Lithophragma and Asimitellaria were placed close to
previously sampled species (similar to nuclear analy-
ses), and Heuchera lakelae, not sampled previously, was
placed in chloroplast clade B close to other Mexican
species (similar to nuclear analyses). A novel topo-
logical result placed a monophyletic Tolmiea within
Lithophragma, sister to a clade comprising L. bolanderi,
L. cymbalaria, and L. heterophyllum; the Supplementary
Text discusses the interpretation of this result further.

Dating results for nuclear data (Supplementary Fig.
S3) were similar among the four replicates of each
dating analysis, and also between concatenation and

coalescence analyses, given that the backbone topol-
ogy was nearly identical. To highlight major recog-
nized clades, the analysis of the ASTRAL topology
(Supplementary Fig. S3) yielded 11.51 MYA, with 95%
credibility interval (11.30, 11.98 MYA) for the MRCA of
tribe Heuchereae (i.e., the taxa given in Figs. 2 and 3),
9.50 MYA (8.87, 10.00 MYA) for Heuchera, 10.85 MYA
(10.57, 11.19 MYA) for the Ozomelis group, and 10.34
MYA (10.07, 10.61 MYA) for the Pectiantia group. While
we ran downstream ancestral reconstruction analyses
on both nuclear trees, for the purpose of discussion, we
focus hereafter on coalescence results for the nuclear
genome unless otherwise noted. The chloroplast MRCA
date for Heuchereae (Supplementary Fig. S4), which
was among the dating constraints, was 10.20 MYA (8.90,
13.23 MYA). Chloroplast data tend to recover younger
divergence dates than nuclear data in this group (Folk
et al. 2018b); dates for the unconstrained clades recov-
ered by both genomes were mostly similar and are fully
reported in Supplementary Table S2.

Coalescent Simulation

We used a coalescent simulation approach based on
ILS expectations to test whether increased sampling
supported the hypothesis of chloroplast capture as an
explanation for cytonuclear discord. Consistent with
previous work that had limited taxon sampling outside
of Heuchera (Folk et al. 2017), we find that the chloro-
plast topology recovered here is extremely unlikely
given the nuclear gene tree distribution and ILS alone,
with all backbone clades having probability ~0 in chlo-
roplast gene tree simulations (Supplementary Figs. S5
and S6). The empirical distribution of clade probabil-
ities in the chloroplast tree was significantly different
from the null expectation (one-tailed ¢-test with equal
variance; P = 6.77e-5). Measured as Robinson-Foulds
distances, the comparison is also significant (one-tailed
t-test with equal variance; P < 1e-20).

Ancestral Niche Projection

The reconstructed distribution of suitable habitat for
Heuchereae shifted southwards in cool periods of the
Pleistocene, and predictions of range restriction primar-
ily occurred during the mid to late Pleistocene. The first
southward refugial distribution was reconstructed at
approximately 1.65 MYA (Fig. 3; see also https:/ / github.
com/ryanafolk/utremi/blob/master/results/ances-
tral_projection_animation_ ASTRAL_tree/combined_
constantscale.gif), followed by repeated oscillations
between broad and restricted predicted species ranges
to the present. An important limitation of translating
ancestral niche reconstructions into species distribu-
tions is the often high uncertainty associated with time
calibration of typical empirical studies. Despite weight-
ing ancestral range predictions by phylogenetic dating
uncertainty, we were able to produce high-resolution
ancestral range predictions that clearly distinguished
among cold and warm periods of the Pleistocene (Fig. 3).
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Ficure 2. Topology recovered under coalescence in ASTRAL using 277 nuclear loci. Branch labels represent local posterior probabilities
(Sayyari and Mirarab 2016) and were only plotted for those nodes with 0.5 probability. Marked by asterisks are recipients for inferred
chloroplast capture events; the clades plotted follow Supplementary Table S3 (see a similar plot on the chloroplast tree at Supplementary
Fig. 54). Branch lengths represent coalescent units; tip taxa without sampling of multiple individuals are arbitrarily plotted as 1.0. Informal
clade names noted in the text are labeled with gray boxes. Outgroup branches (Darmera, Rodgersia, and Peltoboykinia) are omitted for compact

representation.

The resulting maps resemble previously published work
on Pleistocene fossil tree pollen assemblages in North
America (Davis and Shaw 2001; Davis et al. 2005: Fig.
4). Similarly, running ancestral reconstruction over the
set of 100 concatenated bootstrap trees and performing
model averaging on the past projections yielded similar

results (https://github.com/ryanafolk/utremi/blob/
master /results/ancestral_projection_animation_con-
catenation_tree/combined_constantscale_100treeboot-
straps.gif), and an MDS (Multidimensional Scaling)
analysis based on Euclidean distances between boot-
strap trees (Supplementary Fig. S7) shows that the best
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Ficure 3. Trends in habitat suitability over time for Heuchereae. A) Representatives of the 50 ancestral projections between mid-Pliocene
conditions (~3.3 MYA) and the present on the ASTRAL topology. Results are also available as animated GIFs at https:/ / github.com /ryanafolk/.
B) Present-day distribution of members of Heuchereae estimated by overlain distribution models. Heuchera species distributions are shown
in transparent red, and those of other genera of Heuchereae are shown in transparent blue; darker colors indicate greater species richness.
C) Times and global temperatures for each of the six projections in panel (A), plotted on the Zachos et al. (2001) temperature curve; the x-
axis represents millions of years to present; the y-axis represents °C. D) Inferred times of chloroplast capture in the study region, based on
reconciling nuclear data with Supplementary Figs. S2 and 54, as summarized in Supplementary Table S3, plotted on the Zachos et al. (2001)
temperature curve; the x-axis represents millions of years to present; the y-axis represents °C.

tree is representative of the distribution of phylogenetic
uncertainty.

Following the chloroplast capture events previ-
ously hypothesized (Folk et al. 2017) and confirmed
here, the range restriction noted above was concurrent
with the date of many previously inferred chloroplast
capture events, that is, primarily within the last 1.75
million years (Folk et al. 2017; plotted in Fig. 3d; see
also Supplementary Fig. 54). To test for a relationship
with temperature, we performed a linear regression of
paleoclimatic temperature (Zachos et al. 2001) versu.
MRCA clade dates for inferred chloroplast capture,
finding a significant relationship (F-test, P = 0.0013; R*
= 0.4529). A simple observation of correlation between
the timeline of hybridization and the Pleistocene could
be confounded by the branch length structure of the
tree, since branches are denser towards the present;
this is a form of autocorrelation that might undermine

a direct relationship to temperature. To test whether
this distribution of timings was different from the
null expectations, we scored a binary matrix of taxa
with a history of chloroplast capture events following
Supplementary Table S3 and used the R package gei-
ger (Harmon et al. 2008; Pennell et al. 2014) to fit an
irreversible discrete model. Based on this rate matrix,
we simulated 1000 binary characters and performed
stochastic mapping to generate a null distribution with
no temporal patterning. The mean MRCA clade age for
inferred chloroplast capture events was 1.8166 MYA;
this was significantly different from the null expec-
tation (mean 6.8102 MYA, one-tailed equal variance
t-test, P = 0.0055).

Investigation of Bin Number Effects

Like any histogram procedure, the technique devel-
oped here is only as good as the binning procedure is
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Ficure 4. Examples of extant environmental occupancy and reconstructions for exemplary cases on the ASTRAL topology, as histograms
here plotted as line graphs for clarity; full plots available at https://github.com/ryanafolk/utremi/. A) Two examples of near-normal
tolerances in extant species. B) Examples of long tails and bimodality of tolerance in extant species. C) Examples of ancestral reconstructions
of environmental tolerance for a deep node in the tree and a shallow node ancestral to a sister-species pair. Solid lines represent probability
densities; dotted lines represent standard errors around these densities. The x-axis in all cases represents mean annual temperature in °C; y-axes

represent probability density.

at representing a continuous probability density func-
tion (Wand 1994; Shimazaki and Shinomoto 2007; Scott
2009), with too many bins resulting in under-smoothed
distributions that appear noisy, and too few resulting in
over-smoothing, eliminating multimodality and other
features (Wand 1994). In addition to the 50-bin approach

for the main analyses, we tested 10, 25, 75, and 100 bins.
As expected, fewer bins, and especially using only 10,
results in essentially enforcing unimodality; larger num-
bers of bins result in similar shape to the result with
50 bins but with noisy plots that reflect limited occur-
rences in each bin (Supplementary Fig. S9). Because this
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result will be sensitive to the quantity of occurrence data
available and the shape of niche responses, the optimal
bin number should be tested empirically; the pno_calc
script (https:/ /github.com/ryanafolk/pno_calc) makes
it straightforward to test different bin numbers.

DiscussioN

Hybridization and the Pleistocene

The reconstructed dates for many chloroplast cap-
ture events in Heuchereae (Supplementary Fig. 54, enu-
merated in Supplementary Table S3) correspond to the
Pleistocene epoch, and particularly to after the mid-Pleis-
tocene (within the last 1.75 million years), a timeframe
near the Mid-Pleistocene Transition (1.25 MYA) that is
associated with elevated temperature fluctuations and
rapid range shift dynamics (Fig. 3; 9 of 12 putative events
are within this time frame). The time frame we recov-
ered is therefore consistent with identifying Pleistocene
glaciation as a key climatic driver for hybridization
opportunities (e.g., Anderson and Stebbins 1954). Our
overall divergence times are consistent with what has
been recovered previously (Deng et al. 2015; Folk et al.
2018b); while Heuchereae lacks a fossil record, as argued
by Okuyama (2016), the split between Asimitellaria ama-
miana and A. doiana can be constrained as >1.3 MYA
based on the geological history of the Ryukyus, which
is concordant with the divergence time recovered here.

Within this Pleistocene time frame, ancestral range
predictions show a broad contraction and southerly
movement of geographic distribution for Heuchereae
across its entire range. The geographic distribution of
these potential refugial areas is centered on Mexico in an
area partly corresponding to its current Mexican distri-
bution, and additional areas that form part of its modern
distribution along the coast of western North America
and in a disjunct area of the southeastern United States.
Distributional contractions corresponded to glacial
cycles, with increased range overlap during these times
as suggested by occurrence probabilities. Such an asso-
ciation is attributable to novel patterns of range contact
spurred by rapid migration during past climate change.
Geographic ranges of lowland plants in the Northern
Hemisphere typically experienced southward migra-
tion and fragmentation of populations in Pleistocene
refugia (reviewed in Folk et al. 2018b; see also Soltis et
al. 2006; Soltis et al. 1997; Brunsfeld et al. 2001; see sim-
ilar reconstructed and empirical distributions in Davis
et al. 2005), which would have resulted in potential
contact among many species that were previously allo-
patric but shared refugial areas. But an alternative and
important component of a colder Pleistocene climate
is the diversity of responses to climate change: while
many lowland species are thought to have experienced
range restriction, many high alpine taxa had increased
habitat suitability and experienced increased range
sizes (Guralnick 2006; Folk et al. 2018b). The presence
of both ecological strategies in Heuchereae, therefore,

would have promoted novel patterns of range contact
not evident in present-day populations.

Consistent with a previous small-scale ancestral niche
modeling investigation (Folk et al. 2018b) and with ver-
bal models (e.g., Lopez-Alvarez et al. 2015; Klein and
Kadereit 2016; Marques et al. 2016), there appears to be
a general relationship in Heuchera between historical
temperature dynamics and opportunities for hybrid-
ization facilitated by significant range contractions of
many taxa into shared refugial locations. This relation-
ship agrees with the prediction that opportunities for
hybridization are facilitated by ecological disturbance
(Anderson and Stebbins 1954), a general principle of
which Pleistocene climate change is one particularly
dramatic example.

Trends in Niche Evolution

While most ancestral reconstructions of niche appeared
approximately normally distributed, the histogram
method was able to construct complex distributions
such as bimodality and long tails (Fig. 4c). As expected,
uncertainty in trait reconstruction is greatest for deeper
nodes. Focusing on temperature, precipitation, and ele-
vation trends in Heuchera (results for additional genera
are available in Supplementary Table S8), the MRCA of
Heuchera was reconstructed as living in environments
that were warm-temperate (maximum bin probability:
mean annual temperature 12.0 °C, corresponding to, for
example, today’s mid-South region of the United States;
see Fig. 4) and wet (annual rainfall 1119 mm, similar
to some areas of the present-day South and Midwest
regions of the United States.) at low to mid-elevation (this
was a multimodal reconstruction with peaks from 84 to
1956 m). Mean annual temperature did not show strong
trends as there are shifts to both cooler and warmer envi-
ronments. Precipitation showed strong trends towards
species” invasion of drier environments across multi-
ple lineages, and the results similarly showed a trend
towards higher elevations (Supplementary Fig. S8).

Histogram Methods for Ancestral Reconstruction

Ancestral niche reconstruction has attracted consid-
erable interest given its importance for understanding
past geographic range and its complementarity to stan-
dard biogeographic models that typically do not incor-
porate habitat suitability (Yesson and Culham 2006;
Evans et al. 2009; Meseguer et al. 2015; Sukumaran and
Knowles 2018; Williams et al. 2018; Guillory and Brown
2021; Landis et al. 2021). The difference between these
many approaches primarily centers on the unique “vol-
umetric” aspects of species niche compared to other
types of trait data—fundamentally they differ in how
niche breadth and “shape” (how environmental toler-
ance varies along the niche breadth) are incorporated.
Here we implemented for the first time a histogram
approach, where the probability density of predefined
environmental bins is the quantity subject to ancestral
reconstruction. Such an approach has the advantage of
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explicitly attempting to reconstruct not only how wide
the niche is but its shape, including various forms of
non-normality such as multimodal distributions, as are
often found in empirical niche models (e.g., see Evans
et al. 2009). Traditional approaches such as min-max
coding focus on the extremes: the very limit at which
individuals of a species survive (perhaps partly due
to immigration of those in less extreme habitats). The
histogram approach focuses on the whole distribution,
de-emphasizing while still including the limits. We find
the method can identify potential multimodality in sev-
eral parts of the tree, particularly in the early history
of Heuchereae. This is perhaps consistent with later
specialization of the clade into different lithophytic
environments across elevational and precipitation
gradients, although the histogram method could also
disproportionately favor broad ancestral niche predic-
tions (see below). The methods included here will be an
important addition to the toolkit for examining habitat
evolution in a macroevolutionary context with its flex-
ibility to incorporate diverse distributions in the input
data as well as diverse sources of prediction uncertainty.

Comparison with Previous Methods

Phyloclim (Heibl 2011) does not implement estimates
of niche breadth, but the histogram approach developed
here results in consistently larger niche breadth estimates
than in Ambitus (Folk et al. 2018b; Supplementary Table
S5), reflecting the very different interpretation of niche
breadth in the two methods. While this difference rep-
resents how a user might interpret the result, it should be
noted that the niche breadths reported in Supplementary
Table S5 (range of bins having at least 1% probability and
95% credibility intervals, respectively) represent differ-
ent calculations and are not necessarily directly compa-
rable. Estimates of the niche centroid, by contrast, were
quite similar between methods. The histogram method
returned higher estimates overall, but this difference was
not significant in comparison with Phyloclim (P = 0.1372,
paired two-tailed t-test, equal variance) and only 0.67 °C
greater. Ambitus returned node values averaging 1.2 °C
lower than the histogram method, and while modest, this
comparison was significant (P = 0.0047), likely reflect-
ing the left-skew of most ancestral reconstruction his-
tograms. Overall, while the histogram method differed
by some measures reflecting its differing methodological
aims, its performance in estimating niche centroids was
fairly similar to previously published methods.

Hybrid Detection

Our focus has been on a specific hybridization pro-
cess: chloroplast capture as evident from the compari-
son of nuclear and chloroplast DNA sequence data. With
greatly improved taxon sampling, we found support for
a previous hypothesis of hybridization that was tenta-
tive given a lack of outgroup sampling (Folk et al. 2017),
as well as other hypotheses in the literature (Soltis et al.
1991; Okuyama et al. 2005) and one hybridization not

detected previously (Supplementary Text). Chloroplast
capture may be the most commonly reported form of
hybridization in plants in terms of the number of evolu-
tionary events detected so far, although it remains uncer-
tain whether this only reflects its more straightforward
detection (Sambatti et al. 2008, p. 1089). In Heuchereae,
deep intergeneric conflict is less evident when compar-
ing among only nuclear gene trees (see Discussion in
Folk et al. 2017) and does not reflect the phylogenetic
signal recovered from chloroplast data. This justifies our
use of a single species tree estimate rather than a net-
work for ancestral reconstruction. The small weight of
extra hybridization edges in the context of introgression
(see Bastide et al. 2018) or the involvement of chloroplast
housekeeping loci that are unlikely to underlie niche
traits (Hahn and Nakhleh 2016) could limit the impact of
hybridization on ancestral reconstruction. While feeling
justified in constraining our hybridization focus to the
chloroplast genome, we have not completely leveraged
the full potential of our data to reveal further potential
hybridization that could be evident from nuclear data.

Conclusions

We have found evidence supporting a classic hypoth-
esis that the mid- to late-Pleistocene paleoclimates
were potential drivers of hybridization, the results of
which are observed in some present-day floras. Glacial
cool periods represent opportunities for hybridization
by causing large-scale range shifts in plant communi-
ties and contraction in the distributions of individual
species, which would have created novel patterns of
sympatry and parapatry among plant lineages that
ancestrally lacked opportunities for gene flow. We
found evidence that most chloroplast capture events
in Heuchereae date to the mid to late Pleistocene,
concomitant with clade-wide range restriction during
Pleistocene cool conditions, indicating a role for past
climate change in promoting prolific chloroplast cap-
ture in the clade. The flexible ancestral reconstruction
approach we implement here is able to incorporate
arbitrary niche distributions as well as multiple sources
of model uncertainty and will have broad applicability
for testing questions about niche biology in deep time.

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
http:/ /dx.doi.org/10.5061/dryad.n5tb2rbzn.
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