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Summary

� While flowering plants have diversified in virtually every terrestrial clime, climate constrains

the distribution of individual lineages. Overcoming climatic constraints may be associated with

diverse evolutionary phenomena including whole genome duplication (WGD), gene-tree con-

flict, and life-history changes. Climatic shifts may also have facilitated increases in flowering

plant diversification rates. We investigate climatic shifts in the flowering plant order Ericales,

which consists of c. 14 000 species with diverse climatic tolerances.
� We estimate phylogenetic trees from transcriptomic data, 64 chloroplast loci, and Angios-

perms353 nuclear loci that, respectively, incorporate 147, 4508, and 2870 Ericales species.

We use these phylogenetic trees to analyse how climatic shifts are associated with WGD,

gene-tree conflict, life-history, and diversification rates.
� Early branches in the phylogenetic trees are extremely short, and have high levels of

gene-tree conflict and at least one WGD. On lineages descended from these early branches,

there is a significant association between climatic shifts (primarily out of tropical climates),

further WGDs, and life-history.
� Extremely short early branches, and their associated gene-tree conflict and WGDs, appear

to underpin the explosive origin of numerous species rich Ericales clades. The evolution of

diverse climatic tolerances in these species rich clades is tightly associated with WGD and life-

history.

Introduction

Climate plays a central role in shaping the distribution of biodi-
versity (e.g. Donoghue, 2008; Crisp et al., 2009). Adaptation to
different climates is especially pronounced in angiosperms where
different lineages have adapted to almost every terrestrial environ-
ment including hot and humid tropical rainforests, arid deserts,
and cold polar and alpine conditions. Perhaps because of the ses-
sile nature of plants, and the inability of individuals to move
from climatic stress, adaptive traits for different climates in
angiosperms are exceptionally diverse, ranging from succulent
leaves or stems for arid conditions, cushion growth form in cold
conditions, or complex biochemical adaptations for high ultra-
violet or cold conditions (Griffith & Yaish, 2004; Eggli & Nyf-
fler, 2009; Folk et al., 2020).

The different climates to which plant lineages have adapted
have their own distinct histories. Tropical climates have existed
far longer than temperate climates, whilst the varied age of alpine
conditions depends on the age of different mountain systems
(Hughes & Eastwood, 2006; Favre et al., 2016). The extent of

these climatic zones has also changed significantly over time.
Interactions between unique climates and the adaptations
lineages must undergo to thrive in them underpin key patterns in
angiosperm macroevolution. For example, the comparatively
recent and rapid diversification of temperate and alpine lineages
relative to tropical lineages is likely explained by the younger age
and less saturated niche space of many temperate and alpine
regions (Hughes & Eastwood, 2006; Zanne et al., 2014; Folk
et al., 2019; Tietje et al., 2022).

Evolutionary adaptations, such as those enabling survival in
new climates, are associated with diverse molecular evolutionary
processes. One of the most important of these processes is whole
genome duplication (WGD), which can facilitate the origin of
potentially adaptive traits for survival in new climates, or occur as
a result of climatic shifts (De Storme et al., 2012; McGrath &
Lynch, 2012; Rice et al., 2019; Van de Peer et al., 2021; Feng
et al., 2024). Gene-tree conflict, where individual loci evolve
according to different tree topologies, is also associated with the
origin of novel traits (Parins-Fukuchi et al., 2021; Stull
et al., 2021). While conflict is not expected to be causally related
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to the evolution of novel traits, it may be broadly suggestive of
shifts in population structure and size (Parins-Fukuchi
et al., 2021).

The angiosperm clade Ericales (comprising 22 families and c.
14 000 species sensu APG IV, 2016) is ideal for investigating adap-
tation to different climates at a global scale within a diverse and
evolutionarily complex clade. Clades within Ericales have adapted
to varied climates. For example, Sapotaceae and Lecythidaceae have
diversified extensively within tropical climates (Bartish et al., 2010;
Rose et al., 2018; Vargas & Dick, 2020), clades within Primula-
ceae, Polemoniaceae, and Ericaceae have diversified in cold climates
(Schwery et al., 2015; Boucher et al., 2016; Larson et al., 2020,
2023), whilst Fouquieriaceae and Euclea (Ebenaceae) have diversi-
fied in arid climates (Waln€ofer, 2001; Soto-Trejo et al., 2022).
Because Ericales likely originated over 90 million years ago (Ma)
(Nixon & Crepet, 1993; Rose et al., 2018), when the global cli-
mate was considerably warmer and wetter than today, significant
shifts in climatic preference within Ericales are likely to have
involved adaptation to colder and drier climates that increased in
extent in the Cenozoic. The prevalence of such shifts out of tropical
climates has been previously highlighted in Saxifragales and Rosids
(Folk et al., 2019; Sun et al., 2020).

Inevitably, a clade of the scale of Ericales incorporates other
types of trait variation aside from different climatic preferences.
This variation includes diverse life-history strategies, ranging
from often-large tropical rainforest trees in Sapotaceae and
Lecythidaceae, small herbaceous annuals in Polemoniaceae,
and shrubs, lianas, and epiphytes distributed in families through-
out the clade. Other striking evolutionary adaptations include
carnivory in the pitcher plants of Sarraceniaceae, semi-carnivory
in Roridulaceae (where nutrients are sequestered by absorbing
the excrement of predatory insects that live on their sticky leaves)
mycoheterotrophy in Ericaceae (e.g. Sarcodes), and unique floral
morphology in Lecythidaceae where an androecial hood extends
over the rest of the flower and restricts pollinator access
(Prance, 1976).

The molecular evolution and phylogeny of Ericales are also
noteworthy. Early branching events within the order are almost
simultaneous, whilst diversification of extant lineages within each
family appears far more recent (Rose et al., 2018; Larson
et al., 2020). The very short early branches suggest a rapid origi-
nation of Ericalean families after the origin of the order. How-
ever, incomplete lineage sorting (ILS) or hybridisation may also
be prevalent on these early branches and can bias molecular
branch length estimates (Mendes & Hahn, 2016). These early
branches are also notable for their rapid morphological evolution
(Parins-Fukuchi et al., 2021). By contrast, high species turnover
could explain the comparatively recent diversification of extant
lineages within each family. In addition, transcriptomic analyses
have illustrated the existence of several ancient WGDs within Eri-
cales, including two associated with the early branches, and others
occurring within families such as Primulaceae or Actinidiaceae
(Larson et al., 2020). Despite knowledge of these varied molecu-
lar evolutionary phenomena within Ericales, understanding of
the links between them and the striking evolutionary novelties
observed throughout Ericales is limited.

We attempt to address this by asking to what extent shifts out
of tropical climates in Ericales are associated with: (1) WGDs
and gene-tree conflict? (2) life-history shifts? (3) diversification
rate shifts? We address these questions using a transcriptomic
dataset that incorporates 147 Ericales species, and chloroplast,
Angiosperms353, and ITS datasets that incorporate over 4500
Ericales species. Incorporation of these datasets into a single study
enables complementary insights. The transcriptomic dataset can
reveal molecular processes (such as WGDs) that underpin the
macroevolution of Ericales, and help to resolve intractable rela-
tionships. The species-level datasets, in combination with cli-
matic and life-history data, enable insights into when and to
what extent clades have adapted to and diversified in different cli-
mates, as well as associated life-history changes.

Materials and Methods

Overview of methods

The methodological structure is as follows. (1) Analyses of tran-
scriptomic data including phylogenetic inference, and estimating
potential WGDs by mapping gene duplications and calculating
synonymous distances between paralogous gene pairs. Estimates
of chromosome numbers (Table S3) and WGDs from previous
studies were also reviewed to further evaluate potential WGDs.
(2) Phylogenetic inference with the species-level datasets. WGDs
from the previous step were mapped onto the estimated
species-level phylogenetic trees. (3) Estimation of climatic and
life-history shifts on the species-level phylogenetic trees using
evolutionary models, sister-clade comparison, and analyses of the
fossil record. (4) Estimation of lineage-specific diversification
rates in the species-level phylogenetic trees.

Sampling and sequencing of transcriptomic data

A dataset of 153 transcriptomes was assembled: 97 were newly
generated and 56 are publicly available. Outgroups from Aster-
ales, Caryophyllales, Rosales, Santalales, Solanales, and Cornales
were included. Overall, 148 taxa were incorporated (Calluna vul-
garis (L.) Hull, Monotropa hypopitys L., Barringtonia racemosa (L.)
Spreng., Eschweilera coriacea (DC.) S.A.Mori, and Gustavia
superba (Kunth) O. Berg were each represented by two samples)
representing 18 of the currently recognised 22 Ericales families
(Cyrillaceae, Fouquieriaceae, Symplocaceae, and Tetramerista-
ceae were not sampled).

To generate most new transcriptomes, seeds were obtained
from the Missouri Botanical Garden, Millennium Seed Bank
(Kew), California Botanic Garden, Florida Museum of Natural
History, US Department of Agriculture, and Wake Forest. These
seeds were planted at Matthaei Botanical Gardens. When enough
tissue was available, young leaves, flowers, or buds were stored in
liquid nitrogen at �80°C until RNA was isolated. Eight samples
were collected from naturally occurring populations and stored
in RNAlaterTM until extraction. Some of the newly sequenced
samples were prepared with the RNeasy Plant Mini Kit (Qiagen)
and the TURBO DNA-free kit (Thermo Scientific, Waltham,
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MA, USA) to isolate total RNA and to digest and remove DNA
from the sample. Samples were quantified in 1% agarose gel and
with a NanoDrop 1000 Spectrophotometer (Thermo Scientific).
For newly sequenced samples, library preparation, rRNA deple-
tion, and Illumina HiSeq 2 9 150 bp sequencing was conducted
at either GENEWIZ NGS (South Plainfield, NJ, USA) or BGI
Genomics (Shenzhen, China).

Homology and orthology inference

Hierarchical clustering based on Yang & Smith (2014) and
Walker et al. (2018) was used for detecting homologues. First, an
all-by-all BLAST within user-defined groups identified initial
homologue clusters. User-defined groups were: (1) outgroups,
Balsaminaceae, Marcgraviaceae, Mitrastemonaceae, (2) Ebena-
ceae, Primulaceae, Sapotaceae (3) Polemoniaceae, (4) Lecythida-
ceae, (5) Diapensiaceae, Pentaphylacaceae, Sladeniaceae,
Styracaceae, Theaceae, (6) Actinidiaceae, Clethraceae, Ericaceae,
Roridulaceae, Sarraceniaceae. These groups are consistent with
estimated relationships within Ericales from Larson et al. (2020).
Sequences were then aligned in MAFFT v.7.149 (Katoh
et al. 2002; Katoh & Standley, 2013), before estimating initial
homologue trees in RAXML v.8 (Stamatakis, 2014). Homologues
in the user-defined groups were then recursively combined, work-
ing towards the root of the tree. Homologous sequences were
then realigned in MAFFT before homologue trees were estimated
in RAXML. These steps identified 10 325 homologues.

Orthologues were identified using the rooted tree (RT)
method of Yang & Smith (2014). This method accounts for gene
duplications and WGDs. Prunus persica (L.) Batsch (Rosaceae)
was used as the outgroup. 1752 orthologues were identified.

Species tree estimation with transcriptomic data

Orthologous sequences were realigned in MAFFT, and gene trees
were re-estimated in IQ-TREE2 (Minh et al., 2020), with 100
bootstraps for each gene tree. Sladenia celastrifolia Kurz (Slade-
niaceae) was resolved outside Ericales in every gene tree in which
it was sampled; it was therefore pruned from all gene trees. Subse-
quently, any gene tree where Ericales was not monophyletic was
removed, leaving a total of 1294 gene trees. Nodes with bootstrap
values < 50 were collapsed before a species tree topology was esti-
mated in ASTRAL v5.7.8 (Mirarab et al., 2014).

Molecular branch lengths were then estimated. The 300 loci
with gene trees that were most topologically congruent with the
species tree, as determined by SortaDate (Smith et al., 2018a),
were concatenated. This was the minimum number of loci
required to incorporate all species. This concatenated alignment
was analysed in RAXML with the topology constrained to the
species tree topology and a separate GTR+GAMMA model for
each locus.

Mapping gene duplications

Phyparts was used to calculate the number of gene
duplications on each branch in the species tree (Smith

et al., 2015) using the duplication command. Homologue trees
for which the problematic sample for Sladenia celastrifolia was
removed were used as the input alongside the species tree topol-
ogy estimated in ASTRAL.

Calculating synonymous distances (Ks distances) between
paralogous gene pairs

Peaks in the distribution of Ks distances for a given species
are indicative of WGDs. Ks distances were therefore calculated
for each species as per Yang et al. (2015) with the Yang
Nielsen method, and using the scripts presented here (https://
github.com/tanghaibao/bio-pipeline/tree/master/synonymous_
calculation).

Sampling and sequencing of species-level datasets

Specimens were sampled from the Missouri Botanical Garden,
New York Botanical Garden, University of Michigan, and Flor-
ida Museum of Natural History herbaria as set out in Kates
et al. (2021). DNA samples were also obtained from Peter Fritsch
(Forth Worth Botanical Garden, BRIT). Capture-Seq sequen-
cing libraries enriched for gene regions targeted by the Angios-
perms353 probe set (Johnson et al., 2019) were prepared and
sequenced with various Illumina machines to generate either
150-base pair (bp) or 250-bp paired-end reads. Nonenriched
Illumina sequencing libraries were also prepared and sequenced
as above to generate a whole genome shotgun (WGS) genome
skimming sequence data set for each sample. Capture-Seq and
WGS reads were combined into a single pair of read files per
sample. Paired reads were trimmed with TRIMMOMATIC (Bolger
et al., 2014) to trim adapters, bases with a PHRED score < 20,
and discard reads < 50 bases. Reads that became unpaired
because of trimming were combined into a single file per sample.
Read files were analysed with HYBPIPER v.1.3.1 (Johnson et al.,
2016) under default settings with custom target files designed for
the 353 loci in asterids (McLay et al., 2021), collections of Eri-
cales plastome genes, and ITS sequences.

Alignment and phylogenetic inference of Angiosperms353
and ITS data

For Angiosperms353 data, assembled amino acid sequences were
analysed, whilst for ITS data nucleotide sequences were analysed.
Data were subdivided into families, with family-level alignments
estimated in MAFFT. Sequences with a high proportion of gaps in
conserved regions (> 20% gaps at sites where fewer than a third
of sequences had gaps) were removed before removing any site
with > 90% gaps. Family alignments were then merged using
--merge in MAFFT. Families comprising a single sequence (often
for Sladeniaceae or Mitrastemonaceae) and outgroup sequences
(Curtisia dentata (Burm.f.) C.A.Sm. and Grubbia rosmarinifolia
P.J.Bergius, Cornales) were then added using --add and
--keeplength in MAFFT. A further filtering step removed sites with
> 75% gaps. Gene trees were then estimated in FASTTREE (Price
et al., 2010) with the highest ranked amino acid substitution
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model for the Angiosperms353 data (with model comparison
performed in IQ-TREE-2 (Minh et al., 2020)) and a GTR model
for the ITS data.

Problematic samples were identified if (1) their corresponding
terminal branch or any ancestral branch was abnormally long
(defined as six times the mean branch length across each tree), and
(2) they were placed outside the clade corresponding to their family
in a high proportion of gene trees. Samples identified with criterion
1 were removed from their corresponding gene tree. Samples iden-
tified with criterion 2 were removed from every gene tree. For the
Angiosperms353 data, sequences corresponding to the remaining
samples in each gene tree were then realigned and merged, and a
new set of gene trees was estimated as outlined above.

This second set of Angiosperms353 gene trees were pruned of
individual samples occurring well outside the main clade for their
family, and also pruned of remaining abnormally long branches.
A further pruning step then involved retaining one accession for
each species with the highest coverage across all genes. Nodes
with support values < 0.5 were collapsed, before the 354 gene
trees (Angiosperms353+ITS) were used for species tree estima-
tion in ASTRAL.

Molecular branch lengths were then estimated. The 14 Angios-
perms353 loci with gene trees that were most topologically con-
gruent with the species tree, as determined by SortaDate, were
concatenated with ITS. This concatenated alignment incorpo-
rated 99.9% of species in the species tree and was analysed in
RAXML with the topology fixed to the species tree topology. The
substitution model was partitioned by locus, with a
GTR+GAMMA model for the ITS data and a JTT model for
each Angiosperms353 locus (the optimal model for each locus).

Alignment and phylogenetic inference of chloroplast data

Alignment and gene-tree estimation followed similar steps as for
the ITS dataset. The resulting 65 gene trees (64 chloroplast gene
trees+ITS) were used to estimate a species tree in ASTRAL.

Topological incongruence between gene trees and the species
tree was minimal. Therefore, to estimate molecular branch
lengths, all loci that incorporated over 25% of tips in the species
tree were concatenated. This concatenated alignment was ana-
lysed in RAxML, with the topology fixed to the species tree
topology. A GTR+GAMMA model was used for each locus.

An additional phylogenetic tree was estimated with only chlor-
oplast data using the same steps as above but excluding the ITS
gene tree from the ASTRAL analysis. This species tree incorpo-
rated 3638 species, 870 fewer than the chloroplast+ITS tree.
Most subsequent analyses use the chloroplast+ITS and Angios-
perms353+ITS trees. Some additional analyses use the
chloroplast-only tree to determine the sensitivity of key findings
to combining data from different genomes.

Divergence time estimation

Divergence times were estimated using treePL (Smith &
O’Meara, 2012) with the estimated species trees. Fossil calibra-
tions were based on a literature search of Ericales fossils in which
systematic treatments explicitly described the characters used to
assign fossils to clades. Fourteen fossils were used to define mini-
mum age calibrations (Table 1). One maximum constraint of
109 Ma was used at the root node, corresponding to the upper
bound for the age of this node in Magall�on et al. (2015). A

Table 1 Information on fossil calibrations used for estimating time-calibrated phylogenetic trees for Ericales.

Name Stratum
Minimum Constraint
age (Ma) Organ Node calibrated Reference

Chrysophyllum tertiarum Late Paleocene (Thanetian) 56.0 Leaf Crown Sapotaceae Mehrotra (2000)
Cleyera sp. Middle Eocene 47.8 Seed Stem Cleyera Collinson et al. (2012)
Discoclethra maxima Late Cretaceous

(Maastrichtian)
66.0 Seed, fruit Stem Clethraceae Knobloch &

Mai (1986)
Eurya sp. Late Cretaceous (Santonian) 83.6 Seed Stem Eurya Knobloch &

Mai (1986)
Gilisenium hueberi Middle Eocene 37.8 Leaf, root,

fruit
Crown Polemoniaceae Lott et al. (1998)

Leucothoe praecox Late Cretaceous
(Maastrichtian)

66.0 Fruit Stem Leucothoe

(Ericaceae)
Knobloch &
Mai (1986)

Pelliciera Middle Eocene 37.8 Pollen Stem Pelliciera

(Tetrameristaceae)
Graham (1977)

Pentapetalum
trifasciculandricus

Late Cretaceous (Turonian) 89.8 Flower Stem Pentaphylacaceae Mart�ınez-
Mill�an (2010)

Unnamed Primuloid Late Cretaceous (Maastrichian) 66.0 Flower Crown Primulaceae Friis et al. (2010)
Rhododendron

newburyanum

Paleocene (Woolwich and
Reading beds)

56.0 Seed Stem Rhododendron

(Ericaceae)
Collinson &
Crane (1978)

Saurauia antiqua Late Cretaceous (Santonian) 83.5 Seed Crown Actinidiaceae Knobloch &
Mai (1986)

Schima kwangsiensis Late Oligocene 23.03 Fruit Stem Schima (Theaceae) Shi et al. (2017)
Symplocos nooteboomii Middle Eocene 43.0 Seed Stem Symplocos

(Symplocaceae)
Manchester (1994)

Vaccinium minutulum Late Miocene 5.33 Seed Stem Vaccinium

(Ericaceae)
Ła�ncucka-�S
rodoniowa (1979)
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maximum of 125 Ma was trialled (see Zenodo), and had a mini-
mal effect on age estimates within families but led to less stable
results. A smoothing value of 1.0 was used. Alternative values had
a minimal impact on age estimates.

Analysis of bioclimatic niche evolution

Occurrence records were downloaded from BIEN and GBIF in
March 2023. Records whose geocoordinates were either placed
in the ocean or found outside the geographic regions recognised
by the WCVP TDWG3 levels were excluded. This resulted in
4020 345 unique localities for Ericales species. Climate data for
each record was then obtained from the WorldClim database.

Values that were three SD above or below the mean for each
bioclimatic variable were removed. For each taxon, the mean
value for each bioclimatic variable was then calculated, before a
PCA was performed on the dataset. PC1 accounted for 78% of
the variation in the data. Higher values on PC1 correspond to
warmer, wetter, and less seasonal climates. The dataset incorpo-
rated bioclimatic information for 4271 species in the chloroplas-
t+ITS phylogenetic tree and 2758 species in the
Angiosperms353+ITS phylogenetic tree.

Two approaches were used for analysing bioclimatic niche evo-
lution. First, the mean climatic preference of extant species in sis-
ter clades was compared. These comparisons were limited to
cases where the ‘lower’ clade (the clade with a lower mean value
on PC1) contained at least 40 species in the chloroplast+ITS
phylogenetic tree, and 25 species in the Angiosperms353+ITS
phylogenetic tree (roughly 1% of tips in each case). The analysis
therefore focussed on identifying large climatic shifts associated
with the origin of diverse clades with low values for PC1.

Alternatively, l1ou (Khabbazian et al., 2016) was used to
reconstruct bioclimatic preferences. This method fits an
Ornstein–Uhlenbeck (OU) model with multiple optima to phy-
logenetic trees, enabling estimation of the number, placement,
and magnitude of shifts in bioclimatic preference (or optima).
l1ou uses a modified version of the BIC (pBIC) for assessing con-
figurations of shifts in OU optima whilst accounting for phyloge-
netic correlation and avoids overfitting the data (Khabbazian
et al., 2016). It also performs a maximum likelihood search for
the optimum a (rate of adaptation), exploring values ≥ 0. The
search therefore incorporates models equivalent to Brownian
motion. When performing analyses, the maximum number of
shifts was set to 100. Compared to sister-clade comparison, l1ou
enables a more comprehensive assessment of shifts in bioclimatic
preference across the phylogenetic tree, including a direct assess-
ment of directionality. Nonetheless, unlike sister-clade compari-
son, inferences depend on accurate divergence time estimates.

Analysis of life-history evolution

Life history was categorised as tree, shrub, herb, epiphyte, myco-
heterotroph, and climber. Data were primarily assembled from
POWO (accessed November 2023 – Table S4). Not all cate-
gories are mutually exclusive, and therefore were simplified when
plotted – species that were both epiphytes, mycoheterotrophs, or

climbers, and also trees, shrubs, or herbs, were simply plotted as
either epiphytes, mycoheterotrophs, or climbers.

Ancestral life-history states were reconstructed. A model incor-
porating all six categories was not used because they are not
mutually exclusive, and because of the computational burden of
many categories in large phylogenetic trees. Therefore,
life-history reconstruction was limited to woody or herbaceous.
Two models were tested as follows: an equal-rates model assumed
rates of transition between each state were equal, whilst an all-
rates-different model assumed rates were unlinked. In each case,
the models were tested with either the root state unknown, or
the root state fixed to woody. The log-likelihood and AIC values
for these models were compared using the fitMK function in phy-
tools (Revell, 2024). One-hundred stochastic character maps were
generated with the best fitting model using the make.simmap
function from phytools (Revell, 2024).

Diversification rate estimation

Lineage-specific speciation rates were estimated in BAMM

(Rabosky, 2014). Despite previous criticism of BAMM (Moore
et al., 2016), the method is reliable in most biological datasets
(Rabosky et al., 2017). Further recent criticism of diversification
rate estimation (Louca & Pennell, 2020) primarily applies to
time-heterogeneous models rather than lineage-specific ones
(Louca & Pennell, 2020; O’Meara & Beaulieu, 2021). Global
and clade-specific sampling fractions were used. The global sam-
pling fraction corresponded to the proportion of sampled genera
in each phylogenetic tree (0.92 for the chloroplast+ITS tree, and
0.82 for the Angiosperms353+ITS tree). The smallest unit over
which clade-specific sampling fractions were specified was indivi-
dual genera. However, for nonmonophyletic genera, the sam-
pling fraction unit was increased to incorporate all tips for any
genus contained within it. For each sampling fraction unit, the
sampling fraction was calculated by dividing the number of tips
in each unit by the number of accepted species for genera incor-
porated in each unit (POWO, 2023). The setBAMMpriors func-
tion from BAMMTOOLS (Rabosky et al., 2014) was used to
define appropriate priors. Shift configurations with the highest
posterior probabilities and credible shift sets incorporating 95%
of the posterior probability were extracted, enabling uncertainty
in the placement of rate shifts to be accounted for. The cor func-
tion from the stats R package (R Core Team, 2023) was used to
test for a correlation between tip speciation rates and bioclimatic
preference of extant species.

Results

Phylogenetic inference

The phylogenetic tree estimated from 1294 orthologues derived
from transcriptomic data comprises 151 tips, 143 of which are
Ericales species (Fig. 1). Relationships are broadly congruent with
Larson et al. (2020): Balsaminaceae and Marcgraviaceae (i.e. the
balsaminoid clade) are sister to all other families, and there is a
core Ericales clade comprising Ericacaceae, Actinidiaceae,
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Sarraceniaceae, Theaceae, Styracaceae, Diapensiaceae, and Penta-
phylacaceae (Fig. 1). Relationships among families within core
Ericales are the same as Larson et al. (2020), although Clethra-
ceae and Mitrastemonaceae are additionally incorporated in this
study, and both are resolved in core Ericales. Relationships out-
side core Ericales differ somewhat from Larson et al. (2020): a

clade comprising Primulaceae, Ebenaceae, and Polemoniaceae is
recovered here, which contrasts to Larson et al. (2020) who
resolve these families as a grade. Nonetheless, relationships out-
side core Ericales are congruent with a recent Ericales phyloge-
netic tree estimated from Angiosperms353 data (Larson
et al., 2023). Overall, the phylogenetic signal among orthologues
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Fig. 1 Phylogenetic tree for Ericales estimated
from 1294 orthologues derived from
transcriptomic data. Blue numbers show the
number of gene duplications on each branch.
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for branches defining relationships between families is highly
conflicting, so no specific resolutions carry much confidence for
classifications (Fig. 1). Conversely, most orthologues support the
monophyly of each family.

The two species-level phylogenetic trees estimated from either
chloroplast+ITS (Fig. 2) or Angiosperms353+ITS (Fig. S1)
incorporate 4508 and 2870 Ericales species, respectively. The
Angiosperms353+ITS phylogenetic tree is broadly congruent
with the transcriptomic phylogenetic tree, although relationships
differed slightly outside core Ericales, with Polemoniaceae no

longer occurring in a clade with Primulaceae and Ebenaceae
(Fig. S1). The chloroplast+ITS tree is also broadly congruent
with these other trees (Fig. 2). However, Pentaphylacaceae is
resolved outside core Ericales (Fig. 2), with c. 35% of chloroplast
gene trees supporting this alternative placement.

Divergence time estimation

Divergence times are relatively consistent in the chloroplast+ITS
phylogenetic tree and Angiosperms353+ITS phylogenetic tree.

Fig. 2 Time-calibrated phylogenetic tree for Ericales estimated from chloroplast+ITS data and 14 fossil calibrations. Pink circles indicate putative WGDs
(there is some uncertainty about the placement of these; see text). Black triangles are large climatic shifts estimated by sister-clade comparison. Branch
colours represent the climatic optima (on PC1) estimated by l1ou, and the observed climatic preference at the tips is shown on the innermost ring around
the edge of the phylogenetic tree. These climatic variables correspond to the PC1 scale shown. Diamonds indicate estimated life-history shifts: green are
from woody to herbaceous, and red are from herbaceous to woody. The observed life-history state at the tips is shown on the second ring around the edge
of the phylogenetic tree, with colours corresponding to the key shown. The outermost ring represents the different families. The black line in this ring,
which extends from Theaceae to Ericaceae, corresponds to core Ericales.
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Family crown node age estimates range from the late Cretaceous
throughout the Tertiary, whilst family stem node age estimates
are primarily late Cretaceous (Figs 2, S1, S2). The similar stem
node age estimates for each family reflect the very short early
branches in the phylogenetic trees (both the time-calibrated and
uncalibrated phylogenetic trees, Figs S3, S4), with major lineages
arising over a very short timescale. Nonetheless, stem node ages
are consistently older in the Angiosperms353+ITS phylogenetic
tree than the chloroplast+ITS phylogenetic tree (Fig. S2). This
discrepancy may result from larger effective population sizes for
nuclear loci, leading to deeper coalescence times. The duration of
family stem lineages varies dramatically, although the extreme
length of some of these lineages is a striking feature of both dated
phylogenetic trees (Figs 2, S1, S2). Further, some families with
comparatively short stem lineages (e.g. Clethraceae, Styracaceae)
have very long stem lineages for major intra-familial clades
(Figs 2, S1, S2).

The calibrations at the stem nodes of Cleyera, Eurya, Leucothoe,
and Schima; and crown nodes of Actinidiaceae and Sapotaceae
(Table 1) are likely to be especially influential. Age estimates for
these nodes are < 1 million years (Myr) older than the minimum
imposed by the calibration, suggesting a revision of the placement
of relevant fossils would likely affect age estimates, at least at these
nodes. Nevertheless, re-running analyses in the absence of these five
calibrations did not markedly affect the overall shape of the phylo-
genetic tree, with short early branches and long family stem
branches being retained (see Zenodo). Caution in interpreting
these divergence time estimates should also stem from the markedly
different substitution rates that likely exist among clades with life
histories ranging from trees to herbaceous annuals. Although par-
tially accounted for by treePL, dramatic substitution rate differ-
ences may undermine divergence time estimates regardless.

Whole genome duplications

Many gene duplications are mapped onto early branches, includ-
ing the Ericales stem branch, the branch leading to the clade
comprising all families excluding the balsaminoid clade, the
branch leading to the clade comprising all families excluding
the balsaminoid clade and Lecythidaceae, and the stem branch of
core Ericales (Fig. 1). Many gene duplications are also mapped
onto more recent branches, including the stem branches of Balsa-
minaceae, Polemoniaceae, and Actinidia (Actinidiaceae), and
clades within Primulaceae, Lecythidaceae, and Theaceae (Fig. 1).

Previous studies, including whole genome analyses, suggest
many of these gene duplications result from whole genome dupli-
cation (WGD). Several studies have highlighted that a WGD
occurred on the short early branches (Shi et al., 2010; Xia
et al., 2017; Wei et al., 2018), whilst Leebens-Mack et al. (2019)
potentially detected two WGDs on these branches. The results of
Leebens-Mack et al. (2019) also suggest the many duplicated
genes at the origins of Balsaminaceae and Actinidia result from
WGD, whilst the results of Shi et al. (2010), Xia et al. (2017),
and Wei et al. (2018), suggest WGDs are the cause of the many
duplicated genes at the origin of Actinidia, and Camellia+Poly-
spora (Theaceae).

There are two prominent peaks in the Ks plots at c. 4 and 2
(Fig. S5). These peaks occur for every species, including out-
groups, implying WGDs that are ancestral to Ericales. There is
also a peak at c. 0.5 for all Ericales species (Fig. S5) that likely
corresponds to the putative WGD along the stem branch of the
order. A further peak at c. 0.25 is consistently observed in all
families aside from the balsaminoid clade and Lecythidaceae and
may correspond to an additional WGD on the short early
branches.

Chromosome numbers vary considerably within families, and
there is little association between chromosome number and the
number of duplicated genes or Ks plots (Fig. S5; Table S3). This
lack of association is likely due to the phylogenetic trees covering
timescales of 10s of Myr, and the potential loss of chromosomes
following ancient WGDs over such timescales. Nevertheless,
Fouquieriaceae has a relatively young crown age (c. 14 Myr), and
a consistently higher chromosome count than its sister family
Polemoniaceae (Table S3), suggesting a WGD may have
occurred at the origin of Fouquieriaceae. However, no transcrip-
tomic data were analysed for this family. Likewise, Gustavia
(Lecythidaceae) generally has high-chromosome counts
(Table S3). Many duplicated genes are also recovered around the
origin of Gustavia (Fig. 1), thus supporting the existence of a
WGD at or near its origin.

These different lines of evidence suggest at least one WGD has
occurred on the short early branches, additional WGDs are asso-
ciated with the origin of Actinidia, Balsaminaceae, and Camellia+
Polyspora (Theaceae), and at least one further WGD has occurred
within Lecythidaceae. It is difficult to determine the exact number
and placement of WGDs on the short early branches because of the
uncertain branching order in this part of the species tree and the
limited taxon sampling of previous studies that inferred putative
WGDs on these branches. There are also several other branches
where the estimated number of duplicated genes is even greater
than on the branches discussed here, where WGDs are hypothe-
sised based on multiple lines of evidence (Fig. 1). Additional
WGDs are therefore also likely to have occurred on these branches,
although additional analyses are required to characterise them.

Based on the aforementioned evidence, putative WGDs are
plotted in Figs 2 and S1. Given the difficulties in placing some
putative WGDs, neither the placement nor the number of puta-
tive WGDs should be overinterpreted, and they are not intended
to conflict with earlier studies directly. For example, Zhang
et al. (2022) suggest 2 WGDs occurred during the evolutionary
history of Theaceae, rather than the four implied here. Instead,
the findings here highlight that the short early branches are char-
acterised by unusual molecular evolutionary phenomena that
warrant further investigation.

Gene-tree conflict

Conflict between gene tree and species tree topologies in the tran-
scriptome and Angiosperms353+ITS datasets is highest on the
shortest species tree branches (Figs 1, S4). These are early
branches in the phylogenetic trees and recent divergences within
families. Conflict is relatively lower around the crown nodes of
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families and longer branches defining relationships within and
between families.

Climatic niche evolution, WGDs, and gene-tree conflict

Five of the ten largest climatic shifts identified by sister-clade
comparison are directly associated with putative WGDs (Figs 2,
3, S1, S6–S8; Tables S5–S7). There would be a 3.6e-3 probabil-
ity of sampling a set of nodes as phylogenetically close to putative
WGDs by chance alone (i.e. if five nodes satisfying the conditions
for inclusion in the sister-clade comparisons were randomly
sampled, there would be a 3.6e-3 probability that such nodes
would be as phylogenetically close to the putative WGDs). These
shifts occur near the origin of Balsaminaceae, Primulaceae,
Polemoniaceae, and Actinidia (Figs 3, S1, S6–S8; Tables S5–S7).
The shifts in Balsaminaceae, Primulaceae, and Polemoniaceae
(Fig. 3a–c) represent a switch between the higher and lower peaks
for the frequency of climatic preferences accross all Ericales spe-
cies on PC1 (Fig. 3e; Tables S5–S7). Across these five examples,
species in the lower clade constitute over 60% of species with a
climatic preference equal to or lower than the lower peak on PC1
(Fig. 3e), and 98% of such species outside Ericaceae.

In these five examples, the WGD occurs near the origin of the
clade that is lower on PC1, implying the WGD is associated with
the shift down PC1. For Balsaminaceae, Primulaceae, and
Polemoniaceae (Fig. 3a–c), this hypothesised directionality from
high to low is supported by the l1ou analysis, where shifts down
PC1 are estimated near the origin of these clades (Figs S9–S11;
Tables S8–S10). The fossil record also supports this hypothesised
directionality. The oldest known fossils of Polemoniaceae and a
close fossil relative of Balsaminaceae likely represent plants that
grew in warm climates in the early to mid-Eocene given the large
fossilised reptiles in associated sediments (Graham, 1977; Lott
et al., 1998; Donovan, 2002). Early Primulaceae fossils from
Cretaeceous sediments in the Iberian Peninsula are also likely to
represent plants that grew in warm climates. However, these cli-
mates were arid and fire-prone (Friis et al., 2010).

Nonetheless, these five examples have unique characteristics
(Figs S9, S10). Whilst all are associated with lower temperatures
and increased temperature seasonality, the Actinidia shift
(Fig. 3d) is characterised by a notably less pronounced decrease
in mean annual temperature. It is also the only example where
there is no decrease in the mean temperature of the warmest
quarter (Fig. S9). This shift (as well as the Balsaminaceae shift)
instead shows a pronounced increase in temperature seasonality
(Figs S9, S10). Meanwhile, the Polemoniaceae shift is especially
characterised by decreased precipitation (Figs S9, S10).

Most of the remaining large climatic shifts identified by sister-
clade comparison (i.e. those not associated with WGDs) occur
within Ericaceae (Figs S6–S8; Tables S5–S7). These appear to be
shifts from low to high values on PC1 because they involve clades
comprising species with high values nested inside large
clades with low values, and the l1ou analysis estimated shifts up
PC1 near the origin of these clades. Some of these clades with
high values for PC1 are geographically restricted, such as two
clades within Gaultheria and Rhododendron that primarily consist

of Indonesian and Philippine endemics but which are nested
within clades occurring widely throughout the Northern Hemi-
sphere (Figs S6–S8; Tables S5–S7). One further large shift iden-
tified by sister-clade comparison, which likely represents a shift
down PC1 (Figs S6–S8; Tables S5–S7), occurs near the origin of
a clade comprising Euclea and some species of Diospyros
(Ebenaceae) that is restricted to arid habitats in southern and
south-eastern Africa. Unlike the probable shifts down PC1 in
Fig. 3(a–d), this shift is not a transition between the two peaks
on PC1 shown in Fig. 3(e) (Figs S6–S8; Tables S5–S7).

Beyond these large climatic shifts, the l1ou analysis estimated a
total of 37 shifts in the chloroplast+ITS phylogenetic tree and 32
shifts in the Angiosperms353+ITS phylogenetic tree (parameter
estimates and pBIC scores for competing models are available on
Zenodo). In both phylogenetic trees, additional shifts to lower
values on PC1 that are not included in the examples above are
typically small (Figs S11–S13; Tables S8–S10). Two exceptions
are shifts down PC1 near the crown nodes of Diapensiaceae and
Ericaceae. Neither is a transition between the two peaks on PC1
shown in Fig. 3(e) (Tables S8–S10; Figs S11–S13) nor directly
associated with a putative WGD. There may nonetheless have
been a WGD at the crown node of core Ericales (given the dupli-
cated genes mapped to this node (Fig. 1)), which is relatively
close to the Ericaceae crown node.

Climatic shifts and gene-tree conflict have a much less direct
link than climatic shifts and WGDs. Gene-tree conflict concen-
trated around short early branches (Figs 1, S4) can be interpreted
as no more than a precursor to subsequent climatic shifts in des-
cendant lineages. Likewise, gene-tree conflict around more recent
divergences postdates most of the significant climatic shifts esti-
mated here.

Climatic niche evolution and life-history shifts

The largest climatic shifts down PC1 identified by sister-clade
comparison are each associated with life-history shifts, which are
defined as when the majority sampled life-history state differs
between an ancestral and descendant node (Figs 3, S14, S15,
model comparison and parameter estimates available on
Zenodo). In Balsaminaceae, Primulaceae, and Polemoniaceae, a
woody to herbaceous shift is estimated (Figs S14, S15). In Actini-
diaceae, there appears to be a shift from trees to climbers (Fig. 3),
although this life-history shift could not be explicitly estimated.
A shift from woody to herbaceous is also estimated at the crown
node of Diapensiaceae, where l1ou estimated a large climatic shift
down PC1. At least two large climatic shifts up PC1 identified
within Ericaceae are associated with shifting from shrubs to epi-
phytes (Figs 2, S1).

Climatic niche evolution and diversification rates

The credible shift set contained 59–89 shifts in the chloroplas-
t+ITS phylogenetic tree and 31–58 shifts in the Angiosperm-
s353+ITS phylogenetic tree. Rate shifts are distributed
throughout Ericales, and show little association with climatic
shifts, except around the crown node of Balsaminaceae
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(Figs S16–19). There was little evidence of a relationship
between tip speciation rates and climatic preference, with the
chloroplast+ITS and Angiosperms353+ITS trees showing weak
positive and negative correlations between these variables,
respectively (Figs S20, 21). The existence of rapidly diversify-
ing clades that are both high (e.g. within Sapotaceae) and low
(e.g. Primulaceae) on PC1 (Figs S16, 17) and slight differences

in sampling between the two trees likely explains this slight
difference in correlation.

Discussion

The phylogeny of Ericales is characterised by extremely short
early branches that appear to underpin the explosive origin of
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numerous species rich clades. These clades have undergone
repeated large-scale shifts in climatic preference (Figs 2, 3).
The five largest shifts into colder, arid, or more seasonal cli-
mates are directly associated with WGDs and often with a
woody to herbaceous transition (Figs 2, 3). The short early
branches are associated with at least one additional WGD
that may have facilitated climatic shifts in descendant lineages.
These early branches also have very high gene-tree conflict,
suggesting several interacting processes (WGDs, demographic
shifts, hybridisation, and assortment of ancestral polymorph-
isms among descendant lineages) are associated with the rapid
establishment of climatically specialised lineages within Eri-
cales. In contrast to these tight links between WGDs, climatic
shifts, and life-history shifts, and more indirect links between
gene-tree conflict and climatic shifts, more recent shifts in
diversification rate appear to have little association with cli-
matic preference. Nevertheless, the extremely short internodes
among early branches within Ericales and their association
with evolutionary innovation warrants further investigation as
to the patterns and processes underpinning major evolutionary
events within angiosperms (Parins-Fukuchi et al., 2021; Stull
et al., 2021).

Climatic shifts, whole genome duplication, and life-history
shifts are linked

WGDs are tightly linked to climatic shifts into colder, seasonal,
or arid climates, and diversification within these climates over
10s of Myr. Analyses of other groups have also highlighted a close
relationship between WGDs and climatic shifts (Rice
et al., 2019; Smith et al., 2018b; Wang et al., 2019; Yang
et al., 2018), and the importance of WGDs for promoting evolu-
tionary innovation more generally (Soltis & Soltis, 2016; Stull
et al., 2021; Van de Peer et al., 2021).

Different mechanisms could explain this link between WGDs
and climatic shifts. First, WGDs may facilitate the origin of traits
that enable lineages to establish in new climates. Evidence in sup-
port of this can be drawn from the several studies that demon-
strate how lineages with WGDs exhibit significant differences in
environmentally relevant traits such as phenology, transpiration,
or water use efficiency (Maherali et al., 2009; Soltis & Sol-
tis, 2016; Van de Peer, 2021). By duplicating genes and altering
regulatory networks (e.g. Brockington et al., 2015; Wang
et al., 2019; Feng et al., 2024), WGDs can increase the
expression of genes that underpin these critical traits, or lead to
redundancy within duplicated genomes, facilitating sub/neo-
functionalisation and thus the propensity of a lineage to evolve
these traits (McGrath & Lynch, 2012; Van de Peer, 2021).

Alternatively, new environments could increase the frequency
of unreduced gametes and thus WGDs (De Storme et al., 2012;
Van de Peer et al., 2021), or trigger life-history shifts that pro-
mote the survival of polyploid lineages (Rice et al., 2019). Impor-
tantly, these alternatives (i.e. WGDs promoting climatic shifts or
climatic shifts increasing the frequency of WGDs and survival of
descendant lineages) are not mutually exclusive; whilst stressful
environments may trigger WGDs, this does not preclude the

WGDs from promoting survival of descendant lineages in novel
environments.

In Ericales, the WGD(s) on the short early branches signifi-
cantly predates reconstructed climatic shifts within the order
(Fig. 2) and global cooling and aridification that occurred
throughout the Cenozoic (Zachos et al., 2001; Herbert
et al., 2016). It is, therefore, reasonable to interpret this WGD as
a precursor that may have enabled the origin of diverse traits in
descendant lineages, including those that enable survival
in diverse climates. In contrast, for climatic shifts associated with
Actinidia, Balsaminaceae, Primulaceae, and Polemoniaceae+Fou-
quieriaceae, the nature of the relationship between WGDs and
climatic shifts is less clear. WGDs occur on the same or very simi-
lar branches to these large climatic shifts, consistent with either of
the scenarios outlined above.

WGDs and climatic shifts are also closely linked to life-history
shifts in Ericales. Therefore, new adaptive traits underpinning
shifts in climatic preference within Ericales are likely to be asso-
ciated with life-history characteristics (Figs 2, 3). The large cli-
matic shifts in Balsaminaceae, Primulaceae, and Polemoniaceae
are associated with shifts to herbaceousness, whilst for Actinidia,
there is a shift to woody climbers (Fig. 3). The differences
between these life-history shifts may reflect differences between
the climatic shifts occurring in these clades (Figs S9, S10). For
example, the climatic shift associated with Actinidia is unique in
that it is not linked to any reduction in maximum temperature
but is instead linked to increased seasonality.

WGDs may have enabled these life-history shifts. However, it
has also been suggested that life-history shifts, specifically from
trees to herbaceous perennials, may facilitate the survival of
lineages with ancestral WGDs (Rice et al., 2019). This may have
played a role in causing the association between life-history shifts
and WGDs in Ericales, especially given the preponderance of tro-
pical tree species within the order, for which respective families
do not have WGDs near their origins (unlike the examples in
Fig. 3). Nonetheless, the relevance of this explanation in Polemo-
niaceae at least is likely to be limited given the significant propor-
tion of annual species within this family (POWO, 2023).

An indirect link between climatic shifts and gene-tree
conflict

Although gene-tree conflict has no direct association with any
large climatic shift, its concentration around early branches sug-
gests indirect links between conflict and climatic shifts. Conflict
is known to be associated with evolutionary innovation (Parins-
Fukuchi et al., 2021; Stull et al., 2021), potentially because it is
indicative of dynamic population processes and the reassortment
of ancestral polymorphisms among descendant lineages (Parins-
Fukuchi, 2023). Therefore, alongside WGDs (and potentially
the horizontal transfer of organellar DNA given the placement of
Pentaphylacaceae in the chloroplast phylogenetic tree), gene-tree
conflict (or its underlying causes) may have played a role in
enabling descendant lineages to specialise to diverse climates.
Additional insights into how these processes have operated in Eri-
cales will require analysis of the function of the genes that have
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undergone duplication in Ericales and how they have been sorted
among descendant lineages.

Climatic shifts and diversification rates are unlinked

The lack of association between climatic shifts (and consequently
WGDs) and diversification rate shifts is unsurprising given the
lack of direct association between conflict and climatic shifts, but
previously identified associations between conflict and diversifica-
tion rate (Zuntini et al., 2024). Nonetheless, this finding does
differ from a recent analysis of gymnosperms (Stull et al., 2021),
where increased rates of climatic niche shifts were associated with
diversification rate shifts. This difference could reflect general dif-
ferences between gymnosperms and angiosperms, or more speci-
fic characteristics of Ericales. We suggest the latter explanation
plays at least some role because (1) the long family stem lineages
presumably indicate unusually high species turnover within Eri-
cales, and (2) WGDs have been linked to diversification rate
shifts in several other angiosperm lineages (Soltis & Soltis, 2016).
If WGDs were associated with diversification rate shifts within
Ericales, an association between climatic shifts and diversification
rates would also be expected.

The lack of association between tip speciation rates and cli-
matic preferences is more surprising. Numerous recent studies
have found that temperate angiosperm lineages diversify faster
than their tropical counterparts, especially in recent times (Folk
et al., 2019; Sun et al., 2020; Tietje et al., 2022; Dimitrov
et al., 2023). This pattern is typically explained by the younger
age and climatic dynamism in temperate regions leading to less
saturated niche space compared to the relatively stable tropics
(Wiens & Donoghue, 2004; Zanne et al., 2014; Folk
et al., 2019; Sun et al., 2020). Further research is therefore
needed to understand the drivers of recent and rapid diversifica-
tion of tropical clades in Ericales.
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Fig. S8 The chloroplast-only time-calibrated phylogenetic tree
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associated with putative WGDs.

Fig. S10 Further information on the composition of the largest
shifts down PC1 as identified by sister-clade comparison in the
Angiosperms353+ITS time-calibrated phylogenetic tree and
which are associated with putative WGDs.

Fig. S11 Shifts down PC1 estimated by l1ou on the
chloroplast+ITS time-calibrated phylogenetic tree, and the largest
10 differences in climatic preference between sister clades.

Fig. S12 Shifts down PC1 estimated by l1ou on the Angiosperm-
s353+ITS time-calibrated phylogenetic tree, and the largest 10
differences in climatic preference between sister clades.

Fig. S13 Shifts down PC1 estimated by l1ou on the chloroplast-
only time-calibrated phylogenetic tree, and the largest 10 differ-
ences in climatic preference between sister clades.

Fig. S14 The chloroplast+ITS time-calibrated phylogenetic tree
with life-history shifts, putative WGDs, and the largest 10 differ-
ences in climatic preference between sister clades.

Fig. S15 The Angiosperms353+ITS time-calibrated phylogenetic
tree with life-history shifts, putative WGDs, and the largest 10
differences in climatic preference between sister clades.

Fig. S16 The chloroplast+ITS time-calibrated phylogenetic tree
with estimated speciation rates, putative WGDs, and the largest
10 differences in climatic preference between sister clades.

Fig. S17 The Angiosperms353+ITS time-calibrated phylogenetic
tree with estimated speciation rates, putative WGDs, and the lar-
gest 10 differences in climatic preference between sister clades.

Fig. S18 Subsample of 9 trees from the credible shift set of spe-
ciation rates estimated with BAMM on the chloroplast+ITS
time-calibrated phylogenetic tree.

Fig. S19 Subsample of 9 trees from the credible shift set of spe-
ciation rates estimated with BAMM on the Angiosperm-
s353+ITS time-calibrated phylogenetic tree.

Fig. S20 Climatic preference of extant species on PC1 plotted
against tip speciation rates, from the chloroplast+ITS time-cali-
brated phylogenetic tree.

Fig. S21 Climatic preference of extant species on PC1 plotted
against tip speciation rates, from the Angiosperms353+ITS time-
calibrated phylogenetic tree.

Table S1 Voucher information for transcriptome dataset.

Table S2 Voucher information for species-level molecular data-
sets.

Table S3 Chromosome number data.

Table S4 Life-history information.

Table S5 Largest sister-clade differences in climatic preference in
the chloroplast+ITS time-calibrated phylogenetic tree.

Table S6 Largest sister-clade differences in climatic preference in
the Angiosperms353+ITS time-calibrated phylogenetic tree.

Table S7 Largest sister-clade differences in climatic preference in
the chloroplast-only time-calibrated phylogenetic tree.

Table S8 Summary of all shifts down PC1 identified by l1ou in
the chloroplast+ITS time-calibrated phylogenetic tree.

Table S9 Summary of all shifts down PC1 identified by l1ou in
the Angiosperms353+ITS time-calibrated phylogenetic tree.

Table S10 Summary of all shifts down PC1 identified by l1ou in
the chloroplast-only time-calibrated phylogenetic tree.
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