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Mountain regions harbor extraordinary biodiversity, yet the mechanisms

underlying this pattern remain unclear. Here we use the phylogenetically and
geographically replicated radiations of Berberis (barberries) in the Andes and
Hengduan-Himalaya Mountains (HHM) to test how functional trait innova-
tions, orogeny, and climate change influenced the buildup of species richness
in each region. In barberries (Berberis), the successive evolution of decid-
uousness and small, densely-veined leaves enabled the lineage to take
advantage of expanding alpine and subalpine habitats in the HHM during the
Miocene. The resulting pulse in the origin of new species contrasts with the
more modest rate of species accumulation in the Andes, where barberry
species remained evergreen and the availability of high-elevation habitats was
more limited. In this study, the phylogeny of barberries exemplifies context-
dependent macroevolutionary dynamics, in which intrinsic innovations and

extrinsic ecological opportunities interacted to generate exceptional plant
diversity in a mountain hotspot.

A conspicuous pattern in global biodiversity is the concentration of
species in mountains*’. In plants, a growing body of research has
demonstrated that in situ lineage diversification is an important con-
tributor to the assembly of mountain floras**, and that the tempo of
this process can be influenced by a variety of abiotic and biotic factors,
such as orogeny, climate change®®, and the evolution of functional
traits”®, Understanding the ways in which these factors may interact
synergistically to drive rates of species diversification is an important
challenge in biogeography’™. In this context, comparative analysis of
phylogenetically and/or geographically replicated instances of in situ
diversification can provide more power to distinguish meaningful
effects from confounding factors, compared to studies of single clades
in single regions'*".

A study system that offers the potential for both phylogenetic and
geographic replication is found in Berberis (Berberidaceae), a lineage
of flowering plants with centers of diversity in the Andes (-109 spp.)
and the Hengduan-Himalaya Mountains (-247 spp., HHM; excluding
the Qinghai-Tibet Plateau; Fig. 1). This pattern presents an opportunity
to study a natural experiment in which regional pools of closely related
species have evolved independently in widely separated mountain
ranges. What biotic and abiotic factors promoted diversification of
Berberis in these regions? Are these factors shared or region-specific?
Why are there more species in the HHM compared to the Andes?

An appropriate null hypothesis for such questions is that rates of
diversification do not vary significantly across regions, time, or
clades™"; the higher richness of the HHM is due simply to greater time
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for in situ speciation and/or lineage immigration. Alternatively, diver-
sification in both regions may have been similarly influenced by Neo-
gene orogeny, which expanded montane biomes in the Andes and the
HHM>*>'*Y_ Higher richness in the HHM could instead reflect faster net
diversification, perhaps enhanced by greater ecological
opportunities'®’. For example, the HHM might offer greater habitat
diversity or climatic niche space than the Andes. Ecological
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opportunity in this sense could have been influenced by the evolution
of functional traits that expanded the fundamental niche, and/or by
environmental change that reconfigured habitat availability and
thereby expanded the realized niche?*”.

The functional traits in Berberis that bear most directly in this
context are those of leaves, which vary widely in size, shape, and vein
density across species ****; Supplementary Fig. 1). A conspicuous
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Fig. 1| Global diversification and geographic-ecological patterns of Berberis.
a Species richness map of Berberis. b Diversification dynamics of Berberis, with the
rate-through-time plot of net diversification rate across Andes and Hengduan-
Himalaya Mts. (HHM) region. ¢ A time-scaled phylogeny of Berberis. Clade 1: the
Andean clade, Clade 2: the African clade, Clade 3: the Asian clade (species inha-
biting the HHM regions are indicated by blue dots), Clade 4: the deciduous clade;
Clade 5: the Eurasian temperate clade (species inhabiting the HHM regions are
indicated by navy blue dots), Clade 6: deciduous clade mostly endemic to the HHM
(6a: a Himalayan subclade, 6b: the Hengduan Mt. high-elevation subclade). The bar
color shows the value of Bio 11 (mean temperature of coldest quarter), an indicator
for cold hardiness. The bar length shows the median elevation of the species. At the
genus level, the diversification rate shift point is indicated by the red hollow point in
the Clade 6. The gray/ white dots beneath the elevation bar show species featuring
small, densely veined (SDV) leaf (white: non-SDV leaved vs gray: SDV leaved), while

the habitat type of species is indicated by black/ white boxes (black: alpine/ sub-
alpine vs white: non-alpine/ non-subalpine). d Climatic niche comparison between
the HHM-endemic evergreen species of Asian Clade 3 (HHMe) and the deciduous
non-SDV Clade 5. e Comparison between the HHM-endemic evergreen species of
Asian Clade 3 (HHMe) and the deciduous SDV Clade 6. f Comparison between the
deciduous non-SDV Clade 5 and SDV Clade 6. g Comparison between the evergreen
Andean Clade 1 and the evergreen Asian Clade 3. Density plots in PCA space illus-
trate patterns of climatic niche overlap and divergence among evergreen and
deciduous clades. In each panel, contours represent kernel density estimates of
species occurrences projected onto the first two principal components (PC1 and
PC2), with marginal density plots showing univariate distributions along each axis.
Source data are provided as a Source Data file. Photo credit: The photograph of B.
chilensis in panel c is reproduced from an iNaturalist observation by Victor Pino
Jofré (CCO license). All other photographs in panel ¢ were taken by the author.

contrast is that all species in the Andes are evergreen, whereas in the
HHM, about 70% of the species are deciduous. The deciduous species
are especially prevalent in the alpine and subalpine biomes (Supple-
mentary Note 1), where about 85% of them are characterized by small,
densely-veined (SDV) leaves (Supplementary Fig. 2). Outside the HHM,
the deciduous-SDV condition is rare, leading us to hypothesize that it
may represent a “key synnovation”: a combination of traits whose joint
effects, rather than any single trait alone, synergistically promote
diversification”. Specifically, deciduousness can enhance nutrient
resorption and facilitate rapid early-season carbon gain®®, small leaves
can improve thermal balance and hydraulic stability”’*%, and high vein
density can increase hydraulic safety and photosynthetic capacity (*’;
Supplementary Table 1). The evolution of deciduous-SDV leaves may
thus have expanded the fundamental niche of Berberis to include
colder and drier conditions, and enabled its radiation in alpine and
subalpine habitats of the HHM.

To investigate this idea, a phylogeny of Berberis is necessary to
establish when, where, and how fast diversification occurred, and to
estimate the ancestral evolutionary sequences of key traits. Unfortu-
nately, the fragmentary nature of the Berberis fossil records precludes
the direct measurement of ancestral leaf functional traits, requiring
statistical inference from extant species. Prior to this study, molecular
phylogenies based on limited Sanger sequence data had determined
the Andean species to be a monophyletic group, but did not resolve
relationships of species in the HHM, the rest of Asia, North America,
Europe, and Africa®**. Here, our objectives are to resolve these rela-
tionships and relate the evolution of functional traits (deciduousness
and SDV leaves) to rates of diversification and environmental change.
Our study system allows phylogenetically controlled comparisons of
diversification rate across regions (Andes vs HHM) and phenotypes.
We are particularly interested in whether the deciduous-SDV condition
evolved once or multiple times convergently, if deciduousness or SDV
leaves evolved first, and what effect this combination of traits had on
rates of diversification during time periods consistent with the
expansion of high-elevation habitats in the HHM.

Results and discussion

We inferred the species-tree topology of Berberis from SNP variation
across 3,175 orthologous genes using a coalescent-based approach in
ASTRAL-IV (307 Berberis taxa and two outgroup taxa; Supplementary
Note 2). This topology was then used as a constraint for divergence-
time estimation, yielding a time-scaled phylogeny (Supplementary
Fig. 3). It shows that Berberis diverged from its subtropical lowland
sister lineage Moranothamnus about 29.9 Ma (early Oligocene). The
topology contains a basal paraphyletic grade of evergreen lineages
consisting of an Andean clade (Clade 1; crown age ~28 Ma), an African
clade (Clade 2; stem age ~27.2 Ma), and an Asian clade (Clade 3; crown
age -22.7 Ma). The latter is sister to a large deciduous clade (Clade 4;
crown age ~22.6 Ma). Ancestral state reconstruction shows that the

genus was likely ancestrally evergreen (Fig. 2), with deciduousness a
derived condition that evolved once along the stem of Clade 4 during
the early Miocene (-22.6-20.4 Ma; Supplementary Fig. 4), likely within
the HHM (Fig. 2; and Supplementary Fig. 5). Notably, this timing
postdates the Oligocene-Miocene Transition and coincides with a
period of oscillatory warming, rather than with major episodes of
global Cenozoic cooling®. It is also considerably younger than the Late
Cretaceous to Paleogene origins often inferred for deciduousness in
other plant lineages, where the trait has been linked to adaptation to
high-latitude darkness or strongly seasonal aridity****. Deciduousness
in Berberis may therefore have evolved in response to regional rather
than global climatic conditions®, reflecting a lineage-specific adaptive
trajectory potentially facilitated by local recruitment from lower-
elevation environments into temperate and high-elevation habitats
within the HHM. This scenario is consistent with fossil and tectonic
evidence indicating that parts of the Hengduan Mountains (HDM) had
reached near-modern elevations by the late Eocene, thereby providing
early opportunities for adaptation to cold, high-elevation
environments* %,

Within the deciduous Clade 4, SDV leaves evolved at least twice
(Supplementary Fig. 6). They likely evolved once along the stem of the
HHM-endemic Clade 6 ( -~ 20.4-9 Ma), in which 131 out of 138 have SDV
leaves, and at least once in the Eurasian Clade 5, in which five out of
the 50 species sampled have SDV leaves, all from the Mediterranean
region (Fig. 1). The diversity of SDV-leaved species at high elevations in
the HHM suggests that the combination of deciduousness and SDV
leaves confers an adaptive advantage in alpine and subalpine envir-
onments. Niche analyses support this interpretation: deciduous spe-
cies exhibit significantly greater cold hardiness than evergreens (Fig. 1;
and Supplementary Figs. 7, 8), and within deciduous clades, SDV taxa
occur at higher elevations (Fig. 1; and Supplementary Fig. 9) and in
colder, less seasonal habitats of the HHM (Fig. 1; and Supplementary
Figs. 7, 8). In contrast, the Andean and HHM evergreen lineages
occupy largely similar climatic niches (Fig. 1), and within the HHM,
non-SDV deciduous species track the elevational ranges of ever-
greens, shifting toward higher latitudes rather than into colder,
higher-elevation habitats (Supplementary Fig. 10).

Estimates of speciation and extinction rates revealed higher net
diversification in the HHM compared to the Andes (Fig. 1), with a sig-
nificant shift toward faster diversification in Clade 6 around 10 Ma (late
Miocene; Fig. 1). With the crown age of the Andean clade being older
than that of the Asian clades (Clades 3 +4), we can reject the null
hypothesis that the richness of Berberis in the HHM simply reflects a
longer time for speciation at constant rates. To test whether higher
rates of diversification in the HHM are driven by trait-environment
interactions, we fit two models of state-dependent diversification. The
first showed that, across the phylogeny of Berberis, occurrence in
montane habitats (versus non-montane; Supplementary Note 1) and
being deciduous (versus evergreen) are each associated with higher
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Fig. 2 | Evolutionary trajectory of leaf traits, geography, habitat type and their
effects on speciation rates in Berberis. a Ancestral state reconstruction of
deciduous and evergreen leaf habits. b Ancestral state reconstruction of geo-
graphic distributions. Colored circles represent the most probable ancestral state
at each node, with values in parentheses indicating the corresponding prob-
abilities. In a, orange denotes deciduousness and green denotes evergreen. In

b, purple represents South America, pink denotes the HHM, and gray denotes
Eurasia (excluding the HHM). “C” denotes clade. ¢ Effects of montane habitat and
deciduousness on speciation rates in Berberis (Scenario 1). d Effects of high-
elevation habitat and SDV leaves on speciation rates within deciduous Berberis
(Scenario 2; see “Methods”). Speciation rates for each trait-habitat combination

were estimated using multi-character state-dependent speciation and extinction
(MuSSE) models applied to 100 randomly sampled Berberis phylogenies. Box-and-
whisker plots show the median, first and third quartiles, and 95% Bayesian credible
intervals. Violin plots summarize posterior distributions of state-specific speciation
rates. Each point represents one post-burn-in MCMC sample, and 37,500 posterior
samples were retained for each state-specific speciation-rate estimate. Asterisks
indicate significance levels from two-sided pairwise Welch t-tests among state-
specific speciation-rate estimates without adjustment for multiple comparisons
(**, p<0.001). Full statistical results are provided in Supplementary Table 12, 13.
Source data are provided as a Source Data file.
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speciation rates, with the highest rate inferred for species that are both
montane and deciduous (Fig. 2). Similarly, the second model showed
that, within the deciduous Clade 4, occurring at high elevation and
having SDV leaves are individually associated with higher speciation
rates, with the highest rate associated with the combination of high-
elevation and SDV leaves (Fig. 2). These results demonstrate a hier-
archically nested, environment-dependent pattern in which the
diversification effects of SDV leaves arise only within lineages that have
previously evolved deciduousness, and that their sequential evolution
represents a key synnovation, enabling the proliferation of Berberis
species in successively higher-elevation habitats in the HHM.

The significantly elevated speciation rate associated with
deciduous-SDV leaves in high-elevation habitats provides the first line
of evidence that the synnovation of leaf traits enabled the expansion of
the fundamental niche of Berberis and generated novel ecological
opportunities in the HHM. A second line of evidence lies in the spatial
and temporal confluence of trait evolution with environmental change.
In the Himalayas, Neogene orogeny has been inferred to include uplift
phases around 13 Ma and again between 10 and 5Ma**’, Likewise,
recent tectonic reconstructions indicate that the HDM experienced
continuous but heterogeneous deformation since the Eocene* ™,
including a period of rapid uplift in the middle Miocene (-10 Ma®"*),
driven by orogenic activity along both the western and eastern mar-
gins of the range**°. The timing of these geomorphological reorga-
nizations closely aligns with the crown age of Clade 6 (-9 Ma) and an
increase in diversification rates (Fig. 1). We therefore infer that, along
the stem lineage leading to Clade 6, the evolution of SDV leaves
coincided with increasing availability of alpine and subalpine envir-
onments, supporting the hypothesis that the confluence of functional
innovation and ecological opportunity facilitated accelerated
diversification®.

The key synnovation of deciduous-SDV leaves in Berberis further
illustrates how tectonically mediated restructuring of high-elevation
habitats can act as an important extrinsic driver of diversification.
Speciation in Clade 6 was likely promoted by the sky-island effect of
allopatric isolation across valleys and high peaks'’*%, with intermittent
reconnections during colder periods possibly facilitating the spread of
adaptive alleles*™. Such cycles of fragmentation and reconnection
can promote ecological divergence among co-occurring lineages by
reducing climatic niche overlap™. In particular, “flickering con-
nectivity” in large mountain systems may generate repeated secondary
contact**, facilitating niche separation and lowering the likelihood of
competitive exclusion, thereby contributing to the accumulation of
species richness. In Clade 6, higher specie richness in the HDM than in
the Himalayas suggests that differences in mountain hypsography may
have influenced the capacity of these regions to generate and maintain
species diversity®. The extensive area and north-south orientation of
the HDM, in concert with intensified monsoon-driven river incision
and relief development™, likely generated steep environmental gra-
dients and its characteristic mosaic of fragmented high-elevation
landscapes characteristic of the modern HHM>. Moreover, during
Pleistocene climatic oscillations, the complex topography of the HDM
may have provided more extensive refugial habitats, facilitating line-
age persistence relative to the Himalayas’. Whether SDV leaves
represent an adaptation to high-elevation habitats in the HDM (i.e.,
they evolved by natural selection in response to such environments) is
difficult to ascertain, since it is possible that SDV leaves originated as
early as the stem age of Clade 6, ~20.4 Ma (Fig. 2), when alpine habitats
were relatively restricted. In either case, the confluence of functional
innovations and abiotic environmental change illustrates the context-
dependent nature of macroevolutionary shifts in lineage diversifica-
tion. A limitation of the present study is that the genetic basis of the
deciduous-SDV syndrome remains unresolved; future transcriptomic
and comparative genomic analyses will be necessary to link these traits
to their underlying regulatory and developmental mechanisms™.

In light of patterns in the HDM, the slower diversification inferred
in the Andean clade may reflect macroevolutionary dynamics shaped
by different topographic and climatic histories, potentially interacting
with the absence of the deciduous-SDV synnovation (Fig. 1). Compared
to deciduous lineages, the environmental niche of the evergreen
Andean clade is restricted to warmer conditions, which likely limited
its capacity to colonize alpine zones formed during Late Neogene
uplift in the northern and central Andes®”. Global Neogene cooling
appears to have similarly constrained diversification in evergreen
lineages such as Caragana and llex”*®, Consistent with this inter-
pretation, environment-dependent diversification analyses revealed a
significant association between speciation rates (Supplementary
Fig. 11) and declining paleotemperatures since the Oligocene for
evergreen lineages in both the South American Andes and the HHM.

If deciduousness and SDV leaves had evolved in the Andes, would
diversification rates have responded similarly as in the HHM? To
investigate this, we projected the climatic niches of the evergreen
Andean Clade 1 and deciduous Clade 4 onto a paleoclimate model
spanning the Neogene of South America (Fig. 3). The niche modeling
indicated extensive potential habitat for Clade 4 in the Oligocene and
Miocene with significant contraction toward the present covering
regions that today harbor few, if any, species of Berberis (-30°5-40°S).
By contrast, niche models of the Andean Clade 1 showed a long-term
restricted distribution in S. America (Fig. 3), disconnected from the
potential distribution of deciduous Berberis. Moreover, the projected
niche model of the deciduous-SDV leaved Clade 6 covers an area of S.
America significantly smaller than its natural range in the HHM (Sup-
plementary Fig. 12). Here, projections of HHM deciduous lineages are
used to approximate environmental conditions favorable to this trait
combination, rather than to infer their historical presence in South
America. These results suggest that deciduousness could indeed have
facilitated a fundamental niche shift in Andean Berberis, providing the
evolutionary potential for diversification into newly formed montane
habitats created by Andean uplift. However, the subsequent evolution
of SDV leaves—while paralleling the trajectory observed in the HHM—
would likely not have triggered a radiation of comparable scale,
because potential habitats for deciduous lineages in the Andes con-
tracted substantially through time and are now highly restricted. In
contrast, comparable contractions were not inferred for the HHM,
where the potential habitat of deciduous Clade 4 persisted or expan-
ded during the Neogene (Fig. 3; and Supplementary Fig. 12). These
contrasts also suggest that the Andes and the HHM differ not only in
the temporal dynamics of habitat availability, but also in the environ-
mental context shaping trait evolution and lineage diversification.

Methods

Ethics statement

Wild collections conducted for this study did not involve protected
species, nationally protected plants, or plant species with extremely
small populations, nor were they conducted within national parks or
the core zones of protected areas. Under these circumstances, specific
collection permits were not required. Prior to each field survey, the
relevant local authorities were notified through formal letters of
introduction issued by the Xishuangbanna Tropical Botanical Garden
(XTBG), Chinese Academy of Sciences. A complete list of sampling
metadata is provided in the Sampling Metadata file available in the
folder “0. Species distribution, habitat and sampling” at (https://doi.
org/10.6084/m9.figshare.28288313).

Genomic data processing and phylogenomic inference

We sampled 307 Berberis taxa, representing ~65% of the described
species diversity within the genus sensu stricto®. Across the Andes and
the HHM, our sampling encompassed ~62% of the species known from
these regions (Supplementary Table 2). Distributional records were
validated to exclude cultivated or misidentified accessions. Putative
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Fig. 3 | The estimated present and past ranges of deciduous and evergreen
Berberis in South America and Asia. a-c show the predicted climatic niche dis-
tributions of deciduous Clade 4 in South America across three geological periods,
and panel (d) shows the corresponding present-day distribution. e-g show the
predicted climatic niche distributions of Andean Clade 1 across three geological

periods, with h showing the corresponding present-day distribution. i-k show the
predicted climatic niche distributions of deciduous Clade 4 in Asia across three
geological periods, and I shows the corresponding present-day distribution. Rela-
tive habitat suitability is classified as moderate (0.4-0.7; green) and high (0.7-0.9;
pink-red). Source data are provided as a Source Data file.

single-copy orthologs were identified using OrthoFinder v2.5.5% based
on protein-coding sequences from four reference genomes, retaining
orthogroups that contained simply one gene per genome for down-
stream phylogenomic analyses. Total genomic DNA was extracted
from leaves dried with silica gel, using a modified CTAB procedure.
About 6-15 Gb of genomic data were generated by an Illumina Nova-
Seq 6000 platform with a reading length of 150 bp. For variant calling,

whole-genome resequencing data from 307 Berberis accessions were
quality-filtered using fastp v0.23.2 with default parameters®’. High-
quality reads were aligned to the reference genome using BWA-MEM
v0.7.17%, and the resulting BAM files were sorted with SAMtools
v1.15.1°%. SNPs were called with bcftools (v1.17) mpileup and call mod-
ules, merged, and filtered with a minor allele frequency (MAF)
threshold of 0.05 to produce the initial genome-wide SNP dataset
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(Dataset 1). Dataset 1 is not distributed directly but can be regenerated
from the deposited resequencing data by following the README pro-
vided in the folder “1. Phylogenomic inference” at (https://doi.org/10.
6084/m9.figshare.28288313). Based on the annotation of the reference
genome, we retrieved the coordinates of 3,175 predicted single-copy
genes and used bcftools to extract SNPs within these regions, gen-
erating the orthologous-gene SNP dataset (Dataset 2), which is avail-
able in the folder “1. Phylogenomic inference” at (https://doi.org/10.
6084/m9.figshare.28288313). Species with >50% missing SNPs were
excluded, resulting in alignments for 1,740 genes, each containing
10-30 SNPs. Gene trees for each locus were reconstructed using 1Q-
TREE3®* under the maximum likelihood framework, with model
selection performed using the MFP + ASC option and branch support
assessed via 1000 ultrafast bootstrap replicates. Consensus trees were
processed with Newick Utilities to collapse nodes with bootstrap
support <10%, following the recommendations of the ASTRAL
manual®*. These gene trees were then used as input for ASTRAL-IV®¢¢
to estimate a species tree with branch lengths, which was subsequently
rooted using Mahonia. Local posterior probabilities (LPP) were calcu-
lated to assess node support.

Divergence time estimation

Divergence times were estimated using the 1Q2MC pipeline®, which
integrates gene tree inference in IQ-TREE3 and species tree dating in
MCMCTree®. The ASTRAL species tree was used as a fixed constraint
topology in MCMCTree. Analyses were performed in PAML
4.10.8.ig2mc under an independent-rates relaxed clock model (clock =
2). Site-wise log-likelihoods and Hessian matrices for each gene align-
ment were precomputed in IQ-TREE3 (usedata = 2) to enable approx-
imate likelihood computation in MCMCTree. A birth-death process
was specified as the tree prior (BDparas =11 0). The mean substitution
rate across loci followed a gamma prior (rgene_gamma = 2 400), and
rate variance among lineages followed a gamma prior (sigma2_gamma
=110). Two independent MCMC chains of 500,000 generations each
were run, discarding the first 200,000 as burn-in and sampling every
700 generations. Convergence was assessed by examining trace plots
and effective sample sizes (ESS >200) in TRACER v1.7.2°°. Posterior
samples of divergence times were used to generate a set of 100 time-
calibrated trees for downstream analyses. Three fossil calibrations
were applied to constrain node ages: (i) the stem age of Mahonia was
set to 47.8 Ma based on the middle Eocene fossil M. marginata’®; (ii)
the crown age of Berberis Clade 5 was set to 28.4 Ma from the early
Miocene leaf fossil B. berberidifolia’; and (iii) the crown age of Chilean
taxa of the Clade 1 was constrained to 23 Ma using the Oligocene fossil
B. lozanofolia™.

Trait measurement and ancestral state reconstruction

Leaf area (LA) and major vein length—defined as the density of primary
and secondary veins*—were measured from scanned images using
ImageJ2”. Major vein length density (MVD, i.e., total vein length per
unit area) was calculated by dividing major vein length (cm) by leaf
area (cm2). For each species, three herbarium specimens were mea-
sured whenever available. Within each specimen, 1-3 fully expanded
and undamaged leaves were selected for analysis to minimize sam-
pling bias. In cases where only a type specimen or limited material was
available, measurements were based on the maximum number of
intact leaves suitable for analysis, which in rare cases was a single leaf. A
pretest comparing herbarium and fresh material from eight species
across four major clades (Clades 1, 3, 5, and 6) showed no significant
differences in LA or MVD, validating the use of herbarium material. A
Welch two-sample t-test was used to assess whether leaf traits (LA,
MVD) and the mean temperature of the coldest quarter differed
among the major clades shown in Fig. 1 and Supplementary Fig. 1.
Ancestral states of leaf habit and habitat of Berberis were recon-
structed using stochastic character mapping implemented in the R

package ‘phytools”*. We performed 1000 simulations under the equal-
rates (ER) model using the function make.simmap, generating
posterior probabilities of character states for each node based on the
time-scaled phylogeny. For state-dependent speciation and extinction
(SSE) analyses, continuous data for LA and MVD were discretized
into binary states using the R package ‘discretization’, which applies
chi-square and decision-tree criteria. The cutoff for LA was set at
4.48 cm?, classifying values below this threshold as “small” leaves
(Supplementary Fig. 10), consistent with?”. The cutoff for MVD was set
at 5.48 cm, with values below this threshold classified as “low” MVD. In
this study, SDV leaves were defined as those combining small LA and
high MVD.

Macroevolutionary rates and biogeographic analysis

To investigate speciation rate variation over time across Berberis
lineages, we used a time-dependent Bayesian model in Bayesian
Analysis of Macroevolutionary Mixtures (BAMM 2.5.0°7°). Prior
values for rate parameters were set using the setBAMMpriors func-
tion. We tested priors for the expected number of diversification rate
shifts (0.1, 0.5, 1, 5, and 10) and ran two Markov Chain Monte Carlo
(MCMC) chains of 50 million steps each to ensure reciprocal con-
vergence. Single-chain convergence was assessed using the ESS with
a minimum threshold of 200. We incorporated a non-random
incomplete taxon sampling approach to account for the varying
number of included taxa in different clades of Berberis, with an
overall sampling fraction of 0.65. The statistical support for the
number of diversification rate shifts was evaluated based on the
Posterior Probability (PP) after discarding 25% of the posterior
samples as burn-in. Ancestral range estimation was performed in
BioGeoBEARS”” under the Dispersal-Extinction-Cladogenesis (DEC)
model of geographic range evolution’. We optimized dispersal (d)
and extinction (e) parameters on the time-calibrated species tree.
Biogeographic areas were defined as South America, Africa, North
America, Eurasia (excluding the HHM region), and the HHM. To
account for temporal changes in continental connectivity, and the
climatic niche of Berberis, we implemented a dispersal-constrained
DEC model with three time-stratified intervals (T1: before 30 Ma; T2:
30-5Ma; T3: 5-0 Ma; Table S8). Before the Oligocene (T1), Earth was
in a greenhouse climatic phase® and the Tethys Ocean remained a
barrier between Europe and Asia. Accordingly, dispersal between
these regions was set to a relatively low value. Between the Oligocene
and late Miocene (T2), the climate was comparatively stable*, but the
Central American Seaway still limited exchange between North and
South America and the North Atlantic land bridge had weakened.
Thus, dispersal among these regions was reduced relative to adjacent
areas. After the late Miocene (T3), the global climate became cooler
and more seasonal®, likely further restricting exchange among
northern temperate regions. Therefore, dispersal probabilities
between North America, Europe, and Asia were further reduced.
Dispersal between nonadjacent regions was set to low baseline
values across all time slices.

Trait dependent diversification

To evaluate how biotic traits (deciduousness and SDV leaves) and
abiotic factors (montane and high-elevation habitats; Supplementary
Note 2) influence speciation in Berberis, we used state-dependent
speciation and extinction (SSE) models to test trait- and environment-
dependent diversification (Supplementary Table 3). Because the effect
of any given trait may depend on its interaction with other traits or
environmental contexts, we examined two complementary diversifi-
cation scenarios. Scenario 1 evaluated the joint effects of deciduous-
ness and montane habitat on speciation across the genus, whereas
Scenario 2 focused on the effects of high-elevation habitat and SDV
leaves within the deciduous Clade 4. To determine whether speciation
rates vary with unmeasured traits rather than selected traits and
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habitats, we first fitted our trait and habitat datasets to multistate SSE
models with hidden states using the R package ‘MuHiSSE™. In this
approach, hidden characters represent unmeasured factors poten-
tially influencing speciation rates. Specifically, we tested eight models
(Supplementary Table 4, 5): (i) three MuSSE-like models without hid-
den states; (ii) two trait-dependent MuHiSSE models with two and
three hidden states; and (iii) three character-independent diversifica-
tion (CID) models with increasing numbers of hidden states. We
compared the likelihood of eight candidate models with increasing
complexity. Model support was primarily evaluated using an
information-theoretic framework based on AlCc values, AAICc, and
Akaike weights. Since the MuHiSSE results rejected the hidden-state
models in both Scenario 1 & 2 (Supplementary Table 6, 7), we pro-
ceeded to fit our data to a multi-character SSE model without hidden
states using the R package ‘MuSSE’®°. This approach allowed us to
quantify the ‘additive’ and ‘interactive’ effects of any two binary traits
on diversification, following (*'; Supplementary Table 8). To focus on
the evolution of deciduousness and montane habitat, we defined
Berberis species that are neither deciduous nor montane as the ‘base’
trait-habitat state in this case, according to the MuSSE user manual®.
Accordingly, additive effects of deciduousness or montane habitat on
speciation rates were calculated as differences in estimated rates
between Berberis taxa in the base state and those with the decid-
uousness or montane habitat. Interactive effects on speciation were
similarly calculated by comparing taxa with both traits to those with-
out them. By doing this, we aim to disentangle how a single or a par-
ticular trait/ habitat combination affects the speciation rate of Berberis
in both Scenarios 1 & 2. Specifically, we applied this model to calculate
the speciation rates of four trait-habitat combinations in Scenario 1
(evergreen/ non-montane, evergreen/ montane, deciduous/ non-
montane, deciduous/ montane), and another four in Scenario 2
(deciduous non-SDV/ lower-mid elevation, deciduous non-SDV/ high-
elevation, deciduous SDV/ lower-mid elevation, deciduous SDV/ high-
elevation). In Scenario 1, the base state in Berberis is defined by species
that are evergreen and do not occur in montane region, while in sce-
nario 2 the base state of deciduous Berberis indicates species without
SDV leaf and occur in the lower-mid elevation. We implemented
MuSSE to quantify trait-dependent diversification for the above eight
trait/ habitat combinations (Supplementary Table 9). Model support
was primarily evaluated using an information-theoretic framework
based on AlCc values, AAICc, and Akaike weights. For nested model
comparisons, likelihood ratio tests were additionally conducted using
the anova function in the R package ‘diversitree’ to assess whether
models with additional parameters provided a significantly better fit
than simpler alternatives (p <0.05). For the best-supported MuSSE
model, Bayesian parameter estimation was performed using MCMC in
the diversitree framework across 100 randomly sampled phylogenetic
trees to incorporate topological and branch-length uncertainty. For
each tree, short pilot chains were first used to optimize proposal
widths, followed by the main posterior sampling run. Posterior sam-
ples from each tree were first summarized by their mean state-specific
diversification rates. The resulting tree-level estimates were then used
to characterize the distributions of diversification rates across the
100 sampled trees. Differences among states were evaluated using
two-sided pairwise Welch t-tests comparing tree-level state-specific
speciation-rate estimates. Model comparison results for Scenario 1 and
Scenario 2 are summarized in Supplementary Tables 10 and 11.

Paleoenvironment dependent diversification

We estimated temporal variation in diversification rates under a
Bayesian environment-dependent model implemented in RevBayes
v1.3.1%% The time-calibrated phylogeny was analyzed using an episodic
birth-death framework, in which speciation and extinction rates were
allowed to vary among time intervals in response to changes in
paleotemperature. Ancient temperature data were compiled from®®

and aligned with the temporal bins of the phylogeny. Changes in
temperature between consecutive intervals were used as the envir-
onmental predictor influencing diversification rates. We specified
weakly informative priors on all rate parameters and included the
empirical taxon-sampling fraction to correct for incomplete sampling.
The model was run in two independent Markov chain Monte Carlo
(MCMC) analyses, each for 2 million generations, sampling every
500 steps and discarding the first 25 % as burn-in. Posterior estimates
of the correlation coefficients between diversification rates and paleo
temperature were summarized to evaluate the direction and strength
of environmental dependence (Supplementary Fig. 11). All analyses
were performed in RevBayes, and posterior summaries plots were
generated using the RevGadgets R package®*.

Ecological niche divergence analysis

We used the environmental (E)-space-based framework implemented
in the R package HUMBOLDT® to quantify climatic niche overlap and
divergence among major Berberis clades based on the present phylo-
geny. Specifically, we conducted a series of niche comparisons
between HHM-endemic evergreen (HHMe) species of the Clade 3 and
the Clade 5; between the HHMe of the Clade 3 and the Clade 6;
between the Clade 5 and Clade 6, and between the Clade 1 and Clade 3
(Fig. 1). Nineteen bioclimatic variables (Biol-Biol9) at 30 arc-second
resolutions were obtained from CHELSA-WSES for current climatic
conditions®®, with potential evapotranspiration (PET) included to
capture variation in atmospheric evaporative demand relevant to plant
water balance. Highly correlated variables (Pearson’s r > |0.75|) were
removed using ENMTOOLS v1.4.4 in R to minimize multicollinearity
and model overfitting”. A principal component analysis (PCA) in
E-space was performed using eight retained environmental variables:
Biol (annual mean temperature), Bio2 (mean diurnal temperature
range), Bio3 (isothermality), Bio4 (temperature seasonality), Biol2
(annual precipitation), Biol4 (precipitation of the driest month), Biol5
(precipitation seasonality), and PET. Environmental niche occupancy
for each clade (i.e., Clade 1, 3, 4, 5, 6 and HHMe of the Clade 3) was
quantified directly in environmental-space (i.e., E-space). Kernel den-
sity estimates in E-space were used to visualize the two-dimensional
distribution of climatic conditions. Niche similarity between clades
was then evaluated using the niche overlap test (NOT) and niche dif-
ferentiation test (NDT) implemented in HUMBOLDT®, with equiv-
alency (E) and background (B) statistics calculated from 500 replicates.
NOT assesses whether two clades occupy statistically equivalent
environmental distributions across the full E-space, whereas NDT tests
for significant differentiation within the portion of E-space shared by
both clades. In both tests, the E statistic compares the observed
Schoener’s D value®® with a null distribution generated by resampling
and spatially shifting occurrences, while the B statistic evaluates
whether the observed D differs from expectations given environ-
mental differences between regions. Because these analyses operate
directly on realized climatic distributions rather than on inferred
ancestral niches, we use the term ‘niche differentiation’ to describe
significant differences in climatic occupancy between clades.

Present and past distribution modeling of deciduous and ever-
green Berberis in S. America

We used Maximum Entropy modeling (MaxEnt, v3.4.4%%;) to simulate
the potential distributions of deciduous and evergreen Berberis in
South America across present and past periods, based on 1,352 dis-
tribution records. Nineteen bioclimatic variables (Biol-Biol9) at 30
arc-second resolution were obtained from CHELSA-WS5ES for current
climatic conditions, with potential evapotranspiration (PET) included
to capture variation in atmospheric evaporative demand relevant to
plant water balance. To reconstruct the climatic niche envelopes of
Andean Clade 1, deciduous Clade 4, and the HHM deciduous Clade 6,
we used the same eight climatic variables and data pipeline as in the
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niche overlap analysis. We then projected each clade’s reconstructed
niche envelope onto present day South America and Asia, and across
three geological periods: early Oligocene (Rupelian), mid Miocene
(Serravallian), and late Miocene (Messinian), using paleoclimate data
simulated with HadCM3LB-M2.1D*°. The model simulates climate
across geological time by incorporating boundary conditions and
physical processes, in which the land-sea boundaries, elevations, and
ice sheets are based on paleogeographic data’. Atmospheric CO,
concentrations were revised and set following data®’. For both past
and present modeling, we randomly selected 75% of distribution data
as training data, with 25% for testing, and performed cross-validation
with 10 replicates. Model performance was evaluated using the AUC
metric, where AUC > 0.9 indicates high predictive performance. We
also used a jackknife test to assess the relative importance of envir-
onmental variables. The MaxEnt output, converted to raster format,
classified habitat suitability into moderate (0.4-0.7, greenish) and high
(0.7-0.9, pinkish-red) levels.

Data availability

Raw sequencing reads and genome assemblies generated in this study
have been deposited in the NCBI database under BioProject accession
PRJNA1457873. The four genome assemblies are also available through
DDBJ/ENA/GenBank under Whole Genome Shotgun accessions
JBYVFIO00000000, JBYVFJOO0O000000, JBYVFKOO0O000000, and
JBYVFLOOOO00000; the versions described in this paper are
JBYVFI010000000, JBYVFJ010000000, JBYVFK010000000, and
JBYVFL010000000. Processed SNP datasets, gene alignments, phylo-
genetic trees, and additional analysis outputs supporting the findings
of this study are available at Figshare (https://doi.org/10.6084/m9.
figshare.28288313). Source data are provided with this paper.

Code availability

The scripts used for the analyses conducted in this study are available
through GitHub and archived in Zenodo at (https://doi.org/10.5281/
zenodo.20526753).
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