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Abstract

The c. 270 endemic species of Pedicularis in the Himalaya–Hengduan Mountains (HHM) region exhibit high diversity in geo-
graphic distribution, elevational range and floral morphology. Many of these, including the species with the longest corolla tubes
and beaked galeas, are monophyletic and represent a putative in situ radiation. In this study, we focus on the representative
Clade 3 within the HHM region. We integrate the plastid phylogeny of this clade with environmental data and species distribu-
tions to infer environmental correlates of species diversity. We estimate macroevolutionary rates and reconstructed ancestral
states for geographic ranges and corolla traits, and analyse patterns of range overlap and niche evolution to assess drivers of
diversification in the HHM region. Our results show that the region from northwest Yunnan to southwest Sichuan is the centre
of diversity for this clade of Pedicularis. Rates of diversification are associated with precipitation and multiple environmental
factors. Multiple range expansions from the Sanjiang (Three Parallel Rivers) region, followed by allopatric speciation across the
HHM region, contributed to early rapid diversification. Corolla traits are not significantly associated with species diversification.
This study highlights the importance of integrated evidence for understanding species diversification dynamics and contributes
to our understanding of the origins of the remarkable richness of plant species in the HHM region.
© 2024 Willi Hennig Society.

Introduction

Lineage diversification has been extensively documen-
ted in montane regions, where high biodiversity is asso-
ciated with complex geographical and climatic
conditions (Antonelli et al., 2018; Rahbek et al., 2019a,
2019b; Perrigo et al., 2020) that are thought to facilitate

geographical and ecological speciation (Hoorn et al.,
2013; Lee et al., 2015; Mulch, 2016; De Kort et al.,
2020; Pepin et al., 2022). Orogeny has been associated
with increased rates of diversification in several mon-
tane plants such as Lupinus (Leguminosae) (Drummond
et al., 2012) and temperate bamboos (Ye et al., 2019). In
other cases, faster diversification has been associated
with traits representing adaptations, such as specialized
bracts in Saussurea (Asteraceae) (Zhang et al., 2021),
fruit type in Andean Bromeliaceae (Givnish et al., 2014)
and pollination mode in bellflowers (Campanulaceae)
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(Lagomarsino et al., 2016). A holistic understanding
of diversification dynamics requires consideration of
multiple factors and their potential interactions
(Givnish, 2015).
The Himalaya–Hengduan Mountains (HHM, Fig. 1)

region is characterized by high species richness and
endemism. Its vascular flora includes over 12 000 spe-
cies, one of the richest in the Northern Hemisphere
(Wu, 1988; Boufford, 2014; Yu et al., 2020). In situ
diversification has contributed substantially to the
buildup of species richness in the region since the Oli-
gocene, probably driven by the joint effects of orogeny
and onset of the Asian monsoon (Xing and Ree, 2017;

Ding et al., 2020). The monsoon, which developed
from the middle to late Miocene as a consequence of
mountain development (Farnsworth et al., 2019), con-
tributed to topographic relief through erosion-driven
incision of major river valleys, potentially dividing the
HHM region into multiple subregions with varying
degrees of connectivity (Clark et al., 2005; Nie et al.,
2018; Cao et al., 2022) and increasing the isolation of
high-elevation “sky islands” (He and Jiang, 2014), pro-
moting the geographical isolation and speciation of
alpine lineages (Zhang et al., 2019). Prior studies have
mainly focused on comparing the rates and times
of lineage diversification between the Hengduan

Fig. 1. Species richness pattern of Pedicularis Clade 3 on the Hengduan Mountains and Eastern Himalayan region with the grid cells of
20 9 20 km. The green line shows the boundary of the Hengduan Mountains region and partial Himalayas and Tibetan Plateau. The boundary
refers to Liu et al. (2022a). (a) P. sigmoidea Franchet ex Maximowicz; (b) P. milliana W. B. Yu, D. Z. Li & Hong Wang; (c) P. cranolopha Max-
imowicz; (d) P. latituba Bonati; (e) P. longiflora Rudolph; (f) P. mussotii Franchet; (g) P. davidii Franchet; (h) P. fengii H. L. Li; (i) P. gruina
Franchet ex Maximowicz; (j) P. nigra (Bonati) Vaniot ex Bonati. Photographs by: Wen-bin Yu (j), Rong Liu (a–i).
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Mountains (HDM) and adjacent regions (Xing and
Ree, 2017; Ding et al., 2020; Mo et al., 2022; Xia
et al., 2022; Chen et al., 2023). In contrast, there has
been little exploration of the dynamics of diversifica-
tion within this region.
The genus Pedicularis L. (Orobanchaceae) contains

more than 600 species, approximately two-thirds of
which are found in the HHM region (Li, 1948, 1949;
Tsoong, 1955, 1956; Yu et al., 2015). Species occur in
a wide range of habitats, including forests, meadows
and wetlands, from valley slopes at low elevations, to
alpine subnival belts above the tree line. Pedicularis is
known for dramatic interspecific variations in corolla
structure and shape, especially the galea (hood-like
upper lip) being elongated into a beak that varies in
length and curvature, and the corolla tube varying
from short to longer than 11 cm (e.g. P. decorissima
Diels). Despite diverse floral types in Pedicularis, bum-
blebees are the primary pollinator, and the behaviour
of bumblebees is considered to be associated with the
floral types (Macior, 1982; Wang and Li, 1998;
Robart, 2005; Huang and Shi, 2013). Typically, beak-
less species offer nectar as a reward for bumblebees,
whereas beaked species offer only pollen. Ethological
isolation mediated by floral structure has been pro-
posed as a key mechanism for the coexistence of sym-
patric Pedicularis species (Grant, 1994a, 1994b; Yang
et al., 2007; Eaton et al., 2012). Phylogenetic analyses
have revealed a striking pattern of parallel evolution
in corolla traits within Pedicularis. For instance, the
beaked galea was independently gained three times
and lost more than 20 times; long corolla tubes
evolved at least 21 times (Ree, 2005; Yu et al., 2015).
To investigate the diversification dynamics of Pedi-

cularis, this study focuses on a clade discovered in
molecular phylogenetic analyses, informally labelled
Clade 3 (Yang et al., 2003; Ree, 2005; Tkach et al.,
2014; Yu et al., 2015). It includes approximately 85
species (see Table S1) with diverse floral types, includ-
ing many long-tubed and twisted-beak species. The
majority are native to the HHM region. This combina-
tion provides an opportunity to investigate diversifica-
tion dynamics in the context of biogeographical
history and corolla trait evolution. First, we hypothe-
sized that the high species diversity of Pedicularis
within the HHM region is associated with the moun-
tain uplift and the strengthening of the Asian mon-
soon. Second, we hypothesized that recently diverged
species should have allopatric distributions reflecting
geographic speciation, because Pedicularis is not obvi-
ously adapted for long-distance dispersal and the rug-
ged topography of the HHM region should promote
geographic isolation (Ren et al., 2010; Li et al., 2012).
Finally, we hypothesized that the evolution of corolla
traits primarily promotes species coexistence as a
response to the high species diversity (Armbruster and

Muchhala, 2009; Armbruster, 2014), rather than
directly facilitating reproductive isolation, thus con-
tributing to the speciation process. Therefore, we do
not expect changes in corolla traits to match shifts in
diversification rates.
With these hypotheses, the main goals of this study

are to reconstruct the phylogeny of Pedicularis Clade 3
and integrate corolla traits, species distribution infor-
mation and environmental data to investigate: (i) spe-
ciation and extinction rates; (ii) the diversification
process associated with the evolution of corolla traits;
and (iii) the lineage diversification rates in the context
of historical biogeography within the HMM region.

Materials and methods

Taxon samplings and sequencing

We sampled a total of 91 individuals representing 52 accepted spe-
cies, four undescribed new species and four undescribed taxa that
are morphologically related to accepted species of Pedicularis from
Clade 3 (i.e. P. amplituba H.L. Li, P. sigmoidea Franch., P. cepha-
lantha Franch. ex Maxim and P. davidii Franch.) (Table S1). Addi-
tionally, we sampled one individual of P. axillaris Franch. ex
Maxim., the sister species to Clade 3. Total genomic DNA of new
samples was extracted from leaf tissues using a CTAB method (Pah-
lich and Gerlitz, 1980). For some rare species, DNA extraction was
performed using herbarium specimens. The purified DNA was then
fragmented to approximately 200–500 bp in size by sonication, and
libraries were constructed using the NEBNext Ultra II DNA Library
Prep Kit for Illumina (Illumina, San Diego, CA, USA). Each sample
was sequenced using the Illumina Hi-Seq 2500 platform, generating
pair-end reads of 150 bp length, with a minimum of 2.5 Gb raw
data per sample.

Based on current phylogenetic frameworks of Orobanchaceae
(McNeal et al., 2013; Yu et al., 2018a; Jiang et al., 2022) and Pedicu-
laris (Ree, 2005; Tkach et al., 2014; Yu et al., 2015), we chose four
representative genera of Orobanchaceae (Lindenbergia philippensis
(Chum.) Benth., Rehmannia elata N. E. Brown, Triaenophora shen-
nongjiaensis X. D. Li, Y. Y. Zan & J.Q. Li and Phtheirospermum
japonicum (Thunb.) Kanitz), Pedicularis tongolensis Franch. from
Clade 5 and P. axillaris sister to Clade 3 and Wightia speciosissima
(D. Don) Merr. of Wightiaceae as the outgroup (Table S2). The
plastomes of four genera of Orobanchaceae (National Center for
Biotechnology Information, NCBI accession numbers HG530133,
KX636161, MH071405 and MN075943) plus P. tongolensis
(MZ264887) and W. speciosissima (MK381318) were downloaded
from the NCBI GenBank (Table S2).

Plastid genome assembly and annotation

Complete and circular plastid genome sequences were assembled
de novo using the GetOrganelle toolkit (Jin et al., 2020) and assem-
bly graphs were visually checked using Bandage (Wick et al., 2015).
Samples with incomplete assemblies were scaffolded in Geneious ver-
sion 11.0 (Kearse et al., 2012) using the plastid genome of P. tongo-
lensis as the reference. All plastid genomes were then annotated
using the PGA script (Qu et al., 2019), followed by manual adjust-
ments in Geneious using the plastid genome of P. japonicum as the
reference, for which no pseudogenes are known (Li et al., 2021b).
Detailed information on all the plastid genome sequences can be
found in Table S2.

638 R. Liu et al. / Cladistics 40 (2024) 636–652
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Phylogenetic analyses

Phylogenetic analyses were inferred using the concatenated coding
sequence (CDS) dataset and the whole plastid genome dataset.
Whole plastome sequences with one inverted repeat (region were
aligned using MAFFT 7.0 (Katoh et al., 2019). For the CDS data-
set, we retained a total of 67 functional coding sequences (CDS).
Each CDS was aligned using MAFFT 7.0, then they were
concatenated into a supermatrix in Geneious. We removed alignment
gaps for both datasets using trimAl with the parameter as “-gt 0.9
-cons 60” (Capella-Gutierrez et al., 2009). Maximum likelihood
(ML), maximum parsimony (MP) and bayesian inference (BI)
methods were used to reconstruct the phylogeny. We inferred the
ML tree using RAxML 8.2.10 with the GTR + Γ model for the plas-
tome dataset and by the partition parameters of each CDS for the
CDS dataset, respectively (Stamatakis, 2014). Node support values
(maximum likelihood bootstrap, MLBS) were estimated from 1000
bootstrap replicates. An MP tree was inferred using TNT 1.6
(Goloboff et al., 2008; Goloboff and Morales, 2023). The search
strategy consisted of heuristic searches using 2000 replications of
random addition, followed by tree bisection reconnection branch-
swapping, retaining two trees per replication. A strict consensus tree
was generated from the most parsimonious trees. Node support
values (maximum parsimony bootstrap, MPBS) were estimated by
bootstrap resampling with 1000 replicates. The BI analysis was con-
ducted using MrBayes 3.2 (Ronquist et al., 2012). The best-fit substi-
tution model was estimated using jmodeltest2 (Darriba et al., 2012).
Markov chain Monte Carlo (MCMC) was set at 5 million genera-
tions with two simultaneous runs, each comprising four incremen-
tally heated chains. The BI analysis was started with random trees
and sampled every 100 generations. The values of the average stan-
dard deviation of split frequencies (<0.005) and potential scale reduc-
tion factor of convergence diagnostics (= 1.00) were used to
determine the convergence. The first 25% of trees were discarded as
burn-in, and a majority-rule consensus tree was generated from the
remaining trees.

Divergence time estimation

The concatenated CDS matrix was imported into BEAST 1.10.4
(Suchard et al., 2018) for the estimation of divergence times. Since
no reliable fossil records are known within Orobanchaceae, two sec-
ondary calibration points established by Yu et al. (2018a) were used
to estimate the divergence time of Pedicularis Clade 3. First, all sam-
ples of Orobanchaceae were defined as the monophyletic group and
W. speciosissim was the outgroup; then all Pedicularis samples and
P. japonicum were designated as the monophyletic group. The crown
ages of these two monophyletic groups were specified as 54.56
(44.37–65.30) Ma and 35.38 (24.69–46.41) Ma with a normal distri-
bution, respectively. The MCMC sampling was conducted with 100
million generations, sampled every 1000 generations. The substitu-
tion model was set as GTR + Γ, the clock model was set as a log–
normal relaxed clock and the speciation process was set as the Yule
model. The MCMC analysis was conducted three times, indepen-
dently. The output of BEAST was evaluated using Tracer (Rambaut
et al., 2018) to confirm convergence using the criterion of effective
sample size >200. After discarding 25% of the initial trees as burn-
in, the maximum clade credibility tree with median node height was
generated using TreeAnnotator 1.10.4 (Suchard et al., 2018).

Species distribution, corolla traits and environmental
variables

Species distribution data for the sampled taxa were obtained
from multiple sources, including the Chinese Virtual Herbarium

(https://www.cvh.ac.cn/), the Global Biodiversity Information Facil-
ity (https://www.gbif.org/), the Biodiversity of Hengduan Mountains
website (https://www.hengduan-biodiversity.net/fieldnotes), the Plant
Photo Bank of China (https://ppbc.botanicalgarden.cn:8888/) and
the Chinese Field Herbarium (https://www.cfh.ac.cn/). Each speci-
men or photo record was carefully checked against the type
specimen in the JSTOR Global Plants database (http://plants.jstor.
org/) to verify accuracy of identifications. The voucher locations
were recorded at least to the level of town or village; records without
exact location were discarded. The distribution information of
unknown and undescribed taxa that were sampled was mainly
obtained from collection record and our field survey. Detailed infor-
mation and locality records are presented in Table S3.

Morphological characters of the corolla beak and tube length for
sampled species were primarily obtained from Flora of China (elec-
tronic version, http://www.efloras.org/). The midpoints of reported
values in corolla traits were collected for analyses (refer to Table S4
for detailed information). The corolla tube length was then coded as
a categorical variable with two states, short and long, with a cutoff
of 25 mm (Table S4) following the approach used by Ree (2005).
Meanwhile, based on the division approach used by Ree (2005), we
also scored four categorical states for the corolla galea: (i) no beak;
(ii) short (less than 4 mm) and straight beak; (iii) long (greater than
4 mm) and curved beak; and (iv) long and S-shaped or twisted beak.

We collected environmental data using 24 environmental variables
that capture aspects of bioclimate, topography, vegetation and
hydrology. These include: 19 bioclimate factors from the WorldClim
dataset (Fick and Hijmans, 2017), with a spatial resolution of 2.5
arc-min; two topographical factors (slope and elevation) extracted
from a digital elevation model with a spatial resolution of 30 m
(http://www.gscloud.cn/home); the normalized difference vegetation
index (NDVI), a measure of vegetation greenness and density, at a
spatial resolution of 3 arc-min (http://data.tpdc.ac.cn/en/); and the
potential evapotranspiration and aridity index, representing
the amount of water that could potentially be evaporated and tran-
spired by plants under prevailing climate conditions, and the dryness
of the environment. The potential evapotranspiration and aridity
index were acquired from a source with a spatial resolution of 30
arc-sec (https://cgiarcsi.community).

Spatial patterns and environmental correlates of species
richness

To quantify the modern spatial patterns of species richness in Ped-
icularis in the HHM region, we first partitioned the digital elevation
model raster of the study area into 20 9 20 km grid cells using Arc-
GIS 10.2. Species occurrence records were assigned to the corre-
sponding grid cells. We determined the geographic distribution of
each species by applying the least concave polygon method imple-
mented in ArcGIS 10.2. Then, the grid cells within each distribution
polygon were filtered based on the elevation information described
by each species in eFloras. Patterns of species richness were obtained
from the superposition of species distributions.

Mean values of all 24 environmental variables were computed for
each grid cell. We tested for collinearity using the variance inflation
factor and variables with variance inflation factor values <5 were
retained. Seven environmental factors (slope, elevation, aridity index,
NDVI, Bio4 (temperature seasonality), Bio14 (precipitation of driest
month) and Bio15 (precipitation seasonality)) were retained for fur-
ther analyses. To explore the relationship between these environmen-
tal factors and species richness, we constructed a generalized linear
model and a spatial autoregressive model in which species richness
was the response variable and the environmental factors were predic-
tors. To assess the adequacy of the regression models and examine
potential spatial autocorrelation in the residuals, Moran’s I test was
performed on the residuals of the regression analysis. Moran’s I was

R. Liu et al. / Cladistics 40 (2024) 636–652 639
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calculated using the R package “spdep” (Bivand and Wong, 2018)
with the function “lm.morantest”. This test helps determine whether
the residuals exhibit any spatial clustering or autocorrelation. The
relationships between the predictors and the dependent variable (spe-
cies richness) were visualized using partial-residual plots generated
using the R package “car” (John and Sanford, 2019) with the func-
tion “crPlots”.

Geographical patterns of sister species

To quantify the geographical patterns of recent divergences in
Pedicularis, we assessed the extent of geographical range overlap
between sister species pairs, based on grid cell occupancy. Initially,
we computed the values of absolute range overlap divided by the
range size of each species. These values were averaged to obtain
the average percentage of overlap for each sister species pair. How-
ever, this might overestimate the degree of distribution range overlap
owing to the masking of potential differences in microhabitat or ele-
vational range. Therefore, to estimate the elevational difference
between the sister species pair, we calculated the phylogenetic signal
of elevation using the midpoint value of elevation range data from
the Flora of China (Table S4). Blomberg’s K and Pagel’s k were
computed using the R package phytools (Revell, 2012), with the
function “phylosig”, and “traitgram” (Revell, 2013) was used to esti-
mate the ancestral states of elevation using the R package “phy-
tools” with the function “phenogram”.

Macroevolutionary rate estimation

To estimate rates of diversification, we used BAMM (Bayesian
Analysis of Macroevolutionary Mixtures) (Rabosky et al., 2014).
Duplicated tips of ingroup species and outgroups in the time tree were
first removed using the R package “ape” (Paradis et al., 2004) with the
“drop.tip” function. For BAMM analysis, we specified global sam-
pling fractions of 0.65 (sampled species: 60/total species: 92)
(Table S1) to account for the remaining unsampled species
(Rabosky, 2014). Prior probability distributions were parameterized
using the “setBAMMpriors” function in the R package “BAMM-
tools” (Rabosky et al., 2014). The MCMC run was set to 20 million
generations. The initial 10% of samples from the MCMC run were dis-
carded as burn-in. The R package “CODA” (Plummer et al., 2006)
was used, specifically the “effectiveSize” function, to assess the cover-
age of the MCMC chains. An effective sample size >200 was used as a
criterion for convergence. Posterior probabilities of diversification
rates through time were extracted and summarized using BAMMtools.

To complement the BAMM results, multiple treewide
time-dependent diversification models were tested using the R pack-
age “RPANDA” (Morlon et al., 2016) with the function “fit_bd”.
Four kinds of models were fit: (i) a pure birth model with a constant
speciation rate; (ii) a pure birth model with a variable (linear and
exponential) speciation rate; (iii) a model with variable (linear and
exponential) speciation rate and a constant extinction rate; and (iv) a
model with a variable (linear and exponential) speciation rate and
a linear extinction rate. The model with the lowest corrected Akaike
information criterion (AICc) was considered the best fit. To estimate
the effect of historical environmental changes on speciation and
extinction rates, a time-dependent model with a palaeoenvironment
variable was built using the RPANDA function “fit_env”. The focus
of this analysis was on the historical changes of annual precipitation

(mm) of East Asia, which was derived from a general circulation
model with geological data (Farnsworth et al., 2019).

To test whether features of the corolla covary with diversification
rates, we used the MuSSE (Multi-State Speciation and Extinction)
model implemented in the R package “diversitree” (FitzJohn, 2012).
Seven states were coded, representing different combinations of beak
type and tube type (i.e. I, beakless with a short tube; ii, short beak with
a short tube; iii, curved beak with a short tube; iv, S-shape beak with a
short tube; v, short beak with a long tube; vi, curved beak with a long
tube; and vii, S-shape beak with a long tube). In MUSSE analyses, dual
transition of corolla trait was disallowed (detailed in Table S5). Based
on AIC value, we compared the fit of multiple models where speciation
and extinction rate change vary with different corolla type with those
where the trait is independent of the speciation and extinction process.
For the null model, priors were set to equal rates of speciation (k),
extinction (l) and transition (q) across all states. Five alternative
models were tested: (i) k, l and q rates are all different; (ii) k rates are
different, l and q are equal; (iii) l rates are different, k and q are equal;
(iv) k and l rates are different, q is equal; and (v) q rate is different, k
and l are equal. The MuSSE model was run with a MCMC sampling
of 5000 steps, with the first 1000 steps discarded as burn-in.

Ancestral range reconstruction

To estimate the biogeographical history of Pedicularis Clade 3 in
the HHM region, ancestral range reconstruction was conducted
using the dispersal–extinction–cladogenesis (DEC) model (Ree and
Smith, 2008; Ree and Sanmart�ın, 2018) in the software RevBayes
(H€ohna et al., 2016). We adopted the six floristic subregions pro-
posed in Wu et al. (2010): (A) Central Yunnan Plateau; (B) Southern
HDM; (C) Sanjiang Valley; (D) Northern HDM; (E) Eastern Hima-
laya; and (F) Upper Brahmaputra River. More recently, the floristic
structure of the HHM region has been studied using quantitative
data-driven methods (Zhang et al., 2016; Liu et al., 2021; Li
et al., 2021a), and this produced similar regionalization schemes. In
the RevBayes analysis, dispersal and extirpation rates were assumed
to be constant across areas. The MCMC run was set to 3000 genera-
tions. The R package “RevGadgets” (Tribble et al., 2022) was used
to visualize the result.

Reconstruction of ancestral corolla traits

To estimate ancestral states of the corolla galea, we used a hidden
rate model of discrete character evolution. Hidden rate models allow
different evolutionary rate classes to be associated with latent or
unobserved (“hidden”) states (Beaulieu et al., 2013). As mentioned
above, four types of corolla galea were coded as: (i) beakless type; (ii)
straight beak; (iii) curved beak; and (iv) S-shaped beak. Inference was
carried out using the R package “corHMM” (Boyko and Beau-
lieu, 2021) with the function “corHMM”. Three rate classes (time
homogeneous, two hidden rate, and three hidden rate) with equal-
rate, symmetrical rate (SR) and all-rates-different transition models,
were fit to the data. The model with the lowest AICc value was
selected as the best model.

The corolla tube length displays wide variations, varying from 5
to 120 mm. Three evolution models for the continuous trait, Brow-
nian motion (BM), Ornstein–Uhlenbeck and Early burst model were
used to estimate the ancestral state of corolla tube length. Model fit-
ting was estimated using the R package “geiger” (Pennell et al.,

Fig. 2. Maximum likelihood (ML) tree of Pedicularis Clade 3 inferred from concatenated 67 plastid concatenated coding sequence (CDS) matrix.
The left tree shows the topology of the ML tree. Numbers associated with the branches are ML, maximum parsimony (MP) bootstrap value
(MLBS and MPBS), and bayesian inference posterior probabilities (BIPP), and unmarked branches mean MLBS/MPBS/BIPP >95/95/0.95. Pho-
tographs by: Wen-Bin Yu (F, M, N, S and X), Rong Liu (A–E, G–K, O–R, T, U and W), Wei-Jia Wang (V) and Qin Tian (L).
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2014) with the function “fitContinuous”. Continuous tube length
was reconstructed using the R package “phytools” (Revell, 2012,
2024) with the function “contMap”, and the results of ancestral state
were reflected on the branches.

Results

Plastid phylogenomics and divergent time estimations

Of the 92 samples, 80 yielded complete plastid
genomes using GetOrganelle, three samples were man-
ually assembled using a reference genome and nine
samples were discarded owing to low assembly quality.
Plastome size varied from 142 059 to 152 136 bp.
With six samples from the NCBI, 89 samples repre-
senting 68 taxa (including 60 species from Clade 3)
were included in the final dataset. Examination of the
plastome data revealed strong pseudogenization and
loss of the NA(D)H dehydrogenase-like (NDH) genes,
as well as pseudogenes in accD, and ccsA. Detailed
information on this can be found in Table S2. The
concatenated alignment of 67 coding sequence (CDS)
regions comprised 55 214 bp in length including
10 234 variable sites and 5817 parsimony informative
sites. In addition, the plastome data comprised
115 392 bp in length including 28 023 variable sites
and 15 908 parsimony informative sites.
Both the plastome (Fig. S1) and CDS datasets (Fig. 2,

Figs S2–S4) yield consistent topologies including eight
well-supported clades (labelled here as subclade I to sub-
clade VII), with an expectation that the subclade II was
weakly supported as sister to subclade I + subclades IV–
VIII (MLBS = 56) in the plastome dataset or sister to
subclade III (MLBS = 69) in the CDS dataset. Based on
the CDS dataset, the ML, MP and BI analyses produced
consistent topologies with maximum support values for
most of the nodes (Fig. 2, Figs S2–S4). In all topologies,
eight major clades are fully supported
(MLBS/MPBS/BIPP = 100/100/1.00). Support values
for deeper divergences are weak in some cases, e.g. the
most recent common ancestor (MRCA) node of subclade
II + subclade III (MLBS/MPBS/BIPP = 69/26/0.59).
The MRCA of subclade II + subclade III and the
remaining clades showed moderate support
(MLBS/MPBS/BIPP = 73/9/0.75). In addition, four
undescribed species showed a unique phylogenetic posi-
tion to their affinis, such as P. aff. cehalantha is sister to
P. fengii, and P. aff. davidii is sister to P. dissecta + P.
davidii + P. stewardii.
The crown age of Clade 3 was estimated to be 20.24

Ma, with a 95% highest posterior density (HPD) inter-
val of 16.15–25.75 Ma (Fig. S5). The crown ages of
major clades within Clade 3 were estimated as follows:
Subclade I at 12.04 Ma (95% HPD, 9.58–14.75 Ma),
subclade II at 10.57 Ma (HPD, 6.94–14.16Ma), sub-
clade III at 12.62 Ma (95% HPD, 10.28–15.27 Ma)

and the MRCA of subclades IV–VII at 11.64 Ma
(95% HPD, 9.46–14.04 Ma).

Species diversity patterns in the HHM region

The distribution of species richness within Clade 3
exhibited a strong geographical signal, with the South-
ern HDM having the highest richness (Fig. 1). This
pattern is consistent with regionalization schemes pro-
posed by Wu et al. (2010), in which Region B (i.e. sub-
region E14b in Wu et al., 2010, hereafter), referred to
as the Southern HDM, is considered the biodiversity
richness centre of the HDM flora.
Species richness exhibits strong spatial autocorrela-

tion (Moran’s I = 0.86), so we used a spatial autore-
gressive model. Among the seven environmental
factors examined, three climate-related factors (Bio4,
Bio14 and Bio15) were negatively related to species
richness, while two topographical factors (elevation
and slope) and two other factors (aridity index and
NDVI) were positively related (Fig. 3a–h and Table 1).
This suggests that species richness is correlated with
the combination of climate, topography and other
environmental factors in the HHM region.

Phylogenetic patterns of geographic range overlapping

The geographic ranges of sister species were predomi-
nantly allopatric (Fig. 4 and Table S6) with some excep-
tions. For example, P. tenuituba, P. leptosiphon and P.
dolichosiphon show overlapping distributions, which
may have arisen following secondary contact (Liu
et al., 2022b). Estimates of phylogenetic signal in eleva-
tional midpoint values (Fig. S6) (Blomberg’s K = 0.55,
P = 0.061, and Pagel’s k = 0.74, P < 0.0001) indicated
relatively higher divergence of elevation distribution
among species than expected from their evolutionary
relationships. For examples, in the sister pair of P. aff.
cephalantha and P. aff. fengii (overlap index = 0.317),
the former is mainly found at elevations between 4000
and 4500 m, but the latter mainly occurs at elevations
between 3800 and 4200 m.

Variations of macroevolutionary rates

Net diversification rate, as estimated by BAMM,
increased over the period 20–15 Ma and decreased there-
after (Fig. 5). A similar pattern was inferred using
RPANDA (Table S7). Under the palaeoenvironment-
dependent diversification model in RPANDA, a positive
correlation was found between the net diversification
rate and historical onset of the Asian monsoon (Fig. S7).
The MuSSE analysis showed the lowest AICc for

the null model (equal rate of k, l and q) (Table 3),
indicating that corolla type is not significantly associ-
ated with variation in the diversification rate.
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Reconstruction of ancestral regions in the HHM region

Estimates of ancestral geographic range using
RevBayes (Fig. 6a) exhibited considerable uncertainty.
At the root node, the most probable geographic range

and probability are: BCD, 0.155; C, 0.15; and CD, 0.11.
Deep nodes were primarily distributed in Region C
(E14a, Sanjiang Valley subregion) with subsequent dis-
persal events to other regions. For example, dispersal
from Region C to Region B (E14b, Southern HDM sub-
region) occurred at least three times. The reversal from
Region B to Region C was hardly observed. Subclades
VII and VII originated in Region B and subsequently
colonized Region A (E13a, middle Yunnan Plateau sub-
region). In contrast, immigration events between Region
B and Region A were frequent, and vicariance events
contributed to the divergence of related species (e.g. P.
humilis and yanyuansis; P. milliana and Pedicularis sp. 2).

Evolution of corolla traits

The best fit model for the evolution of corolla galea
was the SR model with a time homogeneous rate
(LogL = �52.67, AICc = 118.96; Table 2). Ancestral
state reconstructions indicate that early ancestors of
Clade 3 had a corolla with a curved beak (Fig. 6b,
Fig. S8). Except for the ancestral corolla of subclade
VII, which was estimated to have a S-shape beak, the
ancestral corolla of the rest subclades was estimated to
have a curved beak. Morphological diversification pri-
marily occurred among the different subclades. For

Fig. 3. Relationships between environmental predictor variables and species richness based on the spatial autoregressive model (a–g). DNVI,
Normalized Difference Vegetation Index; Bio4, Temperature seasonality; Bio14, Precipitation of driest month; Bio15, Precipitation seasonality.
(h) The relative importance of seven environmental factors. The red line shows the actual residuals, and blue dotted line shows the expected
residuals; the overlap of the blue line and the red line shows the linear relationship between the predictors and the dependent variable.

Table 1
Summary of generalized linear model and spatial autoregressive
model explaining species richness of Pedicularis Clade3 within
20 9 20 km grid cells

Generalized
linear model

Spatial
autoregressive
model

Estimate Error Estimate Error

Intercept 1.42*** 0.01 1.32*** 0.01
Mean elevation 0.23*** 0.01 0.132*** 0.02
Mean slope 0.16*** 0.01 0.16*** 0.02
Aridity index 0.10*** 0.01 0.22*** 0.02
Normalized difference
vegetation index

0.24*** 0.01 0.14*** 0.02

Bio4 �0.33*** 0.01 �0.34*** 0.03
Bio14 �0.30*** 0.01 �0.64*** 0.03
Bio15 0.20*** 0.01 �0.41*** 0.02
Moran’s I 0.86 0.13
Akaike information
criterion

14 992 12 227

Significance levels: ***P < 0.001.
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instance, transition from the curved beak to the
S-shape beak occurred at least five times, and to the
straight beak at least four times.
The best fit model for the evolution of corolla tube

was the BM model (logL = �272.31, AICc = 548.82;
Table 2). The reconstruction of corolla tube length
indicated that the early ancestors of Clade 3 had a
corolla with a short corolla tube. The evolution of
a long corolla tube was estimated to have occurred at
least five times, and the long corolla tube was consis-
tently associated with the S-shaped beak.

Discussion

Diversification dynamics of Pedicularis Clade 3 in the
HHM region

Our analyses indicate that Pedicularis Clade 3 experi-
enced early rapid diversification followed by a decline in

diversification rate. This pattern is commonly observed
in other diverse lineages and has been discussed in previ-
ous studies (Ricklefs, 2010; Ho et al., 2011; Ho, 2020;
Louca et al., 2022). One possible explanation for this
“early burst” pattern is adaptive radiation into vacant
ecological niches (Glor, 2010; Wellborn and Langer-
hans, 2015; Garcia-Porta et al., 2022), with subsequent
declines in diversification rate as niches are filled
(Rabosky and Lovette, 2008; Moen and Morlon, 2014;
Givnish, 2015). Another is diversification driven by the
uplift of mountains, as hypothesized for the Andean
clades Bromeliaceae (Aguirre-Santoro et al., 2020)
and Macrocarpaea (Gentianaceae) (Vieu et al., 2022).
A third hypothesis is that rapid diversification might
occur following the colonization of a new region, with
subsequent declines in rate occurring as geographical
space is filled (Toussaint et al., 2015; Skipwith et al.,
2016).
The increase of the diversification rate in Pedicularis

Clade 3 is estimated to have occurred around the middle

Fig. 4. Phylogenetic pattern of species overlaps. The colour gradient shifting from light to dark represents the extent of overlap (0–1) between
species pairs.
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Miocene (c. 15Ma). While the details of the HHM uplift
history remain not fully understood, there is some con-
sensus across various studies. Recent evidence from iso-
topic dating and plant fossils has shown that a large
part of the HDM reached an elevation of approximately
3900 m by the early Oligocene (Su et al., 2019; Cao
et al., 2022). By the early Miocene, the Himalayan
region reached elevations over 5000 m (G�ebelin
et al., 2013; Ding et al., 2017). Historical biogeographic
inferences based on molecular timetrees indicate estab-
lishment of alpine flora in the HDM by the Oligocene
(Ding et al., 2020). Therefore, it is plausible that by the
Miocene, the appropriate geographical and ecological
conditions for the early diversification of Pedicularis
Clade 3 were in place.
The intensification of the Asian monsoon during the

middle Miocene (Farnsworth et al., 2019) is likely to
have played an important role in driving the rapid diver-
sification of Pedicularis Clade 3, as indicated by support
for the palaeoclimate-dependent diversification model
(Fig. S7). In addition to providing moisture during the
summer reproductive season, intensification of the mon-
soon might have increased the topographic relief that is
associated with allopatric speciation in mountains, as
evidenced from rapid incision of major rivers during the
middle to late Miocene (Clark et al., 2005; Nie
et al., 2018; Spicer et al., 2020; Spicer et al., 2021; Cao
et al., 2022). The predominantly allopatric distribution

of closely related species (Figs 4 and 6a) suggests that
speciation in Pedicularis has predominantly been allo-
patric. We hypothesize that the geographic distribution
in Pedicularis species is generally constrained by habitat
preferences and the limited range of abiotic seed dis-
persal. The dispersal of Pedicularis is unlikely across dif-
ferent climate zones separated by elevation. Present-day
allopatry of clades older than the early Miocene could
thus be explained by early range expansions before the
formation of deeply incised mountains. Consequently,
factors related to both orogeny and climate probably
contributed to the rapid diversification of Pedicularis
Clade 3 during the middle Miocene.
Lineage diversification plays a pivotal role in shaping

the contemporary distribution of biodiversity. Instances
of divergence occurring in situ, coupled with recurrent
immigration events to Region A (E13b: Southern
HDM) (see Fig. 6a), contribute to the heightened accu-
mulation of species. Our results showed that the South-
ern HDM region is the biodiversity hotspot of
Pedicularis Clade 3 (Fig. 1), where species richness is
influenced by a combination of topographical, climatic
and other environmental factors (Fig. 3). The wide
range of habitats and climatic conditions in the South-
ern HDM region may be key to fostering the accumula-
tion of species (Chang et al., 2023), thereby establishing
this region as the central hub of the HDM flora
(Wu, 1988; Wu et al., 2010).

Fig. 5. Macroevolutionary rate through time among lineages of Pedicularis Clade 3 based on BAMM (Bayesian Analysis of Macroevolutionary
Mixtures). (a) Mean phylorate plot showing model-averaged diversification rates at any point along every branch. (b) Diversification rate of spe-
ciation (blue) and extinction (grey). (c) Net diversification rate through time (red line), global palaeoclimate change (blue line) (Zachos
et al., 2008) and the Asian monsoon change (green line) (Farnsworth et al., 2019).
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It should be noted that our phylogeny includes 60
species of Clade 3, which is 65% of 92 species in this
Clade. This phylogenetic tree with its small number of
species may limit our statistical power to detect shifts
and correlates of diversification rate. It is worth point-
ing out that plastome data inferred a robust phyloge-
netic tree for the early rapid diversification subclade in

Clade 3. For instances, subclades I, II and III, which
were previously collapsed as polytomy, as well as sub-
clades VI, VII and VIII, were resolved (Yu et al.,
2015). The short corolla tube of subclade VII is now
embedded into the P. siphonantha complex (subclades
VI and VII; Yu et al., 2015; Yu et al., 2018b; Liu
et al., 2022b), so that P. siphonantha complex is not

Fig. 6. Reconstruction of ancestral distribution range and corolla trait state of the Pedicularis Clade 3. (a) Ancestral range reconstruction based
on the dispersal–extinction–cladogenesis (DEC) model. The geographical scheme of Himalaya–Hengduan Mountains (HHM) adopted from Wu
et al. (2010). Pie charts at the nodes of the tree represent the relative probabilities of the ancestral range. Grey colour on the pie charts indicates
other combinations of multiple areas. (b) Reconstruction of continuous corolla tube length and discrete corolla galea types. Branch colour repre-
sents the evolution of corolla tube length. Pie charts at the nodes of the tree represent the relative probabilities of the corolla galea type.
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supported as monophyletic herein. Thus, relying only
on the plastid data cannot resolve phylogenetic confu-
sions caused by chloroplast genome capture events. To
date, topological discrepancies between nuclear and
plastid datasets in Pedicularis have been documented
in some recently derived species lineages (Yu
et al., 2013; Yu et al., 2015; Liu et al., 2022b). It could
be difficult to detect some potentially important diver-
sification processes (e.g. hybridization and introgres-
sion) either plastid or nuclear data. Therefore, future
studies should include more individuals from different
populations and incorporate both nuclear and plastid
genomic data.

Corolla trait diversification of Pedicularis in the HMM
region

The presence or absence of nectar production in
flowers and the ethological divergence of bumblebees’
foraging behaviour are highly associated with corolla
traits of Pedicularis (Macior, 1982; Ree, 2005;
Robart, 2005; Wang and Li, 2005; Liu et al., 2015; Liu
et al., 2016; Tong et al., 2019). The reconstruction of
corolla types supports the early ancestor having had a
short tube with a curved beak in Pedicularis Clade 3
(Fig. 6b). The curved beak galea type is associated with
species exhibiting the loss of nectar production
(Macior, 1982; Liu et al., 2015). The elongated beak
encourages buzz-pollination behaviour in bumblebees,
by requiring them to manipulate the galea to collect
pollen (Macior and Ya, 1997). In the absence of nectar
requiring a short corolla tube, tube length can evolve
more freely in long-beaked species (Macior and
Ya, 1997; Ree, 2005). The length and curvature of the
corolla beak may enhance pollination accuracy and
diminish interspecific reproductive interference (Harder,

1990; Huang and Shi, 2013; Armbruster et al., 2014).
The importance of nectar to bumblebee behaviour has
been demonstrated in experiments involving artificial
supplementation (Tong et al., 2019). Repeated losses of
the galea beak suggest that nectar production has
re-evolved from nectarless ancestors (Ree, 2005; Yu
et al., 2015). Thus, the ancestral short tube with a
curved beak type holds the potential to undergo various
transformations, such as elaboration of the beak to an
S-shaped type, degradation into a short beak, or even
complete loss of the beak. All of these transitions are
inferred in our reconstruction of ancestral corolla traits.
We did not detect differences in diversification rate

associated with corolla types (Fig. 5a and Table 3). We
observed that the corolla diversification appears to be
associated with the geographical range expansions of
early-diverging clades. Subclades that dispersed from the
Sanjiang Valley region exhibit greater corolla diversity,
while those that remained in situ retain the ancestral
corolla type. The evolution of diverse corolla types in
different subclades may reflect recurrent reproductive
interference with other species of Pedicularis outside of
Clade 3 (Eaton et al., 2012; Huang and Shi, 2013;
Armbruster et al., 2014). Macroevolutionary analysis of
the genus as a whole is needed to explore this question.

The implication of parallel range expansions

We inferred early rapid branching events and subse-
quent range expansions from the Sanjiang Valley
region. Formed from the collision of the India-Eurasia
plate, the Sanjiang orogenic belt underwent significant
deformation and rotations, shifting from its original
west–east to south–north orientations (Cao et al., 2019;
Li et al., 2020). Historical river incision further contrib-
uted to the formation of deep valleys separating high
mountains (Clark and Royden, 2000; Clark et al., 2004;
Liu-Zeng et al., 2008; Nie et al., 2018). Currently, the
Sanjiang Valley region is characterized by three parallel
north-to-south rivers (Nu River, Lancang River and
Jinsha River) and the mountain ranges (Gaoligong
Mountains, Biluo Mountains and Yunling Mountains)

Table 2
Model comparison of corolla reconstruction

Rate class Model LogL AICc

Discrete trait of
beak type

Time
homogenous
model

ER �59.98 122.02
ARD �50.15 130.80
SR �52.70 118.96

Rate class 2 ER �59.21 127.13
ARD �47.43 188.15
SR �48.56 190.41

Rate class 3 ER �59.21 127.13
ARD �49.66 192.62
SR �51.13 139.39

Continuous trait
of tube length

– BM �272.31 548.82

– OU �272.31 551.03
– EB �271.87 550.17

ARD, All rates different; BM, Brownian motion; EB, Early
burst; ER, equal rate; logL, log-likelihood; OU, Ornstein–Uhlen-
beck; SR, symmetrical rate. Bold values show the best model based
on the lowest corrected Akaike information criterion (AICc) value.

Table 3
Comparison between null model and alternative model of MuSSE
(Multi-State Speciation and Extinction) analyses

Df lnLik AIC v2 Pr(>|Chi|)

Null 3 �312.98 631.95

All different 56 �289.29 690.58 47.37 0.69
k free 10 �310.57 641.14 4.81 0.68
l free 10 �310.71 641.42 4.54 0.72
k and l free 15 �302.65 635.31 20.64 0.06
q free 46 �290.82 673.64 44.31 0.42

Df, Degrees of freedom; lnLik, ln-likelihood. Bold values show
the best model based on the lowest Akaike information criterion
(AIC) value.
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that are divided by them. It is a corridor that enhances
north–south gene flow while creating a dispersal barrier
in the west–east direction (Chang et al., 2023). Biogeo-
graphical studies of multiple widespread alpine taxa
have indicated historical connections between different
regions related to the Sanjiang Valley region. Along
both sides of the corridor, lineages or populations have
shown genetic connections and divergence (Li et al.,
2011; Yang et al., 2012; Luo et al., 2017; Mu et al.,
2022; Rana et al., 2023). The Sanjiang Valley region
may serve as a transitional area connecting the Himala-
yan and the HDM floristic regions.
Linear distribution ranges with low connectivity are

more likely to promote population genetic divergence
(Tr�ENel et al., 2008; Pigot et al., 2010; Vieu
et al., 2022). We hypothesize that populations of the
early ancestor of Pedicularis Clade 3 underwent rapid
divergence along the narrow Sanjiang Valley region.
Before the formation of dispersal barriers, parallel geo-
graphical range expansions occurred, allowing differ-
ent subclades to establish their distributions (e.g.
subclade I in the Northern HDM region, and subclade
V in the Central HDM region). Subsequent geographi-
cal speciation and ecological adaptation led to the
modern distribution of species diversity. It may be a
general pattern that plant lineages colonizing the San-
jiang Valley region before the formation of significant
dispersal barriers underwent similar parallel range
expansions with subsequent lineage diversification.
Evidence from historical biogeographic studies across
multiple taxa is necessary to test this idea.

Conclusion

The role of abiotic and biotic factors on species
diversification is central to our understanding of biodi-
versity in mountain regions. In this study, integrative
analyses showed that species diversification of Pedicu-
laris Clade 3 during the middle Miocene was associated
with orogeny and the intensification of Asian monsoon.
Newly formed cool habitats allowed ancestors of this
clade to establish a wide distribution from south to
north in the Sanjing Valley region at an early stage.
Floral evolution was potentially important for species
coexistence following this initial radiation. Our study
highlights the significance of integrating abiotic and
biotic factors into evolutionary inferences to reveal the
drivers of species diversification in the HHM region.
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