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Evolutionary radiations have intrigued biologists for more than a century,
yet our understanding of the drivers of radiating diversification is still
limited. We investigate the roles of environmental and species-intrinsic
factors in driving the rapid radiation of Saussurea (Asteraceae) by deploying
a number of palaeoenvironment-, diversity- and trait-dependent models, as
well as ecological distribution data. We show that three main clades of
Saussurea began to diversify in the Miocene almost simultaneously, with
increasing diversification rates (DRs) negatively dependent on palaeotem-
perature but not dependent on species diversity. Our trait-dependent
models detect some adaptive morphological innovations associated with
DR shifts, while indicating additional unobserved traits are also likely driv-
ing diversification. Accounting for ecological niche data, we further reveal
that accelerations in DRs are correlated with niche breadth and the size of
species’ range. Our results point out a macroevolutionary scenario where
both adaptive morphological evolution and ecological opportunities
provided by palaeoenvironmental fluctuations triggered an exceptionally
radiating diversification. Our study highlights the importance of integrating
phylogenomic, morphological, ecological and model-based approaches to
illustrate evolutionary dynamics of lineages in biodiversity hotspots.
1. Introduction
The diversification pattern of species-rich rapid radiations reflects the evolution-
ary dynamics of biodiversity hotspots [1]. Understanding how these radiating
lineages formed in response to historical processes can advance our knowledge
of adaptive evolution and enhance our ability to predict threats to biodiversity
posed by global warming [2]. Mountainous regions represent just one-eighth of
terrestrial land surface but are home to one-third of all species and exceptional
species-rich radiations [3]. Particularly enigmatic is the Qinghai-Tibet Plateau
(QTP), characterized by a complex geographical history and encompassing
areas with remarkably high biodiversity [4,5]. This region includes the Hima-
laya and Hengduan Mountains which are listed as two of the 36 global
biodiversity hotspots [4]. While a plethora of studies have suggested that diver-
sification of plants on the QTP have evolved in association with the process of
plateau uplifting (reviewed by Wen et al. [6]), the underlying mechanisms
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responsible for high species diversity in a short period of
geologic time, and the interactions with geography, climate,
ecology and biotic factors remain seldom examined.

Evolutionary radiations are often correlated with environ-
mental forces, such as abrupt changes in climate or tectonic
events that drive speciation and extinction rates, and/or
species-intrinsic factors such as species interactions and key
innovations [7,8]. Previous studies of plant diversification
mostly provide only a temporal framework associating rapid
radiations within the span of geologic history [4]. Employing
model-based approaches that allow diversification rates
(DRs) to continuously vary along with dependence on
palaeoenvironmental variables is essential to determine how
DRs are affected by environmental changes [9,10]. In addition
to abiotic factors, diversification shifts are often correlatedwith
the evolution of certain functional traits, such as higher rates of
diversification in geophytic monocots [11], diversification pro-
moted by polyploidization within Allium [12], and changes of
pollinators, fruit types and elevation in Andean bellflowers
[13]. Furthermore, the inclusion of ecological niche data is cru-
cial due to the interplay between historical processes and
intrinsic species interactions [7,14].

Here, we explore the drivers of a rapid radiation by exam-
ining the roles of abiotic (environmental) and biotic (species-
intrinsic) factors in accelerating DRs of the species-rich genus
SaussureaDC (Asteraceae). Saussurea is one of the most diverse
genera in Asteraceae, serving as an ideal study system for
investigating the evolutionary patterns of rapid radiations.
The genus comprises approximately 400 species that are
distributed in Asia, Europe andNorth America, with the high-
est diversity in the QTP [15–17]. Uncertainty in the number of
species has largely been attributed to the complex taxonomy
of related QTP taxa, indicative of a recent radiation. Saussurea
includes four morphology-based subgenera (i.e. Amphilaena,
Eriocoryne, Saussurea and Theodorea), exhibiting extraordinary
morphological diversity. For example, the ‘snow lotuses’ or
‘greenhouse plants’, S. subg. Amphilaena, are characterized by
the capitula hidden in semi-transparent leafy bracts [15,17].
Saussurea is present in virtually all habitats, including steppes,
moist forests, cold and dry alpine meadows, and scree slopes
above 5000 m, demonstrating a highly adaptive capability
[15]. Previous studies suggested that adaptive morphological
traits were the result of convergent adaptation to diverse
environments in the QTP [16], yet the contributions of these
traits to the high level of diversity in Saussurea are still elusive.
While biogeographic analyses inferred that Saussurea origi-
nated during the early-middle Miocene in the Hengduan
Mountains [18], limited information about macroevolutionary
patterns related to historical climate and geologic processes are
available due to the lack of modelling DRs.

A robust phylogenetic framework is the basis for large-
scale analyses of macroevolutionary patterns [19], yet
previous studies mainly relied on fragment DNA markers
(e.g. [9,11,12]) which provide insufficient phylogenetic
signal and yield parallel relationships for phylogenies of
rapid radiations. In this study, we reconstructed a robust
time-calibrated phylogeny of Saussurea using complete plas-
tomes to explore the role of abiotic and biotic factors in this
exceptional evolutionary radiation. If evolutionary dynamics
are driven primarily by abrupt abiotic perturbations, we
expect DR shifts to follow major climate or geological
changes and show a strong dependence on palaeoenviron-
mental variables. Conversely, if biotic factors are the
dominant drivers of evolution, we expect diversification
shifts to be correlated with the evolution of functional traits
and/or the increase of species diversity. In a joint-effect scen-
ario, both ecological opportunities provided by climatic
fluctuations and species-intrinsic factors can be responsible
for the rapid radiation. To test these hypotheses, we deployed
a series of palaeoenvironment-, diversity- and trait-
dependent models, as well as ecological distribution data
(electronic supplementary material, table S1), particularly
with regard to the following questions. (1) When did the radi-
ation of Saussurea start? (2) Was the radiating process
associated with QTP tectonics, palaeoclimate fluctuation or
species diversity? (3) Is there evidence that adaptive trait
innovations accelerated the DR? And (4) how do ecological
factors play a role in the rapid radiation of Saussurea?
2. Methods
(a) Plastome sampling, sequencing and assembly
We sequenced plastomes for 65 species and downloaded an
additional 161 plastomes from GenBank (accessed 29 November
2019); collectively these species include 199 taxa of Saussurea
and 27 outgroups. Collection details of the specimens are provided
in electronic supplementary material, table S2.We combined treat-
ment evidence for all Saussurea names from The Plant List (http://
www.theplantlist.org/), Flora of Pan-Himalaya [17] and Flora of
China [15], in the priority order: Flora of China > Flora of
Pan-Himalaya > The Plant List. Since the goal was species-level
estimates of DRs, subspecific records were combined into a
single species.

Total genomic DNA was extracted from silica-gel dried
leaves with a modified hexadecyltrimethylammonium bromide
(CTAB) method [20]. Purified DNA was fragmented and short-
insert (500 bp) libraries were constructed per the manufacturer’s
instructions (Illumina). Libraries were quantified using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA) and sequenced on an Illumina HiSeq 4000 platform
at Novogene Co., Ltd. in Kunming, Yunnan, China. Raw reads
were directly assembled with the organellar assembler NOVO-

Plasty v.2.7.2 [21], using a seed-and-extend algorithm
employing the plastome sequence of Saussurea japonica (Genbank
accession: MH926107.1), with all parameters kept at default set-
tings. Sequences of assembled plastome were initially annotated
using plastid genome annotator [22] and then manually checked
in Geneious v.9.0.5 [23].

(b) Estimates of divergence times
Whole-plastome sequenceswere used to estimate divergence times,
as our prior study suggested that including noncoding regions
maximizes the power to resolve relationships ofSaussurea [16]. Plas-
tome sequences containing one inverted repeat regionwere aligned
using MAFFT v.7.22 [24]. Poorly aligned regions were removed
with trimAL v.1.2 [25] using the command ‘-automated1’. Age esti-
mates were obtained using Markov chain Monte Carlo (MCMC)
analysis in BEAST v.1.10.4 [26]. Two reliable fossil calibrations
were assigned: (1) the crown age of Carduus–Cirsium group was
set to a minimum age of 14 million years ago (Ma) based on the
Middle Miocene achenes of Cirsium [27,28]; (2) the split between
Centaurea and Carthamus was calibrated with a minimum age of
5 Ma, based on records of pollen and achenes of Centaurea dating
to the Early Pliocene [29]. Both fossil calibrations were defined
with lognormal distributions [30], placing the 95% height posterior
density (HPD) for the node ages at 14.19–19.18 Ma and 5.19–
10.18 Ma. Additionally, the crown age of Cardueae was set to
39.2 Ma as a secondary calibration with a normal distribution

http://www.theplantlist.org/
http://www.theplantlist.org/
http://www.theplantlist.org/


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20211575

3
(95%HPD: 35.91–43.49 Ma) based on the estimation by Barres et al.
[28]. A GTR + I + Γ nucleotide substitution model, uncorrelated
relaxed lognormal clock and a birth–death (BD) model for the tree
priorwere applied [26]. TheMCMCanalysiswas run for 500million
generations, sampling every 10 000 generations, and the first 10 000
samples were discarded as burn-in. Convergence of the MCMC
runswere checked using Tracer v.1.6 [31]. Amaximum clade credi-
bility treewas then reconstructed in Treeannotator v.1.8.4 [32], with
annotated median age and 95% HPD.

(c) Estimates of diversification rate
BAMM v.2.5.0 [33] was used to explore the diversification
dynamics of Saussurea. Prior values were selected using the
‘setBAMMpriors’ function using BAMMtools v.2.1.7 [34]
implemented in R [35]. Due to the controversial species
number in Saussurea, the incomplete taxon sampling was set to
0.5 for all subsequent analyses. The MCMC was run for 500
million generations and sampled every 50 000 generations.
Post-run analyses were performed in BAMMtools, with an initial
10% discarded as burn-in, and the remaining data assessed for
convergence and ESS values greater than 200. Rates-through-
time plots were generated using ‘PlotRateThroughTime’ function
for the entire genus as well as three phylogenetic clades (see the
Results). In addition, we used TESS v.2.1 [36] as a complement to
BAMM rates-through-time to detect abrupt changes in speciation
and extinction rates by applying the R scripts of Condamine et al.
[8]. Speciation rates of Saussureawere obtained using the ‘getTip-
Rates’ function. Considering recent criticism relating to the
statistical methods for lineage-specific diversification models
like BAMM [37] (but also see [38]), we employed the semipara-
metric species-level lineage DR to calculate speciation rates
[39]. We fit our BAMM tip rates and DR results into a linear
model using phylogenetic generalized least squares (PGLS)
under a Brownian motion model in APE v. 5.5 [40] to validate
the correlation between these two methods. Moreover, phyloge-
netic analysis of variance (ANOVA) was performed to
determine whether differences of species DRs among four tra-
ditional subgenera were significant using Phytools v. 0.7-80 [41].

(d) Palaeoenvironment-dependent analyses
Seven palaeoenvironment-dependent models were tested in
RPANDA v. 1.9 [10]: BD model with constant λ (speciation
rate) and μ (extinction rate) (i); BD model with λ dependent on
time (ii) and environment (iii) exponentially, and constant μ;
BD model with constant λ, and μ dependent to time (iv) and
environment (v) exponentially; and BD model with λ and μ
dependent to time (vi) and environment (vii) exponentially.
We used the equations: λ(E) = λ0 × eαE and μ(E) = μ0 × eβE for
modelling exponential dependence, in which λ0 and μ0 are
the speciation and extinction rates for a given environmental
variable. The values of α and β are the rates of change in specia-
tion and extinction according to the environment, with positive
values indicating a positive effect of the environment on specia-
tion or extinction [10]. We used global climate change over the
last 12 million years (Myr) estimated from relative proportions
of different oxygen isotopes [42] as palaeoenvironmental vari-
ables and randomly sampled 500 trees from the BEAST
posterior distribution (outgroups removed) to accommodate
phylogenetic and dating uncertainties. The R package PSPLINE
v. 1.0 [43] was used to visualize the variation of speciation
rates with palaeoenvironmental variables. In addition, we
tested the effect of diversity dependence on the diversification
history of Saussurea using the method of Etienne et al. [44]
implemented in the R package DDD v. 2.7. Six different
models were applied, including a constant speciation and extinc-
tion rates model (CSE) and five diversity dependence models:
speciation linearly dependent on diversity without extinction
(DDL), speciation linearly dependent on diversity with extinction
(DDL + E), speciation exponentially dependent on diversity with
extinction (DDX + E), speciation independent of diversity and
extinction linearly dependent on diversity (DD + EL), and specia-
tion independent of diversity and extinction exponentially
dependent on diversity (DD + EX).

(e) Trait-dependent analyses
Eight morphological characters were selected and coded based
on descriptions in eFloras (http://www.efloras.org/), herbarium
specimens and taxonomic literature, or manually checked
directly using online herbarium specimens from the Chinese
Virtual Herbarium (http://www.cvh.ac.cn/), JSTOR (https://
plants.jstor.org/) and field collections (electronic supplementary
material, table S3). These characters included four binary traits:
stemless (0) versus cauliferous (1), stem glabrous (0) versus den-
sely hairy (1), the absence (0) versus presence (1) of leafy bracts,
and capitula solitary (0) versus numerous (1); and four multi-
state traits: leaf margin entire (1) versus pinnately lobed (2)
versus both types (3), leaves glabrous (1) versus sparsely hairy
(2) versus densely hairy (3), phyllary in less than 5 (1) versus 5
(2) versus 6 (3) versus greater than 6 (4) rows, and phyllary glab-
rous (1) versus sparsely hairy (2) versus densely hairy (3) versus
appendaged (4).

Shifts in DRs of binary traits were investigated using the
hidden state speciation and extinction (HiSSE) model, which
allows for testing hypotheses related to both the effects of the
observed traits as well as incorporating unmeasured factors
[45]. As described by Beaulieu & O’Meara [45], 25 models were
tested in the R package HISSE v.1.9.10: a full HiSSE model allow-
ing all states to vary independently; four binary state speciation
and extinction-like models that excluded hidden states or con-
strained specific parameters of λ, μ and transition rates (q); four
null models of character-independent diversification; and 16
models assuming hidden states with a variety of constrained
values for λ, μ and q (electronic supplementary material, table
S4). The best-fitting model was selected based on likelihood-
ratio tests under a chi-square distribution and corrected Akaike’s
information criterion (AICc) [46]. Speciation, extinction and net
DRs were calculated by model-averaging the marginal ancestral
state reconstruction. We used the nonparametric FiSSE model
(Fast, intuitive SSE model) [47] as a complementary analyses
for measuring the robustness of our HiSSE results by calculating
the speciation rates for the binary traits and determining if statisti-
cal differences between the two states for each character existed.
For multi-state traits, multi-state speciation and extinction
(MuSSE) analyses were performed in DIVERSITREE v.0.9.10 [48]
by fitting four distinct models with subsequent ANOVA testing:
a null model with fully constrained variables; a full model allow-
ing all variables to change independently; a model constraining
each μ to be equal (free λ) and a model constraining the λ values
for each state to be equal (free μ). Further estimates for the par-
ameters of λ, μ and net DRs (λ − μ) for each state were obtained
in a Bayesian approach by incorporating a MCMC analysis with
an exponential prior with 5000 generations.

( f ) Ecological distribution data and association with
diversification rates

We used the ‘occ_search’ function of RGBIF v.1.3.0 [49] to
retrieve latitude and longitude coordinates for Saussurea species
from global biodiversity information facility (GBIF) on October
28, 2020 (GBIF references are presented in the electronic sup-
plementary material, data S1). We extracted data records that
were georeferenced and excluded any coordinates with zero
and/or integer latitude and longitude. Duplicate collections
and records with coordinate system issues were deleted
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manually to improve data reliability. We removed geographic
outliers defined by boxplots of species occurrences in R. Range
size of each species was estimated by applying a 5 km buffer
around each locality using the ‘gBuffer’ function of RGEOS
v.0.5-5 (https://CRAN.R-project.org/package=rgeos) following
the descriptions of Testo et al. [50]. Range size data were log-
transformed before analysis to overcome skewed distributions
[50]. We extracted the values of 19 bioclimatic variables (from
1970 to 2000) from WorldClim (http://worldclim.org) using
RASTER v.2.6-6 (https://CRAN.R-project.org/package=raster)
and calculated a mean value for each species. Highly correlated
variables were identified with a Pearson’s correlation coefficient
greater than 0.75, and subsequently removed. The remaining
eight bioclimatic variables were annual temperature (BIO1),
mean diurnal range (BIO2), isothermality (BIO3), max tempera-
ture of warmest month (BIO5), annual precipitation (BIO12),
precipitation seasonality (BIO15), precipitation of warmest quar-
ter (BIO18) and precipitation of coldest quarter (BIO19). The
main variation of bioclimatic variables represented by climate
lability was estimated by extracting the first two principal com-
ponents (PC1 and PC2) from a principal component analysis in
R. To calculate the ecological niche breadth, we first estimated
environmental niche using generalized linear modelling in the
R package ENMTOOLS v.1.0.2 [51], and then measured the
spatial heterogeneity of the distribution of suitability scores
using Levins’s B metrics [52] (‘raster.breadth’ function).

To demonstrate whether ecological factors drove rapid diver-
sification of Saussurea, a series of quantitative state speciation and
extinction (QuaSSE) [48] and ES-sim [53] analyses were per-
formed. Five models of QuaSSE with increasing complexity
were constructed in DIVERSITREE to fit the changes in specia-
tion rates with climate lability (PCs of bioclimatic variables),
niche breadth and species range size. For the ES-sim analyses,
in addition to the default inverse equal splits statistic [53], the
DR statistic was also used as a reliable estimator to investigate
correlations between speciation rate and continuous ecological
factors using the R-scripts retrieved from Sun et al. [9].
3. Results
(a) Divergence time and diversification rate
Our tree topology shows that the four traditional morphology-
based subgenera of Saussurea are paraphyletic, indicating
adaptive traits have occurred multiple times. Three phyloge-
netic clades were resolved (clades 1, 2 and 3; electronic
supplementary material, figure S1). Estimated divergence
times show a median stem age of ca 11.79 Ma (95% HPD,
8.38–15.35 Ma) for Saussurea. The three clades began to
diversify in parallel during the Miocene (ca 9.05 Ma, ca
8.37 Ma and ca 8.92 Ma, respectively; electronic supplementary
material, figures S1 and S2). Net DRs estimated by BAMM
revealed two shifts in diversification within Saussurea having
high posterior probability (figure 1a; electronic supplementary
material, figure S3). Rates-through-time plots showed that DRs
of the three clades accelerated during the Pleistocene (figure 1a,
b). TESS results indicated that the speciation shifts had high
posterior probabilities during the Pleistocene (ca 2–4 Ma), con-
sistent with the BAMM results (electronic supplementary
material, figure S4). The PGLS showed a significant positive
correlation between BAMM tip rates and DR results (corre-
lation coefficient: 0.313, p < 0.001**). Phylogenetic ANOVA
of BAMM tip rates showed that speciation rates of S. subg.
Amphilaena (0.945 events Myr–1 per lineage) was highest
among four morphological-based subgenera (F= 6.698,
p= 0.002**; figure 1d; electronic supplementary material, table
S4). However, the DR statistic revealed no significant difference
(F= 3.285, p= 0.120; electronic supplementary material, figure
S5 and table S5) between the four morphological-based
subgenera.

(b) Palaeoenvironment-dependent diversification
Of the seven RPANDA models, a model with palaeotempera-
ture-dependent speciation fit the data best (electronic
supplementary material, table S6). The best-fit model indicated
that past temperature and speciation rateswere negatively expo-
nentially dependent (α =−0.093, AICc = 654.971), while the
extinction rate remained constant, suggesting extinction was
likely unaffected by temperature fluctuations. This best-fit
model demonstrated a diversification regime in which specia-
tion rates had opposite responses to changes of temperature
over time and increased toward the present (electronic sup-
plementary material, figure S6), consistent with the results
from the BAMM rates-through-time analysis (figure 1b). How-
ever, the constant BD model cannot be rejected because the
difference in AICc between the best-fit model and the constant
BD model is small (ΔAICc = 0.672; electronic supplementary
material, table S6). The diversity dependence analysis showed
that the constant speciation and extinction rates model (CSE)
obtained the best support compared to five diversity depen-
dence models (AICc = 639.556; electronic supplementary
material, table S7), indicating that accumulating diversity did
not influence DRs of Saussurea.

(c) Trait-dependent diversification
The best model for the binary traits was the full HiSSE model
with unique speciation, extinction and transition rates
between the two observed character states and hidden
states (AICc: 741.520, 816.623, 739.764 and 714.435, respect-
ively; electronic supplementary material, table S8). The
calculated mean speciation, extinction and net DR values
suggest that species with stems (λ = 1.089, μ = 0.382), glabrous
stem (λ = 1.723, μ = 1.210), leafy bracts (λ = 1.395, μ = 0.875)
and solitary capitula (λ = 1.692, μ = 0.566) have higher mean
rates of speciation, extinction and net diversification (figure 2;
electronic supplementary material, table S9). These traits are
generally observed in the subgenus Amphilaena (snow
lotus), congruent with the highest speciation rates among
the four polyphyletic subgenera detected by BAMM tip
rates.While the full HiSSEmodel showed observed differences
in DRs between states, the analyses also indicated unobserved
traits are driving the diversification. The FiSSE results sup-
ported the patterns of speciation rates revealed by HiSSE, but
the only significant difference between states was solitary capi-
tula (λ = 1.083) and numerous capitula (λ = 0.783) ( p = 0.024;
electronic supplementary material, table S9).

In the MuSSE analyses, AMOVAs preferred models con-
straining μ to be equal and allowing λ to vary, compared
with either null models and full models (AICc: 951.950,
895.464, 986.781 and 1016.269, respectively; electronic sup-
plementary material, table S10). The reconstructions of the
probability density of net DRs (λ− μ) showed that some traits
(i.e. leaf margin and phyllary type) have an overlap in net
DRs among examined character states (electronic supplemen-
tary material, figure S7). Species with glabrous leaves have
higher net DRs than sparsely or densely hairy species, consist-
ent with higher mean rates for glabrous stem in the HiSSE
analysis. For the phyllary character, the glabrous state also
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Figure 1. Diversification dynamics of Saussurea inferred from BAMM analysis. (a) Two shifts in DRs (represented by arrows). The timing for the origins of the three
major clades of the genus is provided. The character states of eight morphological traits are plotted on the tree, as follows. A: stemless (black) versus stemmed
(orange), B: stem glabrous (black) versus densely hairy (orange), C: leaf margin entire (black) versus pinnately lobed (orange) versus both types (blue), D: leaves
glabrous (black) versus sparsely hairy (orange) versus densely hairy (blue), E: capitula solitary (black) versus numerous (orange), F: phyllary in less than 5 (black)
versus 5 (orange) versus 6 (blue) versus greater than 6 (yellow) rows, G: phyllary glabrous (black) versus sparsely hairy (orange) versus densely hairy (blue) versus
appendaged (yellow) and H: the absence (black) versus presence (orange) of leafy bracts. Unknown character states are coloured in grey. (b) Rates-through-time
plots of all Saussurea species and three main clades separately, with trends in global climate change over 12 million years depicted. (c) BAMM tip rates of four
morphology-based subgenera of Saussurea. (Online version in colour.)
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showed higher net DRs than sparsely or densely hairy states
despite some overlapping, and the rates of phyllary with six
rows are higher than the remaining character states (electronic
supplementary material, figure S7).
(d) Ecological drivers of diversification
We correlated climate lability (PCs of bioclimatic variables),
niche breadth and size of species range with speciation
rates of Saussurea (electronic supplementary material,
table S11). A total of 5352 distribution records of Saussurea
passed the filtering criteria and were retained for ecological
analyses. The first two PCs of bioclimatic variables explained
75.7% of the total climate variation in Saussurea (electronic
supplementary material, figure S8a). Among the eight
retained bioclimatic variables, the precipitation of warmest
quarter (BIO18) had the largest contribution to the first two
PCs, followed by annual precipitation (BIO12) and mean
diurnal range (BIO2) (electronic supplementary material,
figure S8b). Under the QuaSSE analyses, PC1 of the climate
variables showed a significant positive linear (l.m = 0.330,
AICc = 1240.548, p-value = 0.005**) relationship with specia-
tion rate, while PC2 of the climate variables favoured a
constant model (AICc = 1183.524, p-value = 0.953) (electronic
supplementary material, table S12). Both niche breadth
(AICc = 529.532, p-value less than 0.000**) and species range
size (AICc = 700.671, p-value less than 0.000**) showed a sig-
nificant positive sigmoidal (with drift) relationships with
speciation rate (electronic supplementary material, table
S12). The best sigmoidal models showed that the speciation
rates of Saussurea maintained a low stable state until the
niche breadth and distribution range reached 0.729 and
11.433 (log-transformed), respectively (midpoints; figure 3a,
b). Under the ES-sim tests, both the DR statistic and the
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Figure 2. Binary trait-dependent diversification of Saussurea inferred from HiSSE analysis. Speciation, extinction and net DRs are calculated by the model-averaged
marginal ancestral state reconstruction for four binary traits: (a) stemless (0) versus stemmed (1), (b) stem glabrous (0) versus densely hairy (1), (c) the absence (0)
versus presence (1) of leafy bracts, and (d ) capitula solitary (0) versus numerous (1). (Online version in colour.)
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default inverse equal splits statistic revealed the same corre-
lation pattern, in which both niche breadth (ρ = 0.363 and
0.387, p-value = 0.027* and 0.019*) and range size (ρ = 0.399
and 0.411, p-value = 0.018* and 0.011*) showed significant
positive relationships with speciation rates (figure 3c,d ),
while the correlation between speciation rates and climate
lability (climate PC1: ρ = 0.170 and 0.188, p-value = 0.359
and 0.335; climate PC2: ρ = 0.098 and 0.095, p-value = 0.649
and 0.635) was not significant (electronic supplementary
material, table S13).

4. Discussion
In this study, we took an integrative approach to address the
role that environmental conditions and species-intrinsic inter-
actions played in the evolutionary radiation of Saussurea.
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Specifically, we sought to determine when the radiation of
Saussurea began and when major shifts occurred. Our dated
phylogeny and BAMM analyses suggest an origin in the Mio-
cene with increased diversification during the Pleistocene.
These results were supported with the TESS analyses that
showed a higher posterior probability for shifts in speciation
during the Pleistocene. The diversification of Saussurea was
negatively dependent on the palaeoclimate according to
RPANDA, and was not dependent on species diversity.
Moreover, several character states are directly associated
with increases in diversification or speciation including
leafy bracts, solitary capitula and glabrous stems. Unob-
served traits appear to also impact diversification according
to the HiSSE analyses. In addition to specific morphological
traits, niche breadth and range size positively impact specia-
tion rates according to QuaSSE. Overall, our results reveal a
Miocene diversification pattern in which increased speciation
rates are related to global climate changes, clade-specific traits
and ecological factors, suggesting both adaptive morphologi-
cal evolution and ecological opportunities provided by
palaeoenvironmental fluctuations triggered an exceptionally
radiating diversification of Saussurea species. Of note, while
we included a global sampling fraction to account for effects
due to incomplete sampling, our species sampling of Saussurea
remains limited, introducing possible biases, which are
inherent in any large-scale biodiversity analyses [11]. Nonethe-
less, our study highlights the importance of combining biotic
and abiotic factors rather than a single factor in explaining
the macroevolutionary pattern of a radiating lineage.

Our results showed that rapid diversification of Saussurea
occurred in parallel during the Miocene, a period with exten-
sive climatic fluctuations and tectonic movement on the QTP.
Recent large-scale studies of species diversification have pro-
vided convincing evidence for a Miocene diversification in
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plant lineages [2] as well as amphibians and reptiles [54]. A
hypothesis for the rich biodiversity found in mountainous
regions like the QTP is uplift-driven diversification—that oro-
genic activities created diverse habitats favouring rapid in situ
speciation of resident lineages [5]. Extensive plateau uplift in
the Miocene further intensified summer monsoons, which
increased the precipitation for erosion through river incision,
leading to greater topographic relief. These events would
have promoted the differentiation of microhabitats associated
with elevational gradients and slope aspects, increasing the
availability of habitats for radiating species [2].

The rates of species diversification were revealed to be
negatively correlated with palaeotemperature and accelerate
sharply in the Pleistocene toward the present. While a con-
stant rates model cannot be rejected from RPANDA
analysis, it is evident that some clades show shifts in DRs
in the Miocene and Pleistocene from the BAMM and TESS
results. The lack of ability to reject a constant rate model
may be due to the heterogeneous geography of the QTP
which could be obscuring larger evolutionary patterns
within the Asteraceae [55]. However, the negative correlation
between palaeotemperature and DRs in Saussurea does not
seem surprising given the high species diversity found in
high elevations. Nevertheless, this insight is progressive, as
it represents one of the few attempts to explicitly quantify
the relationship between lineage diversification and a
palaeoenvironmental variable. Geological evidence suggests
that after 15 Ma, global cooling and the further rise of QTP
progressively led to more open, herb-rich vegetation as the
modern high plateau formed with its cool, dry climate [56].
Thus, diversification among Saussurea clades could have
been driven by increased ecological niches as suitable cold
habitats became available. In addition, the diversification of
Saussurea is not limited by the accumulation of species diver-
sity, implying that the genus is possibly still in the
evolutionary process of speciation.

Trait-dependent analyses demonstrated that species exhi-
biting cauliferous plant, glabrous stem, leafy bracts and
solitary capitula have higher speciation rates. These traits
are usually observed in the ‘snow lotus’, which are character-
ized by attractive leafy bracts, the symbols of snow
mountains [15,17]. Despite having significant taxonomic
characteristics, a snow lotus is a non-monophyletic group,
demonstrating that these adaptive traits have multiple origins
and arose by convergent evolution. In fact, specialized leafy
bracts, the so-called ‘glasshouse’ morphology, are prevalent
among many alpine species, such as in members of
Lamiaceae, Asteraceae and Polygonaceae [57]. Leafy bracts
reportedly protect pollen grains from damage by UV-B radi-
ation and rain, promote pollen germination by maintaining
warmth and facilitate the development of fertilized ovules
during seed development [57]. Additionally, the subgenus
Amphilaena show the highest speciation rates according to
the tip rates analyses in BAMM. The species in this subgenus
largely possess the traits of glabrous stems, leafy bracts and
leaf margin entire, whereas these traits are less prevalent in
other groups. Although trait-dependent analyses showed
several adaptive traits driving an increase in speciation rate,
unobserved traits also appear to be facilitating rapid diversi-
fication, such as two rows of pappus and small achenes that
are common across the whole genus promoting the dispersal
power of seeds to increase reproductive capacity [17]. This
highlights the important roles of morphological diversity in
the evolutionary history of Saussurea. Morphological diver-
sity is an essential but often neglected aspect of biodiversity
[58]. Our work provides a valuable guide for conservation
efforts in the protection of morphological diversity of organ-
isms, especially in the context of exacerbated biodiversity loss
due to global warming.

Furthermore, our results suggest a positive relationship
between speciation rate and niche breadth as well as species
range, supporting the hypothesis of ecological opportunity-
driven radiation. Among the few studies that have tested a
niche breadth–diversification relationship, a clear consensus
has not been reached. One argument for low niche breadth
lineages having greater DRs is that they are more likely to
suffer from resource limitations and more susceptible to
range fragmentation, and thus resulting in allopatric specia-
tion occurring more frequently [59]. An alternative view is
that species with high niche breadth typically have larger
range sizes and are therefore more likely to have their
ranges fragmented by ecological or geographical barriers
over evolutionary time, promoting allopatric speciation [60].
Combining our results, we argue that wider ecological niches
can help species diverging in the QTP cope with climatic
fluctuations, occupy microhabitats and promote morphologi-
cal divergence. Hence, we conclude that the current mega-
diversity of Saussurea is the result of interactions between
global palaeoclimate, species morphological innovations and
ecological opportunities.
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