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Abstract How to maximize the conservation of biodiversity is critical for conservation planning, particularly given
rapid habitat loss and global climatic change. The importance of preserving phylogenetic diversity has gained
recognition due to its ability to identify some influences of evolutionary history on contemporary patterns of
species assemblages that traditional taxonomic richness measures cannot identify. In this study, we evaluate the
relationship between taxonomic richness and phylogenetic diversity of angiosperms at genus and species levels
and explore the spatial pattern of the residuals of this relationship. We then incorporate data on historical
biogeography to understand the process that shaped contemporary floristic assemblages in a global biodiversity
hotspot, Yunnan Province, located in southwestern China. We identified a strong correlation between
phylogenetic diversity residuals and the biogeographic affinity of the lineages in the extant Yunnan angiosperm
flora. Phylogenetic diversity is well correlated with taxonomic richness at both genus and species levels between
floras in Yunnan, where two diversity centers of phylogenetic diversity were identified (the northwestern center
and the southern center). The northwestern center, with lower phylogenetic diversity than expected based on
taxonomic richness, is rich in temperate-affinity lineages and signifies an area of rapid speciation. The southern
center, with higher phylogenetic diversity than predicted by taxonomic richness, contains a higher proportion of
lineages with tropical affinity and seems to have experienced high immigration rates. Our results highlight that
maximizing phylogenetic diversity with historical interpretation can provide valuable insights into the floristic
assemblage of a region and better-informed decisions can be made to ensure different stages of a region’s
evolutionary history are preserved.
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taxonomic richness.

1 Introduction

Biodiversity conservation has long been a focus of research
because species extinction risks resulting from global climate
change, habitat fragmentation, exotic species invasion, and
increased human population density have grown in recent
decades (Strauss et al., 2006; Thuiller et al., 2011; Ceballos
et al.,, 2015). To date, the conservation of biodiversity has
largely focused on maximizing gain of specific features
diversity, whether it is species, functional traits, or
phylogenetic diversity (PD) (Orme et al., 2005; Devictor
et al., 2010; Gonzdlez-Maya et al., 2016). However, in recent
years, the evolutionary processes that generate and maintain
biodiversity have also been recognized as important factors
that need to be accounted for in conservation planning
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(Mace & Purvis, 2008; Winter et al.,, 2013; Lu et al., 2018).
Unfortunately, the science of maximizing the conservation of
biodiversity has operated separately from the science of
understanding how biodiversity has diversified and dispersed
across the globe through time, until relatively recently
(Costion et al., 2015; Thornhill et al., 2016; Sosa et al., 2018).
To better-informed decisions can be made to preserve
biodiversity, it is important to bring these two disciplines
closer together.

Phylogenetic diversity is a measure of biodiversity that
incorporates information on evolutionary relationships
between taxa, which has become increasing relevant to
applied conservation (Faith, 1992; Gonzdlez-Orozco et al.,
2016; Spalink et al., 2018). As ecologists have been aware
since Darwin, closely related species tend to share similar
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physiological and ecological traits because of their shared
evolutionary histories (Webb, 2000; Webb et al., 2002). As a
result, two closely related species could perform similar
ecosystem functions and provide similar ecosystem services.
Therefore, it has been assumed that the value of biodiversity
measures that incorporate phylogenetic information will
better predict feature diversity of organisms (Rodrigues &
Gaston, 2002; Davies & Buckley, 2011; Morlon et al., 2011).
Thus, maximizing PD can maximize feature diversity and
hence biodiversity option value (Faith, 1992).

Although most studies have reported a direct correlation
between taxonomic richness (TR) and PD (e.g., Sechrest
et al., 2002; Davies et al., 2008; Li et al., 2015; Huang et al.,
2016; Qian et al., 2017), the residuals of the relationship
between TR and PD have been shown to identify some
influence of evolutionary history on contemporary patterns
of TR that are not apparent using taxonomic diversity alone
(e.g., Forest et al., 2007; Davies et al., 2008). For example, if a
species-rich area exhibiting low underlying PD relative to
species richness where speciation has been rapid, but if a
species-rich assemblage contains high relative PD due to the
presence of many phylogenetic lineages where immigration
of multiple lineages has maintained this diversity over time
(Davies et al., 2007; Davies & Buckley, 2011; Fritz & Rahbek,
2012). In addition to measuring the PD residuals, historical
biogeography can provide information about the biogeo-
graphic affinities of the component taxa (Wiens & Donoghue,
2004; Weeks et al., 2016). By considering the relationship
between TR and PD together with the spatial pattern of the
residuals of this relationship, and incorporating data on
historical biogeography, one can understand the processes
that shaped contemporary biotic assemblages. For example,
by integrating data on historical biogeography into a model
to explain the spatial distribution of PD and the PD residuals
in the community assembly of northeastern Queensland in
Australia, Costion et al. (2015) found that the areas with
unusually high and low PD are correlated with the biogeo-
graphic affinities of extant plant lineages. However, few
studies have attempted this for the entire flora at either a
global or regional scale.

The Yunnan Province is known for its species-richness and
high level of endemism in certain fauna and flora that forms
a major part of the Indo-Burma biodiversity hotspot (Myers
et al, 2000). It is generally accepted that the flora of
northern Yunnan has evolved with the uplift of the Himalayas
by gradual proliferation of mainly cosmopolitan and north
temperate floristic elements, whereas the flora of southern
Yunnan has evolved with extrusion of the Indochina block to
Southeast Asia by the influence of mainly tropical Asian
elements since the late Tertiary (Li & Walker, 1986; Li & Li,
1997; Zhu, 2012). Moreover, the evolutionary patterns of flora
in this region were influenced by the Quaternary glacial-in-
terglacial climatic changes (Li, 1985; Feng et al., 2016).
Further to this exceptional evolutionary legacy, accumulating
molecular evidence now suggests that diversification and
dispersal have left strong signatures on the extant
distribution of plants in Yunnan (e.g., Hou et al., 2016; Li &
Wen, 2016; Luo et al, 2016). Historically, northwestern
Yunnan and southern Yunnan were identified as two of
20 biodiversity centers in China based on the richness of
endemic taxa (Li, 1994; Lépez-Pujol et al., 2011; Huang et al.,
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2012). However, this region has not been analyzed from a
phylogenetic perspective, so we lack an understanding of the
critical evolutionary dimension of floristic diversity in
this area.

The goal of this study is to evaluate the relationship
between TR and PD of angiosperms at genus and species
levels and to explore the spatial pattern of the residuals of
this relationship and then incorporate data on historical
biogeography to understand the process that shaped
contemporary floristic assemblages. Specifically, we address
the following questions: (i) Where are the PD centers that
agree with previously identified biodiversity centers? (ii) Do
the residuals from the relationship between TR and PD show
spatial structure? (ii) Do the macro-evolutionary processes,
such as diversification and dispersal, leave a detectable signal
in contemporary patterns of species richness?

2 Material and Methods

2.1 Study area

Yunnan Province is located in southwestern China at 21°8’
32”-29°15'8"N and 97°31'39"-106°11'47"E (Fig. 1). Yunnan is a
highland province with a terraced terrain stretching from the
northwest (6740 m a.s.l.) to the southeast (76 m a.s.l.)
(Wu, 1987). This region is one of the most botanically diverse
terrestrial regions on Earth and contains nearly 18 000 plant
taxa (in 3008 genera and 433 families), which account for
over 50% of China’s overall floristic diversity (Wu, 1977-2006).
The region in particular contains the highest concentration of
basal angiosperm groups in China and has a high level of
endemism including 2718 endemic species (Li, 1985, 1994;
Huang et al., 2011). The region also possesses a rich diversity
of community types, including tropical rain forest, sub-
tropical evergreen broad-leaved forest, temperate conif-
erous broad-leaved mixed forest, subalpine coniferous
forest, alpine shrub, alpine meadow, and alpine scree
(Wu, 1987).

2.2 Distribution data

We used the data from Flora of Yunnan published in 21
volumes by Wu and his colleagues (Wu, 1977-2006). The
flora presents a comprehensive synonymized inventory of
plant species in each county (n = 125) in Yunnan. In order to
analyze the spatial pattern in the residuals of the relation-
ship between TR and PD, the study area was divided into
125 county-level geographical units (the average for the
county area is 3065.67 + 1855.23 km? mean =+ standard
deviation). We determined the presence or absence of each
angiosperm genus and species in each county by extracting
generic and species distribution information from Flora of
Yunnan and generating a presence-absence genus matrix
and a presence-absence species matrix. Genera and
species that are not native to Yunnan were excluded.
Infraspecific taxa were combined with their parent species.
We assigned each genus and species to a family, following
the Angiosperm Phylogeny Group nomenclature (APG IV,
2016). A total of 101 987 records in 11 558 angiosperm
species, belonging to 1956 genera and 213 families, were
included in this study.
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Fig. 1. Location of Yunnan Province in China. The map was generated using ArcGIS 10.2.

2.3 Phylogeny construction

We constructed a genus-level phylogenetic tree and a species-
level phylogenetic tree by grafting the genera and species
present in the study area, respectively, onto a backbone
phylogenetic hypothesis using the function S.PhyloMaker (Qian
& Jin, 2016) in R 2.15.3 software (R Development Core Team,
2018) with the “phytools” package (Revell, 2012). The backbone
of the supertree was Zanne et al.’s (2014) phylogeny, which is
the largest and most up-to-date time-calibrated species-level
phylogeny of plants and uses seven gene regions in addition to
fossil data. Given the scarcity of comprehensive time-calibrated
phylogenies within families and genera, we followed previous
studies to treat unresolved genera as polytomies within families
(Fig. S1) and unresolved species as polytomies within genera
(e.g., Hardy et al., 2012; Kerkhoff et al., 2014; Qian et al., 2016).

2.4 Statistical analyses

To quantify taxonomic composition and phylogenetic compo-
sition of Yunnan angiosperm assemblages among county-level
floras, we calculated TR and Faith’s PD for each county at
genus and species levels because they are both commonly
used in conservation studies and reflect different aspects of
biodiversity (Cavender-Bares et al., 2009; Cadotte et al., 2010;
Huang et al., 2016). Taxonomic richness is the number of
angiosperm genera (generic richness) or the number of
angiosperm species (species richness) represented in a spatial
unit. Faith’s PD is the sum of all phylogenetic branch lengths
connecting taxa in a defined region (Faith, 1992).

A published dataset of biogeographic affinities data was
utilized that assigned two categories of biogeographic
affinity to all genera and species present in Yunnan (Wu
et al., 2006): (i) tropical - plants that have tropical affinities
and dispersed north from the tropical region; and (ii)
temperate — plants that have temperate affinities. Richness
of tropical-affinity taxa and temperate-affinity taxa were
counted for each county at genus level and species level,
respectively. The percentage of each floristic element was
then calculated by dividing these numbers by the total
number of taxa in each county at both genus and species
levels. Given the changes in TR are primarily determined by
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the taxa with tropical affinity (Wang et al., 2011), we used the
percentage of the taxa with tropical affinity per county as an
estimate of biogeographic affinities.

To evaluate the effects of space on the TR, PD, and
percentage of tropical-affinity taxa, spatial autocorrelation was
first examined with Moran’s | correlogram using spatial
eigenvector mapping, generated through principal coordinates
of neighbor matrices (Diniz-Filho & Bini, 2005). Moran’s l-value as
calculated using eight neighboring cells, with P-values estimated
using 999 randomizations. This test showed that TR, PD, and the
percentage of tropical-affinity taxa were all strongly spatially
autocorrelated at genus and species levels (Fig. S2). In order to
control the effects of spatial autocorrelation, we then calculated
simultaneous spatial autoregression, which uses neighbor
matrices to estimate spatially independent data points that can
be utilized for analysis (Yang et al., 2014). To examine the ability
of TR to predict PD at both genus and species levels, we
modeled the relationship between them by linear regression.
Also, we modeled the relationship between PD and TR but
including one further predictor variable, an estimate of
biogeographic affinities of floristic assemblages. We compared
for their explanation power to describe PD based on the Akaike
information criterion. The model with the lowest Akaike
information criterion score was considered to be most
informative (Burnham & Anderson, 1998).

All of the phylogenetic metrics and generalized least-
squares model with first-order spatial neighbor spatial
autoregression was implemented in “picante” and “spdep”
packages (Bivand, 2010; Kembel et al., 2010) of R (R
Development Core Team, 2018). To visualize the geographic
distribution of the component of PD that could not be
explained by TR, we then plotted the residual values from
the regression analyses using DIVA-GIS version 7.5 and
investigated the distribution of residuals in geographic space.

3 Results

3.1 Diversity centers of PD and TR
We found that, in Yunnan, PD was strongly and positively
correlated with TR (Pearson correlation coefficient r = 0.993,
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P < 0.001 at genus level; r = 0.989, P < 0.001 at species
level). The close correlation between PD and TR in Yunnan’s
angiosperm flora was also illustrated by the general spatial
congruence in phylogenetic composition and taxonomic
composition of floristic assemblages (Figs. 2A, 2B, 2D, 2E).
Diversity centers of PD and TR are nearly identical at both
genus and species levels, which were found to be
concentrated in two primary areas in Yunnan (Figs. 2A, 2B,
2D, 2E). A southern center occurs in lowland regions and a
northwestern center concentrates in high mountains ranges.

3.2 Mapping the residuals of PD

In our first round of analyses, generic richness was identified
as a significant explanatory variable in determining genus-
level PD. A high proportion of the variation in genus-level PD
could be explained by generic richness (R° = 98.6%,
P < 0.001), only 1.4% of observed variation in PD could not
be attributed to the effect of generic richness. When this 1.4%
variation (PD residuals) was mapped, two spatial patterns
were revealed from the residuals of the regression model for
two diversity centers in Yunnan (Fig. 2C). The southern
center notably had high PD that was higher than expected
based on generic richness (positive residuals). The north-
western center had high PD overall but lower than expected
(negative residuals). These findings were also observed in
analyses of PD based on the species-level phylogeny,
in which a high proportion of the variation in species-level
PD could be explained by species richness (R* = 97.8%,
P < 0.001). When species-level PD residuals were plotted,
similar patterns were seen for two diversity centers in
Yunnan (Fig. 2F). The positive PD residuals appeared in the
southern center, and the negative PD residuals occurred in
the northwestern center.

3.3 Modeling PD with historical biogeography data

The second round of regression analyses included one new
predictor variable, which is the percentage of taxa with
tropical affinity in each county. The model showed TR
combined with biogeographic affinities of floristic assemb-
lages can explain PD better (Tables 1, 2). Moreover, the
standardized coefficient for the percentage of the tropical-
affinity taxa per county was positive at both genus and
species levels (Figs. 3A, 3B), which indicates that an increased
proportion of taxa with tropical affinity within local floristic
assemblages is associated with higher PD values.

4 Discussion

In this study, we have evaluated the relationship between TR
and PD at genus and species levels in Yunnan angiosperm
assemblages and explored the spatial pattern of the residuals
of this relationship in this area to understand the process that
shaped contemporary floristic assemblages from an evolu-
tionary perspective. Two diversity centers of PD and TR
identified are consistent with two diversity centers of
endemism previously identified for the Yunnan region (Li,
1994; Lopez-Pujol et al., 2011; Huang et al., 2012). The correlation
between PD centers and TR centers is statistically significant
and suggested that both of these areas might have similar
patterns of floristic assemblages. The linear regression
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residuals, however, showed that two diversity centers have
unusually high or low residuals from the relationship between
PD and TR as measured by Faith’s PD, implying a significant
difference in the evolutionary history of these two diversity
centers on contemporary floristic assemblages.

4.1 Evolutionary history of extant flora in diversity centers
Residuals of Faith’s PD against TR at both genus and species
levels highlighted the northwestern diversity center in the
Yunnan region as containing lower PD for the number of
genus or species present (Figs. 2C, 2F), which signifies the
presence of radiation. The results suggest that these areas
might be species-rich due to rapid speciation. The center lies
in the eastern fringe of the Himalayas, which has
experienced an uninterrupted uplift since the late Neogene
as a result of the collision between the Indian plate and the
Eurasian plate (Harrison et al., 1992; Li & Fang, 1999; An et al.,
2001), resulting in a vast array of new habitats across wide
elevational ranges (up to 5000 m in this area) and a much
greater physiographic heterogeneity than elsewhere in China
(zhang et al., 2000). The large topographic relief in huge
mountains (e.g., Hengduan Mountains) and deep canyons
(e.g., Salween, Mekong, and Yangtze rivers) not only led to
tremendous habitat differentiation that benefits the coex-
istence of species, but also generates dispersal barriers that
might have promoted species diversification and radiation
through allopatric speciation and interspecific diploid hybrid-
ization (Liu et al., 2014; Yu et al., 2014; Xing & Ree, 2017).
Recent phylogenetic studies revealed that many plant
lineages (e.g., Gentiana L., Saxifraga L., and Rhodiola L.)
rapidly diversified and radiated in this region during the uplift
of the Himalaya-Tibetan Plateau (Zhang et al., 2014; Favre
et al, 2016; Ebersbach et al, 2017). Recent rapid
diversification might have also resulted in high concen-
trations of neoendemic taxa in this area (e.g., Smithorchis
Tang & F. T. Wang, Formania W. W. Sm. & J. Small, and
Nannoglottis Maxim.) which further contributes to the
unusually high species richness with lower PD than predicted
(Liu et al., 2002; Tang et al., 2014; Favre et al., 2015). The
overall high TR with lower PD than expected in northwestern
Yunnan confirms the importance of diversification processes
on contemporary floristic assemblages and its historical
signal in the floristic diversity patterns. A similar floristic
assemblage pattern was observed in South America, where
the recent phases of the northern Andes uplift (from the
Pliocene onwards) are correlated with many speciation
events (Fjeldsa, 1994; Richardson et al., 2001).

At the other end of the spectrum, the southern diversity
center in the Yunnan region contained unusually high PD for
the number of genera or species present (Figs. 2C, 2F).
Therefore, the rich taxa in this area could be a result of high
immigration rates of multiple lineages. Our results also
indicate that the southern diversity center has a higher
concentration of lineages with tropical affinity (Figs. 3A, 3B).
The center is located at the northern edge of tropical
Southeast Asia, which was connected with the tropics even
during the Quaternary glacial cycles (Zhu et al., 2006). Given
most extant angiosperm lineages originated and initially
diversified in the tropics, the tropical conservatism hypoth-
esis assumes that the lineages with tropical affinities evolved
in an ancient tropical-like climate (Crane & Lidgard, 1989;
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Fig. 2. Patterns of taxonomic richness, phylogenetic diversity, and residuals of phylogenetic diversity against taxonomic
richness for the angiosperm flora of Yunnan, China. A, Generic richness. B, Genus-level phylogenetic diversity. C, Residuals
from a linear regression model of genus-level phylogenetic diversity against generic richness. D, Species richness. E, Species-
level phylogenetic diversity. F, Residuals from a linear regression model of species-level phylogenetic diversity against species
richness. The map was generated using ArcGIS 10.2.
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Table 1 Summary of model selection for the two models
describing the distribution of phylogenetic diversity at genus
level

Model Adjusted R’ AlCc
GR 0.986 —528.359
GR, percentage of 0.992 —595.718

tropical-affinity genera

Predictor variables are generic richness (GR) and percentage
of tropical-affinity genera (proportion of genera with tropical
affinity in each county). AlCc, Akaike information criterion.

Table 2 Summary of model selection for the two models
describing the distribution of phylogenetic diversity at
species level

Model Adjusted R? AlCc

SR 0.978 —491.085

SR, percent of tropical-affinity 0.989 —573.216
species

Predictor variables are species richness (SR) and percentage
of tropical-affinity species (proportion of species with
tropical affinity in each county). AlCc, Akaike information
criterion.

Wiens & Donoghue, 2004; Romdal et al., 2013). Thus, based
on this line of reasoning, high current floristic diversity in this
region could be related to past migration of plants from
southern tropics along the physiographic trending. This
process implicates ancient dispersal events rather than in
situ diversification in playing a major role in shaped
contemporary floristic assemblages. Previous studies have
shown this pattern. For example, Zhu (1997, 2012, 2013)
showed that the floristic composition of southern Yunnan
has closely affinities with the flora of Southeast Asia mainly
by tropical elements, especially tropical Asia and pantropic
elements. The region is also characterized by high levels of
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paleoendemism (e.g., Malania Chun & S. K. Lee, Bretschnei-
dera Hemsl., Lagarosolen W. T. Wang) because the relative
tectonic and environmental stability in this area since the late
Tertiary might have facilitated the persistence of relict and
ancient plant lineages, which has led to the observed high
species richness with higher PD than expected (Li, 1995;
Tzedakis et al., 2002; Zhu, 2008). The relatively stable floristic
composition in this center was verified by previous broad-
scale studies on vegetation reconstruction. For instance,
using pollen records, early studies have reconstructed glacial
biomes in China, finding that the vegetation in southern
Yunnan has not changed much since the Last Glacial
Maximum, with evergreen broad-leaved forest being the
dominant vegetation type throughout the entire period (Yu
et al., 2000).

As in other regions in the world, there is evidence for the
impact of the Quaternary glacial-interglacial climate change
on the evolutionary history of the extant flora in Yunnan,
with effect on, for example, phylogenetic age differences in
floristic assemblages (Feng et al., 2017). The relatively stable
climates during the Quaternary glacial-interglacial oscilla-
tions drive the emergence of species assemblages with large
phylogenetic age differences between the basal and crown
lineages due to the accumulation of both relict species and
newly arisen species through reduced extinction and
increased speciation in Yunnan angiosperm flora.

4.2 Conservation implications

Overall, we found a strong correlation between PD and TR at
genus and species levels. Moreover, PD has mostly been
promoted for its use in guiding conservation strategy by
identifying areas of conservation significance. Recent studies
(Kissling et al., 2012; Costion et al., 2015; Thornhill et al., 2016)
have identified and interpreted links between PD and
historical processes shaping extant species assemblages.
Our study integrates historical biogeography data into a
regional-scale PD analysis for an entire flora and illustrates
how important this is for interpreting biodiversity patterns in
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Fig. 3. Standardized regression coefficients of the fit linear regression model to explain phylogenetic diversity based on
taxonomic richness and percentage of tropical-affinity taxa for the angiosperm flora of Yunnan, China. A, Standardized
regression coefficient at genus level. B, Standardized regression coefficient at species level.
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a species-rich region. In this case, we identified different
evolutionary processes (dispersal and in situ diversification)
on contemporary species assemblages. But which is more
important for biodiversity conservation? One may be
especially interested in preserving the areas with rapid
speciation, that is, those places that contribute most to the
growth of the Tree of Life, but one may also focus on areas
with assemblages of dispersal lineages that carry unique
gene combinations and biological characters (Erwin, 1991;
Cowling & Pressey, 2001; Mace et al., 2003). Although there is
no clear answer to this question, it brings up important
points for the field of conservation. Simply choosing a site or
a series of sites that maximize PD in this scenario misses a
fundamental story and the underlying processes that created
the PD to begin with.

When focusing on the Yunnan region, we should have in
mind two important evolutionary considerations. As dis-
cussed above, Yunnan maintains a rich sample of ancient and
relict lineages, generally consisting of unique, very deep
evolutionary lineages, in some cases that represent entire
families or even higher taxonomic levels (e.g., Sargentodox-
aceae, Rhoipteleales). Additionally, Yunnan harbors perhaps
the largest area of rapid speciation in the world’s temperate
zone, the Hengduan Mountains, which are still active
because the Qinghai-Tibetan Plateau is uplifting (Zhang
et al, 2000), and which have experienced an extensive
explosive radiations in the last million years (Wen et al., 2014;
Yu et al., 2019). The extirpation of relict taxa would imply the
loss of unique, irreplaceable evolutionary history (Faith,
2008). For instance, their potential economic uses could be
lost because these taxa generally do not have close living
relatives. In radiating areas, in contrast, flora tends to be
phylogenetically clustered, that is, plant taxa usually have
many close relatives (Cowling & Pressey, 2001). Thus, the
extinction of a given taxon will not involve a significant
loss of evolutionary history because of the presence of its
congeners (Mace et al., 2003). However, rapid speciation
is regarded as very important for assuring the maximum
levels of both present and future biodiversity (Erwin, 1991)
because biodiversity is rapidly replaced after any extinction
event (Crozier, 1997).

Fortunately, the extant flora in the Yunnan region is well
protected, thus we have explored these complex questions
without the “agony of choice.” Many other species-rich
regions of the world are not in the same position and could
benefit from the methods proposed here to help make
informed long-term management decisions under a range of
different conservation criteria. This integrated approach
could be used to verify or provide further support for the
influence of phylogenetic history in extant floristic assemb-
lages inferred using traditional approaches, such as climate
modeling and population genetics for individual species
(Keppel et al., 2012) and can rapidly advance knowledge on
the evolutionary history of large species assemblages in
other parts of the globe.

Acknowledgements

We would like to thank Dr. Yuhua Wang and Mr. Tuojing Li
for organizing the data. We also greatly thank Dr. Shawn

www.jse.ac.cn

Laffan and Dr. Bruce Bartholomew for their editing and
comments. This study was supported by the National
Natural Science Foundation of China (Grant Nos.
31770228, 31570212, and 31370243), Yunnan Science and
Technology Innovation Team Program (Grant No.
2019HCo015), the Talent Project of Yunnan (Grant No.
2015HB092), and the Biodiversity Survey and Assessment
Project of the Ministry of Ecology and Environment, China
(Grant No. 2019HJ2096001006).

References

An Z, Kutzbach J, Prell W, Porter S. 2001. Evolution of Asian
monsoons and phased uplift of the Himalaya-Tibetan Plateau
since Late Miocene times. Nature 411: 62-66.

APG V. 2016. An update of the Angiosperm Phylogeny Group
classification for the orders and families of flowering plants: APG
IV. Botanical Journal of the Linnean Society 181: 1-20.

Bivand R 2010. Spdep: Spatial dependence: Weighting schemes,
statistics and models. Available from http://CRAN.R-project.org/
package=spdep [accessed 16 April 2019].

Burnham KP, Anderson DR. 1998. Model selection and inference: A
practical information-theoretic approach. New York: Springer-
Verlag.

Cadotte MW, Davies TJ, Regetz J, Kembel SW, Cleland E, Oakley TH.
2010. Phylogenetic diversity metrics for ecological communities:
Integrating species richness, abundance and evolutionary
history. Ecology Letters 13: 96—105.

Cavender-Bares J, Kozak KH, Fine PVA, Kembel SW. 2009. The
merging of community ecology and phylogenetic biology.
Ecology Letters 12: 693-715.

Ceballos G, Ehrlich PR, Barnosky AD, Garcia A, Pringle RM, Palmer
TM. 2015. Accelerated modern human-induced species losses:
Entering the sixth mass extinction. Science Advances 1: €1400253.

Costion CM, Edwards W, Ford AJ, Metcalfe DJ, Cross HB, Harrington
MG, Richardson JE, Hilbert DW, Lowe AJ, Crayn DM. 2015. Using
phylogenetic diversity to identify ancient rain forest refugia and
diversification zones in a biodiversity hotspot. Diversity and
Distributions 21: 279-289.

Cowling RM, Pressey RL. 2001. Rapid plant diversification: Planning
for an evolutionary future. Proceedings of the National Academy
of Sciences USA 98: 5452-5457.

Crane PR, Lidgard S. 1989. Angiosperm diversification and
paleolatitudinal gradients in Cretaceous floristic diversity. Science
246: 675-678.

Crozier RH. 1997. Preserving the information content of species:
Genetic diversity, phylogeny, and conservation worth. Annual
Review of Ecology and Systematics 28: 243-268.

Davies RG, Orme CDL, Webster AJ, Jones KE, Blackburn TM, Gaston
KJ. 2007. Environmental predictors of global parrot (Aves:
Psittaciformes) species richness and phylogenetic diversity.
Global Ecology and Biogeography 16: 220-233.

Davies TJ, Buckley LB. 2011. Phylogenetic diversity as a window into
the evolutionary and biogeographic histories of present-day
richness gradients for mammals. Philosophical Transactions of the
Royal Society B: Biological Sciences 366: 2414-2425.

Davies TJ, Fritz SA, Grenyer R, Orme CDL, Bielby J, Bininda-Emonds
ORP, Cardillo M, Jones KE, Gittleman JL, Mace GM, Purvis A.
2008. Phylogenetic trees and the future of mammalian
biodiversity. Proceedings of the National Academy of Sciences
USA 105: 11556-11563.

J. Syst. Evol. 0o (0): 1-10, 2019


http://CRAN.R-project.org/package=spdep
http://CRAN.R-project.org/package=spdep

8 Li & Yue

Devictor V, Mouillot D, Meynard C, Jiguet F, Thuiller W, Mouquet N.
2010. Spatial mismatch and congruence between taxonomic,
phylogenetic and functional diversity: The need for integrative
conservation strategies in a changing world. Ecology Letters 13:
1030-1040.

Diniz-Filho JAF, Bini LM. 2005. Modelling geographical patterns in
species richness using eigenvector-based spatial filters. Global
Ecology and Biogeography 14: 177-185.

Ebersbach J, Muellner-Riehl AN, Michalak I, Tkach N, Hoffmann MH,
Réser M, Sun H, Favre A. 2017. In and out of the Qinghai-Tibet
Plateau: Divergence time estimation and historical biogeography
of the large arctic-alpine genus Saxifraga L. Journal of
Biogeography 44: 900-910.

Erwin TL. 1991. An evolutionary basis for conservation strategies.
Science 253: 750-752.

Faith DP. 1992. Conservation evaluation and phylogenetic diversity.
Biological Conservation 61: 1-10.

Faith DP. 2008. Threatened species and the potential loss of
phylogenetic diversity: Conservation scenarios based on esti-
mated extinction probabilities and phylogenetic risk analysis.
Conservation Biology 22: 1461-1470.

Favre A, Michalak I, Chen CH, Wang JC, Pringle JS, Matuszak S, Sun
H, Yuan YM, Struwe L, Muellner-Riehl AN. 2016. Out-of-Tibet: The
spatio-temporal evolution of Gentiana (Gentianaceae). Journal of
Biogeography 43: 1967-1978.

Favre A, Packert M, Pauls SU, Jahnig SC, Uhl D, Michalak I, Muellner-
Riehl AN. 2015. The role of the uplift of the Qinghai-Tibetan
Plateau for the evolution of Tibetan biotas. Biological Reviews of
the Cambridge Philosophical Society 90: 236-253.

Feng G, Ma Z, Benito BM, Normand S, Ordonez A, Jin Y, Mao L,
Svenning JC. 2017. Phylogenetic age differences in tree
assemblages across the Northern Hemisphere increase with
long-term climate stability in unstable regions. Global Ecology and
Biogeography 26: 1035-1042.

Feng G, Mao L, Sandel B, Swenson NG, Svenning JC. 2016. High plant
endemism in China is partially linked to reduced glacial-inter-
glacial climate change. Journal of Biogeography 43: 145-154.

Fjeldsa J. 1994. Geographical patterns for relict and young species of
birds in Africa and South America and implications for
conservation priorities. Biodiversity and Conservation 3: 207-226.

Forest F, Grenyer R, Rouget M, Davies TJ, Cowling RM, Faith DP,
Balmford A, Manning JC, Proches $, van der Bank M, Reeves G,
Hedderson TAJ, Savolainen V. 2007. Preserving the evolutionary
potential of floras in biodiversity hotspots. Nature 445: 757-760.

Fritz SA, Rahbek C. 2012. Global patterns of amphibian phylogenetic
diversity. Journal of Biogeography 39: 1373-1382.

Gonzalez-Maya JF, Viquez-R LR, Arias-Alzate A, Belant JL, Ceballos G.
2016. Spatial patterns of species richness and functional diversity
in Costa Rican terrestrial mammals: Implications for conserva-
tion. Diversity and Distributions 22: 43-56.

Gonzdlez-Orozco CE, Pollock LJ, Thornhill AH, Mishler BD, Knerr N,
Laffan SW, Miller JT, Rosauer DF, Faith DP, Nipperess DA, Kujala
H, Linke S, Butt N, Kilheim C, Crisp MD, Gruber B. 2016.
Phylogenetic approaches reveal biodiversity threats under
climate change. Nature Climate Change 6: 1110-1114.

Hardy OJ, Couteron P, Munoz F, Ramesh BR, Pélissier R. 2012.
Phylogenetic turnover in tropical tree communities: Impact of
environmental filtering, biogeography and mesoclimatic niche
conservatism. Global Ecology and Biogeography 21: 1007-1016.

Harrison TM, Copeland P, Kidd WSF, Yin A. 1992. Raising Tibet.
Science 255: 1663-1670.

J. Syst. Evol. 0o (0): 1-10, 2019

Hou Y, Bjora CS, lkeda H, Brochmann C, Popp M. 2016. From the
north into the Himalayan-Hengduan Mountains: Fossil-calibrated
phylogenetic and biogeographical inference in the arctic-alpine
genus Diapensia (Diapensiaceae). Journal of Biogeography 43:
1502-1513.

Huang J, Chen B, Liu C, Lai J, Zhang J, Ma K. 2012. Identifying
hotspots of endemic woody seed plant diversity in China.
Diversity and Distribution 18: 673-688.

Huang J, Chen J, Ying J, Ma K. 2011. Features and distribution
patterns of Chinese endemic seed plant species. Journal of
Systematics and Evolution 49: 81-94.

Huang J, Huang J, Liu C, Zhang J, Liu X, Ma K. 2016. Diversity
hotspots and conservation gaps for the Chinese endemic seed
flora. Biological Conservation 198: 104-112.

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly
DD, Blomberg SP, Webb CO. 2010. Picante: R tools for
integrating phylogenies and ecology. Bioinformatics 26:
1463-1464.

Keppel G, Van Niel KP, Wardell-Johnson GW, Yates CJ, Byrne M,
Mucina L, Schut AGT, Hopper SD, Franklin SE. 2012. Refugia:
Identifying and understanding safe havens for biodiversity under
climate change. Global Ecology and Biogeography 21: 393-404.

Kerkhoff AJ, Moriarty PE, Weiser MD. 2014. The latitudinal species
richness gradient in New World woody angiosperms is
consistent with the tropical conservatism hypothesis. Proceed-
ings of the National Academy of Sciences USA 111: 8125-8130.

Kissling WD, Eiserhardt WL, Baker WJ, Borchsenius F, Couvreur TLP,
Balslev H, Svenning JC. 2012. Cenozoic imprints on the
phylogenetic structure of palm species assemblages worldwide.
Proceedings of the National Academy of Sciences USA 109:
7379-7384.

Li J, Fang X. 1999. Uplift of the Tibetan Plateau and environmental
changes. Chinese Science Bulletin 44: 2117-2124.

Li R, Kraft NJB, Yu H, Li H. 2015. Seed plant phylogenetic diversity
and species richness in conservation planning within a global
biodiversity hotspot in eastern Asia. Conservation Biology 29:
1552-1562.

Li R, Wen J. 2016. Phylogeny and diversification of Chinese Araliaceae
based on nuclear and plastid DNA sequence data. Journal of
Systematics and Evolution 54: 453-467.

Li XW. 1985. Floristic study of Yunnan province. Acta Botanica
Yunnanica 7: 361-382.

Li XW. 1994. Two big biodiversity centers of Chinese endemic genera
of seed plants and their characteristics in Yunnan province. Acta
Botanica Yunnanica 16: 221-227.

Li XW. 1995. A floristic study on the seed plants from tropical
Yunnan. Acta Botanica Yunnanica 17: 115-128.

Li XW, LI J. 1997. The Tanaka-Kaiyong line — an important floristic line
for the study of the flora of East Asia. Annals of the Missouri
Botanical Garden 84: 888-892.

Li XW, Walker D. 1986. The plant geography of Yunnan province,
southwest China. Journal of Biogeography 13: 367-397.

Liu JQ, Duan YW, Hao G, Ge XJ, Sun H. 2014. Evolutionary history and
underlying adaptation of alpine plants on the Qinghai-Tibet
Plateau. Journal of Systematics and Evolution 52: 241-249.

Liu JQ, Gao TG, Chen ZD, Lu AM. 2002. Molecular phylogeny and
biogeography of the Qinghai-Tibet Plateau endemic Nanno-
glottis (Asteraceae). Molecular Phylogenetics and Evolution 23:
307-325.

www.jse.ac.cn



Evolutionary processes of floristic assemblages 9

Lépez-Pujol J, Zhang FM, Sun HQ, Ying TS, Ge S. 2011. Centres of
plant endemism in China: Places for survival or for speciation?
Journal of Biogeography 38: 1267-1280.

Lu LM, Mao LF, Yang T, Ye JF, Liu B, Li HL, Sun M, Miller JT, Mathews
S, Hu HH, Niu YT, Peng DX, Chen YH, Smith SA, Chen M, Xiang KL,
Le CT, Dang VG, Lu AM, Soltis PS, Soltis DE, Li JH, Chen ZD. 2018.
Evolutionary history of the angiosperm flora of China. Nature
554: 234-238.

Luo D, Yue JP, Sun WG, Xu B, Li ZM, Comes HP, Sun H. 2016.
Evolutionary history of the subnival flora of the Himalaya-Heng-
duan Mountains: First insights from comparative phylogeog-
raphy of four perennial herbs. Journal of Biogeography 43: 31-43.

Mace GM, Gittleman JL, Purvis A. 2003. Preserving the tree of life.
Science 300: 1707-1709.

Mace GM, Purvis A. 2008. Evolutionary biology and practical
conservation: Bridging a widening gap. Molecular Ecology
17: 9-19.

Morlon H, Schwilk DW, Bryant JA, Marquet PA, Rebelo AG, Tauss C,
Bohannan BJM, Green JL. 2011. Spatial patterns of phylogenetic
diversity. Ecology Letters 14: 141-149.

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J.
2000. Biodiversity hotspots for conservation priorities. Nature
403: 853-858.

Orme CDL, Davies RG, Burgess M, Eigenbrod F, Pickup N, Olson VA,
Webster AJ, Ding TS, Rasmussen PC, Ridgely RS, Stattersfield AJ,
Bennett PM, Blackburn TM, Gaston KJ, Owens IPF. 2005. Global
hotspots of species richness are not congruent with endemism
or threat. Nature 436: 1016-1019.

Qian H, Field R, Zhang JL, Zhang J, Chen S. 2016. Phylogenetic
structure and ecological and evolutionary determinants of
species richness for angiosperm trees in forest communities in
China. Journal of Biogeography 43: 603-615.

Qian H, Jin Y. 2016. An updated megaphylogeny of plants, a tool for
generating plant phylogenies, and an analysis of phylogenetic
community structure. Journal of Plant Ecology 9: 233-239.

Qian H, Jin Y, Ricklefs RE. 2017. Phylogenetic diversity anomaly in
angiosperms between eastern Asia and eastern North America.
Proceedings of the National Academy of Sciences USA 114:
11452-11457.

R Development Core Team. 2018. R: A language and environment for
statistical computing. Vienna: R Foundation for Statistical
Computing.

Revell LJ. 2012. Phytools: An R package for phylogenetic comparative
biology (and other things). Methods in Ecology and Evolution 3:
217-223.

Richardson JE, Pennington RT, Pennington TD, Hollingsworth PM.
2001. Rapid diversification of a species-rich genus of neotropical
rain forest trees. Science 293: 2242-2245.

Rodrigues ASL, Gaston KJ. 2002. Maximising phylogenetic diversity in
the selection of networks of conservation areas. Biological
Conservation 105: 103—-111.

Romdal TS, Aratdjo MB, Rahbek C. 2013. Life on a tropical planet:
Niche conservatism and the global diversity gradient. Global
Ecology and Biogeography 22: 344-350.

Sechrest W, Brooks TM, da Fonseca GAB, Konstant WR, Mittermeier
RA, Purvis A, Rylands AB, Gittleman JL. 2002. Hotspots and the
conservation of evolutionary history. Proceedings of the National
Academy of Sciences USA 99: 2067-2071.

Sosa V, De-Nova JA, Vasquez-Cruz M. 2018. Evolutionary history of
the flora of Mexico: Dry forests cradles and museums of
endemism. Journal of Systematics and Evolution 56: 523-536.

www.jse.ac.cn

Spalink D, Pender J, Escudero M, Hipp AL, Roalson EH, Starr JR,
Waterway MJ, Bohs L, Sytsma KJ. 2018. The spatial structure of
phylogenetic and functional diversity in the United States and
Canada: An example using the sedge family (Cyperaceae).
Journal of Systematics and Evolution 56: 449-465.

Strauss SY, Webb CO, Salamin N. 2006. Exotic taxa less related to
native species are more invasive. Proceedings of the National
Academy of Sciences USA 103: 5841-5845.

Tang G, Zhang MG, Liu C, Zhou Z, Chen W, Slik JWF. 2014.
Phylogenetic support for the tropical niche conservatism
hypothesis despite the absence of a clear latitudinal species
richness gradient in Yunnan’s woody flora. Biogeosciences
Discussions 11: 7055-7077.

Thornhill AH, Mishler BD, Knerr NJ, Gonzalez-Orozco CE, Costion CM,
Crayn DM, Laffan SW, Miller JT. 2016. Continental-scale spatial
phylogenetics of Australian angiosperms provides insights into
ecology, evolution and conservation. Journal of Biogeography 43:
2085-2098.

Thuiller W, Lavergne S, Roquet C, Boulangeat |, Lafourcade B, Araujo
MB. 2011. Consequences of climate change on the tree of life in
Europe. Nature 470: 531-534.

Tzedakis PC, Lawson IT, Frogley MR, Hewitt GM, Preece RC. 2002.
Buffered tree population changes in a quaternary refugium:
Evolutionary implications. Science 297: 2044-2047.

Wang Z, Fang J, Tang Z, Lin X. 2011. Patterns, determinants and
models of woody plant diversity in China. Proceedings of the
Royal Society B: Biological Sciences 278: 2122-2132.

Webb CO. 2000. Exploring the phylogenetic structure of ecological
communities: An example for rain forest trees. The American
Naturalist 156: 145-155.

Webb CO, Ackerly DD, McPeek MA, Donoghue MJ. 2002. Phylogenies
and community ecology. Annual Review of Ecology and System-
atics 33: 475-505.

Weeks BC, Claramunt S, Cracraft J. 2016. Integrating systematics and
biogeography to disentangle the roles of history and ecology in
biotic assembly. Journal of Biogeography 43: 1546-1559.

Wen J, Zhang JQ, Nie ZL, Zhong Y, Sun H. 2014. Evolutionary
diversifications of plants on the Qinghai-Tibetan Plateau.
Frontiers in Genetics 5: 4.

Wiens JJ, Donoghue MJ. 2004. Historical biogeography, ecology and
species richness. Trends in Ecology and Evolution 19: 639-644.

Winter M, Devictor V, Schweiger O. 2013. Phylogenetic diversity and
nature conservation: Where are we? Trends in Ecology and
Evolution 28: 199-204.

Wu ZY. 1977-2006. Flora Yunnanica. Beijing: Science Press.
Wu ZY. 1987. Vegetation of Yunnan. Beijing: Science Press.

Wu ZY, Zhou ZK, Sun H, Li DZ, Peng H. 2006. Areal-types of seed
plants and their origin and differentiation. Kunming: Yunnan
Science and Technology Press.

Xing Y, Ree RH. 2017. Uplift-driven diversification in the Hengduan
Mountains, a temperate biodiversity hotspot. Proceedings of the
National Academy of Sciences USA 114: E3444-E3451.

Yang J, Zhang G, Ci X, Swenson NG, Cao M, Sha L, Li J, Baskin CC, Slik
JWF, Lin L. 2014. Functional and phylogenetic assembly in a
Chinese tropical tree community across size classes, spatial
scales and habitats. Functional Ecology 28: 520-529.

Yu G, Chen X, Ni J, Cheddadi R, Guiot J, Han H, Harrison SP, Huang C,
Ke M, Kong Z, Li S, Li W, Liew P, Liu G, Liu J, Liu Q, Liu KB,
Prentice IC, Qui W, Ren G, Song C, Sugita S, Sun X, Tang L, Van
Campo E, Xia Y, Xu Q, Yan S, Yang X, Zhao J, Zheng Z. 2000.
Palaeovegetation of China: A pollen data-based synthesis for the

J. Syst. Evol. 0o (0): 1-10, 2019



10 Li & Yue

mid-Holocene and last glacial maximum. Journal of Biogeography
27: 635-664.

Yu H, Favre A, Sui X, Chen Z, Qi W, Xie G. 2019. Mapping the genetic
patterns of plants in the region of the Qinghai-Tibet Plateau:
Implications for conservation strategies. Diversity and Distribu-
tions 25: 310-324.

Yu J, Kuroda C, Gong X. 2014. Natural hybridization and introgression
between Ligularia cymbulifera and L. tongolensis (Asteraceae,
Senecioneae) in four different locations. PLoS One 9: e115167.

Zanne AE, Tank DC, Cornwell WK, Eastman JM, Smith SA, FitzJohn
RG, McGlinn DJ, O’Meara BC, Moles AT, Reich PB, Royer DL,
Soltis DE, Stevens PF, Westoby M, Wright 1J, Aarssen L, Bertin Rl,
Calaminus A, Govaerts R, Hemmings F, Leishman MR, Oleksyn J,
Soltis PS, Swenson NG, Warman L, Beaulieu JM. 2014. Three keys
to the radiation of angiosperms into freezing environments.
Nature 506: 89-92.

Zhang D, Liu F, Bing J. 2000. Eco-environmental effects of the
Qinghai-Tibet plateau uplift during the Quaternary in China.
Environmental Geology 39: 1352-1358.

Zhang JQ, Meng SY, Allen GA, Wen J, Rao GY. 2014. Rapid radiation
and dispersal out of the Qinghai-Tibetan Plateau of an alpine
plant lineage Rhodiola (Crassulaceae). Molecular Phylogenetics
and Evolution 77: 147-158.

Zhu H. 1997. Ecological and biogeographical studies on the tropical
rain forest of south Yunnan, SW China with a special reference to
its relation with rain forests of tropical Asia. Journal of
Biogeography 24: 647-662.

J. Syst. Evol. 0o (0): 1-10, 2019

Zhu H, Cao M, Hu H. 2006. Geological history, flora, and vegetation
of Xishuangbanna, southern Yunnan, China. Biotropica 38:
310-317.

Zhu H. 2008. The tropical flora of southern Yunnan, China, and its
biogeographic affinities. Annals of the Missouri Botanical Garden
95: 661-680.

Zhu H. 2012. Biogeographical divergence of the flora of
Yunnan, southwestern China initiated by the uplift of Himalaya
and extrusion of Indochina block. PLoS One 7: e45601.

Zhu H. 2013. The floras of southern and tropical southeastern Yunnan
have been shaped by divergent geological histories. PLoS One 8:
e64213.

Supplementary Material

The following supplementary material is available online for this
article at http://onlinelibrary.wiley.com/doi/10.1111/jse.12539/sup-
pinfo:

Fig. S1. The phylogeny for all the 1956 genera of angiosperm in
Yunnan. Genera in the same group (basal angiosperms,
monocots, magnoliids, basal eudicots, superrosids, super-
asterids) are shown in the same color.

Fig. S2. Moran’s | correlogram for taxonomic richness,
phylogenetic diversity, and percent of tropical-affinity taxa for
the Yunnan angiosperm flora in all 125 counties. Spatial
autocorrelation was significant (p < 0.001) for all six measures.
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