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Abstract:

Diversification rates are critically important for understanding patterns of
species richness among clades. However, the effects of climatic niche
width on plant diversification rates remain to be elucidated. Based on the
phylogenetic, climatic, and distributional information of angiosperms in
China, a total of 26,906 species from 182 families were included in this
study. We aimed to test relationships between diversification rate and
climatic niche width and climatic niche width related variables (including
climatic niche divergence, climatic niche position, and geographic extent,
climatic niche evolutionary rate) using phylogenetic methods. We found
that climatic niche divergence had the largest unique contribution to the
diversification rate, while the unique effects of climatic niche width,
climatic niche position, geographic extent, and climatic niche
evolutionary rate on the diversification rate were negligible. We also
observed that the relationship between diversification rate and climatic
niche divergence was significantly stronger than the null assumption
(Artefactual relationship between diversification and clade-level climatic
niche width via sampling more species). Our study supports the
hypothesis that wider family climatic niche widths explain faster
diversification rates through a higher climatic niche divergence rather
than via higher geographic extent, higher climatic niche evolutionary
rate or separated climatic niche position. Hence, the results provide a
potential explanation for large-scale diversity patterns within families of
plants.
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Abstract

Diversification rates are critically important for understanding patterns of
species richness among clades. However, the effects of climatic niche width
on plant diversification rates remain to be elucidated. Based on the
phylogenetic, climatic, and distributional information of angiosperms in
China, a total of 26,906 species from 182 families were included in this
study. We aimed to test relationships between diversification rate and
climatic niche width and climatic niche width related variables (including
climatic niche divergence, climatic niche position, and geographic extent,
climatic niche evolutionary rate) using phylogenetic methods. We found
that climatic niche divergence had the largest unique contribution to the
diversification rate, while the unique effects of climatic niche width, climatic
niche position, geographic extent, and climatic niche evolutionary rate on
the diversification rate were negligible. We also observed that the
relationship between diversification rate and climatic niche divergence was
significantly stronger than the null assumption (Artefactual relationship

between diversification and clade-level climatic niche width via sampling
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more species). Our study supports the hypothesis that wider family climatic
niche widths explain faster diversification rates through a higher climatic
niche divergence rather than via higher geographic extent, higher climatic
niche evolutionary rate or separated climatic niche position. Hence, the
results provide a potential explanation for large-scale diversity patterns

within families of plants.

Keywords: Angiosperms, diversification rate, climatic niche width, climatic

niche divergence, geographic extent, climatic niche position
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1 Introduction

A fundamental goal in evolutionary biology is to explain why some clades
have higher species richness than others. In general, species richness
among clades can be explained either by time (i.e., greater species richness
accumulates over time) or diversification rate (i.e., higher diversification
rate leads to higher species richness). The diversification rate is the rate of
speciation minus the extinction rate (Ricklefs, 2007; Givnish, 2010). Previous
studies have indicated that species richness unevenness among clades (i.e.,
families, phyla) was largely explained by diversification rates (Scholl &
Wiens, 2016; Hernandez-Hernandez & Wiens, 2020). Therefore, it is
essential to uncover the ecological and evolutionary processes that
determine differences in diversification rates among clades to understand
their richness patterns.

The climatic niche width is the set of climatic conditions where a
species is able to maintain viable populations. It reflects the physiological
tolerance of a species to climatic environments (Soberon, 2007; Anacker &
Strauss, 2014). The relationship between climatic niche width and
diversification rate has been studied based on two hypotheses that could
potentially explain it. One is the niche divergence hypothesis, which
suggests that a wider climatic niche width explains diversification by
reducing the extinction rate (e.g., survival from climate change, Wiens,

2016), thus increasing the diversification rate of clades. A wider climatic
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niche width might also lead to higher rates of speciation because it would
increase the likelihood of encountering ecological or geographical barriers
(Darwin, 1859; Rosenzweig, 1995; Gaston, 2003). The second hypothesis is
the niche conservatism hypothesis. In contrast to the divergence
hypothesis, niche conservatism suggests that narrower climatic niches are
associated with a higher diversification rate via allopatric speciation (Kozak
& Wiens, 2007). For example, Baselga et al. (2011) indicated that species
with overlapped climatic niches tend to have a higher diversification rate,
potentially supporting the climatic niche conservatism mechanism.
Despite the aforementioned hypotheses, very few studies have directly
explored the effect of climatic niche width on the diversification rate at a
large scale. Among the few previous studies, the results have not been
consistent across different biological groups. For example, Gomez-
Rodriguez et al. (2015) and Castro-Insua et al. (2018) found a positive
relationship between climatic niche width and diversification rate in both
amphibian and mammalian families. In contrast, Rolland and Salamin (2016)
found that species with narrower climatic niche widths tended to have
higher diversification rates among amphibians, mammals, and birds.
However, to our knowledge, no studies have tested how climatic niche
width affects the diversification rate among clades in plants at a large scale.
Liu et al. (2020) estimated the climatic niche width for both plants and

animals, however, they did not explore the effects of climatic niche width
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on the diversification rate.

There may also be more indirect relationships between climatic niche
width and diversification rates of clades. For example, a wider climatic niche
might be accompanied by larger geographic ranges, which can lead to a
higher diversification rate. Moreover, a higher evolutionary rate of climatic
variables might expand the climatic niche width, then accelerate the
diversification rate (Kozak and Wiens, 2010, Castro-Insua et al., 2018).
Alternatively, species in different niche positions may have different
climatic niche widths, leading to different diversification rates. For example,
some previous studies indicated that species in tropical regions have a
lower diversification rate than in temperate zones (Harvey et al., 2020; Igea
et al,, 2020; Tietje et al., 2022). Generally, the niche width for temperature-
related climatic variables may be narrower in the tropical zone than that in
the temperate zone (Janzen, 1967; Ghalambor et al., 2016), whereas the
niche width for precipitation-related climatic variables can be wider in the
tropical zone (Quintero & Wiens, 2013).

Here, we used a nearly complete dataset of Chinese angiosperms to
test whether climatic niche divergence or climatic niche conservatism
better explains species diversification among plant clades. Using these
(and similar) resources, several studies have assessed the patterns of
phylogenetic structure in Chinese plant assemblages at the regional scale

(Qian et al., 2019; Gheyret et al., 2020). In addition, Su et al. (2020) reported
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that different climatic niche position predicts species richness patterns for
tropical and temperate families. However, the mechanism by which
climatic niche width affects the diversification rate and subsequently leads
to species richness unevenness among plant clades remains unclear.

In this study, we estimated the climatic niche width among the 182
families and 26,906 species of angiosperms in China. We defined climatic
niche divergence as the residuals of the relationship between family
climatic niche width and mean species climatic niche width as described by
Gomez-Rodriguez et al. (2015). We also estimated the climatic niche
evolution rate, geographic extent (area), and diversification rate of the
families to test the relationship between these variables across families
using phylogenetic methods. Specifically, we aimed to address the
following seven hypotheses (Table 1), with one hypothesis related to niche
conservatism (H1) and five hypotheses related to niche divergence (H2-
H6), as follows: a narrower climatic niche width predicts the diversification
rate (H1); a wider climatic niche width explains the diversification rate via
increasing climatic niche divergence (H2), increasing the climatic niche
evolution rate (H3), decreasing the extinction rate (H4), increasing the
geographic extent (H5), and changing climatic niche position (the
separated geographic effects) (H6). Because clades with more species tend
to have wider climatic niche widths, this may lead to a higher diversification

rate. We also tested a null hypothesis, that is, (HO) an artifactual relationship
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between diversification rate and clade-level climatic niche width occurs via

sampling more species.

2 Materials and methods
2.1 Phylogenetic tree and climatic data
The phylogenetic tree in our study was based on Lu et al. (2018). The tree
was constructed using the sequences of five genes (atpB, matK; ndhF, rbcL,
and matR). They first generated a dated phylogeny including 5,864 species
native to China, representing 2,665 genera and 273 families. With this tree
as the backbone, a species-level tree including 28,076 Chinese angiosperm
species was generated by inserting species that were not sampled in our
generic tree within the genera to which they belong, using the package

“S.PhyloMaker” (Qian & Jin, 2016) in R software. After matching the
phylogenetic tree with distribution information, there were 26,977 species
with 235 families, including 96 % and 86 % of the angiosperm species and
families, respectively, in China (Lu et al., 2018). At least three species in each
family were needed to run the Ornstein—-Uhlenbeck (OU) model in the
following analysis. Finally, 182 families and 26,906 species were used for
the analysis in our study, encompassing approximately 10 % of the plant
species worldwide.

We performed most of the analyses on a consensus of these 1,000 trees.

We used a maximum-clade credibility tree based on the mean heights of
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these trees using TREEANNOTATOR version 1.10 (Bouckaert et al., 2014).
The tree was fully resolved (no polytomies). All of the 182 families were
monophyletic.

Distributional and climatic data were generated in Lu et al. (2018). They
divided the study area in China into 100 x 100 km (i.e., 10,000 km?2) grid
cells. The area of the grid cells on the border with less than 5,000 km? were
excluded. The species distribution information in each grid cell were
collected from all published national and provincial floras as well as some
local flora, checklists, and herbarium records. There were more than
1,400,000 records of distribution information in total. Only the mean
annual temperature (BIO1) and mean annual precipitation (BIO12) were
included in their dataset. We also needed the maximum temperature of the
warmest month (BIO5), minimum temperature of the coldest month (BIO6),
precipitation of the wettest quarter (BIO16), and precipitation of the driest
quarter (BIO17) to estimate the climatic niche width and for the other
analyses. Therefore, we extracted the climate data from maps of WorldClim

version 1.4 (http://www.worldclim.org/), with a spatial resolution of 10 min

(approximately 340 km?2). To match the distribution information, we
estimated these climatic variables in each grid cell (10 000 km?) using
ArcGIS 10.1 (http://www.esri.com/) based on these maps. In summary, the
species richness and niche position (BIO1, BIO5, BIO6, BIO12, BIO16, and

BIO17) in each grid cell were included. The geographic extent (area) of each
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family was also estimated based on the distribution information. We used

these data in our study.

2.2 Climatic niche widths

We estimated the family climatic niche width and the mean species climatic
niche width in our study according to the approaches of Gbmez-Rodriguez
et al. (2015). For family climatic niche width, all species in the family were
merged to form a single distribution area. The range of climatic data of
each family was estimated as Rg = max (var)-min (var). Then, the climatic
niche width for a given family i in a dataset with j families was estimated as:
StRg; = [Rgi-min(Rgi:Rg))]/[max(Rgi:Rg;)-min(Rgi:Rg)]. This yields a value
between 0 and 1. The temperature and precipitation niche width were
based on BIO1, BIOS5, BIO6, BIO12, BIO16, and BIO17, respectively. Species
climatic niche width was estimated based on the same protocol as the
family climatic niche width. The mean species climatic niche width was then
the average climatic niche width of all species within the family. Climatic
niche divergence is the residuals of the relationship between family climatic
niche width and mean species climatic niche width as described by Gomez-
Rodriguez et al. (2015), which reflects a non-overlap of climatic niches
within families (Fig. S1). The overall climatic niche width was the
temperature niche width multiplied by the precipitation niche width. The

niche position was described in terms of BIO1, BIOS5, BIO6, BIO12, BIO16,
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and BIO17 across the geographic range of the family. All niche parameters
are explained in Table 2. Using the abovementioned approaches, we also
determined correlations between diversification rate, climatic niche width,

and niche divergence across 49 orders.

2.3 Diversification rate and niche evolutionary rate
The diversification rate of each family was estimated using a method
of moment estimator (Magallon & Sanderson, 2001). The species richness
of China and the stem age of each family were used. Stem ages were used
because crown ages would require more extensive sampling of the species
in each family, and monotypic families could not be incorporated (Meyer
& Wiens, 2018). To make our results more robust, we selected three relative
extinction rates (g): two extremes (¢ = 0, 0.9) and one median (¢ = 0.5).In an
alternative analysis, we also used the total species richness of each family
to estimate the diversification rate. We wused the R package
"“TAXONLOOKUP” version 1.1.5 (Pennell et al., 2016) to obtain the total
species richness in each family. The data source used for this package was
based on Plant List version 1.1 (2013). Some endemic Chinese species were
included in the Flora of China (Wu et al.,, 2013), but, at the time of the study,
have not been accepted by The Plant List. Therefore, we also included
“unresolved” species (i.e., not yet assigned a status of "“Accepted” or

“Synonym). We used both accepted and unresolved species to represent
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the global species richness of each family. The species richness, stem age
and diversification rate were in Supplementary Data 1.

Many other approaches are available to study diversification. However,
most other methods would be impractical here because they need detailed
species-level phylogenies within each clade. This level of detail is lacking
for many species in our study, as described above. Furthermore, we aimed
to explain differences in richness and diversification rates among families,
not shifts in diversification rates over time. Therefore, the method of
moment estimator with stem age is the most appropriate approach for our
study.

The evolutionary rates of the BIO1 and BIO12 were estimated to
represent the climatic niche evolution rate. We focused on these two
variables because they should reflect the most important aspects of the
climatic distribution of the species (e.g., BIO1: tropical vs. temperate; BIO12:
arid vs. mesic), and more so than short-term, extreme values (BIO5, BIO6,
BIO16, BIO17). We first used the fitContinuous function in the package

“geiger” version 2.0.7 (Harmon et al., 2008; Pennell et al., 2014) to fit four
evolutionary models, namely, the Brownian motion (BM), Ornstein-—
Uhlenbeck (OU), lambda (LA), and white noise (WN). Then, the best-fitting
model was selected based on the lowest Akaike information criterion (AIC).
The variance () in the best model was used as the evolutionary rate of the

variables for each family.
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2.4 Statistical analysis
The best-fit model for the diversification rate of each family was the LA
model (Table S1). Therefore, phylogenetic generalized least-squares
regression (PGLS) (Martins & Hansen, 1997) in the R package “caper”
version 1.0.1 (Orme, 2013) was used to analyze the relationship between
diversification rate and niche climatic variables. Following standard
practice, lambda values (phylogenetic signal) were estimated by maximum
likelihood to transform the branch lengths, with kappa and delta values
both set to 1 (Pagel, 1999; Orme, 2013). The contribution of individual and
combined variables (niche width, niche divergence, niche position, and
geographic extent) was estimated using the function varpart in R package
"vegan” version 2.5-6 (Oksanen et al., 2019). Given that the niche position
consists of six variables, we used a stepwise procedure to select the niche
position variables. We found that the diversification rate ~
BIO5+BIO12+BIO16 was the best model in the stepwise analysis; then, we
selected these three climatic variables to represent the niche positionin the
analysis.

To account for the effect of species richness on the relationship
between the diversification rate and climatic niche width, we created the
same species richness for each of the families by randomly sampling from

the whole species pool. Null niche width was estimated from a randomly
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sampled species pool of richness equivalent to real families. We randomly
sampled 1,000 times from the 182 null families and compared the
distribution of the coefficient of determination (72) of the aforementioned
PGLS with the observed 72 in the original families. We used the function

“quantile” inthe R base package to estimate the values of 1000 2 at a 95
% confidence interval. If the observed /2 was in the 95 % confidence interval
of the 1,000 /2 values, we assumed the relationship found between the
diversification rate and niche variables was because families with more
species span more climatic conditions. Otherwise, we assumed that the
niche variables contributed to the diversification rate. The same

approaches were also used for species at the order level.

3 Results

We found a strong and positive relationship between the diversification
rate and family climatic niche width for precipitation (2 = 0.389-0.437, P <
0.001), temperature (2 = 0.360-0.374, P < 0.001), and the overall of both
(” = 0.413-0.468, P < 0.001). While a negatively weak or non-significant
relationship was observed between the diversification rate and mean
species climatic niche width for precipitation (2 < 0.001, A= 0.609-0.794),
temperature (2 = 0.031-0.045, P< 0.004-0.018), and the overall (22 = 0.004-
0.011, A= 0.160-0.420). This provided a stronger relationship between the

diversification rate and climatic niche divergence (residuals of family
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climatic niche width versus mean species climatic niche width) for
precipitation (2 = 0.512-0.576, P < 0.001), temperature (2 = 0.482-0.503,
P < 0.001), and the overall (2 = 0.480-0.558, P < 0.001) (Fig. 1, Table S2).
Therefore, the diversification rate was mainly explained by climatic niche
divergence (H2) rather than climatic niche conservatism (H1). Neither the
evolutionary rate of mean annual temperature nor precipitation showed a
significant relationship with diversification rate, family climatic niche width,
and mean species climatic niche width (Fig. S2), rejecting the hypothesis
that the diversification rate was explained by climatic niche divergence via
increased climatic niche evolution rate (H3). The weak or negative
relationships between diversification rate and mean species climatic niche
width as found in our study suggested that, wider climatic niches
increasing diversification via reduced extinction rates (H4) was rejected,
because the validity of this hypothesis depends on a strong relationship
between diversification rate and mean species niche width (Table 1). Similar
results were obtained when we divided the species into 49 orders (Fig. S3).

To evaluate whether the effects of climatic niche width on
diversification rate are via the geographic extent (H5) or niche position (H6),
we first built PGLS models for the two hypotheses. A significant positive
relationship was observed between the diversification rate and geographic
extent (2 = 0.393-0.471, P < 0.001) (Fig. 2, Table S2). The relationship

between the diversification rate and climatic niche position varied. We
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found a significantly positive relationship between the diversification rate
and BIO5 (2 = 0.272-0.320, P < 0.001) and BIO16 (2 = 0.009-0.110, P <
0.001), while a significantly negative relationship was observed between
the diversification rate and BIO1 (2 = 0.251-0.310, P < 0.001), BIO6 (2 =
0.271-0.292, P < 0.001), BIO12 (2 = 0.272-0.324, P < 0.001), and BIO17 (/2
= 0.219-0.231, P < 0.001) (Fig. 3, Table S2). The climatic niche position,
family climatic niche width, climatic niche divergence, and geographic
extent showed an important partition in explaining the diversification rates
(Table S2, S3). These variables were then used to determine their unique
contribution to diversification rates. The explanation from climatic niche
position (0.3 %), geographic extent (1 %), and climatic niche width (0.5 %)
were negligible. Climatic niche divergence was the variable with the largest
unique contribution (11.0 %). Most of the variances were shared among
climatic niche divergence, climatic niche width, geographic extent, and
climatic niche position (38.2 %) (Fig. 4). Therefore, the unique effects of
climatic niche width on the diversification rate via geographic extent (H5)
or climatic niche position (H6) were limited.

In the null models, we found that the observed relationship between
diversification rate and family climatic niche width, as well as the mean
species climatic width of precipitation, was generally stronger than that of
the null model (Fig. S4B, E). However, the relationship between

diversification rate and family climatic niche width, as well as the mean
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species climatic width of temperature (Fig. S4A, D) and overall climatic
niche width (Fig. S4C, F) were not significantly different from that of the null
model. For the climatic niche divergence, the relationship between
diversification rate and the climatic niche divergence of temperature and
precipitation and the overall climatic niche divergence were all more robust
than that of the null model (Fig. S4G, I, H). Overall, the precipitation niche
width (including family niche width and mean species niche width) was
important for accelerating the diversification rate, while climatic niche
divergence of both temperature and precipitation were important in
accelerating the diversification rate for angiosperms of China. Therefore,
the hypothesis that an artifactual relationship between diversification and
clade-level climatic niche width would occur via sampling more species (HO)
was rejected. We also found that the null model hypothesis (HO) was

rejected at the order level (Fig. S5).

4 Discussion

Few studies have investigated the relationship between climatic niche
width and species diversification rates, except for several studies in animals
(Gomez-Rodriguez et al., 2015; Rolland & Salamin, 2016; Castro-Insua et al.,
2018). Here, we explored the relationship between the climatic niche width
and the diversification rate of plants in China at a large scale (including

26,906 species and 182 families) for the first time. Our results suggest that
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climatic niche divergence (H2) rather than climatic niche conservatism (H1)
explains the diversification rate in angiosperm clades of China. Moreover,
we suggest that a wider family climatic niche width explains a faster
diversification rate through higher climatic niche divergence (H2), rather
than increasing the climatic niche evolution rate (H3), decreasing the
extinction rate (H4), increasing the geographic extent (H5), or a separated
climatic niche position (H6). The relationship between the diversification
rate and family niche width for precipitation and niche divergence for
temperature was significantly higher than that of the null assumptions,
demonstrating that our findings were supported, rather than an artifactual
relationship between diversification and clade-level niche width occurring
as a result of sampling of more species (HO).
4.1 Niche divergence and niche conservatism mechanisms explain
species diversification

Our results have two important implications. First, we found that wider
climatic niche width predicts a higher diversification rate via climatic niche
divergence, potentially leading to species unevenness among families of
Chinese angiosperms (Table S4). Moreover, our results were consistent
with amphibian (Gémez-Rodriguez et al., 2015) and large-scale mammal
(Castro-Insua et al., 2018) studies. Therefore, the results suggest that plant
diversification may exhibit trends similar to animals. This consistency

suggests why animals and plants follow similar richness patterns,



oNOYTULT D WN =

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

Journal of Systematics and Evolution

19

biogeographic regions, biomes, and biodiversity hotspots on a global scale
(Liu et al., 2020). There are two potential explanations as to why climatic
niche divergence predicts the diversification rate of angiosperms in China.
On the one hand, a higher climatic niche divergence would decrease the
overlap of species climatic niches, thereby reducing competition within
families and creating additional opportunities for speciation (Kozak &
Wiens, 2010a). Furthermore, a higher climatic niche divergence would
cause higher spatial isolation and thus decrease the connectivity between
these species, reduce gene flow (Birand et al., 2010; Wiens et al., 2012) and
lead to the emergence of reproductive barriers, and consequently
accelerate the diversification rate.

The niche conservatism hypothesis states that species with shared
evolutionary history (i.e., species in an evolutionary clade) tend to tolerate
similar environmental conditions and thus exhibit similar geographic or
climatic distributions (Latham & Ricklefs, 1993; Wiens & Donoghue, 2004).
This hypothesis was supported by previous studies that explain the species
assemblages in China (Qian et al., 2019), Eastern Asia (Su et al., 2020), and
the tropical and subtropical regions on a global scale (Cerezer et al., 2020).
However, these studies tend to explain species unevenness at the regional
scale rather than among clades in our study. Notably, the niche
conservatism hypothesis postulated in previous studies generally found

that in tropical and subtropical regions, species originated earlier and more
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abundantly, although they have low diversification rates (Harvey et al.,
2020; Igea et al. 2020; Tietje et al. 2022). Similarly, we also showed that a
low diversification rate was associated with high species richness patterns
at a regional scale (Fig. S6). However, our study emphasized that the
diversification rate was explained by climatic niche divergence, potentially
leading to variable species unevenness among clades (Table S4). Several
previous studies in animals also indicated that species richness generally
accumulated through climatic niche conservatism at the regional level,
while the diversification rate among clades was more commonly explained
by climatic niche divergence (Kozak & Wiens, 2010a, b; Wiens et al., 2011;
Kozak & Wiens, 2012).
4.2 Effect of climatic niche evolution rate on diversification rate via
change niche divergence

Our results do not support hypothesis H3 that the niche evolution rate
increases climatic niche width and climatic niche divergence. In general, a
rapid change in the climatic niche rate would allow species to be
distributed into new environments (increase climatic niche width), and thus
decrease the climatic niche overlap (increase climatic niche divergence)
among species and lead to an increase in the diversification rate (Kozak and
Wiens, 2010, Liu et al. 2020). The discrepancy between our results and
previous studies was probably because species with higher climatic niche

evolution rates can explore new niches, while some species might be
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extinct in their original habitats. This would not increase the climatic niche
width and climatic niche divergence of the families and, therefore, would
not increase the diversification rate of the families. This concept needs to
be tested in future studies.
4.3 Effect of climatic niche width on diversification rate via change
climatic niche evolution rate

Our results reject the hypothesis that a wider mean species climatic
niche width is associated with the diversification rate by decreasing the
extinction rate (H4), which is consistent with the findings of Goémez-
Rodriguez et al. (2015) and Castro-Insua et al. (2018). In contrast, Rolland
and Salamin (2016) found lower extinction rates in birds, mammals, and
amphibians with narrower climatic niches. Another study found that
specialist species grown in narrower climatic niche ranges have a higher
risk of extinction rates (Harris & Pimm, 2008). This discrepancy may be
caused by human-related factors (such as excessive deforestation) and
anthropogenic climate change, implying that the extinction of some
groups may not have been related to their natural evolutionary history.
4.4 Effect of geographic extent and niche position on diversification rate

The unique contribution of the geographic extent and niche position
was negligible. Thus, the hypothesis that wider climatic niches facilitate
faster diversification by allowing greater range expansion (H5) or changing

the niche position (H6) was also limited. These results are consistent with
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those of Gomez-Rodriguez et al. (2015) and Castro-Insua et al. (2018).
However, we observed a significant negative relationship between the
diversification rate and BIO1 (annual mean temperature) and BIO12
(annual precipitation). This was not observed in the animals studied by
Gomez-Rodriguez et al. (2015) and Castro-Insua et al. (2018). However,
Igea and Tanentzap (2020a) and Jetz et al. (2012) found that the
diversification rate slows down for angiosperms and birds in tropical and
subtropical regions, respectively. Early studies have hypothesized

"density-dependent” effects on diversification, where the rates of
species accumulation within a clade would slow down over time due to
increasing species density (Phillimore & Price, 2008; Rabosky & Lovette,
2008; Rabosky, 2009). This hypothesis could potentially explain the
diversification patterns in China as regions with high precipitation and
temperature in China tend to have more species. These species originated
earlier than those distributed in cold and dry regions (Lu et al., 2018), which
would slow down the diversification rate in warm and wet regions because
of their high species density. A positive relationship between diversification
rate and BIO5, and a negative relationship between diversification rate and
BIO6 and BIO17 were found, indicating that tolerance to extreme climatic
habitats (such as hot, cold, and dry environments) facilitates the
diversification of plants. The positive relationship between the

diversification rate and BIO16 was unexpected, probably because regions
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with high temperatures usually tend to have high precipitation in China.
4.5 Potential sources of error

We acknowledge that some important sources of error may have
impacted our results. First, our analyses were based primarily on species
occurring in China, whereas most families and genera are more broadly
distributed. Actually, we also estimated the diversification rate in each
family using species found across the world. We found niche variables
(estimated using distribution information of China) had a weaker
relationship with a diversification rate estimated using global species
richness (Table S3) than that of using Chinese species richness (Table S2).
Therefore, it is reasonable to use the climatic niches of China to explain
species diversification among clades in this region. However, this currently

cannot be generalized to the rest of the world. Indeed, it remains to be seen

whether the patterns reported here hold true when global sampling is used.

Second, because of the relatively low resolution, climatic
heterogeneity within cells was high, especially in the mountainous regions.
While it is well known that local finer-scale niches can affect the
diversification of lineages (Hutter et al. 2013), we did not consider the
micro-environment of each species. It is likely that doing so would result in
deviations in niche width. Future studies should test the same set of
hypotheses at smaller spatial scales (e.g. 1-km grid cells).

Conclusion
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In summary, we found climatic niche divergence explains the
diversification rate among angiosperm families in China. These results are
important for explaining large-scale patterns of species unevenness
among clades in plants. Since our results for plants are consistent with that
of animals observed in previous studies (such as birds, mammals, and
amphibians; Gomez-Rodriguez et al., 2015; Castro-Insua et al., 2018), they
could also explain why animals and plants follow similar richness patterns,

biogeographic regions, biomes, and biodiversity hotspots.
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Table 1 Potential hypothesis to explain diversification rate and climatic

niche width based on Gbmez-Rodriguez et al. (2015).

Hypothesis

Predictions

H1: Narrower niches
facilitate
diversification rate via

niche conservatism.

(1) Strong and positive relationship between
family climatic niche width and mean species
climatic niche width;

(2) Negative
diversification rate and family climatic niche
width;

(3) Negative

relationship between

relationship between
diversification rate and mean species climatic

niche width.

H2: Wider
niche widths facilitate

climatic

diversification rate via
climatic niche

divergence.

(1) No or weak relationship between family
climatic niche width and mean species
climatic niche width;

(2) No relationship between diversification rate
and mean species climatic niche width;

(3) Strong and positive relationship between

climatic niche

diversification rate and

divergence (residuals of relationship
between family climatic niche width and

mean species climatic niche width).

H3: Wider
niche widths facilitate

climatic

diversification rate via
increased climatic

niche evolution rate.

(1) Strong and positive relationship between

diversification rate and climatic niche
evolution rate;

(2) Positive relationship between climatic niche
width and climatic niche evolution rate;

(3) Positive relationship between climatic niche

divergence and climatic niche evolution rate.

H4: Wider climatic

(1) Positive relationship between family and
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width
facilitate

niche could

diversification rate via
decreased extinction

mean species climatic niche width;

(2) Strong and positive relationship between
diversification rate and mean species climatic
niche width and family climatic niche width;

rate. (3) No relationship between diversification rate
and climatic niche divergence.

H5: Wider climatic | Strong and positive relationship between the

niche width could | diversification rate and geographic area of clade.

facilitate This relationship was stronger than the

diversification rate via
geographic extent.

relationship between diversification rate and
climatic niche width.

H6: Wider
niche widths

climatic
could

facilitate

diversification rate via

separated geographic

Strong and positive relationship between
diversification rate and climatic niche position.
This relationship was stronger than relationship
between diversification rate and climatic niche

width.

effects (niche

position).

HO: Relationship | (1) Strong and positive relationship between
between diversification rate and species richness

diversification rate

and clad-level climatic

niche  width  via
sampling more
species.

among families;

(2) Positive relationship between family and
mean species climatic niche width;

(3) Positive relationship between diversification
rate and family and mean species climatic
niche width;

(4) The relationship (r2) in (3) were stronger than
results of randomly selected species in each
family.
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674 Table 2 Overview of the niche parameters in our study.

Niche variables Explanation of the niche variables

oNOYTULT D WN =

Family climatic niche width  Climatic niche width of the family

12 Mean species climatic Mean value of climatic niche width for all
15 niche width the species within the family

17 Climatic niche divergence  Residuals of family climatic niche width
20 versus mean species climatic niche width
Climatic niche position Climate variables (including BIO1, BIOS,
25 BIO6, BIO12, BIO16, BIO17)

28 Climatic niche evolution Evolutionary rate of BIO1 and BIO12

30 rate

33 Geographic extent Area of species distribution of the family

675
38 676  Fig. 1 Relationship between diversification rate and family climatic niche
41 677  width (A, B, C), mean species climatic niche width (D, E, F) and climatic niche
43 678 divergence (G, H, I) for MAP, MAT and overall respectively. Darker colors
46 679 indicate greater overlap of data points. Diversification rates were estimated
680 based on stem-group ages of family with €=0.5, including only species in
51 681  China. Use of alternative values of € (0, 0.9) and global richness of families
54 682  yields similar results (Table S2, S3).
26 683

59 684  Fig. 2 Relationship between family climatic niche width and mean species
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climatic niche width (A, B, C). A significant relationship between
diversification rate and geographic extent (D). Darker colors indicate
greater overlap of data points. Diversification rates were estimated based
on stem-group ages of families with €=0.5, including only species in China.
Use of alternative values of € (0, 0.9) and global richness of families yields
similar results (Table S2, S3). Geographic extent was the distribution area

of each family.

Fig. 3 Relationship between diversification rate and climatic niche position.
BIO1, BIOS5, BIO6 and BIO12, BIO16, BIO17 represent annual mean
temperature, maximum temperature of the warmest month, minimum
temperature of the coldest month, annual precipitation, precipitation of
the wettest quarter and precipitation of the driest quarter respectively.
Darker colors indicate greater overlap of data points. Diversification rates
were estimated based on stem-group ages of families with €=0.5, including
only species in China. Use of alternative values of € (0, 0.9) and global

richness of families yields similar results (Table S2, S3).

Fig. 4 Venn diagram showing the results of variance partitioning on a full
model of diversification rate with climatic niche position (NP), climatic
niche width (NW), climatic niche divergence (ND), geographic extent (GE)

as explanatory variables. Results are shown as percentage of explained
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variance.

Fig. S1 Relationship between family climatic niche width, mean species
climatic niche width and climatic niche divergence. Different color of the

curves represent species niche, R1, R2 and R3 are niche divergence.

Fig. S2 Relationship between climatic niche evolution rate and
diversification rate (A, B), family climatic niche width (C, D), mean species
climatic niche width (E, F), climatic niche divergence (G, H) for both
temperature and precipitation. Darker colors indicate greater overlap of
data points.

Fig. S3 Relationship between diversification rate and order climatic niche
width (A, B), mean species climatic niche width (C, D) and climatic niche
divergence (E, F) for MAP, MAT respectively. Darker colors indicate greater
overlap of data points. Diversification rates were estimated based on stem-
group ages of order with £=0.5, including only species in China. Darker

colors indicate greater overlap of data points.

Fig. S4 Results from the null model at family level. The observed 72 is
indicated with a vertical gray line. The black curves represent the
distribution of /2 values from PGLS across the 1000 null datasets. The range

of dashed lines were 95% confidence intervals of /2 across the 1000 random
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samples. Diversification rate vs family climatic niche width were shown in
A, B, G Diversification rate vs mean specie climatic niche width were shown
in D, E, F; Diversification rate vs climatic niche divergence were shown in G,
H, I. Temperature niche width were showed in A, D, E, precipitation niche
width were showed in B, E, H, overall niche width (temperature niche width

x precipitation niche width) were showed in C, F, L.

Fig. S5 Results from the null model at order level. The observed 7 is
indicated with a vertical gray line. The black curves represent the
distribution of /2 values from PGLS across the 1000 null datasets. The range
of dashed lines were 95% confidence intervals of /2 across the 1000 random
samples. Diversification rate vs order climatic niche width were shown in A,
B; Diversification rate vs mean specie climatic niche width were shown in C,
D; Diversification rate vs climatic niche divergence were shown in E, F.
Temperature niche width were showed in A, C, E, precipitation niche width

were showed in B, D, F.

Fig. S6 Diversification rate and species richness patterns of Chinese

angiosperms. Diversification rates were determined based on stem-group

ages of families with €=0.5.

Table S1 Best model of all traits were estimated in our study. The lowest
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AIC was marked in bold. WN, BM, OU, LA were models of white noise,

Brownian motion, Ornstein-Uhlenbeck and lambda respectively.

Table S2 Relationship between diversification rate and climatic niche
position, family climatic niche width, mean species climatic niche width,
climatic niche divergence, climatic niche evolution rate and geographic
extent. Results were estimated from univariate phylogenetic generalized
least-squares (PGLS) regression models. The diversification rates were
estimated base on species richness of China for each family, three
alternative extinction rate (¢=0, 0.5 and 0.9) were selected. Significant

relationship were shown in bold.

Table S3 Relationship between diversification rate and climatic niche
position, climatic family niche width, mean climatic niche width, climatic
niche divergence, climatic niche evolution rate and geographic extent.
Results were estimated from univariate phylogenetic generalized least-
squares (PGLS) regression models. The diversification rates were estimated
base on global species richness for each family, three alternative extinction
rate (€=0, 0.5 and 0.9) were selected. Significant relationship were shown in

bold.

Table S4 Relationship between species richness (including Chinese species
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and total species at global) and diversification rate, stem age. Results were
estimated from univariate phylogenetic generalized least-squares (PGLS)
regression models. The diversification rates were estimated base on global
species richness for each family, three alternative extinction rate (¢=0, 0.5

and 0.9) were selected. Significant relationships are shown in bold.
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Supporting Information
Additional supporting information may be found online in the Supporting

Information for this article.
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Abstract

Diversification rates are critically important for understanding patterns of
species richness among clades. However, the effects of climatic niche width
on plant diversification rates remain to be elucidated. Based on the
phylogenetic, climatic, and distributional information of angiosperms in
China, a total of 26,906 species from 182 families were included in this
study. We aimed to test relationships between diversification rate and
climatic niche width and climatic niche width related variables (including
climatic niche divergence, climatic niche position, and geographic extent,
climatic niche evolutionary rate) using phylogenetic methods. We found
that climatic niche divergence had the largest unique contribution to the
diversification rate, while the unique effects of climatic niche width, climatic
niche position, geographic extent, and climatic niche evolutionary rate on
the diversification rate were negligible. We also observed that the
relationship between diversification rate and climatic niche divergence was
significantly stronger than the null assumption (Artefactual relationship

between diversification and clade-level climatic niche width via sampling
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more species). Our study supports the hypothesis that wider family climatic
niche widths explain faster diversification rates through a higher climatic
niche divergence rather than via higher geographic extent, higher climatic
niche evolutionary rate or separated climatic niche position. Hence, the
results provide a potential explanation for large-scale diversity patterns

within families of plants.

Keywords: Angiosperms, diversification rate, climatic niche width, climatic

niche divergence, geographic extent, climatic niche position
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1 Introduction

A fundamental goal in evolutionary biology is to explain why some clades
have higher species richness than others. In general, species richness
among clades can be explained either by time (i.e., greater species richness
accumulates over time) or diversification rate (i.e., higher diversification
rate leads to higher species richness). The diversification rate is the rate of
speciation minus the extinction rate (Ricklefs, 2007; Givnish, 2010). Previous
studies have indicated that species richness unevenness among clades (i.e.,
families, phyla) was largely explained by diversification rates (Scholl &
Wiens, 2016; Hernandez-Hernandez & Wiens, 2020). Therefore, it is
essential to uncover the ecological and evolutionary processes that
determine differences in diversification rates among clades to understand
their richness patterns.

The climatic niche width is the set of climatic conditions where a
species is able to maintain viable populations. It reflects the physiological
tolerance of a species to climatic environments (Soberon, 2007; Anacker &
Strauss, 2014). The relationship between climatic niche width and
diversification rate has been studied based on two hypotheses that could
potentially explain it. One is the niche divergence hypothesis, which
suggests that a wider climatic niche width explains diversification by
reducing the extinction rate (e.g., survival from climate change, Wiens,

2016), thus increasing the diversification rate of clades. A wider climatic
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niche width might also lead to higher rates of speciation because it would
increase the likelihood of encountering ecological or geographical barriers
(Darwin, 1859; Rosenzweig, 1995; Gaston, 2003). The second hypothesis is
the niche conservatism hypothesis. In contrast to the divergence
hypothesis, niche conservatism suggests that narrower climatic niches are
associated with a higher diversification rate via allopatric speciation (Kozak
& Wiens, 2007). For example, Baselga et al. (2011) indicated that species
with overlapped climatic niches tend to have a higher diversification rate,
potentially supporting the climatic niche conservatism mechanism.
Despite the aforementioned hypotheses, very few studies have directly
explored the effect of climatic niche width on the diversification rate at a
large scale. Among the few previous studies, the results have not been
consistent across different biological groups. For example, Gomez-
Rodriguez et al. (2015) and Castro-Insua et al. (2018) found a positive
relationship between climatic niche width and diversification rate in both
amphibian and mammalian families. In contrast, Rolland and Salamin (2016)
found that species with narrower climatic niche widths tended to have
higher diversification rates among amphibians, mammals, and birds.
However, to our knowledge, no studies have tested how climatic niche
width affects the diversification rate among clades in plants at a large scale.
Liu et al. (2020) estimated the climatic niche width for both plants and

animals, however, they did not explore the effects of climatic niche width
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on the diversification rate.

There may also be more indirect relationships between climatic niche
width and diversification rates of clades. For example, a wider climatic niche
might be accompanied by larger geographic ranges, which can lead to a
higher diversification rate. Moreover, a higher evolutionary rate of climatic
variables might expand the climatic niche width, then accelerate the
diversification rate (Kozak and Wiens, 2010, Castro-Insua et al., 2018).
Alternatively, species in different niche positions may have different
climatic niche widths, leading to different diversification rates. For example,
some previous studies indicated that species in tropical regions have a
lower diversification rate than in temperate zones (Harvey et al., 2020; Igea
et al,, 2020; Tietje et al., 2022). Generally, the niche width for temperature-
related climatic variables may be narrower in the tropical zone than that in
the temperate zone (Janzen, 1967; Ghalambor et al., 2016), whereas the
niche width for precipitation-related climatic variables can be wider in the
tropical zone (Quintero & Wiens, 2013).

Here, we used a nearly complete dataset of Chinese angiosperms to
test whether climatic niche divergence or climatic niche conservatism
better explains species diversification among plant clades. Using these
(and similar) resources, several studies have assessed the patterns of
phylogenetic structure in Chinese plant assemblages at the regional scale

(Qian et al., 2019; Gheyret et al., 2020). In addition, Su et al. (2020) reported
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that different climatic niche position predicts species richness patterns for
tropical and temperate families. However, the mechanism by which
climatic niche width affects the diversification rate and subsequently leads
to species richness unevenness among plant clades remains unclear.

In this study, we estimated the climatic niche width among the 182
families and 26,906 species of angiosperms in China. We defined climatic
niche divergence as the residuals of the relationship between family
climatic niche width and mean species climatic niche width as described by
Gomez-Rodriguez et al. (2015). We also estimated the climatic niche
evolution rate, geographic extent (area), and diversification rate of the
families to test the relationship between these variables across families
using phylogenetic methods. Specifically, we aimed to address the
following seven hypotheses (Table 1), with one hypothesis related to niche
conservatism (H1) and five hypotheses related to niche divergence (H2-
H6), as follows: a narrower climatic niche width predicts the diversification
rate (H1); a wider climatic niche width explains the diversification rate via
increasing climatic niche divergence (H2), increasing the climatic niche
evolution rate (H3), decreasing the extinction rate (H4), increasing the
geographic extent (H5), and changing climatic niche position (the
separated geographic effects) (H6). Because clades with more species tend
to have wider climatic niche widths, this may lead to a higher diversification

rate. We also tested a null hypothesis, that is, (HO) an artifactual relationship
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between diversification rate and clade-level climatic niche width occurs via

sampling more species.

2 Materials and methods
2.1 Phylogenetic tree and climatic data
The phylogenetic tree in our study was based on Lu et al. (2018). The tree
was constructed using the sequences of five genes (atpB, matK; ndhF, rbcL,
and matR). They first generated a dated phylogeny including 5,864 species
native to China, representing 2,665 genera and 273 families. With this tree
as the backbone, a species-level tree including 28,076 Chinese angiosperm
species was generated by inserting species that were not sampled in our
generic tree within the genera to which they belong, using the package

“S.PhyloMaker” (Qian & Jin, 2016) in R software. After matching the
phylogenetic tree with distribution information, there were 26,977 species
with 235 families, including 96 % and 86 % of the angiosperm species and
families, respectively, in China (Lu et al., 2018). At least three species in each
family were needed to run the Ornstein—-Uhlenbeck (OU) model in the
following analysis. Finally, 182 families and 26,906 species were used for
the analysis in our study, encompassing approximately 10 % of the plant
species worldwide.

We performed most of the analyses on a consensus of these 1,000 trees.

We used a maximum-clade credibility tree based on the mean heights of
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these trees using TREEANNOTATOR version 1.10 (Bouckaert et al., 2014).
The tree was fully resolved (no polytomies). All of the 182 families were
monophyletic.

Distributional and climatic data were generated in Lu et al. (2018). They
divided the study area in China into 100 x 100 km (i.e., 10,000 km?2) grid
cells. The area of the grid cells on the border with less than 5,000 km? were
excluded. The species distribution information in each grid cell were
collected from all published national and provincial floras as well as some
local flora, checklists, and herbarium records. There were more than
1,400,000 records of distribution information in total. Only the mean
annual temperature (BIO1) and mean annual precipitation (BIO12) were
included in their dataset. We also needed the maximum temperature of the
warmest month (BIO5), minimum temperature of the coldest month (BIO6),
precipitation of the wettest quarter (BIO16), and precipitation of the driest
quarter (BIO17) to estimate the climatic niche width and for the other
analyses. Therefore, we extracted the climate data from maps of WorldClim

version 1.4 (http://www.worldclim.org/), with a spatial resolution of 10 min

(approximately 340 km?2). To match the distribution information, we
estimated these climatic variables in each grid cell (10 000 km?) using
ArcGIS 10.1 (http://www.esri.com/) based on these maps. In summary, the
species richness and niche position (BIO1, BIO5, BIO6, BIO12, BIO16, and

BIO17) in each grid cell were included. The geographic extent (area) of each
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family was also estimated based on the distribution information. We used

these data in our study.

2.2 Climatic niche widths

We estimated the family climatic niche width and the mean species climatic
niche width in our study according to the approaches of Gbmez-Rodriguez
et al. (2015). For family climatic niche width, all species in the family were
merged to form a single distribution area. The range of climatic data of
each family was estimated as Rg = max (var)-min (var). Then, the climatic
niche width for a given family i in a dataset with j families was estimated as:
StRg; = [Rgi-min(Rgi:Rg))]/[max(Rgi:Rg;)-min(Rgi:Rg)]. This yields a value
between 0 and 1. The temperature and precipitation niche width were
based on BIO1, BIOS5, BIO6, BIO12, BIO16, and BIO17, respectively. Species
climatic niche width was estimated based on the same protocol as the
family climatic niche width. The mean species climatic niche width was then
the average climatic niche width of all species within the family. Climatic
niche divergence is the residuals of the relationship between family climatic
niche width and mean species climatic niche width as described by Gomez-
Rodriguez et al. (2015), which reflects a non-overlap of climatic niches
within families (Fig. S1). The overall climatic niche width was the
temperature niche width multiplied by the precipitation niche width. The

niche position was described in terms of BIO1, BIOS5, BIO6, BIO12, BIO16,
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and BIO17 across the geographic range of the family. All niche parameters
are explained in Table 2. Using the abovementioned approaches, we also
determined correlations between diversification rate, climatic niche width,

and niche divergence across 49 orders.

2.3 Diversification rate and niche evolutionary rate
The diversification rate of each family was estimated using a method
of moment estimator (Magallon & Sanderson, 2001). The species richness
of China and the stem age of each family were used. Stem ages were used
because crown ages would require more extensive sampling of the species
in each family, and monotypic families could not be incorporated (Meyer
& Wiens, 2018). To make our results more robust, we selected three relative
extinction rates (g): two extremes (¢ = 0, 0.9) and one median (¢ = 0.5).In an
alternative analysis, we also used the total species richness of each family
to estimate the diversification rate. We wused the R package
"“TAXONLOOKUP” version 1.1.5 (Pennell et al., 2016) to obtain the total
species richness in each family. The data source used for this package was
based on Plant List version 1.1 (2013). Some endemic Chinese species were
included in the Flora of China (Wu et al.,, 2013), but, at the time of the study,
have not been accepted by The Plant List. Therefore, we also included
“unresolved” species (i.e., not yet assigned a status of "“Accepted” or

“Synonym). We used both accepted and unresolved species to represent
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the global species richness of each family. The species richness, stem age
and diversification rate were in Supplementary Data 1.

Many other approaches are available to study diversification. However,
most other methods would be impractical here because they need detailed
species-level phylogenies within each clade. This level of detail is lacking
for many species in our study, as described above. Furthermore, we aimed
to explain differences in richness and diversification rates among families,
not shifts in diversification rates over time. Therefore, the method of
moment estimator with stem age is the most appropriate approach for our
study.

The evolutionary rates of the BIO1 and BIO12 were estimated to
represent the climatic niche evolution rate. We focused on these two
variables because they should reflect the most important aspects of the
climatic distribution of the species (e.g., BIO1: tropical vs. temperate; BIO12:
arid vs. mesic), and more so than short-term, extreme values (BIO5, BIO6,
BIO16, BIO17). We first used the fitContinuous function in the package

“geiger” version 2.0.7 (Harmon et al., 2008; Pennell et al., 2014) to fit four
evolutionary models, namely, the Brownian motion (BM), Ornstein-—
Uhlenbeck (OU), lambda (LA), and white noise (WN). Then, the best-fitting
model was selected based on the lowest Akaike information criterion (AIC).
The variance () in the best model was used as the evolutionary rate of the

variables for each family.
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2.4 Statistical analysis
The best-fit model for the diversification rate of each family was the LA
model (Table S1). Therefore, phylogenetic generalized least-squares
regression (PGLS) (Martins & Hansen, 1997) in the R package “caper”
version 1.0.1 (Orme, 2013) was used to analyze the relationship between
diversification rate and niche climatic variables. Following standard
practice, lambda values (phylogenetic signal) were estimated by maximum
likelihood to transform the branch lengths, with kappa and delta values
both set to 1 (Pagel, 1999; Orme, 2013). The contribution of individual and
combined variables (niche width, niche divergence, niche position, and
geographic extent) was estimated using the function varpart in R package
"vegan” version 2.5-6 (Oksanen et al., 2019). Given that the niche position
consists of six variables, we used a stepwise procedure to select the niche
position variables. We found that the diversification rate ~
BIO5+BIO12+BIO16 was the best model in the stepwise analysis; then, we
selected these three climatic variables to represent the niche positionin the
analysis.

To account for the effect of species richness on the relationship
between the diversification rate and climatic niche width, we created the
same species richness for each of the families by randomly sampling from

the whole species pool. Null niche width was estimated from a randomly
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sampled species pool of richness equivalent to real families. We randomly
sampled 1,000 times from the 182 null families and compared the
distribution of the coefficient of determination (72) of the aforementioned
PGLS with the observed 72 in the original families. We used the function

“quantile” inthe R base package to estimate the values of 1000 2 at a 95
% confidence interval. If the observed /2 was in the 95 % confidence interval
of the 1,000 /2 values, we assumed the relationship found between the
diversification rate and niche variables was because families with more
species span more climatic conditions. Otherwise, we assumed that the
niche variables contributed to the diversification rate. The same

approaches were also used for species at the order level.

3 Results

We found a strong and positive relationship between the diversification
rate and family climatic niche width for precipitation (2 = 0.389-0.437, P <
0.001), temperature (2 = 0.360-0.374, P < 0.001), and the overall of both
(” = 0.413-0.468, P < 0.001). While a negatively weak or non-significant
relationship was observed between the diversification rate and mean
species climatic niche width for precipitation (2 < 0.001, A= 0.609-0.794),
temperature (2 = 0.031-0.045, P< 0.004-0.018), and the overall (22 = 0.004-
0.011, A= 0.160-0.420). This provided a stronger relationship between the

diversification rate and climatic niche divergence (residuals of family
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climatic niche width versus mean species climatic niche width) for
precipitation (2 = 0.512-0.576, P < 0.001), temperature (2 = 0.482-0.503,
P < 0.001), and the overall (2 = 0.480-0.558, P < 0.001) (Fig. 1, Table S2).
Therefore, the diversification rate was mainly explained by climatic niche
divergence (H2) rather than climatic niche conservatism (H1). Neither the
evolutionary rate of mean annual temperature nor precipitation showed a
significant relationship with diversification rate, family climatic niche width,
and mean species climatic niche width (Fig. S2), rejecting the hypothesis
that the diversification rate was explained by climatic niche divergence via
increased climatic niche evolution rate (H3). The weak or negative
relationships between diversification rate and mean species climatic niche
width as found in our study suggested that, wider climatic niches
increasing diversification via reduced extinction rates (H4) was rejected,
because the validity of this hypothesis depends on a strong relationship
between diversification rate and mean species niche width (Table 1). Similar
results were obtained when we divided the species into 49 orders (Fig. S3).

To evaluate whether the effects of climatic niche width on
diversification rate are via the geographic extent (H5) or niche position (H6),
we first built PGLS models for the two hypotheses. A significant positive
relationship was observed between the diversification rate and geographic
extent (2 = 0.393-0.471, P < 0.001) (Fig. 2, Table S2). The relationship

between the diversification rate and climatic niche position varied. We
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found a significantly positive relationship between the diversification rate
and BIO5 (2 = 0.272-0.320, P < 0.001) and BIO16 (2 = 0.009-0.110, P <
0.001), while a significantly negative relationship was observed between
the diversification rate and BIO1 (2 = 0.251-0.310, P < 0.001), BIO6 (2 =
0.271-0.292, P < 0.001), BIO12 (2 = 0.272-0.324, P < 0.001), and BIO17 (/2
= 0.219-0.231, P < 0.001) (Fig. 3, Table S2). The climatic niche position,
family climatic niche width, climatic niche divergence, and geographic
extent showed an important partition in explaining the diversification rates
(Table S2, S3). These variables were then used to determine their unique
contribution to diversification rates. The explanation from climatic niche
position (0.3 %), geographic extent (1 %), and climatic niche width (0.5 %)
were negligible. Climatic niche divergence was the variable with the largest
unique contribution (11.0 %). Most of the variances were shared among
climatic niche divergence, climatic niche width, geographic extent, and
climatic niche position (38.2 %) (Fig. 4). Therefore, the unique effects of
climatic niche width on the diversification rate via geographic extent (H5)
or climatic niche position (H6) were limited.

In the null models, we found that the observed relationship between
diversification rate and family climatic niche width, as well as the mean
species climatic width of precipitation, was generally stronger than that of
the null model (Fig. S4B, E). However, the relationship between

diversification rate and family climatic niche width, as well as the mean
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species climatic width of temperature (Fig. S4A, D) and overall climatic
niche width (Fig. S4C, F) were not significantly different from that of the null
model. For the climatic niche divergence, the relationship between
diversification rate and the climatic niche divergence of temperature and
precipitation and the overall climatic niche divergence were all more robust
than that of the null model (Fig. S4G, I, H). Overall, the precipitation niche
width (including family niche width and mean species niche width) was
important for accelerating the diversification rate, while climatic niche
divergence of both temperature and precipitation were important in
accelerating the diversification rate for angiosperms of China. Therefore,
the hypothesis that an artifactual relationship between diversification and
clade-level climatic niche width would occur via sampling more species (HO)
was rejected. We also found that the null model hypothesis (HO) was

rejected at the order level (Fig. S5).

4 Discussion

Few studies have investigated the relationship between climatic niche
width and species diversification rates, except for several studies in animals
(Gomez-Rodriguez et al., 2015; Rolland & Salamin, 2016; Castro-Insua et al.,
2018). Here, we explored the relationship between the climatic niche width
and the diversification rate of plants in China at a large scale (including

26,906 species and 182 families) for the first time. Our results suggest that

Page 62 of 86



Page 63 of 86

oNOYTULT D WN =

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

Journal of Systematics and Evolution

18

climatic niche divergence (H2) rather than climatic niche conservatism (H1)
explains the diversification rate in angiosperm clades of China. Moreover,
we suggest that a wider family climatic niche width explains a faster
diversification rate through higher climatic niche divergence (H2), rather
than increasing the climatic niche evolution rate (H3), decreasing the
extinction rate (H4), increasing the geographic extent (H5), or a separated
climatic niche position (H6). The relationship between the diversification
rate and family niche width for precipitation and niche divergence for
temperature was significantly higher than that of the null assumptions,
demonstrating that our findings were supported, rather than an artifactual
relationship between diversification and clade-level niche width occurring
as a result of sampling of more species (HO).
4.1 Niche divergence and niche conservatism mechanisms explain
species diversification

Our results have two important implications. First, we found that wider
climatic niche width predicts a higher diversification rate via climatic niche
divergence, potentially leading to species unevenness among families of
Chinese angiosperms (Table S4). Moreover, our results were consistent
with amphibian (Gémez-Rodriguez et al., 2015) and large-scale mammal
(Castro-Insua et al., 2018) studies. Therefore, the results suggest that plant
diversification may exhibit trends similar to animals. This consistency

suggests why animals and plants follow similar richness patterns,
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biogeographic regions, biomes, and biodiversity hotspots on a global scale
(Liu et al., 2020). There are two potential explanations as to why climatic
niche divergence predicts the diversification rate of angiosperms in China.
On the one hand, a higher climatic niche divergence would decrease the
overlap of species climatic niches, thereby reducing competition within
families and creating additional opportunities for speciation (Kozak &
Wiens, 2010a). Furthermore, a higher climatic niche divergence would
cause higher spatial isolation and thus decrease the connectivity between
these species, reduce gene flow (Birand et al., 2010; Wiens et al., 2012) and
lead to the emergence of reproductive barriers, and consequently
accelerate the diversification rate.

The niche conservatism hypothesis states that species with shared
evolutionary history (i.e., species in an evolutionary clade) tend to tolerate
similar environmental conditions and thus exhibit similar geographic or
climatic distributions (Latham & Ricklefs, 1993; Wiens & Donoghue, 2004).
This hypothesis was supported by previous studies that explain the species
assemblages in China (Qian et al., 2019), Eastern Asia (Su et al., 2020), and
the tropical and subtropical regions on a global scale (Cerezer et al., 2020).
However, these studies tend to explain species unevenness at the regional
scale rather than among clades in our study. Notably, the niche
conservatism hypothesis postulated in previous studies generally found

that in tropical and subtropical regions, species originated earlier and more
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abundantly, although they have low diversification rates (Harvey et al.,
2020; Igea et al. 2020; Tietje et al. 2022). Similarly, we also showed that a
low diversification rate was associated with high species richness patterns
at a regional scale (Fig. S6). However, our study emphasized that the
diversification rate was explained by climatic niche divergence, potentially
leading to variable species unevenness among clades (Table S4). Several
previous studies in animals also indicated that species richness generally
accumulated through climatic niche conservatism at the regional level,
while the diversification rate among clades was more commonly explained
by climatic niche divergence (Kozak & Wiens, 2010a, b; Wiens et al., 2011;
Kozak & Wiens, 2012).
4.2 Effect of climatic niche evolution rate on diversification rate via
change niche divergence

Our results do not support hypothesis H3 that the niche evolution rate
increases climatic niche width and climatic niche divergence. In general, a
rapid change in the climatic niche rate would allow species to be
distributed into new environments (increase climatic niche width), and thus
decrease the climatic niche overlap (increase climatic niche divergence)
among species and lead to an increase in the diversification rate (Kozak and
Wiens, 2010, Liu et al. 2020). The discrepancy between our results and
previous studies was probably because species with higher climatic niche

evolution rates can explore new niches, while some species might be
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extinct in their original habitats. This would not increase the climatic niche
width and climatic niche divergence of the families and, therefore, would
not increase the diversification rate of the families. This concept needs to
be tested in future studies.
4.3 Effect of climatic niche width on diversification rate via change
climatic niche evolution rate

Our results reject the hypothesis that a wider mean species climatic
niche width is associated with the diversification rate by decreasing the
extinction rate (H4), which is consistent with the findings of Goémez-
Rodriguez et al. (2015) and Castro-Insua et al. (2018). In contrast, Rolland
and Salamin (2016) found lower extinction rates in birds, mammals, and
amphibians with narrower climatic niches. Another study found that
specialist species grown in narrower climatic niche ranges have a higher
risk of extinction rates (Harris & Pimm, 2008). This discrepancy may be
caused by human-related factors (such as excessive deforestation) and
anthropogenic climate change, implying that the extinction of some
groups may not have been related to their natural evolutionary history.
4.4 Effect of geographic extent and niche position on diversification rate

The unique contribution of the geographic extent and niche position
was negligible. Thus, the hypothesis that wider climatic niches facilitate
faster diversification by allowing greater range expansion (H5) or changing

the niche position (H6) was also limited. These results are consistent with
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those of Gomez-Rodriguez et al. (2015) and Castro-Insua et al. (2018).
However, we observed a significant negative relationship between the
diversification rate and BIO1 (annual mean temperature) and BIO12
(annual precipitation). This was not observed in the animals studied by
Gomez-Rodriguez et al. (2015) and Castro-Insua et al. (2018). However,
Igea and Tanentzap (2020a) and Jetz et al. (2012) found that the
diversification rate slows down for angiosperms and birds in tropical and
subtropical regions, respectively. Early studies have hypothesized

"density-dependent” effects on diversification, where the rates of
species accumulation within a clade would slow down over time due to
increasing species density (Phillimore & Price, 2008; Rabosky & Lovette,
2008; Rabosky, 2009). This hypothesis could potentially explain the
diversification patterns in China as regions with high precipitation and
temperature in China tend to have more species. These species originated
earlier than those distributed in cold and dry regions (Lu et al., 2018), which
would slow down the diversification rate in warm and wet regions because
of their high species density. A positive relationship between diversification
rate and BIO5, and a negative relationship between diversification rate and
BIO6 and BIO17 were found, indicating that tolerance to extreme climatic
habitats (such as hot, cold, and dry environments) facilitates the
diversification of plants. The positive relationship between the

diversification rate and BIO16 was unexpected, probably because regions
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with high temperatures usually tend to have high precipitation in China.
4.5 Potential sources of error

We acknowledge that some important sources of error may have
impacted our results. First, our analyses were based primarily on species
occurring in China, whereas most families and genera are more broadly
distributed. Actually, we also estimated the diversification rate in each
family using species found across the world. We found niche variables
(estimated using distribution information of China) had a weaker
relationship with a diversification rate estimated using global species
richness (Table S3) than that of using Chinese species richness (Table S2).
Therefore, it is reasonable to use the climatic niches of China to explain
species diversification among clades in this region. However, this currently

cannot be generalized to the rest of the world. Indeed, it remains to be seen

whether the patterns reported here hold true when global sampling is used.

Second, because of the relatively low resolution, climatic
heterogeneity within cells was high, especially in the mountainous regions.
While it is well known that local finer-scale niches can affect the
diversification of lineages (Hutter et al. 2013), we did not consider the
micro-environment of each species. It is likely that doing so would result in
deviations in niche width. Future studies should test the same set of
hypotheses at smaller spatial scales (e.g. 1-km grid cells).

Conclusion
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In summary, we found climatic niche divergence explains the
diversification rate among angiosperm families in China. These results are
important for explaining large-scale patterns of species unevenness
among clades in plants. Since our results for plants are consistent with that
of animals observed in previous studies (such as birds, mammals, and
amphibians; Gomez-Rodriguez et al., 2015; Castro-Insua et al., 2018), they
could also explain why animals and plants follow similar richness patterns,

biogeographic regions, biomes, and biodiversity hotspots.

Compliance and ethics The authors declare that they have no known
competing financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

Acknowledgements We are grateful to the editor and reviewers for their
constructive suggestions and comments on an earlier version of this
manuscript. This work was supported by the National Natural Science
Foundation of China (31825005 and 32001108), the Institution of South
China Sea Ecology and Environmental Engineering, Chinese Academy of

Sciences (ISEE2020YB01).

References

Anacker BL, Strauss SY. 2014. The geography and ecology of plant



oNOYTULT D WN =

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

Journal of Systematics and Evolution

25

speciation: range overlap and niche divergence in sister species.
Proceedings of the Royal Society B-Biological Sciences 281:
20132980.

Baselga A, Recuero E, Parra-Olea G, Garcia-Paris M. 2011. Phylogenetic
patterns in zopherine beetles are related to ecological niche width
and dispersal limitation. Molecular Ecology 20: 5060-5073.Birand A,
Vose A, Gavrilets S. 2012. Patterns of species ranges, speciation, and
extinction. American Naturalist179: 1-21.

Bouckaert R, Heled J, Kuehnert D, Vaughan T, Wu CH, Xie D, Suchard MA,
Rambaut A, Drummond AJ. 2014. BEAST 2: a software platform for
bayesian evolutionary analysis. Plos Computational Biology 10:
e1003537.

Castro-Insua A, Gomez-Rodriguez C, Wiens JJ, Baselga A. 2018. Climatic
niche divergence drives patterns of diversification and richness
among mammal families. Scientific Reports 8. 8781.

Cerezer FO, Azevedo RA, Nascimento MAS, Franklin E, Morais JW, Dambros
C, Lancaster L. 2020. Latitudinal gradient of termite diversity
indicates higher diversification and narrower thermal niches in the
tropics. Global Ecology and Biogeography 29: 1967-1977.

Darwin C. 1859. On the origin of species by means of natural selection or
the preservation of favoured races in the struggle for life. John

Murray, Albemarle Street, London.

Page 70 of 86



Page 71 of 86

oNOYTULT D WN =

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

Journal of Systematics and Evolution

26

Gaston KJ. 2003. The structure and dynamics of geographic ranges. Oxford
University Press, Oxford.

Ghalambor CK, Huey RB, Martin PR, Tewksbury JJ, Wang G. 2006. Are
mountain passes higher in the tropics? Janzen' s hypothesis
revisited. Integrative and Comparative Biology46: 5-17.

Gheyret G, Guo YP, Fang JY, Tang ZY. 2020. Latitudinal and elevational
patterns of phylogenetic structure in forest communities in China's
mountains. Science China-Life Sciences 63: 1-10.

Givnish TJ. 2010. Ecology of plant speciation. 7axon59: 1326-1366.

Gomez-Rodriguez C, Baselga A, Wiens JJ. 2015. Is diversification rate
related to climatic niche width? Global Ecology and Biogeography
24:383-395.

Harmon LJ, Weir JT, Brock CD, Glor RE, Challenger W. 2008. GEIGER:
investigating evolutionary radiations. Bioinformatics 24: 129-131.

Harris G, Pimm SL. 2008. Range size and extinction risk in forest birds.
Conservation Biology 22: 163-171.

Harvey MG, Bravo GA, Claramunt S, Cuervo AM, Derryberry GE, Battilana J,
Seeholzer GF, McKay JS, O' Meara BC, Faircloth BC, et al. 2020. The
evolution of a tropical biodiversity hotspot. Science370: 1343-1348.

Hernandez-Hernandez T, Wiens JJ. 2020. Why Are There So Many
Flowering Plants? A Multiscale Analysis of Plant Diversification.

American Naturalist 195: 948-963.



oNOYTULT D WN =

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

Journal of Systematics and Evolution

27

Hutter CR, Guayasamin JM, Wiens JJ. 2013. Explaining Andean
megadiversity: the evolutionary and ecological causes of grlassfrog
elevational richness patterns. £cology Letters

16:1135-1144.

Igea J, Tanentzap AJ. 2020a. Angiosperm speciation cools down in the
tropics. £cology Letters23: 692-700.

Janzen DH. 1967. Why mountain passes are higher in the tropics. The
American Naturalist, 101: 233-249.

Jetz W, Thomas GH, Joy JB, Hartmann K, Mooers AO. 2012. The global
diversity of birds in space and time. Nature 491: 444-448.

Kozak KH, Wiens JJ. 2010a. Accelerated rates of climatic-niche evolution
underlie rapid species diversification. £cology Letters13:1378-1389.

Kozak KH, Wiens JJ. 2010b. Niche conservatism drives elevational diversity
patterns in appalachian Salamanders. American Naturalist 176: 40—
54.

Kozak KH, Wiens JJ. 2012. Phylogeny, ecology, and the origins of climate-
richness relationships. £cology 93: S167-S181.

Latham RE, Ricklefs RE. 1993. Global patterns of tree species richness in
moist forests: energy- diversity theory does not account for variation
in species richness. Orkos 67: 325-333.

Liu H, Ye Q, Wiens JJ. 2020. Climatic-niche evolution follows similar rules in

plants and animals. Nature Ecology & Evolution4: 753-763.

Page 72 of 86



Page 73 of 86

oNOYTULT D WN =

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

Journal of Systematics and Evolution

28

Lu LM, Mao LF, Yang T, Ye JF, Liu B, Li HL, Sun M, Miller JT, Mathews S, Hu
HH, et al. 2018. Evolutionary history of the angiosperm flora of China.
Nature 554: 234-238.

Magallon S, Sanderson MJ. 2001. Absolute diversification rates in
angiosperm clades. £volution55: 1762-1780.

Martins EP, Hansen TF. 1997. Phylogenies and the comparative method: A
general approach to incorporating phylogenetic information into
the analysis of interspecific data. American Naturalist 149: 646-667.

Meyer ALS, Wiens JJ. 2018. Estimating diversification rates for higher taxa:

BAMM can give problematic estimates of rates and rate shifts.
Evolution72: 39-53.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D,
Minchin PR, O'Hara RB, Simpson GL, Solymos P, et al. 2019. vegan:
community ecology package. R package version 2.5-6.

Orme D. 2013. The caper package: comparative analysis of phylogenetics
and evolution in R. R package version 0.5.2.

Pagel M. 1999. Inferring the historical patterns of biological evolution.
Nature401: 877-884.

Pennell MW, Eastman JM, Slater GJ, Brown JW, Uyeda JC, FitzJohn RG,
Alfaro ME, Harmon LJ. 2014. geiger v2.0: an expanded suite of
methods for fitting macroevolutionary models to phylogenetic trees.

Bioinformatics 30: 2216-2218.



oNOYTULT D WN =

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

Journal of Systematics and Evolution

29

Pennell MW, FitzJohn RG, Cornwell WK. 2016. A simple approach for
maximizing the overlap of phylogenetic and comparative data.
Methods in Ecology and Evolution7: 751-758.

Phillimore AB, Price TD. 2008. Density-dependent cladogenesis in birds.
Plos Biology 6: 483-489.

Pyron RA, Wiens JJ. 2013. Large-scale phylogenetic analyses reveal the
causes of high tropical amphibian diversity. Poceedings of the Royal
Society B-Biological Sciences 280: 20131622.

Qian H, Deng T, Jin Y, Mao LF, Zhao D, Ricklefs RE. 2019. Phylogenetic
dispersion and diversity in regional assemblages of seed plants in
China. Proceedings of the National Academy of Sciences, USA 116:
23192-23201.

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.

Quinter I, Wiens JJ. 2013. What determines the climatic niche width of
species? The role of spatial and temporal climatic variation in three
vertebrate clades. Global Ecology and Biogeography 22: 422-432.

Rabosky DL. 2009. Ecological limits and diversification rate: alternative
paradigms to explain the variation in species richness among clades
and regions. £cology Letters 12: 735-743.

Rabosky DL, Chang J, Title PO, Cowman PF, Sallan L, Friedman M, Kaschner

Page 74 of 86



Page 75 of 86

oNOYTULT D WN =

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

Journal of Systematics and Evolution

30

K, Garilao C, Near TJ, Coll M, et al. 2018. An inverse latitudinal
gradient in speciation rate for marine fishes. Nature 559: 392-399.

Rabosky DL, Lovette 1. 2008. Density-dependent diversification in North
American wood warblers. Proceedings of the Royal Society B-
Biological Sciences 275: 2363-2371.

Ricklefs RE. 2007. Estimating diversification rates from phylogenetic
information. 7rends in Ecology & Evolution22: 601-610.

Rolland J, Salamin N. 2016. Niche width impacts vertebrate diversification.
Global Ecology and Biogeography 25: 1252-1263.

Rosenzweig ML. 1995. Species diversity in space and time. Cambridge
University Press, Cambridge.

Scholl JP, Wiens JJ. 2016. Diversification rates and species richness across
the Tree of Life. Proceedings of the Royal Society B-Biological
Scrences 283: 20161335.

Soberon J. 2007. Grinnellian and Eltonian niches and geographic
distributions of species. £cology Letters10: 1115-1123.

Su X, Shrestha N, Xu X, Sandanov D, Wang Q, Wang S, Dimitrov D, Wang Z.
2020. Phylogenetic conservatism and biogeographic affinity
influence woody plant species richness-climate relationships in
eastern Eurasia. £cography43: 1027-1040.

Tietje M, Antonelli A, Baker WJ, Govaerts R, Smith SA, Eiserhardt WL. 2022.

Global variation in diversification rate and species richness are



oNOYTULT D WN =

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

Journal of Systematics and Evolution

31

unlinked in plants. Proceedings of the National Academy of Sciences,
USA119: e21206621109.

Wiens JJ. 2016. Climate-related local extinctions are already widespread
among plant and animal species. Plos Biology 14: e2001104.

Wiens JJ, Ackerly DD, Allen AP, Anacker BL, Buckley LB, Cornell HYV,
Damschen EI, Davies TJ, Grytnes JA, Harrison SP, et al. 2010. Niche
conservatism as an emerging principle in ecology and conservation
biology. £cology Letters13: 1310-1324.

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

Wiens JJ, Pyron RA, Moen DS. 2011. Phylogenetic origins of local-scale
diversity patterns and the causes of Amazonian megadiversity.
Ecology Letters 14: 643-652.

Wiens JJ, Sukumaran J, Pyron RA, Brown RM. 2009. Evolutionary and
biogeographic origins of high tropical diversity in old world frogs
(Ranidae). Evolution63: 1217-1231.

Wu ZY, Raven PH, Hong DY. 2013. (eds) Flora of China, Vol. 1-25 (Science

Press & Missouri Botanical Garden Press, 1994-2013).

Page 76 of 86



Page 77 of 86

oNOYTULT D WN =

667
668
669
670

671

Figure legends

Journal of Systematics and Evolution

32

Table 1 Potential hypothesis to explain diversification rate and climatic

niche width based on Gémez-Rodriguez et al. (2015).

Hypothesis

Predictions

H1: Narrower niches
facilitate
diversification rate via

niche conservatism.

(1) Strong and positive relationship between
family climatic niche width and mean species
climatic niche width;

(2) Negative
diversification rate and family climatic niche
width;

(3) Negative

relationship between

relationship between
diversification rate and mean species climatic

niche width.

H2: Wider
niche widths facilitate

climatic

diversification rate via
climatic niche

divergence.

(1) No or weak relationship between family
climatic niche width and mean species
climatic niche width;

(2) No relationship between diversification rate
and mean species climatic niche width;

(3) Strong and positive relationship between

climatic niche

diversification rate and

divergence (residuals of relationship
between family climatic niche width and

mean species climatic niche width).

H3: Wider
niche widths facilitate

climatic

diversification rate via
increased climatic

niche evolution rate.

(1) Strong and positive relationship between

diversification rate and climatic niche
evolution rate;

(2) Positive relationship between climatic niche
width and climatic niche evolution rate;

(3) Positive relationship between climatic niche

divergence and climatic niche evolution rate.

H4: Wider climatic

(1) Positive relationship between family and
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width
facilitate

niche could

diversification rate via
decreased extinction

mean species climatic niche width;

(2) Strong and positive relationship between
diversification rate and mean species climatic
niche width and family climatic niche width;

rate. (3) No relationship between diversification rate
and climatic niche divergence.

H5: Wider climatic | Strong and positive relationship between the

niche width could | diversification rate and geographic area of clade.

facilitate This relationship was stronger than the

diversification rate via
geographic extent.

relationship between diversification rate and
climatic niche width.

H6: Wider
niche widths

climatic
could

facilitate

diversification rate via

separated geographic

Strong and positive relationship between
diversification rate and climatic niche position.
This relationship was stronger than relationship
between diversification rate and climatic niche

width.

effects (niche

position).

HO: Relationship | (1) Strong and positive relationship between
between diversification rate and species richness

diversification rate

and clad-level climatic

niche  width  via
sampling more
species.

among families;

(2) Positive relationship between family and
mean species climatic niche width;

(3) Positive relationship between diversification
rate and family and mean species climatic
niche width;

(4) The relationship (r2) in (3) were stronger than
results of randomly selected species in each
family.
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674 Table 2 Overview of the niche parameters in our study.

Niche variables Explanation of the niche variables

oNOYTULT D WN =

Family climatic niche width  Climatic niche width of the family

12 Mean species climatic Mean value of climatic niche width for all
15 niche width the species within the family

17 Climatic niche divergence  Residuals of family climatic niche width
20 versus mean species climatic niche width
Climatic niche position Climate variables (including BIO1, BIOS,
25 BIO6, BIO12, BIO16, BIO17)

28 Climatic niche evolution Evolutionary rate of BIO1 and BIO12

30 rate

33 Geographic extent Area of species distribution of the family

675
38 676  Fig. 1 Relationship between diversification rate and family climatic niche
41 677  width (A, B, C), mean species climatic niche width (D, E, F) and climatic niche
43 678 divergence (G, H, I) for MAP, MAT and overall respectively. Darker colors
46 679 indicate greater overlap of data points. Diversification rates were estimated
680 based on stem-group ages of family with €=0.5, including only species in
51 681  China. Use of alternative values of € (0, 0.9) and global richness of families
54 682  yields similar results (Table S2, S3).
26 683

59 684  Fig. 2 Relationship between family climatic niche width and mean species
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climatic niche width (A, B, C). A significant relationship between
diversification rate and geographic extent (D). Darker colors indicate
greater overlap of data points. Diversification rates were estimated based
on stem-group ages of families with €=0.5, including only species in China.
Use of alternative values of € (0, 0.9) and global richness of families yields
similar results (Table S2, S3). Geographic extent was the distribution area

of each family.

Fig. 3 Relationship between diversification rate and climatic niche position.
BIO1, BIOS5, BIO6 and BIO12, BIO16, BIO17 represent annual mean
temperature, maximum temperature of the warmest month, minimum
temperature of the coldest month, annual precipitation, precipitation of
the wettest quarter and precipitation of the driest quarter respectively.
Darker colors indicate greater overlap of data points. Diversification rates
were estimated based on stem-group ages of families with €=0.5, including
only species in China. Use of alternative values of € (0, 0.9) and global

richness of families yields similar results (Table S2, S3).

Fig. 4 Venn diagram showing the results of variance partitioning on a full
model of diversification rate with climatic niche position (NP), climatic
niche width (NW), climatic niche divergence (ND), geographic extent (GE)

as explanatory variables. Results are shown as percentage of explained
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variance.

Fig. S1 Relationship between family climatic niche width, mean species
climatic niche width and climatic niche divergence. Different color of the

curves represent species niche, R1, R2 and R3 are niche divergence.

Fig. S2 Relationship between climatic niche evolution rate and
diversification rate (A, B), family climatic niche width (C, D), mean species
climatic niche width (E, F), climatic niche divergence (G, H) for both
temperature and precipitation. Darker colors indicate greater overlap of
data points.

Fig. S3 Relationship between diversification rate and order climatic niche
width (A, B), mean species climatic niche width (C, D) and climatic niche
divergence (E, F) for MAP, MAT respectively. Darker colors indicate greater
overlap of data points. Diversification rates were estimated based on stem-
group ages of order with £=0.5, including only species in China. Darker

colors indicate greater overlap of data points.

Fig. S4 Results from the null model at family level. The observed 72 is
indicated with a vertical gray line. The black curves represent the
distribution of /2 values from PGLS across the 1000 null datasets. The range

of dashed lines were 95% confidence intervals of /2 across the 1000 random
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samples. Diversification rate vs family climatic niche width were shown in
A, B, G Diversification rate vs mean specie climatic niche width were shown
in D, E, F; Diversification rate vs climatic niche divergence were shown in G,
H, I. Temperature niche width were showed in A, D, E, precipitation niche
width were showed in B, E, H, overall niche width (temperature niche width

x precipitation niche width) were showed in C, F, L.

Fig. S5 Results from the null model at order level. The observed 7 is
indicated with a vertical gray line. The black curves represent the
distribution of /2 values from PGLS across the 1000 null datasets. The range
of dashed lines were 95% confidence intervals of /2 across the 1000 random
samples. Diversification rate vs order climatic niche width were shown in A,
B; Diversification rate vs mean specie climatic niche width were shown in C,
D; Diversification rate vs climatic niche divergence were shown in E, F.
Temperature niche width were showed in A, C, E, precipitation niche width

were showed in B, D, F.

Fig. S6 Diversification rate and species richness patterns of Chinese

angiosperms. Diversification rates were determined based on stem-group

ages of families with €=0.5.

Table S1 Best model of all traits were estimated in our study. The lowest
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AIC was marked in bold. WN, BM, OU, LA were models of white noise,

Brownian motion, Ornstein-Uhlenbeck and lambda respectively.

Table S2 Relationship between diversification rate and climatic niche
position, family climatic niche width, mean species climatic niche width,
climatic niche divergence, climatic niche evolution rate and geographic
extent. Results were estimated from univariate phylogenetic generalized
least-squares (PGLS) regression models. The diversification rates were
estimated base on species richness of China for each family, three
alternative extinction rate (¢=0, 0.5 and 0.9) were selected. Significant

relationship were shown in bold.

Table S3 Relationship between diversification rate and climatic niche
position, climatic family niche width, mean climatic niche width, climatic
niche divergence, climatic niche evolution rate and geographic extent.
Results were estimated from univariate phylogenetic generalized least-
squares (PGLS) regression models. The diversification rates were estimated
base on global species richness for each family, three alternative extinction
rate (€=0, 0.5 and 0.9) were selected. Significant relationship were shown in

bold.

Table S4 Relationship between species richness (including Chinese species
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and total species at global) and diversification rate, stem age. Results were
estimated from univariate phylogenetic generalized least-squares (PGLS)
regression models. The diversification rates were estimated base on global
species richness for each family, three alternative extinction rate (¢=0, 0.5

and 0.9) were selected. Significant relationships are shown in bold.
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Supporting Information
Additional supporting information may be found online in the Supporting

Information for this article.





