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Abstract

Strong correlations between species diversity and climate have been widely observed, but the

mechanism underlying this relationship is unclear. Here, we explored the causes of the richness–

climate relationships among passerine birds in China by integrating tropical conservatism and di-

versification rate hypotheses using path models. We found that assemblages with higher species

richness southwest of the Salween–Mekong–Pearl River Divide are phylogenetically overdispersed

and have shorter mean root distances (MRDs), while species-rich regions northeast of this divide

(e.g., north Hengduan Mountains–south Qinling Mountains) are phylogenetically clustered and

have longer MRDs. The results of the path analyses showed that the direct effect of climatic factors

on species richness was stronger than their indirect effects on species richness via phylogenetic re-

latedness, indicating that neither tropical conservatism nor diversification rate hypotheses can well

explain the richness–climate relationship among passerines in China. However, when path

analyses were conducted within subregions separately, we found that the tropical conservatism

hypothesis was well supported in the southwestern Salween–Mekong–Pearl River Divide, while the

diversification rate hypothesis could explain the richness–climate relationship well in the northeast-

ern divide. We conclude that the diversity patterns of passerines in different subregions of the

Eastern Himalayas-Mountains of Southwest China may be shaped by different evolutionary

processes related to geological and climatic histories, which explains why the tropical conservatism

or diversification rate hypothesis alone cannot fully explain the richness–climate relationships.

Key words: avifauna, diversification rate hypothesis, diversity hotspots, Eastern Himalayas—Mountains of Southwest China,

phylogenetic relatedness, tropical conservatism hypothesis

Species richness is distributed heterogeneously across the Earth’s

surface, and the tropics have higher diversity than temperate and

pole regions (Rosenzweig 1995; Gaston 2000). Research on the

mechanism underlying this well-known diversity gradient has
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challenged many biogeographers and ecologists in recent centuries

(Rosenzweig 1995). A strong correlation between species richness

and climatic factors (e.g., water and energy) has been found in many

taxa, indicating an important role of climate in driving global bio-

diversity distributions (Rosenzweig 1995; Hawkins et al. 2003;

Currie et al. 2004; Evans et al. 2005). However, climatic factors

cannot change the number of species and their compositions in a re-

gion without the direct roles of evolutionary processes (e.g., speci-

ation, extinction, and dispersal) (Wiens and Donoghue 2004).

Therefore, it is necessary to integrate these evolutionary processes to

fully understand the species richness–climate relationship (Wiens

and Donoghue 2004; Mittelbach et al. 2007; Algar et al. 2009; Qian

et al. 2016).

One hypothesis that integrates evolutionary and climatic factors

to explain the spatial variation in global diversity is the niche conser-

vatism hypothesis, which is defined as the maintenance of ancestral

climatic niches over evolutionary time among closely related species

(Wiens and Graham 2005; Losos 2008). The tropical conservatism

hypothesis postulates that most clades of current species originate in

tropical environments, and subsequent evolutionary events rarely

produce a clade that has the ability to tolerate freezing temperatures

and cross ecophysiological barriers to colder environments (Wiens

and Graham 2005; Ricklefs 2006; Losos 2008; Qian et al. 2013).

Under this hypothesis, warm and humid environments have higher

species richness because these regions are characterized by their an-

cestral niches and have a long time to accumulate more distantly

related species (sometimes called “time-for-speciation effects”;

Stephens and Wiens 2003), while colder and dryer regions have

lower diversity; moreover, most clades tend to be younger and

phylogenetically more related to each other (phylogenetic clustering)

(Wiens and Donoghue 2004; Losos 2008; Qian et al. 2013). The cli-

matic niche conservatism of regional taxa creates variation in species

diversity along environmental gradients (e.g., temperature and pre-

cipitation), resulting in stronger correlations between species rich-

ness and climatic factors.

Alternatively, species richness–climate relationships might be

explained by the diversification rate hypothesis, which predicts

that certain climatic regimes may have more species because of the

higher net diversification rate (speciation minus extinction rates)

(Stenseth 1984; Rohde 1992). Climatic factors might affect the di-

versification rate through various mechanisms. For example, pro-

ductive areas (e.g., characterized by warm and moist climates) may

provide more resources and support more individuals, enabling

species to maintain larger and more viable populations, which

reduces their extinction risk (Currie et al. 2004; Evans et al. 2005;

Mittelbach et al. 2007). Moreover, the evolutionary rate could be

faster in warmer environments (e.g., tropics) than in colder regions

because higher temperatures could increase the metabolic rate,

which influences the consumption of oxygen and production of

oxygen-free radicals and in turn may increase genetic mutation

rates (Mittelbach et al. 2007; Dowle et al. 2013). Other mecha-

nisms, such as narrower physiological tolerances reducing dispersal

abilities across unfavorable environments (Janzen 1967) and stron-

ger biotic interactions causing greater specialization in tropical

organisms (Currie et al. 2004; Mittelbach et al. 2007), might also

contribute to rapid speciation in warm and humid climate regimes.

The processes could cause differences in the net diversification

rates among regions, leading to variations in species richness along

climate gradients.

Both hypotheses could be tested by comparing phylogenetic re-

latedness among species in different climatic regimes and correlating

these patterns to climatic characters and species richness (Algar et al.

2009; Qian et al. 2015, 2016). Specifically, if climate constrains spe-

cies richness patterns, as indicated by the tropical conservatism hy-

pothesis, species richness should be strongly related to climatic

factors. Furthermore, species in the regions with lower richness

should be closely related to each other (phylogenetic clustering),

while regions with higher richness should have more distantly related

species (phylogenetic overdispersion) due to longer times for diversi-

fication in these habitats. Alternatively, if the diversification rate

underlies the richness–climate relationships, the mean root distance

(MRD) (Kerr and Currie 1999) among species in assemblages, which

indicates a higher diversification rate, should directly correlate to

species richness, while climate should indirectly correlate to richness

via MRD. For example, Qian et al. (2015) used path analysis to

examine relationships among species richness, climatic factors

including minimum temperature of coldest month (MTCM) and an-

nual precipitation (AP), and phylogenetic relatedness of MRD (Kerr

and Currie 1999), net relatedness index (NRI) (Webb et al. 2002)

and phylogenetic species variation (PSV) (Helmus et al. 2007) (meas-

uring phylogenetic structure) using angiosperm trees as a group.

They found that species richness was directly correlated with NRI

and PSV and indirectly correlated with MTCM, which strongly sup-

ported the tropical conservatism hypothesis underlying the richness–

climate relationships in North America (Qian et al. 2015).

China includes a large land area (�9.6 million km2) ranging

from tropical to boreal zones and from a very low altitude of

�156 m in Turpan, Xinjiang, to the world’s highest mountain of

Mount Qomolangma (8848 m) in Tibet (Tregear 2017). This geo-

graphic and climatic diversity results in almost all types of habitats

on Earth ranging from rainforests to deserts (Tang et al. 2006),

which are home to more than 35,000 species of vascular plants and

6,300 species of vertebrates (Ministry of Environmental Protection

2008). Species richness varies clearly along climatic gradients (e.g.,

temperature and precipitation) in China, which is suggested to be

driven by contemporary and historical climates (Ding et al. 2006;

Lei et al. 2015; Wang et al. 2020) or different evolutionary histor-

ies (e.g., speciation, extinction, and dispersal) (López-Pujol et al.

2011; Lei et al. 2015). However, few studies (but see Cai et al

2018; Lu et al. 2018) have tested how climate affected evolution-

ary processes and indirectly shaped contemporary species richness

patterns.

In this study, we examined whether tropical conservatism and/or

diversification rate hypotheses are linked to diversity variations along

climate gradients using passerine birds in China as a model system.

Specifically, we combined species distribution maps, time-calibrated

phylogeny, and climatic factors to estimate phylogenetic structure,

diversification rate and climate in grids and subsequently tested the

causes of richness–climatic relationships using path models. Here, we

estimated the MRD (Kerr and Currie 1999), NRI, and nearest taxon

index (NTI) (Webb et al. 2002) as measurements of phylogenetic re-

latedness in regional assemblages. We postulated the following expli-

cit relationships. If climate constrains species richness through

tropical conservatism, we would expect that geographic variations in

the NRI and NTI should be related to climatic variables, and species

richness should correlate negatively with the NRI and NTI

(Supplementary Figure S1A and B). On the other hand, if the diversi-

fication rate regulates richness–climate relationships, species richness

should be positively related to MRD and indirectly related to climate

variables via MRD (Supplementary Figure S1C and D).
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Materials and Methods

Study area
Our study area spans a large region of mainland China. Taiwan,

Hainan, and other oceanic islands were excluded because of their

different geological histories and evolutionary processes of regional

assemblages from the mainland (MacArthur and Wilson 2001; Ding

et al. 2006). Following the Albers projection, we divided mainland

China into grid cells of 100�100 km in size. Grid cells covering the

margins of mainland surfaces (<7,000 km2; 70%) were deleted to

avoid area effects. Finally, a total of 937 grid cells were used in our

analyses.

Species distribution data
The species distribution maps used in the analyses were downloaded

from BirdLife International and NatureServe (2014). The distribu-

tions of introduced and invasive species were excluded from the spe-

cies range maps. Only resident and breeding ranges were used in the

following analyses. To obtain accurate distribution maps, we manu-

ally checked and adjusted the distributions by referring to the occur-

rence records from museum collections, the Global Biodiversity

Information Facility (GBIF, http://www.gbif.org/), eBird (http://

ebird.org/), the Chinese Bird Report (http://www.birdreport.cn),

and primary literature. All records were georeferenced and plotted

into grids. If a species had more than two records at least 10 km

apart in one grid, it was labeled present. By overlaying all the range

maps and observation records to grids, we obtained bird assemb-

lages and summed the number of species as species richness in each

grid cell (Supplementary Table S1). In total, our study included 611

nonmigratory passerine birds.

Climatic variables
Climatic variables were sampled for the same 937 grid cells

(Supplementary Table S2). For each grid cell, we estimated the mean

annual temperature (MAT), maximum temperature of warmest

month (MTWM), MTCM, temperature annual range (TAR), AP,

precipitation seasonality (PS), precipitation of wettest month

(PWM), precipitation of driest month (PDM), net primary product-

ivity (NPP), and velocity of climatic change (VCC) to characterize

the energy and water balance. MAT, MTWM, MTCM, TAR, AP,

PS, PWM, and PDM were obtained from WorldClim 1.4 (Hijmans

et al. 2005). NPP in grids was measured using the layer with a spa-

tial resolution of one-quarter degree from Imhoff et al. (2004). The

VCC (km yr�1) was computed by dividing the rate of projected

temperature change (�C yr�1) by the spatial gradients of climate

(�C km�1), which represents the initial rate at which species must

migrate across the Earth’s surface to maintain constant climatic con-

ditions (Loarie et al. 2009; Hamann et al. 2015). We estimated the

velocity of MAT change from the Last Glacial Maximum (LGM)

(approximately 22,000 years ago) to present in grids using a

distance-based approach (Loarie et al. 2009). MAT in the LGM was

also sampled from WorldClim 1.4 (Hijmans et al. 2005), with a

resolution of one-quarter degree.

Phylogeny and measurements of phylogenetic

relatedness
Our analyses were based on phylogenetic trees from VertLife (http://

vertlife.org/phylosubsets). Using phylogeny by Hackett et al. (2008)

as backbones, we sampled 5,000 “stage 2” trees (9,993 species)

(Jetz et al. 2012), which were summarized to produce a maximum

clade credibility (MCC) time-calibrated phylogeny. Then, an MCC

tree was pruned to include 611 species in our dataset. The pruned

tree (Supplementary Figure S2) was used to measure phylogenetic re-

latedness in the following analyses.

We applied two commonly used indices, the NRI and NTI

(Webb et al. 2002), to measure the phylogenetic structures of passer-

ine birds in assemblages. NRI measures the mean phylogenetic dis-

tance (MPD) between all pairs of taxa within a grid cell, while NTI

measures the MPD between a species and its nearest relative (being

called mean nearest taxon distance, MNTD) in a grid cell.

Therefore, the NRI mainly reflects structure at deeper parts (distant

taxa) of the phylogeny, while the NTI primarily reflects shallower

parts (tips) of the phylogeny (Webb et al. 2002). NRI and NTI were

calculated as follows:

NRI ¼ � 1 � MPDobs �MPDrand

sdðMPDrandÞ
(1)

NTI ¼ � 1 � MNTDobs �MNTDrand

sd MNTDrandð Þ (2)

where MPDobs and MNTDobs are the observed MPD and MNTD in

grids; MPDrand and MNTDrand are the average values of the

expected MPD and MNTD of a null model that was created by ran-

domly shuffling the phylogenetic distance matrix labels for a grid

across all taxa included in the phylogenetic distance matrix

(n¼999); and sd(MPDrand) and sd(MNTDrand) are the standard

deviations of MPDrand and MNTDrand for the null model. The nega-

tive values of NRI and NTI indicate phylogenetic overdispersion,

whereas positive values indicate phylogenetic clustering in a grid.

MRD measures how distant species in a grid are separated from

the root of the phylogeny (Kerr and Currie 1999), which was calcu-

lated by the average number of nodes that separate each species in a

grid from the root of the passerine tree. Thus, a strong correlation

between MRD and a given climatic factor and between that climatic

factor and species richness may suggest that the climatic factor pro-

motes higher net diversification rates and that these higher net diver-

sification rates may explain the richness–climate relationship among

grids (Algar et al. 2009; Qian et al. 2015). To examine whether the

MRD was significantly higher or lower than the expected value in a

grid, we calculated the standardized effect size of MRD (SES.MRD)

based on a null model by shuffling taxa labels across the tips of the

phylogeny 999 times. SES.MRD was calculated by dividing the dif-

ference between the observed value (MRDobs) and expected values

(MRDrand) by the standard deviation of the null distribution

(sd(MRDrand)):

SES:MRD ¼ MRDobs �MRDrand

sdðMRDrandÞ
(3)

Statistical analyses
Before analyses, we conducted log transforms of species richness,

AP, PDM, PWM, and NPP to improve normality and linearity.

First, we used univariate simultaneous autoregressive (SAR) mod-

els to identify the predictors that had a stronger influence on spe-

cies richness and phylogenetic relatedness. Second, we built

multivariate SAR models of species richness against phylogenetic

relatedness and climatic factors and of phylogenetic relatedness

against climatic factors. Some of the climatic variables were

excluded from the multivariate SAR models because they had

lower explanatory power (Supplementary Tables S3–S6) for the

geographic patterns of species richness or phylogenetic relatedness.

As Pearson’s correlation analyses found correlations among some
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of the predictors (Supplementary Table S7), we used the variance

inflation factor (VIF < 4) to check for multicollinearity of predic-

tors in the multiple model in R 3.6.0 (R Core Team 2019). SAR

models were analyzed in the SAM 4.0 (Rangel et al. 2010). The

alpha parameter was set to three to obtain a good description of

the fine-scale spatial structure of SAR models (Rangel et al.

2010). For the large-scale data analyses, spatial autocorrelation

may inflate the probability of type I error in significance tests. To

remove the influence of spatial autocorrelation on significance

tests, we recalculated P-values of the coefficient of determination

R2 based on geographically effective degrees of freedom using the

approach of Dutilleul et al. (1993).

Figure 1. (A) Mountains and topographic characteristics of China. (B) Species richness of passerine birds across mainland China. Source of the administrative

map from the National Geomatics Center of China (http://www.webmap.cn).

Figure 2. Geographic patterns of (A) NRI, (B) the NTI, and (C) MRD of passerine birds and corresponding null models (D–F) in mainland China. Source of the ad-

ministrative map from the National Geomatics Center of China (http://www.webmap.cn).
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The univariate SAR models identified AP, PWM, NPP, TAR, and

MTCM as the strongest predictors of both species richness and phylo-

genetic relatedness (Supplementary Tables S3–S6). Therefore, path

models were built assuming that phylogenetic relatedness (NTI and

MRD) could influence species richness directly, while climatic factors

(TAR, MTCM, and AP) could influence species richness directly and

indirectly via their effects on phylogenetic relatedness (Algar et al.

2009; Qian et al. 2015, 2016) to further compare the relative effects

of phylogenetic and climatic variables on the geographic pattern of

species richness. NPP and PWM were not included in path models be-

cause they were highly related to AP (Supplementary Table S7). NTI

was included instead of NRI as a proxy of phylogenetic overdisper-

sion in the path models because NRI had a weaker impact on species

richness and was less affected by climate than NTI (Supplementary

Tables S3–S5). We independently examined the tropical conservatism

hypothesis and diversification rate hypothesis in different path mod-

els. To directly compare the path coefficients in the model, we stand-

ardized each variable to a mean of zero and a variance of one before

modeling (Algar et al. 2009). The path models were built in R using

the “lavaan” package (Rosseel 2012). We used the root mean square

error of approximation (RMSEA) and Tucker–Lewis index (TLI)

(Rosseel 2012) to assess the overall fit of path models. To account for

spatial autocorrelation, we used lavSpatialCorrect.R (available at

https://github.com/jebyrnes/spatial_correction_lavaan/blob/master/

lavSpatialCorrect.R) to recalculate P-values based on geographic dis-

tance in all models.

The preliminary findings showed that the geographic patterns of

the NRI, NTI, and MRD were different on two sides of the

Salween–Mekong–Pearl River Divide (see the “Results” section).

Therefore, in addition to across the entire study area, multivariate

SAR regressions and path model analyses were also conducted with-

in each of two subregions: southwest and northeast of the Salween–

Mekong–Pearl River Divide. We expected that tropical conservatism

and diversification rate hypotheses would play different roles in

explaining geographic patterns of species richness in the two subre-

gions because the geological and glacial histories and evolution of

avifauna differed substantially between these subregions.

Sensitivity analysis
Analyses were conducted to estimate the robustness of our results to

known sources of sampling biases. First, to examine the effects of

phylogenetic trees on the estimation of phylogenetic relatedness, we

randomly sampled 100 trees from 5,000 trees and estimated values

of NRI, NTI, and MRD in grids using each tree. Subsequently,

Pearson’s correlation analyses were used to check whether the NRI,

NTI, and MRD based on the consensus tree (Supplementary Figure

Figure 3. Scatter points showing variation in (A) species richness, (B) NRI, and (C) the NTI and (D) MRD of passerine birds along latitude gradients in mainland

China.
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S2) were related to those estimated from 100 trees. Second, we esti-

mated species richness and phylogenetically related and climatic var-

iables in grids 200�200 km in size and then used these variables to

conduct SAR regressions. This method tests whether the size of grid

cell affects the results.

Results

The species richness and phylogenetic relatedness of passerine birds

varied substantially across mainland China (Figures 1 and 2).

Sensitivity analyses using 100 trees suggested that the phylogenetic

relatedness estimated by a consensus tree was robust

(Supplementary Figure S3). The results showed that species diversity

generally decreased with increasing latitude, as suggested by the lati-

tudinal diversity gradient theory, while the relationships between

phylogenetic relatedness measurements and latitude were nonlinear

(Figure 3). Species richness was higher in the southwestern areas of

China, such as the eastern Himalayas, Hengduan Mountains, south-

western Yunnan and southern Qinling Mountains, while northern,

northeastern and northwestern China had fewer species (Figure 1).

For the deeper parts of the phylogeny (NRI; Figure 2A and D), only

a few cells in southern Yunnan–Guangxi displayed phylogenetic

overdispersion, and a few cells in the Qinghai–Tibet Plateau (QTP)

and southern margin of the Sichuan Basin showed phylogenetic clus-

tering, while most grid cells were randomly assembled. For the shal-

low parts of the phylogeny (NTI; Figure 2B and E), grids with

phylogenetic overdispersion were mainly distributed in middle

Yunnan and eastern Himalayas, while phylogenetic clustering was

widely distributed in Northwest China, the Mongolian Plateau, and

the Middle-Lower Yangtze Plains. MRD values were significantly

higher in the mountains around the Sichuan Basin but significantly

lower in the tropical–subtropical and boreal regions (Figure 2C and

F). In general, geographic patterns of phylogenetic relatedness were

contrasted on different sides of the Salween–Mekong–Pearl River

Divide (Figures 1 and 2): assemblages southwest of the divide

showed phylogenetic overdispersion with lower MRD values, while

assemblages in northeastern regions (e.g., northern Hengduan

Mountains–Qinling Mountains) of this divide were clustered in shal-

low parts of the phylogeny with higher MRD values.

The results of univariate SAR models (Supplementary Tables

S3–S6) indicated that climatic variables had stronger effects on spe-

cies richness than phylogenetic relatedness variables. The results

were robust when the analyses were conducted in grids

200�200 km in size (Supplementary Tables S8–S11). For the phylo-

genetic metrics, MRD explained geographic patterns of species rich-

ness very well (R2 ¼ 0.40, P¼0), while NRI (R2 ¼ 0.01, P<0.05)

and NTI (R2 ¼ 0.08, P<0.0001) had weak explanatory power on

species richness. Generally, climatic variables could predict MRD

well (R2 ¼ 0.22–0.37) but had lower effects on NRI and NTI (R2 ¼
0–0.11). Multivariate SAR models (Table 1) yielded similar results,

which suggested that species richness was better explained by the cli-

matic variables (R2 ¼ 0.73) than by the phylogenetic variables (R2 ¼
0.54). Both climatic and phylogenetic variables could explain 74%

of the geographic variations in species richness. Climatic variables

(TAR, MTWM, VCC, AP, and PS) had stronger explanatory power

on MRD (R2 ¼ 0.52) than on NRI (R2 ¼ 0.42) and NTI (R2 ¼ 0.29)

(Table 1).

All path models fit the data well (all RSMEAs < 0.05 and TLIs

> 0.95). For the models related to the tropical conservatism hypoth-

esis in the entire region (Figure 4A), species richness was largely

determined directly by climatic variables (AP: b¼0.46, P<0.001;

TAR: b ¼ �0.45, P<0.001), while the indirect effect of climate on

species richness via phylogenetic structure was very weak (b¼0.02,

P¼0.32). In contrast, models related to the diversification rate

hypothesis suggested that MRD explained some of the variance in

species richness (b¼0.18, P<0.05), but its effect was smaller than

the direct effects of climatic variables (AP: b¼0.40, P<0.001;

TAR: b ¼ �0.38, P<0.001). When the data were analyzed separ-

ately for the two subregions (Figure 4B and C), species richness was

better explained by the tropical conservatism hypothesis model (R2

¼ 0.56) than by the diversification rate hypothesis model (R2 ¼
0.37) in the southwestern divide, while the pattern was reversed in

the northeastern divide. In the southwest of the divide, species rich-

ness was negatively and directly related to NTI (b ¼ �0.72,

P<0.001), which was positively related to AP (b¼0.27, P<0.001)

(Figure 4B). In contrast, climatic factors had stronger indirect effects

via MRD than their direct effects on species in the northeastern div-

ide (Figure 4C). These results were robust when MTCM was used as

a proxy of temperature in the path models (Figure 5).

Discussion

Our results identified the warm and humid regions in the Eastern

Himalayas—Mountains of Southwest China as the major diversity

hotspots for passerine birds in China, which is consistent with previ-

ous findings (Ding et al. 2006; Fjeldså 2013; Wang et al. 2020).

Generally, species diversity varied strongly along latitudinal and cli-

matic gradients (e.g., TAR, MTCM, and AP). We explored the

Table 1. Results of multivariate SAR models to explain geographic

patterns of species richness (SR), NRI, the NTI, and MRD

Response Predictor Coefficient P R2

SR TAR �0.021 <0.001 0.73

VCC �0.005 <0.001

AP 0.269 <0.001

PS �0.005 <0.001

SR NRI �0.061 <0.001 0.53

NTI �0.040 0.002

MRD 0.363 <0.001

SR TAR �0.020 <0.001 0.74

VCC �0.004 <0.001

AP 0.209 <0.001

PS �0.003 0.002

NRI �0.083 <0.001

NTI 0.001 0.993

MRD 0.235 <0.001

NRI TAR 0.042 <0.001 0.42

MTWM �0.029 <0.001

VCC �0.005 <0.001

AP 0.153 0.044

PS �0.004 0.083

NTI TAR 0.054 <0.001 0.29

MTWM �0.029 0.001

VCC �0.003 0.005

AP �0.121 0.273

PS �0.006 0.058

MRD TAR 0.013 0.105 0.52

MTWM �0.002 0.650

VCC �0.004 <0.001

AP 0.343 <0.001

PS �0.009 <0.001

Predictors are TAR, VCC, AP, PS, and MTWM.
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causes of the richness–climate relationships of passerine birds in

China, integrating tropical conservatism and diversification rate

hypotheses using path models. The results showed that AP, MTCM,

and TAR had a strong direct influence on species richness, while

their indirect effects on species richness via NTI and MRD were

relatively weak. Thus, our results do not support the idea of tropical

conservatism and diversification rate hypotheses underlying the rich-

ness–climate relationships of passerine birds in China.

The lack of support for the tropical conservatism and diversifica-

tion rate hypothesis in this study is particularly unexpected given

that many previous studies have found geographic patterns of re-

gional flora regulated by climatic factors. For example, Wang et al.

(2020) found that the clustering phylogenetic structures of birds

occurred in warm and humid mountains in Southwest China, and

Lu et al. (2018) discovered that the turnover of the phylogenetic

structure of angiosperm assemblies coincided with the 500-mm iso-

line of precipitation. In addition, some other studies have suggested

that higher diversity in the Eastern Himalayas—Mountains of

Southwest China could be well explained by the long evolutionary

time for diversification due to long-term stability of the regional cli-

mate or rapid speciation driven by mountain build-up (Fjeldså 2013;

Qu et al. 2014; Lei et al. 2015; Xing and Ree 2017; Cai et al. 2020;

Ding et al. 2020). Using path models, Qian et al. (2016) found that

minimum temperature primarily constrained the species richness of

Figure 4. Diagrams of path analyses to test the tropical conservatism hypothesis and diversification rate hypothesis in the entire region (A), southwestern Divide

(B), and northeastern Divide (C). The tested variables were species richness (SR), AP, TAR, NTI, and MRD. The numbers are path coefficients. ns ¼ not significant;
*P<0.05; **P<0.001.
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angiosperm trees in China via its effects on phylogenetic structure.

However, Cai et al. (2018) found that the species diversity of pheas-

ants in the Sino-Himalayan Mountains was directly regulated by the

net diversification rate and indirectly regulated by productivity via

the diversification rate. These findings indicate that the tropical con-

servatism hypothesis and diversification rate hypothesis could be

major explanations for species richness along temperature gradients

in China.

The discrepancy between our results and previous studies may be

mainly dependent on the study area used in analyses considering

that our results reveal the contrasting geographic patterns of phylo-

genetic relatedness on different sides of the Salween–Mekong–Pearl

River Divide (Figures 1 and 2). The Divide is consistent with the

north boundary of zoogeographical subregion of South China put

forward by Zhang (1999). Further analyses using path models

(Figures 4B and C and 5B and C) have suggested that areas with

warm, humid, and stable climates characterized by the highest diver-

sity in the southwest of the divide tend to have more distant relatives

(lower NTI and NRI values), indicating longer evolutionary times to

gradually accumulate more phylogenetically distant species

(Stephens and Wiens 2003; Qian et al. 2013). However, in the

northeastern divide, warm areas with more species tend to have lon-

ger evolutionary distances from the root to tip in the phylogeny

(higher MRD) than species-poor environments, indicating rapid

Figure 5. Diagrams of path analyses to test the tropical conservatism hypothesis and diversification rate hypothesis in the entire region (A), southwestern Divide

(B), and northeastern Divide (C). The tested variables were species richness (SR), AP, MTCM, NTI, and MRD. The numbers are path coefficients. ns ¼ not signifi-

cant; *P<0.05; **P<0.001.
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diversification in these areas to accumulate more species (Algar

et al. 2009; Qian et al. 2015). Thus, our path models support that

richness–climate relationships in the southwest of the Salween–

Mekong–Pearl River Divide can be well explained by the tropical

conservatism hypothesis, while variation in species diversity along

climatic gradients in the northeast of the divide can be explained by

the diversification rate hypothesis. These findings are consistent

with the results of Cai et al. (2018), which revealed the varied roles

of tropical conservatism and diversification rate hypotheses in

explaining diversity patterns of pheasants in different subregions of

the Sino-Himalayan Mountains.

Our support for the tropical conservatism hypothesis in the

southwest of the Salween–Mekong–Pearl River Divide is unsurpris-

ing given that the region is considered a relatively old montane re-

gion and can provide suitable habitats for ancestor passerines. The

region was formed by the uplift of the QTP and reached a height of

4,000 m by 40 Ma (Favre et al. 2015). The subsequent formation of

the Asian monsoon created a warm and wet climate on the southern

margins of the QTP (e.g., eastern Himalayas and northern Indo-

China) (Favre et al. 2015), resulting in stable habitats covered by

broadleaf forests since the Miocene (Deng et al. 2014). Previous

studies (Päckert et al. 2012; Fjeldså 2013) based on phylogenetic

analyses have suggested that the foothills of the Himalayas and

northern Indo-China were occupied first by an initial invasion of an-

cestral passerine birds from Australia and New Guinea in the upper

Tertiary (Barker et al. 2004; Oliveros et al. 2019). This early inva-

sion in the region left more time for accumulating old species and

generating new species, leading to phylogenetic overdispersion in re-

gional assemblages (e.g., eastern Himalayas and western–southern

Yunnan see Figure 2). In addition, evidence from paleoclimatology

suggests that the Pleistocene glaciations have strongly affected the

QTP, Central and North China, but did not affect the lower slopes

or valleys below 2,000 m of the Eastern Himalayas—Mountains of

Southwest China (Shi et al. 1987). Thus, southwestern regions of

the Salween–Mekong–Pearl River Divide could be a refuge for accu-

mulating more distantly related relict species (Zhang 2004; Lei et al.

2015).

In the northeastern Salween–Mekong–Pearl River Divide, the

Hengduan Mountains and south Qinling Mountains harbor more

passerines and have higher MRDs than the other regions (Figures 1

and 2), indicating rapid diversification to accumulate more species.

Although the southern marginal regions of the QTP reached their

current elevations by the mid-Miocene, it is generally believed that

its southeastern margins (e.g., Hengduan Mountains and southern

Qinling Mountains) formed relatively late, mainly between the late

Miocene and late Pliocene (Favre et al. 2015). Dramatic uplift of the

southeastern margins of the QTP creates physical barriers and cli-

matic gradients along elevation, which are likely to promote allopat-

ric or parapatric speciation by facilitating local adaption,

geographical isolation, and restricting gene flow among populations

(Qu et al. 2014), resulting in rapid diversification of regional fauna

(Lei et al. 2015; Xing and Ree 2017; Wang et al. 2020).

Furthermore, the climate in the Hengduan Mountains and southern

Qinling Mountains has been relatively warm and humid since the

late Miocene because higher mountains (e.g., Qinling Mountains)

blocked warm and moist air from the ocean and kept cold air out-

side of the northern mountains (Shi et al. 1987; Favre et al. 2015),

providing stable habitats for the continuous diversification of re-

gional fauna during the Pleistocene glaciations. This is supported by

the results of path models, suggesting that regional species richness

is directly related to MRD, which is positively regulated by

precipitation and minimum temperature and negatively driven by

TAR (Figures 4C and 5C).

In conclusion, our results suggest that the richness–climate rela-

tionships of passerines in the entire region of China cannot be well

explained by tropical conservatism or diversification rate hypothe-

ses. However, the analyses based on subregions on different sides of

the Salween–Mekong–Pearl River divide reveal that species diversity

could be well explained by the tropical conservatism hypothesis in

the southwest and by the diversification rate hypothesis in the north-

east of the divide. Therefore, the mechanisms underlying the build-

up of diversity hotspots vary in different montane regions of the

Eastern Himalayas—Mountains of Southwest China, which could

be driven by the complex geological and evolutionary histories. Our

study also offers new insights for future research on Chinese

fauna—more attention should be devoted to subregions with differ-

ent geological histories rather than only focusing on whole regions.
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