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1 | INTRODUCTION

What drives the uneven distribution of biodiversity at macro-eco-

logical scales is a central question in ecology and biogeography

Abstract

Aims: Glacial-interglacial climate stability and contemporary climate could affect bird
diversity through their direct effects on diversification and physiological tolerance,
and indirect effects on plant species richness, which could provide more food and
ecological niches. This study aims to quantitatively assess the direct and indirect ef-
fects of these drivers on species richness, phylogenetic and functional structure of
bird assemblages.

Location: Mainland China.

Taxon: Birds.

Methods: Ordinary least squares models and simultaneous autoregressive models
were used to test the associations between glacial-interglacial climate anomaly,
contemporary climate, plant species richness, elevation range and species richness,
phylogenetic structure, functional structure of bird assemblages in mainland China.
Structural equation models were used to distinguish between direct and indirect ef-
fects of these variables on bird diversity.

Results: High bird species richness with phylogenetically and functionally clustered
structure occurred in regions with more plant species and stable glacial-interglacial
climate. Notably, the phylogenetically clustered bird assemblages were composed of
young lineages. Contemporary precipitation and elevation range affected bird diver-
sity through their indirect effects on plant species richness.

Main Conclusions: These findings suggest that more plant species and stable gla-
cial-interglacial climate may promote bird diversity through their effects on in situ
diversification and species dispersal rate in southwestern China. Therefore, the well-
preserved plant and bird diversity through the long-term climate fluctuations should

be of great importance of biodiversity conservation in China.
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(Fine, 2015; Flesch, 2019; Ricklefs, 2004). It is widely acknowl-
edged that biodiversity gradually decreases from low latitudes to
high latitudes, and varies with elevation (Hillebrand, 2004; Jansson,
Rodriguez-Castaneda, & Harding, 2013; McCain, 2009). These
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biodiversity gradients are assumed to be mainly controlled by local
biotic interactions, contemporary climate, palaeoclimate and re-
gional geological history (HilleRisLambers, Adler, Harpole, Levine,
& Mayfield, 2012; Pavoine & Bonsall, 2011; Svenning, Eiserhardt,
Normand, Ordonez, & Sandel, 2015).

Contemporary climate, e.g.,, temperature and precipitation,
could both directly and indirectly affect the current distribution of
biodiversity (Currie et al., 2004; Hawkins, Field, et al., 2003). For
example, the physiological tolerance hypothesis suggests that the
tolerance of individual species for different climate could affect spe-
cies richness, predicting that there would be more species in warm
and wet regions than in cold and dry conditions (Currie et al., 2004;
Remes & Harmackova, 2018). In addition, warm and wet regions
could also harbour high productivity, allowing high plant species
richness, which would then indirectly affect species richness of
other organism groups through their effects on resource availability
and the food chain (Hawkins, Porter, & Diniz, 2003; Roll, Geffen, &
Yom-Tov, 2015).

In addition to contemporary climate, impacts of palaeoclimate,
e.g., glacial-interglacial climate change and global patterns of his-
torical climate, are also widely reported to be important (Duchéne
& Cardillo, 2015; Fjeldsa & Lovett, 1997; Hawkins, Diniz-Filho,
Jaramillo, & Soeller, 2007; Svenning et al., 2015). Specifically, the ref-
uge hypothesis assumes that the long-term climatic stability during
the glacial-interglacial periods could promote high species richness
and over-dispersed phylogenetic structure by both facilitating spe-
ciation and preventing the extinction of ancient species (Fjeldsa &
Lovett, 1997; Qu et al., 2015; Svenning et al., 2015). Moreover, the
tropical niche conservatism hypothesis suggests that most major
groups of organisms originated in the historically widely distributed
tropics, and these groups have difficulties in dispersing to the more
recent temperate regions because of niche conservatism (Duchéne
& Cardillo, 2015; Hawkins et al., 2007).

Besides these climate related hypotheses, the role of biotic inter-
actions in shaping the geographical distribution of biodiversity has
also been widely tested (Speed et al., 2019; Svenning et al., 2014;
Wisz et al., 2013). For example, interspecific competition could
affect the geographic range of birds, improve prediction of bird
distributions and structure bird communities (Heikkinen, Luoto,
Virkkala, Pearson, & Kérber, 2007; Laube, Graham, Béhning-Gaese,
& McGill, 2013; Srinivasan, Elsen, Tingley, & Wilcove, 2018). In ad-
dition, predation or food availability could directly affect patterns of
bird species richness on macro-ecological scales (Ferger, Schleuning,
Hemp, Howell, & Bohning-Gaese, 2014; Liang et al., 2018; Zhang,
Kissling, & He, 2013). Notably, strong biotic interactions could also in-
crease the opportunity for evolutionary diversification (Condamine,
Antonelli, Lagomarsino, Hoorn, & Liow, 2018; Currie et al., 2004).

Being one of the most biodiverse countries in the world, espe-
cially in the Northern Hemisphere, China harbours 1,445 bird spe-
cies and about 33,000 vascular plant species (Lopez-Pujol, Zhang, &
Ge, 2006; Zheng, 2017). The relatively stable glacial-interglacial cli-
mate, diverse vegetation types, large gradients of contemporary cli-

mate and topography are suggested to be the main drivers of China's

high biodiversity (Lopez-Pujol et al., 2006; Zhang et al., 2017).
Previous studies have linked bird species richness in China with these
multiple-scale variables (Cai et al., 2018; Lei, Qu, Song, Alstrom,
& Fjeldsa, 2015; Wu, DuBay, Colwell, Ran, & Lei, 2017), while few
studies have tested their associations with phylogenetic and func-
tional structure of bird assemblages in China, which could reflect the
evolutionary history and ecological differences of bird assemblages
(M6nkkonen, Devictor, Forsman, Lehikoinen, & Elo, 2017; Monnet
et al., 2014; Sobral & Cianciaruso, 2016), and provide new insight for
the assembly processes of bird assemblages.

In this study, for the first time, we simultaneously linked spe-
cies richness, phylogenetic structure, and functional structure of
bird assemblages with glacial-interglacial climate stability, con-
temporary climate, plant species richness and elevation range to
assess their direct and indirect effects in shaping the geographic
distribution of bird diversity in China. We hypothesized that (a)
stable glacial-interglacial climate would lead to more bird species
with over-dispersed phylogenetic structure by both promoting
speciation and preventing extinction; (b) more plant species could
promote high bird species richness with over-dispersed functional
structure by providing diverse ecological niches; (c) glacial-inter-
glacial climate stability, contemporary climate and elevation range
could indirectly affect bird diversity through their direct effects on
plant species richness.

2 | MATERIALS AND METHODS
2.1 | Bird and plant distribution data

Distribution data of 1,290 species, including 1,130 breeding birds,
in 214 prefectures (including downtown, suburb, farmland and other
nature vegetation covered by the polygon) in mainland China was
compiled from national, regional and provincial avifaunas and fau-
nas, e.g., A Checklist on the Classification and Distribution of the Birds
of China (Zheng, 2017), Studies on Birds and Their Ecology in Northeast
China (Gao, 2006), A Checklist on the Distribution of the Birds in
Xinjiang (Ma, 2011), The Avifauna of Yunnan China (Yang, 1995; Yang
& Yang, 2004). Detailed descriptions about bird occurrence in pre-
fectures could be found in these faunas, based on massive fieldwork
and professional knowledge of many experienced local ornitholo-
gists. Because there were no provincial avifaunas in Henan, Hebei,
Hunan, Hubei, Jiangsu, Anhui, Jiangxi and Fujian, we did not include
these provinces in our analyses. In addition, because the administra-
tive division in Hainan (with poor distribution data) and Taiwan was
not clear, e.g., changed a lot recently and some prefectures were
surrounded by other prefectures, we also excluded these two is-
lands from our analyses. Still, this dataset represents 90% of China's
native avifauna. Angiosperm plant species richness in these prefec-
tures was obtained from the Chinese Vascular Plant Distribution
Database, which was also compiled from national, regional and pro-
vincial floras, as well as information from herbarium specimens (Lu

et al.,, 2018). Plant species richness could be interpreted as food
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resources for some herbivores and habitat diversity for most groups
(Lee & Rotenberry, 2005; Zhang et al., 2013). Because migrant spe-
cies are not closely associated with local features, this study only

focused on breeding birds.

2.2 | Environmental data

Mean annual temperature (MAT), mean annual precipitation
(MAP), MAT in last glacial maximum (MAT in LGM), and MAP in
LGM (MAP in LGM) were downloaded from WorldClim database
(Hijmans, Cameron, Parra, Jones, & Jarvis, 2005). MAT in LGM and
MAP in LGM were the mean values of two models, i.e., the Model
for Interdisciplinary Research on Climate version 3.2 (MIROC3.2;
Hasumi & Emori, 2004) and the Community Climate System Model
version 3 (CCSM3; Hijmans et al., 2005; Otto-Bliesner et al., 2006).
Anomaly in MAT and anomaly in MAP (contemporary MAT/MAP
minus LGM MAT/MAP) were used to represent climate change
(Sandel et al., 2011). Elevation data were obtained from EarthEnv-
DEM90 digital elevation model (http://www.earthenv.org/DEM.
html; Robinson, Regetz, & Guralnick, 2014), and elevation range was
measured as the difference between the maximum and minimum
values in each prefecture. The resolution of climate variables and
elevation was 2.5 arc-min and the mean values of all cells in a pre-
fecture were used for the following analyses. Because the area of
prefectures was not a strong predictor of bird diversity, it was not
included in this study.

2.3 | Phylogeny and functional dendrogram

A phylogeny including all 1,290 bird species covered by our study
was extracted from a global bird phylogeny under the option of
‘Hackett All Species: a set of 10,000 trees with 9,993 OUTs each’
(Jetz et al., 2014). We sampled 5,000 trees from the pseudo-pos-
terior distribution and calculated a maximum clade credibility tree
using mean node heights in the software TreeAnnotator (version
1.8.2) of the BEAST 2 package (Bouckaert et al., 2014).

Four key ecological traits of 1,287 bird species (no trait infor-
mation for three species), i.e., body size, trophic level (omnivores,
granivores, frugivore, nectarivores, insectivores, piscivores and car-
nivores), migrant status (resident, partial migrant, and full migrant)
and habitat specificity (the number of habitats a species is recorded
in; Wang et al., 2018), were used to build a functional dendrogram,
which was then used for the functional structure analyses. Gower's
distance and ‘complete’ cluster in “vegan” R package (Oksanen et al.,

2015) were used to build the functional dendrogam.

2.4 | Statistical analyses

Species richness is the number of bird species that occurred in

each prefecture. Phylogenetic and functional structure of bird
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assemblages in each prefecture were calculated using the Net
Relatedness Index (NRI), which is computed as:

NRI = —1x MPD,, —meanMPD

sdMPD,

rnd

where MPD,,,, is the observed mean pairwise distance (MPD) of birds
in each prefecture, calculated from the phylogenetic tree or functional
dendrogram; meanMPD,, 4 is the mean MPD of the null models (the
choice of null model was ‘taxa.lables’ and run 999 times), and sdMPD, 4
is the standard deviation of MPD of the null models. Positive NRI means
birds in a prefecture are more closely related (or functionally similar)
than expected, while negative NRI means birds in a prefecture are
more distantly related (or functionally different) than expected from
random communities (Webb, Ackerly, McPeek, & Donoghue, 2002).
NRI was calculated using R function ‘ses.mpd’ in package ‘picante’
(Kembel et al., 2010).

To better understand the patterns of phylogenetic structure of
bird assemblages in each prefecture, we also calculated the stan-
dardized effect size of sum of terminal branch length, i.e., sum of
species age (SES.age). SES.age is computed as:

a8€qps —Mean (agernd)

SES.age=
& sd(ageng)

where age,, is the observed sum of terminal branch length (age) of
birds in each prefecture, mean (age,q ) is the mean age of the null mod-
els (shuffle distance matrix labels 999 times), and sd(age,4) is the stan-
dard deviation of age of the null models. Positive SES.age means sum
of terminal branch length of birds in a prefecture are larger than ex-
pected, i.e., species are relatively older; while negative SES.age means
sum of terminal branch length of birds in a prefecture are smaller than
expected, i.e., species are relatively younger (Webb et al., 2002). The
code for SES.age is in the Appendix S1.

To test the associations between species richness, phyloge-
netic structure, functional structure and each explanatory variable,
single-variable ordinary least squares (OLS) models were used. All
dependent and independent variables (Appendix S2) were standard-
ized (standard deviation = 1 and mean = 0) to allow for comparison of
regression coefficients. Furthermore, to control the spatial autocor-
relation of regression residuals, simultaneous autoregressive (SAR)
models were also performed using R function ‘errorsarlm’ in ‘spdep’
package (Bivand et al., 2015).

Multiple regressions using SAR models were also used to find
the combination of variables most associated with species rich-
ness diversity, phylogenetic structure and functional structure
of bird assemblages. For each dependent variable, the combi-
nation of variables with highest Akaike weight was selected as
the best fitting model. Because climate variables and elevation
range could also indirectly affect bird diversity through their ef-
fects on plant species richness, structural equation models (SEM)
were also performed to examine the direct and indirect effects

of these variables on these diversity indices of bird assemblages.
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In addition, since MAT was highly correlated with MAP (0.84) and
anomaly in MAT (-0.72), we did not include MAT in the multi-
ple regression and structural equation models (Table S1). Also
because MAP and anomaly in MAT were correlated (-0.61), we
divided them into two groups for multiple SAR models and SEM
models (Table S1). Lastly, as our species richness data were bi-
ased by incomplete sampling, we performed the SEM models
using different species richness thresholds, i.e., using prefec-
tures with species richness more than 50, 100, 150 and 200. SEM
models were performed using R function ‘sem’ in lavaan package
(Rosseel, 2012). All analyses were conducted in R version 3.6.0
(R Core Team, 2016).

3 | RESULTS

Generally, prefectures in southwestern China (lower latitude and
middle longitude) had more species, clustered phylogenetic and
functional structure, as well as relatively young lineages (Figure 1;
Figure S1). The single-variable ordinary linear squares models and
SAR models showed similar patterns about the associations be-
tween bird species richness, phylogenetic structure, functional
structure and each explanatory variable (Table 1). Phylogenetic
and functional structure were more associated with explanatory
variables than species richness (Figure 2; Table 1). Plant species
richness was a consistently important variable for explaining bird

species richness, phylogenetic and functional structure, and espe-
cially so for species richness (Figure 2; Table 1). Elevation range
was the other important predictor for species richness, anomaly in
MAT was the other important predictor for phylogenetic and func-
tional structure, and MAP was consistently associated with bird
species richness, phylogenetic and functional structure (Figure 2;
Table 1). Notably, the relations between functional structure and
MAP, anomaly in MAT, as well as between phylogenetic structure
and MAP tended to be nonlinear (Figure 2). Therefore, we reana-
lysed these relations by adding a nonlinear term and found higher
12 (Figure 2).

Multiple regressions using SAR models showed that the com-
bination of variables most associated with bird species richness,
phylogenetic and functional structure always included plant species
richness and anomaly in MAT (Table 2; Table S2). Furthermore, the
Akaike weight of the two variables based on all combinations of vari-
ables were also very high (Table 2).

Structural equation models showed that plant species rich-
ness and anomaly in MAT consistently had direct effects on bird
species richness, phylogenetic and functional structure (Figure 3).
MAP and elevation range indirectly affect bird diversity through
their effects on plant species richness (Figure 3; Figure S2). The
analyses with different species richness thresholds showed that
the positive effects of anomaly in MAT decreased and became
negative with the increasing of species richness thresholds
(Figure 4).
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TABLE 1 Results of the single variable ordinary linear squares models (OLS) and simultaneous autoregressive (SAR) models of the
associations between bird species richness, phylogenetic structure (Phylo NRI), functional structure (Funct NRI) and each predictor

Species richness Phylo NRI Funct NRI

Coefo s rois Coefg,, AIC., Coefo o o Coef.,y,  AIC;,, Coefgs o Coefg,,  AlCgpq
MAT 0.06 0 -0.01 576 0.19 0.04" 0.11 515 0.38 0.14" 0.35 471
MAP 0.17 0.03" 0.25 571 0.28 0.08" 0.30 510 0.46 0.21" 0.55 459
Anomaly,,,;  -0.02 0 003 576 -0.48 023"  -048 501 -0.44 020"  -0.50 467
Anomalyy,,,  -0.04 0 002 576 0.14 0.02" 0.22 512 0.10 0.01 0.13 478
ELEgange 0.26 0.07" 0.37 560 0.27 0.07" 0.21 510 004 0 0.13 477
Plantg 0.57 0.33" 0.69 481 0.56 0.31" 0.31 500 0.59 0.35" 0.32 458

Note: Standardized regression coefficients (coef) and r? of OLS models, coef and AIC of SAR models were given. The two highest r? and two lowest

AICin each column were in bold. *p < 0.05, **p < 0.01.

Abbreviations: Anomaly,,,p contemporary-Last Glacial Maximum anomaly in MAP; Anomaly,,,;, contemporary-Last Glacial Maximum anomaly in MAT;

ELE

Range’

elevation range; MAP, mean annual precipitation; MAT, mean annual temperature; Plant,, plant species richness; SAR, simultaneous autoregressive.
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4 | DISCUSSION

Being the first study simultaneously linking bird species richness,
phylogenetic structure, and functional structure with plant species
richness, glacial-interglacial climate change, contemporary climate
and elevation range in China, our results showed that high bird spe-
cies richness with a clustered phylogenetic and functional structure
occurred in regions with high plant species richness and stable gla-
cial-interglacial climate. Notably, the phylogenetically clustered bird

assemblages were composed of relatively young lineages.

4.1 | Distinct patterns of bird species richness due
to data limitation

The relatively weak associations between explanatory variables and spe-
cies richness compared with phylogenetic and functional structure may
result from the sampling bias of bird species in these prefectures, e.g.,
Beijing and Shanghai had exceptionally high bird species richness. Bejing
and Shanghai had more universities and institutes for biodiversity re-
search as well as high levels of socio-economic development than other

prefectures. Collections of biodiversity data could be affected by many
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TABLE 2 Results of multiple

Species Richness Phylo NRI Funct NRI K . R
regressions using simultaneous
Coef w Coef w Coef w autoregressive models of bird species
richness, phylogenetic structure (Phylo
ELERange 0.30 0.44 0.46 NRI) and functional structure (Funct NRI)
Anomalyyxr 0.30 0.98 -0.38 1 -0.38 0.99 against combinations of explanatory
Anomalyy.p 0.39 0.15" 0.71 0.32 variables
Plantg 0.73" 1 0.28" 0.99 0.30" 1
Pseudo r? 0.49 0.46 0.55
W 0.41 0.40 0.36

Note: Standardized coefficients (Coef) of the variables in the model with the highest Akaike weight
(w), and the Akaike weight (w) for each variable based on the full model sets were listed. w and

pseudo r? of the best model were in bold. *p < 0.05, **p < 0.01.

Abbreviations: MAP, mean annual precipitation; MAT, Mean annual temperature.
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FIGURE 3 Results of structural equation models examining the direct and indirect effects of the contemporary-Last Glacial Maximum

anomaly in MAT/MAP (Anomaly,,,;/Anomaly,,,p), €levation range (ELE

Range)

and plant species richness (Plantgg) on bird species richness (a),

phylogenetic structure (b) and functional structure (c). Standardized regression coefficients were given. MAP, mean annual precipitation;

MAT, Mean annual temperature. *p < 0.05, **p < 0.01

socio-economic and environmental factors (Reddy & Davalos, 2003;
Yang, Ma, & Kreft, 2014). Notably, these biased species richness data in
this study may have greatly affected its relations with the explanatory
variables, especially for the anomaly in MAT. With the increase of species
richness thresholds (from 50 to 100, 150 and 200), the positive associa-

tions between species richness and anomaly in MAT became negative.

4.2 | Plant species richness and bird diversity

Plant species richness was the variable most associated with bird spe-
cies richness in this study (*=0.33,and r? of the second important vari-
able was 0.07). This finding was consistent with many previous studies
at different scales and regions, e.g., counties in northern China, boreal
forest sites in western Canada, 0.5° grid cells in Kenya, and nature re-
serves and provinces in China (Kissling, Field, & Bohning-Gaese, 2008;
Liang et al., 2018; Qian & Kissling, 2010; Zhang et al., 2013). It has
been suggested that more plant species could promote high bird di-
versity directly by providing more food for herbivores, and indirectly
by supplying complex vegetation structure, which means larger eco-
logical niche space for most avian groups (Kissling et al., 2008; Liang
et al., 2018; Zhang et al., 2013). In addition, the complex vegetation

structure provided by high plant species richness may also indicate

greater persistence of other organisms during periods of climatic in-
stability (Oliveira & Scheffers, 2019).

Notably, our results showed that phylogenetic and functional
structure of Chinese bird assemblages were also most strongly asso-
ciated with plant species richness. And more importantly, phyloge-
netic and functional structure was increasingly clustered with more
plant species, contrasting with our prediction. Besides increased di-
versification with more plant species, another explanation could be
that bird species in these regions with high plant species richness,
which are mainly mountain forest, have low dispersal rate, while
bird species in other regions are mainly widespread species (Sobral
& Cianciaruso, 2016). In addition, these closely related species are
mainly composed of young lineages, which should occur in habitats
near their ancestors and then produce the phylogenetically and func-

tionally clustered bird assemblages (Sobral & Cianciaruso, 2016).

4.3 | Glacial-interglacial climate change and
bird diversity

With the increase in sampling completeness, the association
between bird species richness and glacial-interglacial climate

change became negative, indicating that more bird species
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FIGURE 4 Results of structural equation models examining the direct and indirect effects of the contemporary-Last Glacial Maximum

anomaly in MAT/MAP (Anomaly,,,r/Anomaly,,,p), elevation range (ELE
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), and plant species richness (Plantg) on bird species richness.

The thresholds for bird species richness are (a) bird species richness >50; (b) bird species richness >100; (c) bird species richness >150;
(d) bird species richness >200. Standardized regression coefficients were given. MAP, mean annual precipitation; MAT, Mean annual

temperature. *p < 0.05, **p < 0.01

occurred in regions with stable palaeoclimate. This finding was
also in line with previous studies. For example, small-ranged
birds, mammals and amphibians are concentrated in areas
with stable late Quaternary climate at global scale (Sandel
et al., 2011). Climate stability could also promote the aggre-
gate of restricted distributed birds and plants in African forest
(Fjeldsa & Lovett, 1997).

In addition to bird species richness, our results also showed
consistent associations between glacial-interglacial climate change
and phylogenetic and functional structure of Chinese bird assem-
blages. Notably, the clustered phylogenetic and functional structure
in regions with stable glacial-interglacial climate contradicted our
hypothesis. The clustering of relatively young lineages indicates the
prevalence of in situ diversification in these regions (Cai et al., 2018;
Kissling et al., 2012; Lei et al., 2015). Previous studies about birds
in China have suggested that the mountains in southwestern China
with many glacial refuges may promote the evolution of extremely
species-rich and specialized montane avian fauna, and also pre-
vent the species dispersal after glacial periods (Cai et al., 2018; Lei
et al,, 2015; Wu et al., 2017). The nonlinear relation between func-
tional structure and anomaly in MAT is mainly resulted from the
large anomaly in MAT and the relative random functional structure
in northeastern China, which may due to the complex interactions
among diverse vegetation types, high precipitation and large anom-
aly in MAT in this region. Our study provides direct and strong evi-
dence for the role of glacial-interglacial climate stability in shaping
the geographic distribution of phylogenetic and functional structure

of bird assemblages in China.

4.4 | Other explanatory variables and bird diversity

In addition to plant species richness and anomaly in MAT, MAP and el-
evation range were also associated with Chinese bird diversity, mainly
through their indirect effect on plant species richness. Numerous
studies have shown that precipitation could affect the geographic
distribution of birds through both direct and indirect effects, support-
ing the influence of physiological tolerance and vegetation complexity
(Hawkins, Field, et al., 2003; Reme3 & Harméackova, 2018). For example,

bird species richness in Australia increases with wetter climate, and in
wetter and more productive northern and eastern Australia there is
also high accumulation of bird lineages (Reme$ & Harmackova, 2018).
Notably, both phylogenetic and functional structure were most clus-
tered in regions with median precipitation, i.e., southwestern China,
and then become less clustered and even over-dispersed in regions
with more precipitation, i.e., southeastern China. This finding is con-
sistent with the Australian avian study, which suggests that the wet
northern and eastern Australia harbours divergent lineages (Remes
& Harmackova, 2018). Larger elevation range would also have more
plant species by providing higher environmental heterogeneity and
more ecological niches, and then promote high bird species richness
(Lépez-Pujol et al., 2006; Zhang et al., 2017).

5 | CONCLUSIONS

In summary, this study finds that high bird species richness is phy-
logenetically and functionally clustered in southwestern China, a
region of high plant species richness and stable glacial-interglacial
climate. In addition, these clustered bird assemblages are composed
of young lineages. These findings suggest that in situ diversification
and perhaps limited dispersal resulting from the diverse plant spe-
cies and stable climate are the dominant processes affecting the
geographic distribution of Chinese birds. Therefore, these diverse
bird communities that survived the glacial-interglacial climate fluc-
tuations of the Quaternary should be of great importance to biodi-

versity conservation in China.

ACKNOWLEDGEMENTS

GF was supported by the National Natural Science Foundation
of China (41861004) and the Inner Mongolia Grassland Talent
(12000-12102228).
Research Program of the Chinese Academy of Sciences (Grant
No. XDB31000000) and National Natural Science Foundation
of China (31870506). XS was funded by National Nature Science
Foundation of China (31872210), Shanghai Rising-Star Program
(19QA1403300) and the Fundamental Research Funds for the
Central Universities.

LM was supported by Strategic Priority



WANG ET AL.

1952
J I of
= Lwicey- R
DATA AVAILABILITY STATEMENT
The data are available in supplementary files.

ORCID

Lingfeng Mao https://orcid.org/0000-0002-2884-135X

https://orcid.org/0000-0003-4465-2759
https://orcid.org/0000-0003-3743-3937

https://orcid.org/0000-0002-4192-2058

Xingfeng Si
Yanping Wang
Gang Feng

REFERENCES

Bivand, R., Altman, M., Anselin, L., Assuncéo, R., Berke, O., Bernat, A., Yu,
D. (2015). spdep: Spatial dependence: weighting schemes, statistics and
models. R package version 0.5-92. Retrieved from http://CRAN.Rproj
ect.org/package=spdep

Bouckaert, R., Heled, J., Kiihnert, D., Vaughan, T., Wu, C.-H., Xie, D., ...
Drummond, A. J. (2014). BEAST 2: A software platform for Bayesian
evolutionary analysis. PLoS Computational Biology, 10(4), e1003537.
https://doi.org/10.1371/journal.pcbi. 1003537

Cai, T., Fjeldsa, J., Wu, Y., Shao, S., Chen, Y., Quan, Q,, ... Lei, F. (2018).
What makes the Sino-Himalayan Mountains the major diversity
hotspots for pheasants?Journal of Biogeography, 45(3), 640-651.
https://doi.org/10.1111/jbi.13156

Condamine, F. L., Antonelli, A., Lagomarsino, L. P., Hoorn, C., & Liow, L. H.
(2018). Teasing apart mountain uplift, climate change and biotic drivers
of species diversification.

Core Team, R. (2016). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Currie, D. J., Mittelbach, G. G., Cornell, H. V., Field, R., Guegan, J.-
F., Hawkins, B. A,, ... Turner, J. R. G. (2004). Predictions and tests
of climate-based hypotheses of broad-scale variation in taxo-
nomic richness. Ecology Letters, 7(12), 1121-1134. https://doi.
org/10.1111/j.1461-0248.2004.00671.x

Duchéne, D. A., & Cardillo, M. (2015). Phylogenetic patterns in the
geographic distributions of birds support the tropical conservatism
hypothesis. Global Ecology and Biogeography, 24(11), 1261-1268.
https://doi.org/10.1111/geb.12370

Ferger, S. W., Schleuning, M., Hemp, A., Howell, K. M., & B6hning-Gaese,
K. (2014). Food resources and vegetation structure mediate climatic
effects on species richness of birds. Global Ecology and Biogeography,
23(5), 541-549. https://doi.org/10.1111/geb.12151

Fine, P. V. A. (2015). Ecological and evolutionary drivers of geographic
variation in species diversity. Annual Review of Ecology, Evolution, and
Systematics, 46(1), 369-392. https://doi.org/10.1146/annurev-ecols
ys-112414-054102

Fjeldsa, J., & Lovett, J. C. (1997). Geographical patterns of old and young
species in African forest biota: The significance of specific montane
areas as evolutionary centres. Biodiversity and Conservation, 6(3),
325-346.

Flesch, A. D. (2019). Patterns and drivers of long-term changes in breed-
ing bird communities in a global biodiversity hotspot in Mexico.
Diversity and Distributions, 25(4), 499-513. https://doi.org/10.1111/
ddi.12862

Gao, W. (2006). Studies on birds and their ecology in northeast China.
Beijing, China: Science Press. (In Chinese).

Hasumi, H., & Emori, S. (2004). K-1 coupled gcm (miroc) description. Tokyo,
Japan: Center for Climate System Research, University of Tokyo.
Hawkins, B. A., Diniz-Filho, J. A. F., Jaramillo, C. A., & Soeller, S. A.
(2007). Climate, niche conservatism, and the global bird diver-
sity gradient. American Naturalist, 170, S16-S27. https://doi.

org/10.1086/519009

Hawkins, B. A., Field, R., Cornell, H. V., Currie, D. J., Guégan, J.-F,,
Kaufman, D. M., ... Turner, J. R. G. (2003). Energy, water, and

broad-scale geographic patterns of species richness. Ecology, 84(12),
3105-3117. https://doi.org/10.1890/03-8006

Hawkins, B. A., Porter, E. E., & Diniz, J. A. F. (2003). Productivity and
history as predictors of the latitudinal diversity gradient of terrestrial
birds. Ecology, 84(6), 1608-1623. https://doi.org/10.1890/0012-965
8(2003)084[1608:PAHAPO]2.0.CO;2

Heikkinen, R. K., Luoto, M., Virkkala, R., Pearson, R. G., & Korber, J.-H.
(2007). Biotic interactions improve prediction of boreal bird distribu-
tions at macro-scales. Global Ecology and Biogeography, 16(6), 754-
763. https://doi.org/10.1111/j.1466-8238.2007.00345.x

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005).
Very high resolution interpolated climate surfaces for global land
areas. International Journal of Climatology, 25(15), 1965-1978. https://
doi.org/10.1002/joc.1276

Hillebrand, H. (2004). On the generality of the latitudinal diver-
sity gradient. American Naturalist, 163(2), 192-211. https://doi.
org/10.1086/381004

HilleRisLambers, J., Adler, P. B., Harpole, W. S, Levine, J. M., & Mayfield,
M. M. (2012). Rethinking community assembly through the lens
of coexistence theory. Annual Review of Ecology, Evolution, and
Systematics, 43(1), 227-248. https://doi.org/10.1146/annurev-ecols
ys-110411-160411

Jansson, R., Rodriguez-Castaneda, G., & Harding, L. E. (2013). What can
multiple phylogenies say about the latitudinal diversity gradient? A
new look at the tropical conservatism, out of the tropics, and diver-
sification rate hypotheses. Evolution, 67(6), 1741-1755. https://doi.
org/10.1111/ev0.12089

Jetz, W.,, Thomas, G. H., Joy, J. B., Redding, D. W., Hartmann, K., &
Mooers, A. O. (2014). Global distribution and conservation of evolu-
tionary distinctness in birds. Current Biology, 24(9), 919-930. https://
doi.org/10.1016/j.cub.2014.03.011

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H.,
Ackerly, D. D., ... Webb, C. O. (2010). Picante: R tools for integrating
phylogenies and ecology. Bioinformatics, 26(11), 1463-1464. https://
doi.org/10.1093/bioinformatics/btq166

Kissling, W. D., Eiserhardt, W. L., Baker, W. J., Borchsenius, F., Couvreur,
T. L. P, Balslev, H., & Svenning, J. C. (2012). Cenozoic imprints on
the phylogenetic structure of palm species assemblages worldwide.
Proceedings of the National Academy of Sciences, 109(19), 7379-7384.
https://doi.org/10.1073/pnas.1120467109

Kissling, W. D., Field, R., & Bohning-Gaese, K. (2008). Spatial patterns
of woody plant and bird diversity: Functional relationships or envi-
ronmental effects?Global Ecology and Biogeography, 17(3), 327-339.
https://doi.org/10.1111/j.1466-8238.2007.00379.x

Laube, I, Graham, C. H., Boéhning-Gaese, K., & McGill, B.
(2013). Intra-generic species richness and dispersal abil-
ity interact to determine geographic ranges of birds. Global
Ecology and Biogeography, 22(2), 223-232. https://doi.
org/10.1111/j.1466-8238.2012.00796.x

Lee, P.-Y., & Rotenberry, J. T. (2005). Relationships between bird species
and tree species assemblages in forested habitats of eastern North
America. Journal of Biogeography, 32(7), 1139-1150. https://doi.
org/10.1111/j.1365-2699.2005.01254.x

Lei, F.,, Qu, Y., Song, G., Alstrom, P., & Fjeldsa, J. (2015). The potential
drivers in forming avian biodiversity hotspots in the East Himalaya
Mountains of Southwest China. Integrative Zoology, 10(2), 171-181.
https://doi.org/10.1111/1749-4877.12121

Liang, C., Feng, G., Si, X., Mao, L., Yang, G., Svenning, J. C., & Yang, J.
(2018). Bird species richness is associated with phylogenetic related-
ness, plant species richness, and altitudinal range in Inner Mongolia.
Ecology and Evolution, 8(1), 53-58. https://doi.org/10.1002/
ece3.3606

Lopez-Pujol, J., Zhang, F.-M., & Ge, S. (2006). Plant biodiversity in China:
Richly varied, endangered, and in need of conservation. Biodiversity


https://orcid.org/0000-0002-2884-135X
https://orcid.org/0000-0002-2884-135X
https://orcid.org/0000-0003-4465-2759
https://orcid.org/0000-0003-4465-2759
https://orcid.org/0000-0003-3743-3937
https://orcid.org/0000-0003-3743-3937
https://orcid.org/0000-0002-4192-2058
https://orcid.org/0000-0002-4192-2058
http://CRAN.Rproject.org/package=spdep
http://CRAN.Rproject.org/package=spdep
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1111/jbi.13156
https://doi.org/10.1111/j.1461-0248.2004.00671.x
https://doi.org/10.1111/j.1461-0248.2004.00671.x
https://doi.org/10.1111/geb.12370
https://doi.org/10.1111/geb.12151
https://doi.org/10.1146/annurev-ecolsys-112414-054102
https://doi.org/10.1146/annurev-ecolsys-112414-054102
https://doi.org/10.1111/ddi.12862
https://doi.org/10.1111/ddi.12862
https://doi.org/10.1086/519009
https://doi.org/10.1086/519009
https://doi.org/10.1890/03-8006
https://doi.org/10.1890/0012-9658(2003)084[1608:PAHAPO]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[1608:PAHAPO]2.0.CO;2
https://doi.org/10.1111/j.1466-8238.2007.00345.x
https://doi.org/10.1002/joc.1276
https://doi.org/10.1002/joc.1276
https://doi.org/10.1086/381004
https://doi.org/10.1086/381004
https://doi.org/10.1146/annurev-ecolsys-110411-160411
https://doi.org/10.1146/annurev-ecolsys-110411-160411
https://doi.org/10.1111/evo.12089
https://doi.org/10.1111/evo.12089
https://doi.org/10.1016/j.cub.2014.03.011
https://doi.org/10.1016/j.cub.2014.03.011
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1073/pnas.1120467109
https://doi.org/10.1111/j.1466-8238.2007.00379.x
https://doi.org/10.1111/j.1466-8238.2012.00796.x
https://doi.org/10.1111/j.1466-8238.2012.00796.x
https://doi.org/10.1111/j.1365-2699.2005.01254.x
https://doi.org/10.1111/j.1365-2699.2005.01254.x
https://doi.org/10.1111/1749-4877.12121
https://doi.org/10.1002/ece3.3606
https://doi.org/10.1002/ece3.3606

WANG ET AL.

and Conservation, 15(12), 3983-4026. https://doi.org/10.1007/
s10531-005-3015-2

Lu, L.-M., Mao, L.-F, Yang, T, Ye, J.-F, Liu, B., Li, H.-L., ... Chen, Z.-D.
(2018). Evolutionary history of the angiosperm flora of China. Nature,
554, 234-238. https://doi.org/10.1038/nature25485

Ma, M. (2011). A checklist on the distribution of the birds in Xinjiang. Beijing,
China: Science Press. (In Chinese).

McCain, C. M. (2009). Global analysis of bird elevational diversity.
Global Ecology and Biogeography, 18(3), 346-360. https://doi.
org/10.1111/j.1466-8238.2008.00443.x

Monkkoénen, M., Devictor, V., Forsman, J. T., Lehikoinen, A., & Elo, M.
(2017). Linking species interactions with phylogenetic and functional
distance in European bird assemblages at broad spatial scales. Global
Ecology and Biogeography, 26(8), 952-962. https://doi.org/10.1111/
geb.12605

Monnet, A. C., Jiguet, F., Meynard, C. N., Mouillot, D., Mouquet, N.,
Thuiller, W., & Devictor, V. (2014). Asynchrony of taxonomic,
functional and phylogenetic diversity in birds. Global Ecology
and Biogeography, 23(7), 780-788. https://doi.org/10.1111/geb.
12179

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O'Hara,
R. B., Wagner, H. (2015). vegan: Community ecology package. Retrieved
from http://cran.r project.org/package=vegan.

Oliveira, B. F., & Scheffers, B. R. (2019). Vertical stratification influences
global patterns of biodiversity. Ecography, 42(2), 249-258. https://
doi.org/10.1111/ecog.03636

Otto-Bliesner, B. L., Brady, E. C., Clauzet, G., Tomas, R., Levis, S., &
Kothavala, Z. (2006). Last Glacial Maximum and Holocene cli-
mate in CCSM3. Journal of Climate, 19(11), 2526-2544. https://doi.
org/10.1175/JCLI3748.1

Pavoine, S., & Bonsall, M. B. (2011). Measuring biodiversity to explain
community assembly: A unified approach. Biological Reviews of
the Cambridge Philosophical Society, 86(4), 792-812. https://doi.
org/10.1111/j.1469-185X.2010.00171.x

Qian, H., & Kissling, W. D. (2010). Spatial scale and cross-taxon
congruence of terrestrial vertebrate and vascular plant spe-
cies richness in China. Ecology, 91(4), 1172-1183. https://doi.
org/10.1890/09-0620.1

Qu, Y., Song, G., Gao, B., Quan, Q,, Ericson, P. G. P,, Lei, F., & Riddle,
B. (2015). The influence of geological events on the endemism of
East Asian birds studied through comparative phylogeography.
Journal of Biogeography, 42(1), 179-192. https://doi.org/10.1111/
jbi.12407

Reddy, S., & Davalos, L. M. (2003). Geographical sampling bias
and its implications for conservation priorities in Africa.
Journal of Biogeography, 30(11), 1719-1727. https:/doi.
org/10.1046/j.1365-2699.2003.00946.x

Remes, V., & Harmackova, L. (2018). Disentangling direct and indirect
effects of water availability, vegetation, and topography on avian
diversity. Scientific Reports, 8(1), 15475. https://doi.org/10.1038/
s41598-018-33671-w

Ricklefs, R. E. (2004). A comprehensive framework for global pat-
terns in biodiversity. Ecology Letters, 7(1), 1-15. https://doi.
org/10.1046/j.1461-0248.2003.00554.x

Robinson, N., Regetz, J., & Guralnick, R. P. (2014). EarthEnv-DEM90:
A nearly-global, void-free, multi-scale smoothed, 90m digital el-
evation model from fused ASTER and SRTM data. ISPRS Journal
of Photogrammetry and Remote Sensing, 87, 57-67. https://doi.
org/10.1016/j.isprsjprs.2013.11.002

Roll, U., Geffen, E., & Yom-Tov, Y. (2015). Linking vertebrate species
richness to tree canopy height on a global scale. Global Ecology and
Biogeography, 24(7), 814-825. https://doi.org/10.1111/geb.12325

Rosseel, Y. (2012). lavaan: An R package for structural equation model-
ing. Journal of Statistical Software, 48(2), 1-36.

1953
Journal of
Biogeography 'Wl LEY

Sandel, B., Arge, L., Dalsgaard, B., Davies, R. G., Gaston, K. J., Sutherland,
W. J., & Svenning, J. C. (2011). The influence of Late Quaternary
climate-change velocity on species endemism. Science, 334(6056),
660-664. https://doi.org/10.1126/science.1210173

Sobral, F. L., & Cianciaruso, M. V. (2016). Functional and phylogenetic
structure of forest and savanna bird assemblages across spa-
tial scales. Ecography, 39(6), 533-541. https://doi.org/10.1111/
ecog.00903

Speed, J. D. M., Skjelbred, I. A., Barrio, I. C., Martin, M. D., Berteaux,
D., Bueno, C. G,, ... Soininen, E. M. (2019). Trophic interactions
and abiotic factors drive functional and phylogenetic structure
of vertebrate herbivore communities across the Arctic tundra
biome. Ecography, 42(6), 1152-1163. https://doi.org/10.1111/
ecog.04347

Srinivasan, U., Elsen, P. R, Tingley, M. W., & Wilcove, D. S. (2018).
Temperature and competition interact to structure Himalayan
bird communities. Proceedings of the Royal Society B: Biological
Sciences, 285(1874), 20172593. https://doi.org/10.1098/
rspb.2017.2593

Svenning, J. C., Eiserhardt, W. L., Normand, S., Ordonez, A., & Sandel,
B. (2015). The influence of paleoclimate on present day patterns in
biodiversity and ecosystems. Annual Review of Ecology, Evolution, and
Systematics, 46(1), 551-572. https://doi.org/10.1146/annurev-ecols
ys-112414-054314

Svenning, J.-C., Gravel, D., Holt, R. D., Schurr, F. M., Thuiller, W.,
Miinkemdiller, T., ... Normand, S. (2014). The influence of interspe-
cific interactions on species range expansion rates. Ecography, 37(12),
1198-1209. https://doi.org/10.1111/j.1600-0587.2013.00574.x

Wang, V., Si, X., Bennett, P. M, Chen, C., Zeng, D. |, Zhao, Y., ... Ding,
P. (2018). Ecological correlates of extinction risk in Chinese birds.
Ecography, 41(5), 782-794. https://doi.org/10.1111/ecog.03158

Webb, C. O., Ackerly, D. D., McPeek, M. A., & Donoghue, M. J. (2002).
Phylogenies and community ecology. Annual Review of Ecology and
Systematics, 33(1), 475-505. https://doi.org/10.1146/annurev.ecols
ys.33.010802.150448

Wisz, M. S., Pottier, J., Kissling, W. D., Pellissier, L., Lenoir, J., Damgaard,
C. F, ... Svenning, J.-C. (2013). The role of biotic interactions
in shaping distributions and realised assemblages of species:
Implications for species distribution modelling. Biological Reviews
of the Cambridge Philosophical Society, 88(1), 15-30. https://doi.
org/10.1111/j.1469-185X.2012.00235.x

Wu, Y., DuBay, S. G., Colwell, R. K., Ran, J., & Lei, F. (2017). Mobile hotspots
and refugia of avian diversity in the mountains of south-west China
under past and contemporary global climate change. Journal of
Biogeography, 44(3), 615-626. https://doi.org/10.1111/jbi.12862

Yang, L. (1995). The avifauna of Yunnan China, Vol. | Non-Passeriformes.
Kunming, China: Yunnan Science and Technology Press (In Chinese).

Yang, L., & Yang, X. (2004). The avifauna of Yunnan China, Vol. Il
Passeriformes. Kunming, China: Yunnan Science and Technology
Press (In Chinese).

Yang, W. J., Ma, K. P,, & Kreft, H. (2014). Environmental and socio-eco-
nomic factors shaping the geography of floristic collections in China.
Global Ecology and Biogeography, 23(11), 1284-1292. https://doi.
org/10.1111/geb.12225

Zhang, C., Quan, Q., Wu, Y., Chen, Y., He, P, Qu, Y., & Lei, F. (2017).
Topographic heterogeneity and temperature amplitude explain
species richness patterns of birds in the Qinghai-Tibetan Plateau.
Current Zoology, 63(2), 131-137.

Zhang, J., Kissling, W. D., & He, F. (2013). Local forest structure, climate
and human disturbance determine regional distribution of boreal bird
species richness in Alberta. Canada. Journal of Biogeography, 40(6),
1131-1142. https://doi.org/10.1111/jbi.12063

Zheng, G. M. (2017). A checklist on the classification and distribution of the
birds of China. Beijing, China: Science Press. (In Chinese).


https://doi.org/10.1007/s10531-005-3015-2
https://doi.org/10.1007/s10531-005-3015-2
https://doi.org/10.1038/nature25485
https://doi.org/10.1111/j.1466-8238.2008.00443.x
https://doi.org/10.1111/j.1466-8238.2008.00443.x
https://doi.org/10.1111/geb.12605
https://doi.org/10.1111/geb.12605
https://doi.org/10.1111/geb.12179
https://doi.org/10.1111/geb.12179
https://doi.org/10.1111/ecog.03636
https://doi.org/10.1111/ecog.03636
https://doi.org/10.1175/JCLI3748.1
https://doi.org/10.1175/JCLI3748.1
https://doi.org/10.1111/j.1469-185X.2010.00171.x
https://doi.org/10.1111/j.1469-185X.2010.00171.x
https://doi.org/10.1890/09-0620.1
https://doi.org/10.1890/09-0620.1
https://doi.org/10.1111/jbi.12407
https://doi.org/10.1111/jbi.12407
https://doi.org/10.1046/j.1365-2699.2003.00946.x
https://doi.org/10.1046/j.1365-2699.2003.00946.x
https://doi.org/10.1038/s41598-018-33671-w
https://doi.org/10.1038/s41598-018-33671-w
https://doi.org/10.1046/j.1461-0248.2003.00554.x
https://doi.org/10.1046/j.1461-0248.2003.00554.x
https://doi.org/10.1016/j.isprsjprs.2013.11.002
https://doi.org/10.1016/j.isprsjprs.2013.11.002
https://doi.org/10.1111/geb.12325
https://doi.org/10.1126/science.1210173
https://doi.org/10.1111/ecog.00903
https://doi.org/10.1111/ecog.00903
https://doi.org/10.1111/ecog.04347
https://doi.org/10.1111/ecog.04347
https://doi.org/10.1098/rspb.2017.2593
https://doi.org/10.1098/rspb.2017.2593
https://doi.org/10.1146/annurev-ecolsys-112414-054314
https://doi.org/10.1146/annurev-ecolsys-112414-054314
https://doi.org/10.1111/j.1600-0587.2013.00574.x
https://doi.org/10.1111/ecog.03158
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.1111/j.1469-185X.2012.00235.x
https://doi.org/10.1111/j.1469-185X.2012.00235.x
https://doi.org/10.1111/jbi.12862
https://doi.org/10.1111/geb.12225
https://doi.org/10.1111/geb.12225
https://doi.org/10.1111/jbi.12063

WANG ET AL.

1954
Journal of
WILEY Biogeography .

BIOSKETCH
Gang Feng is interested in combining community ecology with
macroecology and biogeography to assess the relative roles of

local, regional and historical factors in shaping diversity patterns.

Author contributions: G.F. conceived the ideas; L.M., N.W. and
X.Y. collected the data; N.W. and G.F. analysed the data; X.S.
wrote the code for SES.age; N.W., G.F,, X.S., Y.W. and W.E. led
the writing.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Wang N, Mao L, Yang X, et al. High
plant species richness and stable climate lead to richer but
phylogenetically and functionally clustered avifaunas. J
Biogeogr. 2020;47:1945-1954. https://doi.org/10.1111/
jbi.13878



https://doi.org/10.1111/jbi.13878
https://doi.org/10.1111/jbi.13878

