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with stable climate, more plant species and high
altitudinal range in China
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Abstract

Background: Geographical distribution of endemic species and its multiple scale drivers are an important topic in
biodiversity conservation, because these species are especially vulnerable to climate change and habitat degradation,
and therefore have high conservation priority. Here, for the first time, we simultaneously linked glacial-interglacial
climate change, contemporary climate, plant species richness and altitudinal range with endemic bird distribution in
China.

Methods: Ordinary least squares models and simultaneous autoregressive models were used to assess the associa-
tions between endemic bird richness, endemic bird ratio and each explanatory variable. Structural Equation Models
were also performed to test the direct and indirect effects of these variables on endemic bird richness and endemic
bird ratio.

Results: Higher endemic bird richness and endemic bird ratio occurred in regions with stable glacial-interglacial
temperature, i.e,, southwest China. Plant species richness and altitudinal range were also positively correlated with
endemic bird richness and endemic bird ratio. Glacial-interglacial temperature change, contemporary precipitation,
plant species richness and altitudinal range were all included in the best combination of variables for endemic bird
richness. Importantly, glacial-interglacial temperature change had strong direct effects on both endemic bird richness
and endemic bird ratio, while plant species richness only had a direct effect on endemic bird richness.

Conclusions: Our results indicate that endemic birds in China concentrate in southwest regions where there are
stable glacial-interglacial temperature, more plant species and larger altitudinal range. Notably, while stable climate
has strong direct effects on both endemic bird richness and endemic bird ratio, plant species may affect endemic bird
richness through its effect on overall bird species richness. Importantly, the recent anthropogenic activities have also
significantly intensified in this region, which would pose huge challenge for biodiversity conservation in China.

Keywords: Anthropogenic activities, Biodiversity conservation, Endemic bird ratio, Endemic bird richness, Glacial-
interglacial climate change
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Background

Multiple-scale drivers and patterns of geographical dis-
tribution of endemic species are an important topic in
conservation biogeography, because these species are
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been widely tested, e.g., the orbitally forced species’
range dynamics (ORD) hypothesis (Dynesius and Jansson
2000; Davies et al. 2011), the tropical niche conservatism
hypothesis (Wiens and Donoghue 2004; Hawkins and
DeVries 2009), the environmental heterogeneity hypoth-
esis (Jetz et al. 2004; Stein et al. 2014), and the habitat
diversity hypothesis (Young 2001; Lei et al. 2003).

The ORD hypothesis assumes that strong glacial-
interglacial climate change would cause species range
dynamics, which would then promote the extinction of
small-ranged species and reduce paleoendemism, and
also limit speciation and reduce neoendemism, resulting
in a low endemic species richness (Dynesius and Jans-
son 2000; Feng et al. 2016). The tropic niche conserva-
tism hypothesis suggests that the earth was historically
dominated by tropical climate and many extant groups
are originated in the tropics, which are difficult to survive
in temperate region due to niche conservatism, therefore
the tropics harbor high species richness as well as high
endemic species richness (Wiens and Donoghue 2004;
Hawkins and DeVries 2009; Feng et al. 2019).

Except for these climate-related hypotheses, higher
environmental heterogeneity could also promote higher
biodiversity by providing more niches, more refuges for
adverse environment, and higher probability for diver-
sification (Stein et al. 2014). Notably, altitudinal range, a
widely used proxy for environment heterogeneity, may
also reflect historical opportunities for allopatric spe-
ciation by providing past and present barriers (Jetz et al.
2004). Higher plant species richness is also linked with
higher overall bird species richness and endemic bird
richness, consistent with the hypothesis that plant diver-
sity indicates habitat and food diversity for birds (Lei
et al. 2003; Zhang et al. 2013; Liang et al. 2018).

China is one of the countries with richest biodiversity
in the world, especially in the Northern Hemisphere, har-
boring about 33,000 vascular plant species and 1445 bird
species (Lopez-Pujol et al. 2006; Zheng 2017). The rela-
tively stable glacial-interglacial climate compared with
Europe and North America is one of the main reasons
for its high plant diversity as well as high endemic plant
species richness (Eiserhardt et al. 2015; Feng et al. 2019).
The diverse vegetation types (including different types of
forest and steppe) and the large mountains in southwest
China are also important driving factors (Lépez-Pujol
et al. 2006; Feng et al. 2016). However, China also has the
largest population and has experienced dramatic land use
changes in the past centuries (He et al. 2013, 2015). Nota-
bly, the recently intensified anthropogenic activities in
southwest China have promoted the high proportion of
threatened plants in this region (Feng et al. 2017).

Previous studies suggest that glacial-interglacial cli-
mate change, altitudinal range and plant diversity might
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have left legacy on the distribution of endemic birds in
China (Lei et al. 2003, 2015; Wu et al. 2017; Chen et al.
2019). However, so far no studies have simultaneously
and quantitatively assessed the influence of these factors.
Here, we linked the distribution of endemic bird richness
and endemic bird ratio (endemic bird richness divided by
all bird richness) in China with Last Glacial Maximum-
present climate change, contemporary climate, altitudinal
range and plant species richness to test their associations.
We predicted that there would be (1) more endemic birds
in regions with stable glacial-interglacial climate, consist-
ent with the ORD hypothesis; (2) more endemic birds in
the current tropics, consistent with the tropic niche con-
servatism hypothesis; (3) more endemic birds in regions
with higher altitudinal range, consistent with the envi-
ronmental heterogeneity hypothesis; (4) more endemic
birds in regions with higher plant species richness, con-
sistent with the habitat/food diversity effects.

Methods

Species distribution

Distribution data of birds at prefecture city level in
mainland China was compiled from published national,
regional and provincial faunas, 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), The Avifauna of Yunnan
China (Yang 1995; Yang and Yang 2004). There were
descriptions about bird occurrence in prefecture cit-
ies in these faunas. And all the distribution information
are based on the professional knowledge and field work
of many experienced local ornithologists. Because there
are still several provinces without published faunas, our
bird (1209 species) distribution data only covered 22
provinces (including four direct-controlled municipali-
ties), 214 prefecture cities. A list of bird species strictly
endemic to China (93 species) was from A Checklist on
the Classification and Distribution of the Birds of China
(Zheng 2017), and 56 species (Additional file 1: Table S1)
occurred in our prefecture city level distribution data.
Plant species richness in each prefecture city was com-
piled from the China Vascular Plant Distribution Data-
base (Lu et al. 2018), which is based on plant distribution
information from national, provincial and regional floras,
as well as some herbarium specimens.

Although these political units based distribution data
may have limited biological meaning, it is also widely
used in endemism related studies, even in regions with
better equal-area gridded data, e.g., endemic richness
patterns in European countries (Essl et al. 2013a, b). Still,
to overcome the potential bias of our faunas based spe-
cies checklist, bird distribution data from GBIF (includ-
ing ebird) and the National Specimen Information
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Infrastructure of China (including many herbarium
specimens) was also used in this study. Specifically, we
mapped these georeferenced point data on the prefec-
ture city map of Chinese mainland. Richness of endemic
species and overall species was then calculated for each
prefecture city for the two different data sources (faunas
based and georeferenced), respectively.

Environmental variables

Contemporary and Last Glacial Maximum climate vari-
ables, e.g., mean annual temperature (temperature) and
mean annual precipitation (precipitation), were down-
loaded from WorldClim (Hijmans et al. 2005). Altitudinal
range (the difference between the maximum and mini-
mum value in each prefecture city) was calculated using
a digital elevation model in the same source. Precipita-
tion in Last Glacial Maximum and temperature in Last
Glacial Maximum were the mean values of two models,
i.e., the Community Climate System Model version 3
(Hijmans et al. 2005; Otto-Bliesner et al. 2006) and the
Model for Interdisciplinary Research on Climate version
3.2 (Hasumi and Emori 2004). Glacial-interglacial anom-
aly in temperature and precipitation were then computed
as the contemporary values minus the Last Glacial Maxi-
mum values. Although the area of the 214 cities ranged
from 550 to 490,000 km?, its effects on both endemic bird
richness (Pearson correlation=0.06) and endemic bird
ratio (Pearson correlation=0.04) were not significant, so
we did not include this variable.

Statistical analyses

Endemic bird richness was log transformed to get normal
distributed residuals. All variables were then standard-
ized (standard deviation=1 and mean=0) to make the
regression coefficients comparable. Pearson correlations
among all independent variables were calculated to check
the multicollinearity. Ordinary least squares models were
used to assess the associations between endemic bird
richness, endemic bird ratio and each explanatory vari-
able. Simultaneous autoregressive models were also used
to account for the spatial autocorrelation of residuals. To
find the combination of variables most associated with
endemic bird richness and endemic bird ratio, multiple
regression models were also computed using simultane-
ous autoregressive models.

Because plant species richness could also be affected
by altitudinal range, temperature, precipitation, anomaly
in temperature and precipitation, Structural Equation
Models were used to test the direct and indirect effects
of these variables on endemic bird richness and endemic
bird ratio. Due to the high correlations between tempera-
ture and precipitation (0.84), and between temperature
and anomaly in temperature (—0.72, Additional file 2:
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Table S2), we excluded temperature in the multiple vari-
ables analyses and Structural Equation Models. In terms
of the two Structural Equation Models, the root-mean-
square error of approximation was always less than 0.05,
and the comparative fit index was always larger than 0.9.

To test the potential effects of anthropogenic activities
on endemic bird distribution, we also analyzed the his-
torical change of population densities in the cities (the
first quarter, i.e., 54 cities) with the highest endemic bird
ratio. The dataset of population density was compiled
from the History Database of the Global Environment
(Goldewijk et al. 2011). All analyses were conducted in R
(R Development Core Team 2016) using vegan (Oksanen
et al. 2015), spdep (Bivand et al. 2015) and lavaan (Ros-
seel 2012) packages.

Results

Because the endemic richness/ratio patterns were simi-
lar for faunas and georeferenced based datasets, i.e., both
endemic bird richness and endemic bird ratio showed
higher values in southwest China (Fig. 1 and Addi-
tional file 3: Figure S1), we only presented the faunas
based results for other analyses. Southwest China also
has lower anomaly in temperature, higher plant species
richness, and relatively larger altitudinal range (Fig. 1).
Ordinary least squares models and simultaneous autore-
gressive models showed that the three variables most
associated with endemic bird richness and endemic bird
ratio were anomaly in temperature, plant species rich-
ness and altitudinal range (Fig. 2; Table 1). Notably, both
endemic bird richness and endemic bird ratio decreased
with higher glacial-interglacial anomaly in temperature,
and increased with more plant species and higher altitu-
dinal range (Fig. 2).

Multiple regression models showed that the combi-
nation of variables most associated with endemic bird
richness included plant species richness, anomaly in tem-
perature, mean annual precipitation and altitudinal range
(Table 2), while the combination of variables most associ-
ated with endemic bird ratio included altitudinal range,
anomaly in temperature and anomaly in precipitation
(Table 2).

Structural Equation Models showed that anomaly in
temperature had strong direct effects on both endemic
bird richness and endemic bird ratio, while plant spe-
cies richness only had significant effect on endemic bird
richness (Fig. 3). Precipitation and altitudinal range could
indirectly affect endemic bird richness through their
effects on plant species richness, although their direct
effects were not significant (Fig. 3). The population den-
sity in the 54 cities with the highest endemic bird ratio
increased significantly in the past century, especially in
the past 50 years (Fig. 4).
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Fig. 1 Maps of faunas (FAU) based and georeferenced (GEO) endemic richness, endemic ratio, glacial-interglacial anomaly in MAT (Anomaly MAT),
plant species richness (Plant SR), altitudinal range (ALT Range), and MAT. MAT mean annual temperature
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Fig. 2 Scatter plots of endemic bird richness, endemic bird ratio against their associated variables, plant species richness (Plant SR), altitudinal range
(ALT Range), and glacial-interglacial anomaly in MAT (Anomaly MAT). MAT mean annual temperature. r* and standardized regression coefficients
(the lines) of ordinary least squares models were listed
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Table 1 Results of single variable analyses by ordinary least squares models (ols) and simultaneous autoregressive
models (sar)

Variable Endemic bird richness Endemic bird ratio

rfols Coef,ols Alc,sar Coef,sar rf ols Coef,ols Alc,sar Coef,sar
MAT 0 0 499 —0.25* 0.03 —0.17* 489 —0.35%*
MAP 0.02 0.13 503 0.07 0 —0.05 499 —0.06
Anomaly MAT 0.19 —0.44** 498 —0.32** 0.10 —0.31** 497 —-0.19
Anomaly MAP 0.02 0.16* 501 0.13 0.05 0.23** 496 0.17
ALT Range 0.15 0.39%* 471 045%* 0.1 0.33** 488 0.27**
Plant SR 0.32 0.56%* 430 0.54** 0.07 0.27*%* 492 0.18**

MAT was mean annual temperature; MAP was mean annual precipitation; Anomaly MAT and Anomaly MAP were glacial-interglacial anomaly in MAT and MAP; ALT
Range was altitudinal range; Plant SR was plant species richness. r? and coefficients (Coef) of ols, Akaike's information criterion (AIC) and Coef of sar were listed.
* *%

p <0.05, **p<0.01

Table 2 Combinations of variables most associated Discussion

with endemic bird richness and endemic bird ratio Being the first study simultaneously and quantitatively
by simultaneous autoregressive models assessing the associations between Chinese endemic
bird richness, endemic bird ratio and glacial-interglacial

Endemic bird richness Endemic bird ratio
climate change, contemporary climate, altitudinal range
Coef v Coef v and plant species richness, we found more endemic
MAP —026* 0.72 042 birds in regions with stable glacial-interglacial tempera-
Anomaly MAT —030* 071 ~020 062 ture, higher altitudinal range and more plant species, i.e.,
Anomaly MAP 028 0.17 058 southwest China. More importantly, while plant species
ALT Range 0.14 0.69 0.27%* 0.92 richness only directly affected endemic bird richness,
Plant SR 0.49%* 1 045 glacial-interglacial anomaly in temperature had strong
Pseudo r2 0.60 0.46 direct effects on both endemic bird richness and endemic
AIC 424 486 bird ratio, emphasizing its important role in shaping
Coefficients (Coef) of the variables included in the best combination, pseudo the distribution of endemic I?lrds lr.l Ch%na' NOtab!y’ (?ur
r* and AIC of the best combination were listed. The Akaike weight (w) for each results also showed these regions with high endemic bird
variable based on the full model sets was also listed. *p <0.05, **p <0.01
a b
MAP MAP
0.61% -0.15 o6l -0.17
-0.37* -0.39™
Anomaly MAT Anomaly MAT
-0.02
VY oa — ¥V 006 —Y¥—Y
|Plant SR|—>| Endemic bird r|chness| Endemic bird ratio |
0.24" 0.24™
Anomaly MAP!_ Anomaly MAP!— _
0.09 0.19

0.64™ 0.64 .
ALT Range 045 ALT Range L)

Fig. 3 Structural Equation Models showing the direct and indirect effects of MAP, glacial-interglacial anomaly in MAT (Anomaly MAT),
glacial-interglacial anomaly in MAP (Anomaly MAP), altitudinal range (ALT Range), and plant species richness (Plant SR) on endemic bird richness
and endemic bird ratio. MAP mean annual precipitation, MAT mean annual temperature. Standardized coefficients were listed. *p <0.05, **p < 0.01
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Fig. 4 Human population density (inhabitants/km?) of the 54 cities
with the highest endemic species ratio (first quarter) in 1900, 1950
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among these periods, computed by the ‘glht'function in the
‘multcomp’R package (Hothorn et al. 2013)

ratio have experienced intensified anthropogenic activi-
ties in the past decades.

Stable glacial-interglacial temperature and more endemic
birds

Regions with stable glacial-interglacial climate could have
higher speciation rate and lower extinction rate, which
then promote higher richness of both neoendemics and
paleoendemics (Fjeldsd and Lovett 1997a, b; Dynesius
and Jansson 2000). Supporting this hypothesis, paleoen-
demic plant species, neoendemic plant species, and the
overall endemic plant species in China are concentrated
in regions with stable glacial-interglacial climate, i.e.,
southwest China (Feng et al. 2016). In addition, previous
studies about endemic bird richness in China also find
that southwest China, including the Hengduan moun-
tain and the western edge of Sichuan Basin, harbors
more endemics, and suggest that the stable ancient cli-
mate may be one of the main reasons (Lei et al. 2003; Wu
et al. 2017). Consistent with these studies, our results also
showed more endemic birds in these regions. And more
importantly, we found strong negative and direct effects
of glacial-interglacial anomaly in temperature on both
endemic bird richness and endemic bird ratio, i.e., there
are more endemic birds with stable glacial-interglacial
climate. Our findings provided strong and direct sup-
plementary evidence for the role of stable glacial-inter-
glacial climate in shaping the geographical distribution
of endemic species, consistent with the orbitally forced
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species’ range dynamics hypothesis (Dynesius and Jans-
son 2000; Davies et al. 2011).

Higher altitudinal range and more endemic birds

Except for the glacial-interglacial climate change, alti-
tudinal range, a widely used proxy for environmental
heterogeneity, has also been frequently linked with dis-
tribution of endemic species (Jetz et al. 2004; Sandel et al.
2011; Feng et al. 2016). Mountainous regions with larger
altitudinal range could not only provide more ecological
niches for species coexistence, but could also promote
allopatric speciation and decrease extinction by forming
geographical isolation and facilitating following climate
changes (Jetz et al. 2004; Stein et al. 2014). Supporting
these ideas, our results also showed that altitudinal range
could indirectly affect endemic bird richness through its
strong effect on plant species richness. More importantly,
we also found direct and positive associations between
altitudinal range and endemic bird ratio.

Higher plant species richness and more endemic birds
Higher plant species richness could affect bird species
richness directly by providing food for herbivores and
indirectly by providing diverse habitats for all groups
(Zhang et al. 2013; Liang et al. 2018). The diverse habi-
tats provided by high plant species richness in mountain
region could also promote high endemic bird diversity
(Lei et al. 2003). Consistent with these studies, our results
also showed strong positive associations between plant
species richness and endemic bird richness. However,
the direct effect of plant species richness on endemic bird
ratio was not significant, suggesting that high plant spe-
cies richness may affect endemic bird richness through
its effect on overall bird species richness.

Conclusions

In summary, by simultaneously linking multiple scale
drivers with endemic bird richness and endemic bird
ratio in China, our study suggests that the high endemic
bird richness and endemic bird ratio in southwest China
is codetermined by glacial-interglacial climate change,
plant species richness and altitudinal range, especially
for the glacial-interglacial temperature change, which has
strong direct effects on both endemic bird richness and
endemic bird ratio. Stable glacial-interglacial tempera-
ture in southwest China is one of the main drivers of its
high values of overall biodiversity and endemic species
richness, in terms of both plants and birds (Lopez-Pujol
et al. 2006; Feng et al. 2016; Wu et al. 2017). However,
this region is also strongly affected by recent anthropo-
genic activities, which have significantly affected the dis-
tribution of threatened plants in China (Feng et al. 2017).
Moreover, endemic bird species is especially vulnerable
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to these land use changes (Scharlemann et al. 2004; Maas
et al. 2009), emphasizing the great challenge for the bio-
diversity conservation in southwest China.
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