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ABSTRACT

Aim To identify hotspots of endemic and non-endemic avian diversity in the
mountains of south-west China and delineate biodiversity corridors that connect the faunas of northern and southern Asia. To understand how biodiversity
and endemism in this region has been maintained through palaeoclimate
change.
Location The mountains of south-west China, spanning an elevational gradient > 7000 m.
Methods We used the distributional data of 752 breeding birds to investigate
current patterns of diversity across elevational and geographical space. We simulated species richness under palaeoclimate models of global temperature
change, assessing changes in species richness.
Results Contemporary species richness of non-endemic birds peaked at 800–
1800 m elevation, while endemic richness peaked at 2000–3000 m. Richness of
non-endemic birds was highest in the southern Hengduan Mountains and
Yungui Plateau, while endemic richness peaked further north, extending into
the mountains along the western edge of the Sichuan Basin. Under global
warming models, species richness remained high throughout the Hengduan
Mountains region. Under global cooling models, the Sichuan Basin showed
increased richness.
Conclusions Endemism peaked in the mountains along the western edge of
the Sichuan Basin, highlighting the importance of this region in promoting
and maintaining diversity. This region has likely functioned as a biodiversity
corridor, bridging the Palaearctic and Oriental biotas to the north and south.
Climate simulations suggest that the mountains of south-west China can
accommodate upslope range shifts in response to warming, but low elevation
specialists may have experienced increased extinction probabilities during cold
periods in the recent past, which may in part explain the current mid-elevation
diversity peak. During glacial periods the Sichuan Basin likely served as a warm
refugium for montane birds. Steep environmental heterogeneity has been a key
to maintaining high diversity and endemism in the region during palaeoclimate
change. These same features will likely shape the effects of future climate
change on biodiversity in the region.
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INTRODUCTION
Identifying and understanding patterns of biodiversity has
been a defining focus of biogeography and conservation biology. Scientists have traditionally defined biodiversity hotspots
in two ways: (1) regions with exceptional species richness, or
(2) regions with an exceptional number of endemic and
threatened species (Myers et al., 2000; Mittermeier et al.,
2005; Orme et al., 2005; Fjelds
a et al., 2012). Under either
definition mountain systems are disproportionately recognized as hotspots, despite covering only 16.5–27% of land
area on earth (Orme et al., 2005; Kohler & Maselli, 2009;
Fjelds
a et al., 2012). Mountains are characterized by heterogeneous environments, which span planimetric (longitudinal
and latitudinal) and elevational gradients. This geographical
and environmental complexity is likely fundamental to the
evolution of species and maintenance of high species richness
and endemism in these systems (Fjelds
a et al., 2012). Mountain hotspots are often vast and biodiversity is disproportionately distributed across elevational and geographical space.
Thus, identifying how endemic and non-endemic biodiversity is distributed in mountains is fundamental to understanding regional biogeographical history and predicting how
diversity in mountain systems will respond to global change.
In the mountains of south-west China (MSC; Fig. 1),
exceptional species richness extends further away from the
equator than anywhere else in the world (Fjelds
a et al.,
2012). These mountain systems are uniquely positioned
between the Oriental and Palaearctic zoogeographical regions
and are the centre of several endemic terminal radiations
from the Sino-Himalayan zoogeographical region (Holt
et al., 2013; Kreft & Jetz, 2013; Rueda et al., 2013); the fauna
of the southern MSC is of Oriental origin while the fauna of
the northern MSC is of mixed Palaearctic/Oriental origin.
The Hengduan Mountains (Hengduan for short), which
make up a substantial portion of the MSC, are characterized
by parallel, north–south ranges and a diversity of habitats
distributed across an elevational gradient > 7000 m (Fig. 1).
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The Hengduan are hypothesized to be a corridor between
the Palaearctic and Oriental regions, bridging the faunas of
the north and south, thus increasing regional species richness
(Cheng, 1987; Zhao, 2002; Lei et al., 2003, 2007). The specific areas within the broader MSC that have historically connected the faunas of the northern and southern MSC,
however, are poorly known.
Recent global climate change is affecting species distributions throughout the world (Lenoir et al., 2008; Tingley
et al., 2012; Freeman & Class Freeman, 2014). Species range
limits are shifting, most notably along elevational gradients
in the subtropics and tropics and along latitudinal gradients
in temperate regions (Colwell et al., 2008). Species are
expected to continue to shift their elevational distributions
in response to climate change, tracking temperature and
their preferred thermal environments along the mountain
slope (Colwell et al., 2008; Lenoir et al., 2008). The observation that species’ distributions generally track temperature
changes suggests that temperature is important in defining
the realized niche of a species, but the influence of temperature on distributions may be indirect, rather than directly
determined by thermal limits (Freeman, 2015). Mean global
temperature has fluctuated between 6 to +3 °C from current temperature during the past 100 thousand years (kyr)
(Jouzel et al., 2007). Assuming that the fundamental thermal
niche of a species evolves more slowly than temperatures
change, then shifting thermal zones likely impose significant
pressure on species to track temperature across elevations.
These temperature oscillations would influence the elevational range of a species and thus patterns of species richness
across elevations.
The influence of climate change on species distributions is
complex and likely involves both direct responses to abiotic
pressures and indirect responses that are mediated by biotic
interactions. If species respond directly to temperature
changes, then thermal zone shifts should have little effect on
elevational range size (in vertical m) if range limits are not
truncated by geographical boundaries, such as mountain
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Figure 1 Topographic map of the
mountains of south-west China. [Colour
figure can be viewed at wileyonline
library.com]
Journal of Biogeography 44, 615–626
ª 2016 John Wiley & Sons Ltd

Mobile hotspots of avian diversity
our latest summary, 167 of which are endemic to the MSC).
This region comprises several large mountain ranges, including the Hengduan, Qinling, Daba, and the mountains of the
Yungui Plateau (Fig. 1). Sharp elevational differentiation,
from 70–7556 m, and high biodiversity and endemism make
this region an ideal system for elevational diversity research
(Wu et al., 2013b). The Sichuan Basin, located within this
region, has an average elevation of c. 500 m and is surrounded by mountains. The MSC are located in the subtropical monsoon climate zone but heavily influenced by the
Qinghai-Tibet Plateau (Zhang et al., 1997). Mountains
within the research area have striking vertical climatic zonation, ranging from subtropical to alpine. The diverse and
complex array of environments is likely key to high biodiversity and endemism in the MSC.

tops, sea level or spatial boundaries (Colwell & Rangel, 2010;
Feeley & Silman, 2010; Wu et al., 2014; Wuest et al., 2015).
Elevational distributions should be affected in one of three
ways in direct response to temperature change (Fig. 2): (1)
the species’ range could shift upslope or downslope, maintaining elevational range size, but perhaps expanding or contracting population size, depending on the topography of the
mountain slope (Elsen & Tingley, 2015); (2) the elevational
distribution could be truncated at an upper or lower geographical boundary; or (3) the species could go locally (or
globally) extinct because its thermal niche lies beyond the
conditions at upper or lower geographical limits (Fig. 2).
This last scenario results in biotic attrition in the ecosystem
(Colwell et al., 2008).
In this study we analyze the distributional data of 752 breeding birds in the mountains of south-west China to: (1) identify
endemic and non-endemic hotspots of biodiversity within the
broader MSC; (2) identify areas that have possibly served as
biodiversity corridors, bridging the Oriental fauna of the south
with the mixed/Oriental/Palaearctic fauna of the north; and
(3) simulate the effects of global warming and cooling on patterns of species richness to identify areas that have been
important in maintaining biodiversity in the region during
palaeoclimate change. These objectives have implications for
understanding how exceptional levels of biodiversity and endemism have evolved and been maintained in the MSC and how
it can best be preserved for posterity, as the ecosystem faces
threats from human impacts and climate change.

Species distribution data collection
We compiled a comprehensive elevational distribution data
set of breeding birds of the MSC from over 30 years of surveys and research in the region (see Appendix S1 in Supporting Information for references). In addition, we extracted
data from Lei & Lu (2006), MacKinnon et al. (2000), and
specimen records from the Nature Museum of Sichuan
University, National Zoological Museum of the Institute of
Zoology (Chinese Academy of Sciences, hereafter CAS), the
Kunming Institute of Zoology (CAS), Northwest Institute of
Plateau Biology (CAS), China West Normal University, and
Lanzhou University (see Table S1 in Appendix S2 for the
source of data for each species).
We used the highest and lowest elevational records for
each species as its elevational range limits. All data were
quality-checked based on our personal experience within the
region, and we removed dubious outliers. Our final data set
included 752 species that breed in the MSC, belonging to 20

Study area
The mountains of south-west China harbour a rich avifauna
and a preponderance of endemic species (939 bird species in
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Figure 2 The theoretical response of elevational distributions to climate change (temperature). Each number represents a different species.
Black triangles denote species that have gone locally extinct. Purple triangles denote species that have experienced truncation of their
elevational range. (a) Hypothetical elevational distributions under contemporary climate. (b) Elevational distribution shifts under a decrease in
temperature. (c) Elevational distribution shifts under an increase in temperature. [Colour figure can be viewed at wileyonlinelibrary.com]
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orders, 77 families and 314 genera. Non-breeding birds were
excluded from the study because distribution data were inadequate as a result of seasonal movements of these species
(Wu et al., 2013b). The classification system of birds in this
study follows the IOC World Bird List 5.3 (http://www.
worldbirdnames.org/).

CGIAR-CSI (http://srtm.csi.cgiar.org/). We then saved the
overlapping area as a distinct shapefile, for each species, representing its 3-dimensional distribution, accounting for latitudinal, longitudinal and elevational distributions. We then
overlaid species’ 3-dimensional distributions to create species
richness maps.

Contemporary species richness in the MSC

Modelling range shifts in the context of climate
change

We assume that each species occurs, or has the potential to
occur, between its highest and lowest elevation (range interpolation). Species richness across elevations was calculated
from the number of species occurring in each 100 m elevational band (e.g. 100–199.9 m) from 0 to 6000 m above sea
level (Rahbek, 1997; Brehm et al., 2007; Wu et al., 2013a).
We defined a species as regionally endemic (n = 167) if its
distribution is limited to the eastern Himalayas, mountains
around the Sichuan Basin, the Yungui Plateau, south-eastern
Qinghai-Tibet Plateau and northern Burma, Laos and Vietnam. The remaining species (n = 585) were defined as nonendemic (Wu et al., 2013b). We adjusted for elevational
range underestimation in 20 species that were recorded from
a single elevation (thus having a documented elevational
range of 0 m) by adding 100 m to each side of the recorded
elevation (Stevens, 1992; Cardel
us et al., 2006; Brehm et al.,
2007; Wu et al., 2013a). This approach prevents species
recorded from a single site from being ‘lost’ between sampling elevations, better capturing reality as all birds have elevational ranges > 0. Considering the vagility of birds, we
adjusted the elevational range to 200 m for species with
recorded elevational ranges < 200 m but > 0 m (Wu et al.,
2013b). The interpolated empirical species richness at each
elevational band from sea level to 6000 m (0–100, 101–
199 m, . . ., 5901–6000 m) was calculated in RangeModel
5 (Colwell, 2008). We calculated land area in the MSC at elevations between 0–6000 m in ArcGIS 10.2 (ESRI, Redlands,
CA, USA).
We created species richness maps for all breeding birds,
non-endemic birds, and endemic birds, incorporating geographical distributions with the verified elevational distributions. We obtained geographical distribution shapefiles from
BirdLife (http://www.birdlife.org) for most species. We
checked the geographical distribution accuracy for all 752
species used in this study. For 38 species we discovered that
the BirdLife range maps were inaccurate for the MSC based
on our distributional records. We modified the shapefile for
these species to match current distributional records. Additionally, the current IOC World Bird List (v. 5.3) recognizes
species for which BirdLife range maps do not exist (n = 19).
In these cases, we built range maps within the MSC based
on known distributional records. A detailed list of species for
which range maps were altered or created can be found in
Table S1 in Appendix S2.
In ArcGIS 10.2 we overlaid each species geographical
distribution with its elevational distribution that we digitized
using the STRM 90-m digital elevation model from
618

We simulated elevational shifts in species richness under
palaeoclimate models of temperature change to assess the
influence of past temperature change on patterns of species
richness in the MSC. To simulate changes in species richness
patterns more accurately across the region, we used elevational distribution data of only widely distributed, non-endemic species. Under the assumptions that thermal niches are
conserved and that each species can theoretically occur
within its recorded contemporary thermal limits throughout
the study area, we reconstructed the estimated richness patterns using the adjusted range mid-points and range sizes
under different temperature scenarios (+1, +2, 1, 2 and
4 °C compared to modern temperature) based on temperatures estimated for the past 100 kyr (Jouzel et al., 2007).
Historical speciation would affect species richness patterns
(Wu et al., 2014), but a limited understanding of speciation
events in most clades of birds in the MSC prevents us from
studying the historical diversification that have shaped species richness patterns. Therefore, we have chosen a time-scale
of 100 kyr to minimize the uncertain influence from historical speciation, as no species is likely younger than 100 kyr
(Price et al., 2014). Given that global palaeotemperatures
were once 3 to 6 °C lower than modern temperature
during the last 100 kyr (Jouzel et al., 2007), we conservatively chose 4 °C to explore shifts of species richness under
an extreme cold, glacial maximum scenario.
Average temperatures decrease linearly with elevation in
the Hengduan (Wu et al., 2013b). We calculated the lapse
rate of 0.45 °C/100 m using data from 291 meteorological
stations in the MSC. Given the calculated lapse rate, one
degree of temperature change corresponds to 222 m change
in the elevational position of a species along the elevational
gradient. Using this relationship, we adjusted the range position (midpoint) of each species based on the given global
temperature change (+1, +2, 1, 2, 4 °C). Under climate
change scenarios, adjusted species elevational limits may
extend beyond geographical boundaries, causing range truncation or local extinction. In these cases, new range sizes and
adjusted mid-points were computed. The richness patterns
were plotted using the empirical richness option in RangeModel 5 based on the adjusted range mid-points and range
sizes under different temperature change conditions. In this
simulation (Model 1), we treated species as having a
homogenous response to climate change, shifting their elevational mid-point by 222 m/1 °C temperature change. We
simulated the effects of temperature change for elevational
Journal of Biogeography 44, 615–626
ª 2016 John Wiley & Sons Ltd
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RESULTS
Species richness of birds in the MSC
Species richness patterns for all breeding birds, non-endemic birds, and endemic birds along the elevational gradient
were similar to the patterns previously documented in the
Hengduan at a smaller regional scale (Fig. 3) (see Wu et al.
2013). The area in each elevational band in the study
region (shown in Fig. 3) produced an ‘M’ shape across elevations, with two peaks: a main peak occurring at c. 500 m
(the average elevation of Sichuan Basin) and a second peak
Journal of Biogeography 44, 615–626
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distributions alone and for the combined geographical and
elevational distributions. We reclassified the digital elevation
raster in ArcGIS 10.2 to produce a digital species richness
raster using the calculated interpolated species richness that
occurred at each 100 m elevational band.
Species, however, may show heterogeneous responses to
temperature change if they exhibit differences in thermal
adaptability. Fully understanding the heterogeneous response
of birds in the MSC to climate change is a monumental task
at present. However, stochastic simulations can help us
explore different heterogeneous response scenarios of birds
to climate change. For a stochastic alternative model, we randomly divided the data of non-endemic species into three
equal groups and then combined the results for analysis: the
first group was treated as temperature sensitive (elevational
ranges shift 100% of the rate 222 m/1 °C), the second group
was treated as moderately sensitive [elevational ranges shift
60% of 222 m/1 °C (133 m/1 °C)], and the third group was
treated as minimally sensitive [elevational ranges shift 30%
of 222 m/1 °C (66 m/1 °C)]. We assumed that no species
has a stable elevational distribution under temperature
change in this model (Model 2).
Because previous studies have found that some species are
not shifting elevational range, or shifting their range in an
unexpected direction in response to climate change (Tingley
et al., 2012; Rowe et al., 2014), we conducted an additional
heterogeneous model to account for these possibilities. This
model (Model 3) included five equal groups: three groups
with 100%, 60%, 30% sensitivity respectively. The fourth
group was treated as insensitive (elevational ranges shift
0 m/1 °C) and the fifth group was treated as inversely
adapted [elevational ranges shift minus 30% of 222 m/1 °C
( 66 m/1 °C)].
Considering that equal division of groups is arbitrary and
could affect the simulation results, we conducted two additional models (Model 4 and Model 5) to test the heterogeneous response of birds to climate change by changing the
proportion of birds in each group. Model 4 included three
unequal groups: 50% of species have 100% response, 25% of
species have 60% response and 25% of species have 30%
response. Model 5 also included three unequal groups: 25%
of species have 100% response, 25% of species have 60%
response and 50% of species have 30% response.
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Figure 3 Land area and species richness of birds along an
elevational gradient in the mountains of south-west China. Land
area at a given elevation in the MSC is represented by the
shaded grey curve. The average elevation of the Sichuan Basin
(500 m) and the Qinghai-Tibetan Plateau (4500 m) account for
the two peaks in land area. [Colour figure can be viewed at
wileyonlinelibrary.com]

occurring at c. 4500 m (the average elevation of QinghaiTibet Plateau).
The three-dimensional species richness patterns for all
birds and non-endemic birds were similar (Fig. 4a,b); species
richness was highest in the southern Hengduan, Yungui Plateau, and eastern Himalayas. Although species richness
decreased further north, the mountains along the western
edge of the Sichuan Basin, Daba, and Qinling harboured
higher diversity than the immediately adjacent areas. Species
richness of endemic birds peaked further north, with the
highest diversity in the southern and central Hengduan, eastern Himalayas, and mountains along the western edge of the
Sichuan Basin (Fig. 4c).
Species richness of birds under simulated
temperature change

Assuming a homogenous response to temperature change
The species richness patterns of non-endemic birds changed
substantially under different simulated temperature scenarios
in Model 1 (Fig. 5, see Fig. S1a in Appendix S2). Under simulated temperature increases, species distributions moved
upslope with 0.5–0.9% of species experiencing elevational
range truncation from hitting upper elevational limits
(Table 1), but no extinctions. Species richness remained highest in Hengduan, Yungui Plateau, Daba, Qinling and Eastern
Himalaya. Lower elevations, such as the Sichuan Basin,
showed biotic attrition (Colwell et al., 2008) (Fig. 5b,c).
Under simulated temperature decreases, species distributions shifted downslope, but the overall pattern was still
hump shaped when temperature decrease 1 and 2 °C
(Table 1, see Fig. S1a in Appendix S2). The pattern of species richness approached a monotonic decrease (see Fig. S1a
in Appendix S2). With a 4 °C decrease, 82% of species
619
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experienced elevational range truncation and 6% of species
went locally extinct (Table 1). Under this extreme climate
model, the pattern of species richness shifted fully to a
monotonic decrease (see Fig. S1a in Appendix S2). Under
simulated temperature decreases, species richness was highest
in the Sichuan Basin and lowland valleys and plains in
south-eastern China, northern Myanmar and eastern Himalaya (Fig. 5d–f). Species richness decreased at upper elevations throughout the Hengduan, Yungui Plateau, Daba,
Qinling and Eastern Himalayas.

Figure 4 Species richness patterns of
breeding birds in the mountains of southwest China. (a) All breeding birds. (b) Nonendemic birds. (c) Endemic birds. [Colour
figure can be viewed at wileyonline
library.com]

numbers of species that experienced elevational range truncation or extinction under warming and cooling scenarios were
similar to those in Model 2 (Table 1, Fig. 6). Fewer species
experienced elevational range truncation or local extinction in
the four heterogeneous models (Models 2–5) compared to the
homogenous model (Model 1) (Table 1, Fig. 6), and low elevations experienced less attrition in the heterogeneous models
under simulated cooling (Fig. 5, see Figs S1–S5). When temperatures decreased, species richness increased in the lowlands
of the MSC, especially in the Sichuan Basin, plains of
southeast China and low elevation valleys of the Hengduan.

Assuming a heterogeneous response to temperature change
The results of the four heterogeneous models produced qualitatively similar outcomes (Table 1, Fig. 6). Under simulated
warming in Models 2 and 3, elevational distributions moved
upslope (see Fig. S1). Fewer species experienced elevational
range truncation in Model 3 than in Model 2, while no species experienced extinction in either model under warming
scenarios (Table 1). Under simulated cooling in Models 2 and
3, species distributions moved downslope (see Fig. S1). More
species experienced elevational range truncations or extinction under cooling scenarios than warming scenarios
(Table 1). Fewer species experienced elevational range truncation or extinction in Model 3 than in Model 2 under simulated cooling (Table 1). When changing the proportion of
species in a heterogeneous group (Models 4 and 5) the
620

DISCUSSION
Endemic and non-endemic species richness in the
MSC
Identifying patterns of species richness, especially those of
endemic species, is critical for understanding regional biogeographical history and generating effective conservation
strategies (Myers et al., 2000; Mittermeier et al., 2005). We
found striking differences in the patterns of endemic and
non-endemic diversity in the MSC, with endemic diversity
peaking further north and at higher elevations than nonendemic diversity. This pattern is consistent with a previous
study that shows maximum richness of endemic Himalayan
plants peaks at higher elevations than non-endemics (Vetaas
Journal of Biogeography 44, 615–626
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Figure 5 The shift of species richness patterns in the mountains of south-west China (MSC) under different climate change models,
assuming a homogenous response of birds to the climate change. (a) The ‘Present’ distribution map assumes that all non-endemic species
can occur throughout the MSC, which we know to be incorrect based on Fig. 4. This assumption, however, should be robust for the
simulated climate change models, because species could theoretically occur throughout the study area during the past 100 kyr as
geographical ranges shifted in response to paleoclimate change. The ‘Present’ distribution map is included for comparison with maps b–f.
Figures for all heterogeneous models can be found in the supplementary material. [Colour figure can be viewed at wileyonlinelibrary.com]

& Grytnes, 2002), and Steinbauer et al. (2016) have recently
shown that this pattern is globally widespread. One possible
explanation for this observation is that isolation is reduced
at lower elevations (Vetaas & Grytnes, 2002), and thus the
topographical complexity of higher elevations in the MSC
has maintained (and promoted) differentiation among endemic taxa (Qu et al., 2014; Peterson et al., 2015).
Peak richness of endemic birds in the central Hengduan
and in the mountains along the western edge of the Sichuan
Basin highlights the unique nature of this region as an area
of several terminal endemic radiations. The Hengduan is the
centre of diversity for the avian family Leiothricidae (Laughingthrushes) (Moyle et al., 2012; Wu et al., 2014) and
Phasianidae (Pheasants and allies) (MacKinnon et al., 2000),
which make up a significant portion of avian diversity and
endemism in the Sino-Himalayan Mountains (Holt et al.,
2013). Several endemic birds can be found only in the
mountains along the west edge of the Sichuan Basin, including Sichuan treecreeper (Certhia tianquanensis), Sichuan partridge (Arborophila rufipectus), Sichuan jay (Perisoreus
Journal of Biogeography 44, 615–626
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internigrans) and Sichuan owl (Strix davidi) (MacKinnon
et al., 2000; Zhang et al., 2010; Zheng, 2011). Endemic mammals and reptiles, such as the giant panda (Ailuropoda melanoleuca), muli pika (Ochotona muliensis), and pearl-banded
rat-snake (Elaphe perlacea) also have limited distribution in
the mountains along the western edge of the Sichuan Basin
(Zhao et al., 2003; Smith & Xie, 2009). It is poorly understood why these endemic species are narrowly distributed
along this corridor of the Sino-Himalayan Mountains, but
the mountains along the western Sichuan Basin appear to
have great importance in maintaining biodiversity and endemism in the greater MSC.
Historical vicariance within the MSC may somewhat inflate
species richness at higher elevations. Sister species that segregate elevationally, such as Phylloscopus maculipennis and P.
pulcher or Fulvetta cinereiceps and F. striaticollis, increase overall diversity along the elevational gradient, but the prevalence
of these sister lineages is elevationally structured, becoming
more prominent at higher elevations. This phenomenon is
illustrated in Fig. 3, in which the peak for ‘all breeding birds’ is
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Table 1 Summary of the number of non-endemic bird species in the mountains of south-west China under different climate change scenarios. The ‘Retained species’ for each model was
calculated by subtracting the number of species that go locally extinct from the total number of non-endemic species in the study.
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+1

0

-1

Temperature change
Figure 6 A comparison of the five models under different
climate change scenarios for non-endemic breeding birds in the
mountains of south-west China. (a) The number of species with
elevational ranges that were truncated by geographical
boundaries under temperature change scenarios. (b) The
number of extinct species under temperature change scenarios.
(c) The number of retained species that persist through
temperature change. [Colour figure can be viewed at
wileyonlinelibrary.com]

shifted slightly upslope from the peak for ‘non-endemic birds’.
Endemic birds that have diversified within the MSC drive this
upslope shift, slightly affecting the elevational diversity pattern
(i.e. Fig. 3), but imposing minimal effects on three-dimensional diversity patterns (i.e. Fig. 4).
The Hengduan are situated in a transition zone between
the Oriental and Palaearctic zoogeographical regions (Kreft
& Jetz, 2013; Rueda et al., 2013). Given their diversity of
habitats and north–south orientation, the Hengduan have
been assumed to act as an important biodiversity corridor,
bridging the faunas of the Oriental and Palaearctic Realms
(Cheng, 1987; Zhao, 2002; Lei et al., 2003, 2007). However,
the location of this corridor within the broader MSC has
previously been unclear. Although diversity of all breeding
birds in the MSC peaks in the southern Hengduan, Yungui
Plateau, and eastern Himalayas, high levels of endemic and
non-endemic diversity persist along the western edge of the
Sichuan Basin (compared to adjacent areas), likely serving as
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a biodiversity corridor, bridging Oriental biotas in the south
with mixed Palaearctic/Oriental biotas in the north. The
mountains along the western edge of Sichuan Basin form a
transition zone and supply a diversity of habitats that span
an elevational gradient > 6000 m between the Sichuan Basin
and the Qinghai-Tibet Plateau. Through the past, these
mountains were likely fundamental for maintaining diversity,
bridging northern and southern biogeographical regions, and
promoting endemic and regional diversity.
Species richness patterns of birds under simulated
temperature change
Global climate change influences species distributions (Freeman & Class Freeman, 2014), altering patterns of species richness across the landscape. In our study, patterns of species
richness behaved in similar ways under the five simulated temperature models. In all five models, species richness decreased
in the lowlands under temperature increases and increased in
the lowlands under temperature decreases. In all models, more
species experienced range truncation or local extinction under
cooling scenarios than under warming scenarios, and no species
experienced local extinction under warming. These results
imply that the mountains in the MSC are high enough to
accommodate almost all upslope shifts in response to warming,
while the relative lack of warm lowland habitats may have made
it difficult for low elevation specialists to persist through cold
periods in the recent past. This historical explanation may
account, in part, for the contemporary diversity peak at
c. 1000–1500 m elevation. We know, of course, that the species
in our models did not, in fact, go globally extinct, although it is
possible that others did. Under global warming, an increase in
species richness at upper elevations is contingent on higher elevations being able to accommodate species with adequate habitat area and resources. Our results show that as peak species
richness moves upslope, total land area decreases (until extreme
high elevations of the Qinghai-Tibet Plateau), which could have
negative consequences for total avian diversity in the MSC and
the carrying capacity at upper elevations (see Fig. S1).
Simulation data suggest that when temperatures were historically colder the Sichuan Basin and other lowlands in the
MSC may have played important roles as refugia for species
being driven down out of the mountains by decreasing temperatures. Population genetic studies of a montane forest
bird, the green backed tit (Parus monticolus), have shown
that the Sichuan Basin was an important refuge during glacial periods, followed by rapid population expansion into
high elevational habitats as glaciers retreated (Wang et al.,
2013). Investigations of additional taxa may show the generality of this pattern in montane birds of the MSC. Because
lowland areas are larger in geographical extent than upper
elevations (Fig. 3), the lowlands may have provided a refuge
for montane species as their elevational distributions shifted
downslope during cold periods.
Our homogenous climate model represents a scenario in
which species perfectly track their thermal niche across the
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elevational gradient. This model represents an extreme scenario in which species have 100% sensitivity to temperature
changes and their realized thermal niche equals their fundamental thermal niche. Empirical data suggest that a homogeneous response to temperature is likely incorrect for
montane vertebrates. Species in mountains are more likely to
exhibit a heterogeneous response to climate change that may
account for climatic features other than temperature, such as
precipitation (Tingley et al., 2012; Rowe et al., 2014). In general, fewer species experienced range truncation or local
extinction under heterogeneous models compared to the
homogeneous model (for both temperature increases and
decreases). This observation suggests that heterogeneity in
response to climate change may buffer regional communities
from the effects of temperature change, because some species
may be marginally affected or have the ability to acclimate
or rapidly adapt to new temperature regimes or landscapes.
This thermal flexibility has likely occurred in some taxa of
the MSC that have sibling species that breed in northern
Eurasia, suggesting that a MSC population remained in a
Pleistocene refuge, or in a wintering area, thus adapting to
warmer climate. Evidence suggests that lineages that evolved
in warmer climates rarely switch to colder environments,
while cold-adapted lineages are more likely to transition into
warmer environments (Cadena et al., 2012; Ara
ujo et al.,
2013; Khaliq et al., 2015). These studies have implications
for how birds of the MSC may respond to warming temperatures: higher elevational species, which occur in cooler environments, may be less sensitive to warming temperatures
and persist at current elevations, while lower elevational species, which occur in warmer environments, may track their
thermal niche upslope. A heterogeneous response such as
this one would restructure community composition across
the elevational gradient.
In our study, we assessed the influence of past global warming and cooling on patterns on species richness, with implications for the effects of future warming on the avifauna of the
MSC. The influences of climate change on species distributions
are complex, ranging from direct effects from abiotic pressures, such as temperature tolerance, to indirect effects from
biotic interactions, such as habitat association or interspecific
interactions that are mediated by climate change (Urban et al.,
2012). Here, we looked at the direct effects of temperature
change on patterns of species richness in the MSC, but thermal
niche is just one factor that contributes to setting distributional limits in birds. It will be important to understand how
thermal niche mediates biotic interactions within a community to predict the consequences of climate change on species
distributions. Some species may actually depend more on a
certain landscape structure (such as top-ridge conditions) than
on climate zone (Fjelds
a et al., 2012).
CONCLUSION
Montane hotspots are often vast, spanning steep environmental gradients across elevational and geographical space.
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Identifying finer-scale patterns of endemic and non-endemic
diversity within montane systems is the first step in understanding montane biogeography and how montane diversity
may respond to global climate change. Endemic and nonendemic diversity in the MSC peaked at different elevations
and latitudes, with endemism peaking at higher elevations and
further north than non-endemic diversity. Endemism was
highest at middle elevations and in the mountains along the
western edge of the Sichuan Basin, highlighting the importance
of this region in promoting and maintaining high diversity
through periods of glacial–interglacial change. Contemporary
non-endemic diversity peaks in the southern MSC but remains
high (relative to adjacent areas) in the mountains along the
western edge of the Sichuan Basin. These mountains are
uniquely positioned between the Oriental and Palaearctic zoogeographical regions, forming a biodiversity corridor between
the regions and bridging the faunas to the north and south.
This corridor region within the MSC has likely been fundamental to the production, maintenance, and exchange of avian
diversity throughout the broader region.
Under simulated global warming scenarios, few species
experienced elevational range truncation and no species went
locally extinct. These results imply that the height of the
mountains in the MSC can accommodate almost all upslope
range shifts in direct response to levels of warming currently
anticipated. Most upward shifts, however, will be associated
with decreased land area, which may have negative consequences for population sizes and density. Under simulated
global cooling scenarios, many species experienced range
truncation or local extinction, as montane species moved to
lower elevations. This observation may in part explain the
current mid-elevation diversity peak, since low-elevation specialists may have experienced higher extinction probabilities
during cooler periods in the past. This observation also suggests that the Sichuan Basin and other low-lying areas may
have acted as refugia for montane diversity during periods of
glacial episodes. The dramatic elevational gradients, complex
topography, and heterogeneous habitats of the MSC have
likely been key to biodiversity accumulation and maintenance in this region through palaeoclimate changes. These
same factors may dictate the consequences of future global
change on biodiversity in the region.
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