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Abstract
Little has been published to describe or interpret Asian biodiversity hotspots, including those in the East Hima-
layan Mountains of Southwest China (HMSC), thus making necessary a review of the current knowledge. The 
Pliocene and Pleistocene geological and glacial histories of the Asian continent differ from those of Europe and 
North America, suggesting different mechanisms of speciation and extinction, and, thus, different responses to 
climate changes during the Quaternary glaciations. This short review summarizes potential drivers in shaping 
and maintaining high species richness and endemism of birds in the HMSC. The geographical location at the 
junction of different biogeographical realms, the wide range of habitats and climates along the extensive eleva-
tional range, the complex topography and the distinct geological history of this region have probably contrib-
uted to the evolution of an exceptionally species-rich and endemic-rich, specialized montane avian fauna. The 
Mountain systems in the HMSC may have provided refugia where species survived during the glacial periods 
and barriers for preventing species dispersal after the glacial periods. More studies are required to further test 
this refugia hypothesis by comparing more cold-tolerent and warm-tolerent species.
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INTRODUCTION
Species richness and endemism have been wide-

ly used for prioritization of biodiversity conservation at 
both regional and global scales (Stattersfield et al. 1998; 
Myers et al. 2000). Comparisons of distribution patterns 
among different vertebrates (Lamoreux et al. 2006), and 
between the richness and endemism of birds, have been 
reported at a global scale (Orme et al. 2005). The con-
cept of endemism is central to the study of biogeogra-
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phy (Crisp et al. 2001), with the level of endemism well 
explained by the climate-change velocity index (Sand-
el et al. 2011). Thus, species inhabiting montane regions 
may adapt and speciate locally, as despite global cli-
mate change, they can remain in the same climate zone 
by making short altitudinal movements. This may be the 
case in particular where wind systems from thermally 
stable tropical oceans can interact with the inland topog-
raphy to provide extraordinary stability in certain places 
(Fjeldså et al. 2012). Thus, historical processes and spa-
tial differences in climate impacts should be compared 
to explain the mountain endemism (Jetz et al. 2004; 
Graham et al. 2006; Lei 2012). 

Over the past several decades, a number of hypoth-
eses have been formulated to explain the large-scale 

variation in species diversity, notably energy-relat-
ed variables (Wright 1983; Currie 1991) and landscape 
complexity (Rosenzweig 1995; Kerr & Packer 1997; 
Rahbek & Graves 2001). Energy and water are good 
biodiversity predictors for bird species richness (McCain 
2009), although it has been suggested that this correla-
tion is mainly driven by the large number of data points 
for widespread species (Jetz & Rahbek 2002; Rahbek 
et al. 2007). It has been much more difficult to explain 
the distributions of small-range (local endemic) species, 
whose distributions are possibly influenced by topogra-
phy and, presumably, historical opportunities for isola-
tion of populations and adaptation to local environments 
(Jetz et al. 2004). There is a strong role for eco-climat-
ic stability in explaining the variation of species rich-

Himalaya

Indo-Burma

Mountains of  Southwest China

Mountains of Central Asia

A01

A02A03

A04

A06

A08

A09

A07

A05

A10

A17

A18

A12

A16

A11
A14 A13

A15

Hengduan 
Mountains

Figure 1 Map of the East Himalayan Mountains of Southwest China (HMSC) range: (a) highlights the locality China; and (b) high-
lights the distribution of East-Himayan and Zoogeographical regions and locations of biodiversity hotspots. Different color patches 
represent different hotspots. The subregional codes A01 to A18 indicate 18 of 19 zoogeographical subregions of China (e.g. A10 = 
Qinghai–Zangnan Subregion; A11 = Southwest Mountainous Subregion; A12 = Himalaya subregion). (c) Enlarged map to show ap-
proximately the HMSC and to indicate the locations of East Himalaya and Hengduan Mountains. The figure was modified from fig-
ure 1 in Huang et al. (2010) and Conservation International’s website (http://www.conservation.org/where/priority_areas/hotspots/
Pages/hotspots_main.aspx).
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ness (Graham et al. 2006), for example, in Pleistocene 
refugia (Gomez et al. 2000), in areas characterized by 
low climate-change velocity (Jansson 2003; Davies et 
al. 2009; Loarie et al. 2009; Sandel et al. 2011), in sta-
ble cloud forest zones resulting from marine impacts 
(Fjeldså et al. 2012), and for dispersal combined with 
spatial niche conservatism (Wiens & Graham 2005). 
Most analyses of such relationships have been based 
on data for American and African birds, and have rare-
ly dealt with Asian species, or, notably, the biodiversity 
hotspots of the east Himalayan Mountains of southwest 
China (HMSC). This HMSC region is located mainly in 
the joint areas among the Southwest Mountainous Sub-
region, the Qinghai–Zangnan Subregion and the Hima-
laya Subregion of China zoogeographical regionaliza-
tion (see Fig. 1). The shortage of high-resolution digital 
data resources has, until recently, limited the amount of 
analysis of diversification patterns at Asian continental 
level (Ding et al. 2006; Rull 2011a; Lei 2012; Fjeldså 
2013) or global level. However, a recent study of all Hi-
malayan songbirds, with a focus on the eastern Himala-
yas, concluded that competition for niche space limits 
species accumulation, and that elevational distributions 
are determined by resources, especially the abundance 
of arthropods (Price et al. 2014). Srinivasan et al. (2014) 
emphasize the importance of the eastern Himalaya as a 
reservoir of diversity and as a significant unit with im-
mense potential as a biodiversity hotspot through long 
time-scales. This review aims to briefly summarize what 
we presently know about the potential drivers shap-
ing the current distribution pattern of birds, and high-
light the underlying historical mechanisms forming the 
HMSC biodiversity hotspots.

THE IMPORTANCE OF THE EAST 
HIMALAYA: MOUNTAINS OF 
SOUTHWEST CHINA IN GLOBAL 
BIODIVERSITY CONSERVATION 
CONTEXT

    China has high species richness and endemism of 
terrestrial vertebrate groups. It is a large country that 
covers both the Palaearctic and the Oriental realms and 
has a complex habitat mosaic. As one of the most im-
portant centers of global biodiversity (Myers et al. 2000; 
Orme et al. 2005; Huang et al. 2010), the Southwest 
mountainous range of China contains three global biodi-
versity hotspots (i.e. Himalaya, Mountains of Southwest 
China and Indo-Burma, see Fig. 1). Studies on geo-

graphic distribution patterns of larger taxonomic groups 
reveal the generally concordant patterns of the high spe-
cies richness and endemism, for example in birds (Lei et 
al. 2003a; Lei et al. 2007), amphibians (Fu et al. 2006; 
Chen & Bi 2007), mammals (Wu et al. 2005; Tang et 
al. 2006), grasshoppers (Xu 2005), spiders (Meng et 
al. 2008) and aphids (Huang et al. 2008). This may re-
flect the similar response of different organisms to en-
vironmental conditions and climate history. These stud-
ies also reveal the role of mountain systems in forming 
China’s biotic endemism because the mountainous areas 
at such low latitudes provide relatively stable environ-
mental conditions, in spite of Quaternary climatic oscil-
lations. The Hengduan Mountains located within HMSC 
are the most important mountain system in China, and 
are considered the ‘evolutionary powerhouse’ of Chi-
nese avifauna (Zhao et al. 2007; Huang et al. 2010).

SPECIES RICHNESS AND ENDEMISM 
OF BIRDS IN EAST HIMALAYAN 
MOUNTAINS OF SOUTHWEST CHINA

With 1371 species, China has high species richness 
of birds, accounting for nearly 14% of the world’s to-
tal number of bird species. The highest species richness 
is in the Southwest Mountainous, the Qinghai–Zang-
nan and the Himalaya Subregions in southwestern Chi-
na (Zheng 2011). Both endemic species and endemic 
genera have the highest richness and endemism in the 
Hengduan Mountain hotspot (Lei et al. 2003 a,b), where 
the peak diversity for passerines in a grid-cell of 1 × 1 
geographical degrees is 337 species, and large neighbor-
hood heterogeneity in species assemblages between ad-
jacent grid-cells suggests high local species replacement 
and beta diversity (Fjeldså et al. 2012 Fig. 1). Parsimo-
ny analysis of endemicity has identified the South-west 
Mountainous Subregion as 1 of the 4 areas of ende-
mism (AOE) in China (Huang et al. 2010). This sug-
gests that historical and ecological vicariant events may 
have acted as important factors in shaping the dramat-
ically different avian fauna compositions between the 
Southwest Mountainous Subregion and its neighbor-
ing Qinghai–Zangnan Subregion (Huang et al. 2010). 
Southwest Mountainous Subregion AOE was suggest-
ed to be caused by evolutionary and ecological isola-
tion due to the highly diversified habitats and environ-
ments. It is also possibly caused by the subregional 
geographical isolation due to complex topography (Lei 
et al. 2007). Furthermore, the Southwest Mountainous 
Subregion and its vicinities may have harbored both the 
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‘primitive relics’ and the ‘newcomers’ (Lei et al. 2007). 
Such hypotheses remain to be tested using phylogenetic 
and phylogeographic approaches. Ecological and evo-
lutionary approaches integrated in the comprehensive 
model are needed in interpretations of the endemism (Lei 
2012).

POTENTIAL DRIVERS IN SHAPING 
THE HIGH RICHNESS PATTERNS AND 
ENDEMISM

Mountain systems and ecological stability 
explains high species richness and endemism

Conditions for speciation may have differed signifi-
cantly among European, American and Asian continents 
since the late Miocene, as illustrated by the relative dif-
ferences in the occurrence of recently derived species 
inhabiting the northern parts of these regions (Fjeldså 
2013). During the late Miocene we see diversification 
of many birds lineages that continued towards the Plio-
cene and burst in the Pleistocene when glacial and in-
terglacial cycles altered species geographic range. In 
this context, areas such as Siberia and Beringia repre-
sented interglacial refugia due to their relatively sta-
ble mesophilus biome that expanded during the Pleis-
tocene–Holocene boundary while at moderate latitudes 
woodland and more temperate forests were formed. 
Such ‘mammoth steppe’ stability provided opportunities 
for many birds to maintain local breeding populations 
in the north, and to move south into the mountain rang-
es of Central Asia and China, where a rich cold-adapt-
ed avifauna (partly of northern origin) can now be found 
along the high mountain ridges (Allen et al. 2010; Päck-
ert et al. 2011; Fjeldså et al. 2012). The connectivity be-
tween the northern biomes, the forest-covered mid-lat-
itude mountain ranges and wintering habitats in the 
mesic tropics, may have offered more opportunities for 
continued diversification than the situation in Europe, 
which is bounded towards the south by the Saharo-Ara-
bian desert region.

The opportunity for accumulation of species, and spe-
ciation, in Asia is intimately associated with the uplift 
of the Qinghai Tibetan Plateau (QTP) and Himalayas. 
Because of such opportunities, a very large diversity of 
species could build up along the borderline between the 
tropical Asian lowlands and the uplifted QTP (Lei et al. 
2014).

Climatic stability may promote both high species di-
versity and endemism because of local speciation, as 
local populations could persist and specialize in lo-
cal environments (Fjeldså & Lovett 1997a,b), and be-
cause of the accumulation of immigrants. In tropical 
South America and Africa, the richness of both paleo-
endemic and neoendemic species always peaks in mon-
tane forest areas characterized by high climatic stability 
(Fjeldså 1994, 1995; Fjeldså & Lovett 1997b; Fjeldså et 
al. 1999). Altitudinal range was also considered a strong 
predictor in centers of endemism (Jetz & Rahbek 2002; 
Jetz et al. 2004), like species richness in South Ameri-
can birds (e.g. Rahbek & Graves 2001). Mountain sys-
tems facilitate speciation and maintain high species 
richness. Neotropical mountains have been considered 
decisive for Plio-Pleistocene avian evolution by act-
ing as ‘species pumps’ for their surrounding midlands 
and lowlands (Fjeldså & Rahbek 2006; Sedano & Burns 
2010). Old populations from Pleistocene refugia usually 
show deep genetic structure and population divergence, 
which may lead to the high local endemism (Gomez et 
al. 2000). 

In China, the HMSC range is characterized by high 
species richness and endemism, as the climate was sta-
ble during the Quaternary glacial periods (Adams & 
Faure 1997; Liu et al. 2002; Shi 2002). Globally, mon-
tane hotspots are quite restricted to low latitudes and 
mountains near thermally stable coasts (Fjeldså et al. 
2012), and the Sino–Himalayan area is one of the few 
areas where high endemism extends deeper into the con-
tinent. This may be related to the north–south direction 
of the mountain ranges in Yunnan channeling the mon-
soon winds deep into the continent. Ecological niche 
model analyses have suggested that the distribution 
ranges of several bird species in the HMSC remained 
stable from the Last Interglacial, through the Last Gla-
cial Maximum (LGM) to present day (Dai et al. 2011; 
Liu et al. 2012; Zhao et al. 2012; Wang et al. 2013). 
These results inferred an ‘ecological stability hypoth-
esis’ for explaining the high diversification pattern in 
HMSC, which was tested by comparing the HMSC and 
other non-hotspot regional avifaunas (Qu et al. 2014). 
Comparative phylogeography of four bird species (Al-
cippe morrisonia Swinhoe, 1863, Stachyridopsis rufi-
ceps Blyth, 1847, Parus monticolus Vigors, 1831 and 
Aegithalos concinnus Gould, 1855) found that the high 
genetic diversity in HMSC might have resulted from 
both long-term in situ diversification and environmental 
stability of montane habitats (Qu et al. 2014).

In China, four currently identified AOEs are all locat-
ed in the mountain area, which invoked the ‘mountain 



175

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Drivers in forming biodiversity hotspots

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

© 2014 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and Wiley Publishing Asia Pty Ltd

barrier hypothesis’ suggesting that “mountainous envi-
ronment may act as historical and ecological barriers 
preventing population gene flow, promoting speciation 
and maintaining a high endemism” (Huang et al. 2010, P. 
2013). In the Hengduan Mountains, multiple intra-spe-
cific genetic lineages were detected in several bird spe-
cies, suggesting high regional genetic diversity and en-
demicity (Lei et al. 2007; Song et al. 2009; Liu et al. 
2012; Qu et al. 2014).

During the glacial periods, the deep valleys of the 
Hengduan Mountains played an important role in main-
taining the local fauna, by providing refuge for many 
species and acting as a species pump for expansion 
during interglacials (Song et al. 2009). Consequently, 
the mountain system may have an effect in two ways. 
On one hand, it directly prevents the dispersal of spe-
cies, reducing gene flow among populations (mountain 
barrier hypothesis). On the other hand, low altitudes of 
the mountains provide suitable habitats during glacia-
tions (mountain refugia hypothesis). During the glacial 
periods, the central area of the high Tibetan Plateau was 
covered by ice, while glaciers in the Southwest Moun-
tainous Subregion were restricted to high altitudes (Liu 
et al. 2002; Shi 2002; Zhou et al. 2006). In contrast, 
the eastern Himalayas might have had similar vegeta-
tion during glaciations as in the present time (Adams & 
Faure 1997), or at least species may have found benign 
and suitable climates by making small local transloca-
tions. It is likely that the climatic stability maintained 
high richness of species during the Pleistocene glacial 
periods (Li et al. 2009; Qu et al. 2011). 

Geometric constraints, climate and productivity are 
frequently suggested to explain variation in species rich-
ness (Colwell et al. 2004; Sanders & Rahbek 2012). 
An analysis of species richness in the Hengduan Moun-
tains revealed that the richness pattern for all breed-
ing birds along the elevational gradient is hump-shaped 
with a peak at 800–1800 m (Wu et al. 2013). This 
peak coincided with an altitudinal range where the cli-
mate is neither too cold nor too arid and relatively sta-
ble throughout the year, and where high band area and 
weak geometric constraints augment the effects of cli-
mate (Wu et al. 2013). When comparing endemic or 
non-endemic taxa, it was found that endemic richness 
peaking at mid-elevations was explained partly by spa-
tial factors, whereas non-endemic richness peaking at 
lower elevation was best explained by climatic and en-
ergy factors. These patterns are consistent with many 
previous studies, which inferred that endemics are more 
constrained by evolutionary adaptations to local condi-
tions than more widespread, non-endemic species (Jetz 

& Rahbek 2002; Colwell et al. 2004; Dunn et al. 2007; 
Wu et al. 2013). In a recent study of the eastern Hima-
layas (Price et al. 2014), the peak elevation of breeding 
bird distributions was at approximately 1800 m, and this 
was found to be attributable to insectivorous species and 
to correlate mainly with the abundance of arthropods (i.e. 
food resources).

Glacial effect left evolutionary imprint on the 
process of diversification

Pleistocene climatic fluctuations have long been con-
sidered to have profound effects on the geographic dis-
tribution and genetic diversity of extant species (Hewitt 
1996; Hewitt 2000). Among the global peak concen-
trations of biodiversity, several are identified as Pleis-
tocene glacial refugia, including those in Asia, North 
America, South America and Africa (Adams & Faure 
1997; Dobrovolski et al. 2012). Climate amelioration 
and disappearance of glaciated dispersal barriers al-
lowed dispersal out of refugia (Taberlet et al. 1998; Hor-
tal et al. 2011; Sandel et al. 2011). European and Asian 
continents span almost the same latitudinal bands on the 
Northern Hemisphere, but they have different late Plio-
cene and Pleistocene glacial histories (Hewitt 2000), 
and populations in the two regions may have responded 
differently to the global climate shifts (Zink et al. 2003; 
Zhao et al. 2012). Many Western Palearctic species un-
derwent large-scale expansions after the LGM (Hewitt 
2004), but most Asian species expanded early before 
LGM, or some kept stable in eastern Himalayas (Li et 
al. 2009; Song et al. 2009; Zhao et al. 2012). These dif-
ferences resulted in mixing of populations and large-
scale erosion of local adaptations in the west (Fjeldså 
2013). This pre-LGM population expansion mode might 
suggest the long history and more accumulation for 
its population divergence. The spatial distribution pat-
tern of Elliot’s Laughing thrush (Trochalopteron elli-
otii J. Verreaux, 1870) in HMSC has evidently reflected 
the ‘sky island’ effect in promoting the spatial popula-
tion divergence and maintaining the regional endemism 
(Qu et al. 2011). The ‘Ecological Adaptation Hypothe-
sis’ suggested that diversified habitats, climatic hetero-
geneity and ecological separation might have reinforced 
the isolation of populations in maintaining the genetic 
diversity or species endemism.

Population divergence in contact zone 
facilitating diversification

Contrary to the high degree of introgression seen in 
unstable climatic regions (Jansson & Dynesius 2002), 
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the contact zones between recently diverged species 
in the HMSC may have enhanced the regional spe-
cies richness. More than 50 species analyzed previous-
ly demonstrated that the southwestern China mountain 
system, especially the Himalayan Mountains, harbor 
some strongly differentiated populations (Wikramanay-
ake et al. 2001; Päckert et al. 2012). Moreover, a clear 
faunal transition from lower to higher elevations in the 
Himalayas was found, with the avifauna of the subal-
pine coniferous forest related to the northern Palaearctic 
fauna, whereas the low elevation birds’ affinities were 
more with the southern Indo-Malayan avifauna (Wikra-
manayake et al. 2001; Päckert et al. 2012). The discov-
ery of lineage splits within seven families (Aegithalidae, 
Certhiidae, Fringillidae, Paridae, Phylloscopidae, Reg-
ulidae and Timaliidae) provided evidence for geograph-
ical processes of diversification and speciation. In the 
Sino–Himalayan mountain forests, the transition zones 
among Southeast Asian and north Palaearctic passerines 
seem to be relatively young, and might have formed due 
to the invasion of north Palaearctic elements into the 
subalpine ecozone largely during the Pliocene (Päckert 
et al. 2012). In the contact zones, populations from dif-
ferent refugia may remain separate, with parapatric su-
tures maintained across environmental gradients (Mori-
tz et al. 2009), or with wandering contact/hybrid zones 
getting caught on a shared contemporary environmental 
barrier (Pyron & Burbrink 2010). The secondary contact 
zones may also shift around until they stabilize where 
there is a physical barrier. There are lots of hypotheses 
explaining how to generate the contact zone patterns, for 
example, fusion of glacial refugia, opening of mountain 
passes and anthropogenic influences (Anderson 1948; 
Hewitt 2000). HMSC comes out on top of a long histor-
ical process of faunal interchange between the north and 
south, right on the borderline between the biogeograph-
ic regions outlined by Holt et al. (2013). 

The phylogeographical divergence is an early step 
in the speciation process. It may facilitate the process 
of diversification or speciation. Many phylogeographic 
break zones are spatially consistent with contact zones 
between populations after glacial expansion from re-
fugia, few of which are characterized by lineage diver-
gence due to glacial driving (Taberlet et al. 1998; Mori-
tz et al. 2009; Sersic et al. 2011; Fouquet et al. 2012). 
Such regions have often been considered ‘hotspots’ in 
studies of evolutionary processes (Whinnett et al. 2005; 
Moritz et al. 2009; Rissler & Smith 2010; Hewitt 2011; 
April et al. 2013). However, few studies have so far 
tried to compare phylogeographic break zones to detect 

drivers of the diversification in the regional fauna (Pyron 
& Burbrink 2010). 

Around the HMSC range, hybridization has been de-
tected in the contact zones of some species, for example, 
between the Silver Pheasant (Lophura nycthemera Lin-
naeus, 1758) and the Kalij Pheasant (Lophura leucomel-
anos Latham, 1790) in Yingjiang, both demonstrated by 
combined evidence from mitochondrial DNA (mtDNA) 
and nuclear DNA (nu DNA) (Dong et al. 2013). Dai et 
al. (2011) suggest that the 2 highly divergent popula-
tions of the Black-throated Tit (Aegithalos concinnus 
talifuensis and A. c. concinnus) diverged during Pleisto-
cene glaciations, mostly by isolation in separated refu-
gia. This period of allopatric divergence allowed genet-
ic fixation in two populations, which became admixed 
when they came in to contact during postglacial expan-
sion (Dai et al. 2013). The Pleistocene climate changes 
and male-biased gene flow have been proposed to con-
tribute to the discordant phylogeographic patterns be-
tween mtDNA and nuDNA (Dai et al. 2013). Further-
more, the Grey-cheeked Fulvetta (A. morrisonia) and 
the Green-backed Tit (P. monticolus) showed a sim-
ilar phylogeographical division at this mountain re-
gion (Song et al. 2009; Wang et al. 2013). In addition, 
the Great Tit (P.) (Zhao et al. 2012), the Black-throat-
ed Tit (Dai et al. 2011), Elliot’s Laughing Thrush (Qu 
et al. 2011) and some other passerines (Päckert et al. 
2012) have concordant phylogeographical breaks within 
the HMSC range. The strong geographical structure of 
4 passerines within the MSC region in comparison with 
other non-hotspot regions suggested that lineage diver-
sification has proceeded in situ within this region, which 
resulted in divergence in the conspecific populations and 
sister species (Qu et al. 2014). These phylogeographical 
breaks revealed the historical geographical isolation be-
tween populations, which increased the genetic diversity 
within the region, which may potentially facilitate spe-
cies diversification or incipient speciation.

CONCLUSION
To identify the real drivers forming the hotspots of 

biodiversity and endemism, especially in the HMSC, in-
terpretations based on integrated ecological and evolu-
tionary approaches are much needed (Lei 2012). Un-
derstanding the underlying process requires synergy 
between the different research disciplines across a wide 
range of spatial and temporal scales, while diversifi-
cation related to local persistence and accumulation of 
species over time should not be neglected (Rull 2011b). 
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High species richness and endemism in the HMSC 
may be rooted in many factors, such as the geographi-
cal location at the junction of different biogeographical 
realms, the wide range of habitats and climates along 
the extensive elevational range, the complex topogra-
phy, the ecological stability, the food resources, the gla-
cial movements and the pre-LGM mode population his-
tory. Both ‘cradles’ (‘species pump’) and ‘museums’ 
(Stenseth 1984; Gaston & Blackburn 1996) may explain 
the high species richness, because both ‘primitive rel-
ics’ and ‘newcomers’ are encountered (Fjeldså & Lovett 
1997). During the Pleistocene, mountain systems in the 
HMSC confined species into pockets of stable habi-
tats and restricted dispersal among them, which, in turn, 
contributed to high genetic diversity in this region (Qu 
et al. 2014). The mountain system in the HMSC may 
have acted as a refuge for species during the glacial pe-
riods, but also as a barrier for expansions after glacial 
periods. More studies are required to further test this re-
fugia hypothesis by comparing more cold-tolerent and 
warm-tolerent species. Immigration into the area is also 
important, at least for some groups (Johansson et al. 
2007). Phylogeographical breaks may invoke the specia-
tion process (Song et al. 2009; Wang et al. 2013). Pop-
ulation divergence followed by secondary contact after 
population expansion, resulting in co-occurrence of dif-
ferent genetic lineages, has contributed to high genetic 
diversity and species richness. 

The conservation implications of such processes have 
hardly been studied in the context of Asian mountains, 
although similar patterns and congruences between mu-
seum and cradle conditions have been studied elsewhere 
and have been interpreted as having great potential for 
conservation. However, the prospects for conserving 
phylogeographical lineages under changing climate and 
environment have rarely been studied (D’Amen et al. 
2013). The frequent phylogeographic lineage divergence 
within species motivated a reconsideration of conser-
vation strategies for intra-specific diversity (Crandall et 
al. 2000). Distinct phylogeographic lineages within the 
HMSC range should be considered in assessments of 
conservation priorities in these biodiversity hotspots. 

ACKNOWLEDGMENTS  
This invited review was prepared with financial sup-

port from the State Key Program of NSFC (31330073), 
a grant from the Major International (Regional) Joint 
Research Project (31010103901), the Knowledge In-
novation Program of the Chinese Academy of Sci-

ences (KSCX2-EW-Z-5), the Strategic Priority Re-
search Program of the Chinese Academy of Sciences 
(XDA05080703) and the Chinese Academy of Scienc-
es Visiting Professorship for Senior International Scien-
tists (2011T2S04). We are grateful to the Editor and five 
anonymous reviewers for their invaluable comments 
and suggestions.

REFERENCES
Adams J, Faure H (1997). Review and Atlas of Palaeo-

vegetation: Preliminary Land Ecosystem Maps of the 
World Since the Last Glacial Maximum. Oak Ridge 
National Laboratory, TN, USA. 

Allen JRM, Hickler T, Singarayer JS, Sykes MT, Val-
des PJ, Huntley B (2010). Last glacial vegetation 
of northern Eurasia. Quarterly Science Reviews 29, 
2604–18.

Anderson E (1948). Hybridization of the habitat. Evolu-
tion 2, 1–9.

April J, Hanner RH, Dion-Cote AM, Bernatchez L 
(2013). Glacial cycles as an allopatric speciation 
pump in north-eastern American freshwater fishes. 
Molecular Ecology 22, 409–22.

Chen Y, Bi J (2007). Biogeography and hotspots of am-
phibian species of China: Implications to reserve se-
lection and conservation. Current Science 92, 480–9.

Colwell RK, Rahbek C, Gotelli NJ (2004). The mid-do-
main effect and species richness patterns: What have 
we learned so far? The American Naturalist 163, E1–
23.

Crandall KA, Bininda-Emonds ORP, Mace GM, Wayne 
RK (2000). Considering evolutionary processes in 
conservation biology. Trends in Ecology & Evolution 
15, 290–5.

Crisp MD, Laffan S, Linder HP, Monro A (2001). Ende-
mism in the Australian flora. Journal of Biogeogra-
phy 28, 183–98.

Currie DJ (1991). Energy and large-scale patterns of an-
imal-species and plant-species richness. American 
Naturalist 137, 27–49.

Dai C, Wang W, Lei F (2013). Multilocus phylogeogra-
phy (mitochondrial, autosomal and Z-chromosomal 
loci) and genetic consequence of long-distance male 
dispersal in Black-throated tits (Aegithalos concin-
nus). Heredity 110, 457–65.

Dai CY, Zhao N, Wang WJ et al. (2011). Profound cli-
matic effects on two east Asian Black-throated tits 
(Ave: Aegithalidae), revealed by ecological niche 



178

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

F. Lei et al.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

© 2014 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and Wiley Publishing Asia Pty Ltd

models and phylogeographic analysis. PloS ONE 6, 
e29329.

D’Amen M, Zimmermann NE, Pearman PB (2013). 
Conservation of phylogeographic lineages under cli-
mate change. Global Ecology and Biogeography 22, 
93–104.

Davies ZG, Fuller RA, Loram A, Irvine KN, Sims V, 
Gaston KJ (2009). A national scale inventory of re-
source provision for biodiversity within domestic 
gardens. Biological Conservation 142, 761–71.

Ding TS, Yuan HW, Geng S, Koh CN, Lee PF (2006). 
Macro-scale bird species richness patterns of the East 
Asian mainland and islands: Energy, area and isola-
tion. Journal of Biogeography 33, 683–93.

Dobrovolski R, Melo AS, Cassemiro FAS, Diniz JAF 
(2012). Climatic history and dispersal ability explain 
the relative importance of turnover and nestedness 
components of beta diversity. Global Ecology and 
Biogeography 21, 191–7.

Dong L, Heckel G, Liang W, Zhang Y (2013). Phylo-
geography of Silver Pheasant (Lophura nycthemera 
L.) across China: Aggregate effects of refugia, intro-
gression and riverine barriers. Molecular Ecology 22, 
3376–90.

Dunn RR, McCain CM, Sanders NJ (2007). When does 
diversity fit null model predictions? Scale and range 
size mediate the mid-domain effect. Global Ecology 
and Biogeography 16, 305–12.

Fjeldså J (2013). The global diversification of songbirds 
(Oscines) and the build-up of the Sino-Himalayan di-
versity hotspot. Chinese Birds 4, 132–43.

Fjeldså J. (1994). Geographical patterns for relict and 
young species of birds in Africa and South Ameri-
ca and implications for conservation priorities. Biodi-
versity and Conservation 3, 207–26.

Fjeldså J (1995). Geographical patterns of neoendem-
ic and older relict species of Andean forest birds: The 
significance of ecologically stable areas. In: Churchill 
SP, Balslev H, Forero E and Luteyn JL, eds. Biodi-
versity and Conservation of Neotropical Montane 
Forests, New York Botanical Garden, New York, 
USA, pp. 89–102.

Fjeldså J, Lovett JC (1997a). Biodiversity and environ-
mental stability. Biodiversity and Conservation 6, 
315–23.

Fjeldså J, Lovett JC (1997b). Geographical patterns of 
old and young species in African forest biota: The 
significance of specific montane areas as evolution-

ary centres. Biodiversity and Conservation 6, 325–
46.

Fjeldså J, Rahbek C (2006). Diversification of tanagers, 
a species rich bird group, from lowlands to montane 
regions of South America. Integrative and Compara-
tive Biology 46, 72–81.

Fjeldså J, Lambin E, Mertens B (1999). Correlation be-
tween endemism and local ecoclimatic stability doc-
umented by comparing Andean bird distributions and 
remotely sensed land surface data. Ecography 22, 
63–78.

Fjeldså J, Bowie RCK, Rahbek C (2012). The role of 
mountain ranges in the diversification of birds. Annu-
al Review of Ecology, Evolution, and Systematics 43, 
249–65.

Fouquet A, Noonan BP, Rodrigues MT, Pech N, Gilles 
A, Gemmell NJ (2012). Multiple Quaternary refugia 
in the eastern Guiana Shield revealed by comparative 
phylogeography of 12 frog species. Systematic Biolo-
gy 61, 461–89.

Fu CZ, Hua X, Li J, Chang Z, Pu ZC, Chen JK (2006). 
Elevational patterns of frog species richness and en-
demic richness in the Hengduan Mountains, Chi-
na: Geometric constraints, area and climate effects. 
Ecography 29, 919–27.

Gaston KJ, Blackburn TM (1996). The tropics as a mu-
seum of biological diversity: An analysis of the New 
World avifauna. Proceeding of Royal Society of Lon-
don B 263, 63–8.

Gomez A, Carvalho GR, Lunt DH (2000). Phylogeogra-
phy and regional endemism of a passively dispersing 
zooplankter: Mitochondrial DNA variation in rotifer 
resting egg banks. Proceedings of the Royal Society 
of London B 267, 2189–97.

Graham CH, Moritz C, Williams SE (2006). Habitat his-
tory improves prediction of biodiversity in rainforest 
fauna. PNAS 103, 632–36.

Hewitt GM (1996). Some genetic consequences of ice 
ages, and their role in divergence and speciation. Bio-
logical Journal of the Linnean Society 58, 247–76.

Hewitt GM (1999). Post-glacial re-colonization of Eu-
ropean biota. Biological Journal of the Linnean Soci-
ety 68, 87–112.

Hewitt GM (2000). The genetic legacy of the Quaterna-
ry ice ages. Nature 405, 907–13.

Hewitt GM (2004). Genetic consequences of climatic 
oscillations in the Quaternary. Philosophical Trans-
actions of the Royal Society of London B 359, 183–
95.



179

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Drivers in forming biodiversity hotspots

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

© 2014 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and Wiley Publishing Asia Pty Ltd

Hewitt GM (2011). Quaternary phylogeography: the 
roots of hybrid zones. Genetica 139, 617–38.

Holt BG, Lessard JP, Borregaard  et al. (2013). An up-
date of Wallace’s zoogeographic regions of the world. 
Science 339, 74–8.

Hortal J, Diniz, Filho JAF, Bini et al. (2011). Ice age 
climate, evolutionary constraints and diversity pat-
terns of European dung beetles. Ecology Letters 14, 
741–8.

Huang XL, Qiao GX, Lei FM (2010). Use of parsimo-
ny analysis to identify areas of endemism of Chinese 
birds: Implications for conservation and biogeogra-
phy. International Journal of Molecular Sciences 11, 
2097–108.

Huang Z, Liu N, Zhang L, Xiao YA, Long J (2008). 
Mitochondrial DNA diversification and phylogeny 
among subspecies of chukar partridge (Alectoris chu-
kar), phasianidae. Genes and Genomics 30, 181.

Liu J, Yu G, Chen X (2002). Palaeoclimate simulation 
of 21 ka for the Tibetan Plateau and eastern Asia. Cli-
mate Dynamics 19, 575–83.

Jansson R (2003). Global patterns in endemism ex-
plained by past climatic change. Proceedings of the 
Royal Society B 270, 583–90.

Jetz W, Rahbek C (2002). Geographic range size and 
determinants of avian species richness. Science 297, 
1548–51.

Jetz W, Rahbek C, Colwell RK (2004). The coincidence 
of rarity and richness and the potential signature of 
history in centres of endemism. Ecology Letters 7, 
1180–91.

Jetz W, Thomas GH, Joy JB, Hartmann K, Mooers AO 
(2012). The global diversity of birds in space and 
time. Nature 491, 444–8.

Johansson US, Alström P, Olsson U, Ericson PGR, 
Sundberg P, Price TD (2007). Build-up of the Hima-
layan avifauna through immigration: A biogeograph-
ical analysis of the Phylloscopus and Seicercus war-
blers. Evolution 61, 324–33.

Kerr JT, Packer L (1997). Habitat heterogeneity as a de-
terminant of mammal species richness in high-energy 
regions. Nature 385, 252–4.

Lamoreux JF, Morrison JC, Ricketts et al. (2006). Glob-
al tests of biodiversity concordance and the impor-
tance of endemism. Nature 440, 212–4.

Lei FM (2012). Global endemism needs spatial integra-
tion. Science 335, 284–5.

Lei FM, Qu YH, Tang QQ, An SC (2003a). Priorities for 
the conservation of avian biodiversity in China based 
on the distribution patterns of endemic bird genera. 
Biodiversity and Conservation 12, 2487–501.

Lei FM, Qu YH, Lu JL, Liu Y, Yin ZH (2003b). Con-
servation on diversity and distribution patterns of en-
demic birds in China. Biodiversity and Conservation 
12, 239–54.

Lei FM, Zhao HF, Yin ZH (2006). Distribution pattern 
of endangered bird species in China. Integrative Zo-
ology 1, 162–9.

Lei FM, Wei GA, Zhao HF, Yin ZH, Lu JL (2007). Chi-
na subregional avian endemism and biodiversity con-
servation. Biodiversity and Conservation 16, 1119–
30.

Lei FM, Qu YH, Song G (2013). Species diversification 
and phylogeographical patterns of birds in response 
to the uplift of the Qinghai-Tibet Plateau and Quater-
nary glaciations. Current Zoology 60, 149–61.

Li SH, Yeung CKL, Feinstein J et al. (2009). Sailing 
through the Late Pleistocene: unusual historical de-
mography of an East Asian endemic, the Chinese 
Hwamei (Leucodioptron canorum canorum), during 
the last glacial period. Molecular Ecology 18, 622–
33.

Liu HT, Wang WJ, Song G et al. (2012). Interpreting the 
process behind endemism in China by integrating the 
phylogeography and ecological niche models of the 
Stachyridopsis ruficeps. PloS ONE 7, e46761.

Liu JQ, Gao TG, Chen ZD, Lu AM (2002). Molecular 
phylogeny and biogeography of the Qinghai-Tibet 
Plateau endemic Nannoglottis (Asteraceae). Molecu-
lar Phylogenetics and Evolution 23, 307–25.

Loarie SR, Duffy PB, Hamilton H, Asner GP, Field CB, 
Ackerly DD (2009). The velocity of climate change. 
Nature 462, 1052–5.

Meng K, Li SQ, Murphy RW (2008). Biogeographi-
cal patterns of Chinese spiders (Arachnida: Araneae) 
based on a parsimony analysis of endemicity. Journal 
of Biogeography 35, 1241–9.

Moritz C, Hoskin CJ, MacKenzie JB et al. (2009). Iden-
tification and dynamics of a cryptic suture zone in 
tropical rainforest. Proceedings of the Royal Society 
B 276, 1235–44.

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca 
GAB, Kent J (2000). Biodiversity hotspots for con-
servation priorities. Nature 403, 853–8.



180

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

F. Lei et al.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

© 2014 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and Wiley Publishing Asia Pty Ltd

Orme CDL, Davies RG, Burgess M et al. (2005). Glob-
al hotspots of species richness are not congruent with 
endemism or threat. Nature 436, 1016–9.

Päckert M, Martens J, Sun YH et al. (2012). Horizon-
tal and elevational phylogeographic patterns of Hi-
malayan and southeast Asian forest passerines (Aves: 
Passeriformes). Journal of Biogeography 39, 556–73.

Pianka ER (1966). Latitudinal gradients in species di-
versity: A review of concepts. American Naturalist 
100, 33–46.

Price TD, Hooper DM, Buchanan CD et al. (2014). 
Niche filling slows the diversification of Himalayan 
songbirds. Nature 509, 222–5

Pyron RA, Burbrink FT (2010). Hard and soft allopat-
ry: Physically and ecologically mediated modes of 
geographic speciation. Journal of Biogeography, 37, 
2005–15.

Qu YH, Ericson PGP, Quan Q et al. (2014). Long-term 
isolation and stability explain high genetic diversi-
ty in the Eastern Himalaya. Molecular Ecology 23, 
705–20.

Qu YH, Luo X, Zhang RY, Song G, Zou FS, Lei FM 
(2011). Lineage diversification and historical demog-
raphy of a montane bird Garrulax elliotii – Implica-
tions for the Pleistocene evolutionary history of the 
eastern Himalayas. BMC Evolutionary Biology 11, 
174.

Rahbek C, Gotelli NJ, Colwell RK, Entsminger GL, 
Rangel TFLVB, Graves GR (2007). Predicting con-
tinental-scale patterns of bird species richness with 
spatially explicit models. Proceedings of the Royal 
Society B 274, 165–74.

Rahbek C, Graves GR (2001). Multiscale assessment of 
patterns of avian species richness. PNAS 98, 4534–9.

Ricklefs RE, Latham RE, Qian H (1999). Global pat-
terns of tree species richness in moist forests: Distin-
guishing ecological influences and historical contin-
gency. Oikos 86, 369–73.

Rissler LJ, Smith WH (2010). Mapping amphibian con-
tact zones and phylogeographical break hotspots 
across the United States. Molecular Ecology 19, 
5404–16.

Rosenzweig ML (1995). Species Diversity in Space and 
Time. Cambridge University Press, Cambridge, New 
York.

Rull V (2011a). Neotropical biodiversity: Timing and 
potential drivers. Trends in Ecology & Evolution 26, 
508–13.

Rull V (2011b). Origins of biodiversity. Science 331, 
398–9.

Sandel B, Arge L, Dalsgaard B et al. (2011). The influ-
ence of late Quaternary climate-change velocity on 
species endemism. Science 334, 660–4.

Sanders NJ, Rahbek C (2012). The patterns and causes 
of elevational diversity gradients. Ecography 35, 1–3.

Sedano RE, Burns KJ (2010). Are the northern Andes a 
species pump for Neotropical birds? Phylogenetics 
and biogeography of a clade of Neotropical tanagers 
(Aves: Thraupini). Journal of Biogeography 37, 325–
43.

Sersic AN, Cosacov A, Cocucci AA et al. (2011). 
Emerging phylogeographical patterns of plants and 
terrestrial vertebrates from Patagonia. Biological 
Journal of the Linnean Society 103, 475–94.

Shi Y (2002). Characteristics of late Quaternary mon-
soonal glaciation on the Tibetan Plateau and in East 
Asia. Quaternary International 97, 79–91.

Song G, Qu Y, Yin Z, Li S, Liu N, Lei F (2009). Phylo-
geography of the Alcippe morrisonia (Aves: Timalii-
dae): long population history beyond late Pleistocene 
glaciations. BMC Evolutionary Biology 9, 143.

Srinivasan U, Tamma K, Ramakrishnan U (2014). Past 
climate and species ecology drive nested species 
richness patterns along an east-west axis in the Hima-
laya. Global Ecology and Biogeography 23, 52–60.

Stattersfield AJ, Crowby MJ, Long HJ, Wege D (1998). 
Endemic Bird Areas of the World: Priorities for 
Biodiversity Conservation. Conservation Series 7. 
Birdlife International, Cambridge, UK.

Stenseth NC (1984). The tropics: Cradle or museum? 
Oikos 43, 417–20.

Taberlet P, Fumagalli L, Wust-Saucy AG, Cosson JF 
(1998). Comparative phylogeography and postglacial 
colonization routes in Europe. Molecular Ecology 7, 
453–64.

Tang Z, Wang Z, Zheng C, Fang J (2006). Biodiversity 
in China’s mountains. Frontiers in Ecology and the 
Environment 4, 347–52.

Wang W, McKay BD, Dai C et al. (2013). Glacial ex-
pansion and diversification of an east Asian montane 
bird, the green-backed tit (Parus monticolus). Jour-
nal of Biogeography 40, 1156–69.

Whinnett A, Zimmermann M, Willmott KR et al. (2005). 
Strikingly variable divergence times inferred across 
an Amazonian butterfly ‘suture zone’. Proceedings of 
the Royal Society B 272, 2525–33.



181

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Drivers in forming biodiversity hotspots

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

© 2014 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and Wiley Publishing Asia Pty Ltd

Wiens JJ, Graham CH (2005). Niche conservatism: Inte-
grating evolution, ecology, and conservation biology. 
Annual Review of Ecology, Evolution, and Systemat-
ics 36, 519–39.

Wikramanayake E, Dinerstein E, Loucks CJ, Primm S, 
eds (2001). Terrestrial Ecoregions of the Indo-Pacif-
ic: A Conservation Assessment (World Wildlife Fund 
Ecoregion Assessments). Island Press, Washington, 
DC.

Wright DH (1983). Species-energy theory – An exten-
sion of species-area theory. Oikos 41, 496–506.

Wu Y, Colwell RK, Rahbek C et al. (2013). Explaining 
the species richness of birds along a subtropical ele-
vational gradient in the Hengduan Mountains. Jour-
nal of Biogeography 40, 2310–23. 

Wu Z, Sun H, Zhou Z, Peng H, Li D-Z (2005). Origin 
and differentiation of endemism in the flora of China. 
Acta Botanica Yunnanica 27, 577.

Xu S (2005). Distribution and area of endemism of Cat-
antopidae grasshopper species endemic to China. 
Acta Zoologica Sinica 51, 624.

Zhao HF, Lei FM, Qu YH, Lu JL (2007). Conservation 
priority based on avian subspecific differentiation of 
endemic species. Acta Zoologica Sinica 53, 378–82.

Zhao N, Dai C, Wang W et al. (2012). Pleistocene cli-
mate changes shaped the divergence and demography 
of Asian populations of the great tit Parus major: Ev-
idence from phylogeographic analysis and ecological 
niche models. Journal of Avian Biology 43, 297–310.

Zheng GM (2011). A Checklist on the Classification and 
Distribution of the Birds of China. 2nd edn. Science 
Press, Beijing.

Zhou SZ, Wang XL, Wang J, Xu LB (2006). A prelimi-
nary study on timing of the oldest Pleistocene glacia-
tion in Qinghai-Tibetan Plateau. Quaternary Interna-
tional 154, 44–51.

Zink RM, Drovetski SV, Questiau S et al. (2003). Re-
cent evolutionary history of the bluethroat (Luscin-
ia svecica) across Eurasia. Molecular Ecology 12, 
3069–75.

Lei F, Qu Y, Song G, Per Alstrom P, Fjeldså J (2015). The potential drivers in forming avian biodiversity hotspots 
in the East Himalaya Mountains of Southwest China. Integrative Zoology 10, 171–81.

Cite this article as:


