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The Tibetan plateau and its immediately surrounding mountains include the greatest hotspot of diversity worldwide for
bumblebees, which are among the most important pollinators in temperate ecosystems. We make the first quantitative
description of variation in the species composition of alpine social bumblebee faunas across the Tibetan plateau, for

44 species in 124 of the 307 one-degree grid cells. Data were compiled from field surveys, published sources and museum
collections. Sampling effort could not be standardized across the region so our inferences have to be provisional. Faunal
variation is described using detrended correspondence analysis (DCA); the faunal variation explained by climate variation
is described using canonical correlation analysis (CCA); and the contribution of the climate data to the explanation is
assessed using Procrustes analysis. Results show: (1) a particularly distinct group of endemic Himalayan faunas in the
south; (2) a group of Tibetan interior faunas, with connections to faunas in the north-west in the Hindu Kush, Pamir and
Tian Shan; and (3) a group of faunas in north-eastern Qinghai and Gansu, with connections to faunas to the north-east in
Mongolia. The eastern and southern faunas in wetter habitats appear to be closer to equilibrium with climate factors,
whereas some western faunas in more arid habitats appear further from equilibrium with the measured climate factors. One
possibility is that these western faunas may depend on highly localized factors for mitigating the low precipitation over
much of this region, and particularly on continuous summer streams with meltwater from distant permanent glaciers or
high-ridge precipitation. Consequently, conservation threats to Tibetan bumblebees now include climate change causing
loss of permanent streams in the west as well as the over-grazing documented in the east, threats that have not been major

concerns for bumblebee conservation elsewhere.
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Introduction

Bumblebees are among the most important pollinators of
both natural and agricultural ecosystems in temperate
regions (Goulson, 2010; Velthuis & Doorn, 2006). Their
conservation is a concern because some species have
declined dramatically, explained hitherto by threats from
habitat loss (usually caused by agricultural intensifica-
tion), pathogens and pesticides (Cameron et al., 2011;
Fiirst, McMahon, Osborne, Paxton, & Brown, 2014;
Whitehorn, O’Connor, Wackers, & Goulson, 2012;
Williams & Osborne, 2009). Worldwide the greatest
regional hotspot of bumblebee diversity is associated with
the Tibetan plateau and the immediately surrounding
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mountains (Williams, 1998). Yet despite this richness, the
bumblebees of the Tibetan region have received relatively
little investigation, taxonomically or ecologically. Most
previous work on the region’s bumblebees has consisted
of simple lists of specimens and species (e.g. Skorikov,
1933a; Wang, 1982; Wang & Yao, 1996) or has sought to
compare these lists with those of neighbouring regions
within a larger Asian context (e.g. Panfilov, 1957,
Skorikov, 1931; Williams, 1996). Here we seek to make
an exploratory analysis of variation in the faunal composi-
tion at the species level across the Tibetan region and to
examine the relationship of this variation to climate.
Several problems have held back the study of Tibetan
bumblebees: (i) physical barriers in the form of the high-
est mountains in the world; (ii) the vast size of the region
with few roads; (iii) the physiological challenges of
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working at high elevation; and (iv) political and cultural
constraints. Another problem is that bumblebees can be
difficult to find because the plateau becomes progressively
more sparsely vegetated towards the north and west (Chang,
1981; Wang et al., 2013; Atlas of the Tibetan Plateau in Yu,
Luedeling, & Xu, 2010), where suitable habitats become
small, distantly isolated patches (Williams, 1991).

Much of what is known of the bumblebee species of the
Tibetan region comes from material from the northern
plateau collected by 19th century Russian collectors
(accounts in Bretschneider, 1981) and described by
Russian entomologists (including Morawitz, 1875, 1883,
1887; Radoszkowski, 1860; Skorikov, 1910, 1912, 1914a,
1914b, 1931, 1933b). Similarly, material from the south
and east was described by European and American ento-
mologists (including Bingham, 1897; Bischoff, 1936;
Cockerell, 1910; Friese, 1905, 1909, 1918; Frison, 1935;
Reinig, 1940; Richards, 1928; Smith, 1852, 1871, 1879;
Tkalcu, 1968; Vogt, 1908, 1911). This includes the high-
est records of bumblebees known worldwide (Richards,
1930; Williams, Ito, Matsumura, & Kudo, 2010). In quali-
tative summaries of these data, comparing the fauna of
the Tibetan region with other neighbouring regional fau-
nas, both Skorikov (1931) and Panfilov (1957) proposed
that there is a main Tibetan fauna, a Himalayan fauna in
the south, and a fauna of Gansu (Skorikov) or Qinghai
(Panfilov) in the northeast. Panfilov also suggested an
absence of bumblebees from large areas of the central
Tibetan plateau and the central Kunlun mountains.

Recently more information on the distribution of
Tibetan bumblebees has become available from studies
by Chinese biologists, initially from the Chinese Academy
of Sciences’ Institute of Zoology in Beijing (IZB: Wang,
1979, 1982, 1988; Wang & Yao, 1996). Much of the most
recent activity has been coordinated from the Chinese
Academy of Agricultural Sciences’ Institute of Apiculture
in Beijing (IAB: Williams, An, Huang, & Yao, 2010)
with the cooperation of other Chinese institutes, including
the Gansu Institute of Apiculture in Tianshui and the Tibet
Academy of Agricultural and Animal Husbandry Sciences
in Lhasa. These surveys have helped to provide many new
samples supported with improved information about
localities from GPS data (Table 1, e.g. An, Williams,
Miao, & Zhou, 2011), as well as a revised taxonomy
based on both morphological and molecular evidence
(e.g. Williams, An, & Huang, 2011; Williams et al.,
2012).

In this paper, we make the first quantitative analysis of
variation in faunal composition and examine the relation-
ship of this faunal variation to climate. Because we use
disparate data sources, sampling effort could not be stan-
dardized across the region and our inferences must be pro-
visional. From the results, we suggest that among the
more severe threats to bumblebees in parts of this region
is climate change, in particular where it might act through

Table 1. Bumblebee data from states and provinces overlapping
the Tibetan plateau from Institute of Apiculture Beijing (IAB)
surveys 2007—2012, together with data from the Natural History
Museum London (NHM), and from published accounts.

Number of
specimens (all
species from

State/province all elevations) Source

Pakistan + Kashmir 6312 Williams, 1991,

Uttarakhand 26 Williams & Cameron, 1993,

Nepal 2762 Williams, Ito, et al., 2010

Xizang 1120 + 281 IAB + NHM

Qinghai 1760 + 220  IAB + Qinghai field surveys
(2010-2013)

Yunnan 4752 IAB

Sichuan 6705 +296  Williams et al., 2009 + IAB

Gansu 5941 + 2261 J.-D. Anetal., 2011 + IAB
(2011-2013)

Total 32,436

Data combined subsequently with species-level-only records from the
Institute of Zoology Beijing (IZB) published by: S.-F. Wang, 1979, 1982,
1988; S.-F. Wang & Yao, 1996.

the loss of summer streams. We also consider where
future sampling should be focused.

Materials and methods
Areas

We are interested in the Tibetan plateau as a habitat for
bumblebees. Consequently, we differ from some recent
authors who have considered just those parts of the pla-
teau administered by China, typically the Xizang Autono-
mous Region plus the Province of Qinghai (Mao et al.,
2013), or who have included just the adjacent parts of
other Chinese provinces (Shen et al., 2014). Instead we
define the Tibetan plateau more broadly from structural
limits to include parts of China, Nepal, Bhutan, India and
Pakistan, in a region that is bounded to the north by the
Tarim Basin and Hexi Corridor, to the east by the Sichuan
basin, and to the south by the foothills and lowlands of
Yunnan, India and Pakistan. To the west, we choose a
limit at the Wakhan and Taxkurgan valleys, which is near
the western distribution limit of characteristic Tibetan
bumblebee species (Williams, 1991) such as Bombus
rufofasciatus (Fig. 1: the gap in the west Himalayan distri-
bution is almost certainly from lack of sampling).

The Tibetan plateau is more deeply divided by valleys
in the wetter east (Tsangpo, headwaters of the Salween,
Mekong, Yangtze etc.: Chang, 1981; Korup & Montgomery,
2008). Here, forests extend further into the plateau along
the valleys (Atlas of the Tibetan Plateau in Yu et al.,
2010), where they are accompanied by a forest fauna of
bumblebees (Wang, 1982, 1988; Williams, Tang, Yao, &
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Fig. 1. Relief map with hill shading for the region centred on Tibet with (black lines) borders to national administration as in UN maps,
and showing the global range of Bombus rufofasciatus as known from (black spots) point records from the IAB and NHM collections

and as (grey squares) cells on a 1° x 1° grid from all data in Table 1.

Cameron, 2009). We have attempted to exclude the
southeastern forest fauna of bumblebees and to limit our
analyses to the faunas of the alpine zone that are more
broadly comparable across the plateau. The upper limits
of the montane forest zone below and of its bumblebee
fauna are variable in different locations and with different
aspects, so we adopt an approximate upper elevation
threshold for this zone of 3000 m a.s.l., based on studies
of bumblebees in Kashmir in the west (Williams, 1991)
and of Sichuan in the east (Williams et al., 2009). We
have not needed to define an upper limit to this zone
(the ‘snow line’) because there is no bumblebee fauna
above it. The land above 3000 m elevation defines the
study area shown in grey in Fig. 2, which is just less than
3.8 million km? (approximately one third of the size of
the USA or Europe). We refer to this region (which
extends beyond China) as the Qinghai-Tibetan plateau in
our broad sense (henceforth QTP).

We are interested in broader regional rather than more
local patterns in faunal variation, so we agglomerate site
data into 1° x 1° grid cells to approximate regional spe-
cies pools. At this scale and for bumblebees as social, cen-
tral-place foragers (tied to colonies), it is likely that few
bumblebee records represent vagrant individuals. These

grid cells measure ¢. 110 x 90 km within this region and
therefore are of nearly equal-area extent. The number of
species in an area depends strongly on the extent of the
area (Connor & McCoy, 1979), so statistics for equal-area
grid cells have the advantage of being more directly com-
parable. This avoids the severe bias that is inherent when
comparing administrative units of very different extent
(cf. Mao et al., 2013). We are unable to adjust grid-cell
species-richness scores (or other derived faunal scores)
for differences in sample sizes among cells by applying
random re-sampling of records to a standard sample size
(Biesmeijer et al., 2006; Colwell et al., 2012; Gotelli &
Colwell, 2001; Heck, Belle, & Simberloff, 1975;
Williams, 2000) because some of our data sources do not
record numbers of individuals per species (Table 1 foot-
note). This re-sampling is also incompatible with multi-
variate analysis because it removes species’ identities. We
therefore treat the data for this preliminary analysis as
though species’ distributions were completely known,
even though this is unlikely to be the case (e.g. the gaps in
Fig. 1). Consequently our inferences have to be provi-
sional until better survey data are available.

Older surveys of parts of the QTP are documented with
bumblebee distribution data by Wang (1982, 1988) and
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Fig. 2. Map showing (in grey) the region of the Tibetan plateau above 3000 m (QTP in our broad sense) that is considered for analysis,
with (black lines) borders to national administration as in Fig. 1. Selected countries, provinces and sample sites are labelled (BB, Burhan

Budai mountains).

by Wang and Yao (1996). More recent surveys have been
made of Pakistan, Kashmir, Nepal, Xizang, Qinghai,
Yunnan, Sichuan and Gansu (Table 1). In addition, the
authors JH, PW and ZM have conducted fieldwork during
surveys across Qinghai in 2010—2013. Records from
Tkalcu (1961) are duplicated in the more recent surveys
with GPS data.

Species

We have applied filters to the species recorded in the sur-
veys from Table 1 to: (i) include only non-parasitic spe-
cies (i.e. exclude species of the subgenus Psithyrus
Lepeletier) with comparable social ecology; (ii) include
only records from sites above 3000 m (from GPS/
GoogleEarth data) to restrict data to the alpine zone; and
(iii) include only species with mean elevations of records
above 3000 m, to restrict data to the alpine specialist
species (from data in An et al., 2014; Williams, 1991;
Williams, Ito, et al., 2010; Williams et al., 2009; IAB,
1ZB, NHM collections). One of the challenges in studying
bumblebees is that species are often variable in colour
pattern (Williams, 2007), so that there are often many syn-
onyms per species (Williams, 1998). The larger

taxonomic framework follows a synoptic and well-sup-
ported study of five genes (Cameron, Hines, & Williams,
2007; Williams, Cameron, Hines, Cederberg, & Rasmont,
2008), but closely related taxa are assessed using phyloge-
netic analysis of the faster-evolving COI barcodes (An
et al., 2014; Williams et al., 2011; Williams et al., 2012;
Williams, Ito, et al., 2010). Two species (B. kashmirensis,
B. ladakhensis) are each split into two taxa that have been
regarded previously as separate species (Wang, 1982;
Wang & Yao, 1996) or as regionally endemic subspecies
segregated within the QTP (Richards, 1928, 1930). These
are recognized by yellow-banded colour patterns in the
west (meinertzhageni and ladakhensis respectively) and
by white-banded colour patterns in the east (kashmirensis
and phariensis respectively). All species identifications in
the references in the body of Table 1 were made by one of
us (PW) for consistency. Relevant specimens in the 1ZB
collection (Table 1 footnote) have also been sorted and
checked. The compiled presence/absence data file is avail-
able from PW.

Bumblebee species of the QTP can be classified by their
broader distributions depending on where they extend into
external regions. There are no bumblebees to the south in
lowland India (Williams, 1991) and few alpine species
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Fig. 3. Numbers of social bumblebee species of the alpine zone recorded per QTP 1° x 1° grid cell (124 recorded grid cells) from data
after applying the three filters (see the text), with an equal-interval colour scale (left) and a histogram showing the frequencies of grid

cells in each colour class.

occur to the east at lower elevations in North China (e.g. in
Ningxia, Shaanxi, Shanxi, etc.: An et al., 2014). Conse-
quently, species may be endemic to the QTP and the
immediately adjacent mountains; or they may also occur to
the west and north of the QTP in the Hindu Kush, Pamir
and Tian Shan mountains (c¢f. Reinig, 1930; Skorikov,
1931; Tkalcu, 1969; Williams, 2011); or they may also
occur to the east and north of the QTP in some of the Mon-
golian mountains, such as in the Altai (cf. Tkalcu, 1974).

Many QTP grid cells have low recorded species rich-
ness, as shown by the skewed histogram of score frequen-
cies against the colour scale in Fig. 3. In some grid cells,
especially in the north and west, there may be genuinely
just one or two species present (e.g. parts of the Indus
Valley, Williams, 1991), although from field observations
this is less likely to be genuine in the south and east (see
the discussion). For analysis of faunal composition, we
apply another filter to remove most grid cells with
recorded richness below 5 species (the lowest 19% of
richness scores), because these grid cells are expected to
be the most severely under-recorded, at least in the south
and east of the region. Exceptions are made for two of the
four grid cells in the far north-west, where faunas in these
extreme environments may genuinely be smaller.

Climate variables

We suggest some of the climate variables that are most
likely to govern the reproductive success of bumblebee
colonies in the QTP in Table 2. From an analysis of inter-
correlations (see Appendix Fig. S1, online supplemental
material, which is available from the article’s Taylor &
Francis Online page at http://dx.doi.org/10.1080/
14772000.2014.982228), we include for the analysis of cli-
matic variation only variables that are more nearly inde-
pendent of one another and less strongly correlated with
others: mean temperature of the warmest quarter (highly
correlated with maximum temperature of the warmest
month, but with slightly lower correlation with water defi-
cit), precipitation of the wettest month (highly correlated
with precipitation of the warmest quarter, but with slightly
lower correlation with days of rain), ratio of precipitation
of the wettest month to precipitation of the warmest quar-
ter, growing degree days above +5°C, water deficit, irradi-
ance in the warmest quarter, and days of rain (all
correlations < 0.75). Contributions of climate variables to
the bumblebee canonical correspondence analysis (CCA)
model were assessed using permutation tests. Both forward
and reverse permutation tests showed that the contribution
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Table 2. Climate variables proposed here as most likely to affect bumblebee-colony reproductive success.

Variable Acronym Units Source

Resolution Proposed mechanism

Max temperature of the mxTwm °C
warmest month

Mean temperature of mnTwq °C

BIOCLIM: BIOS (Hijmans, 30 arc sec
Cameron, Parra, Jones, & (c. 1 km)
Jarvis, 2005)

BIOCLIM: BIO10 (Hijmans 30 arc sec

Extreme values reduce food-plant
nectar and pollen production and
also profitable foraging opportunities

Extreme values reduce food-plant

warmest quarter et al., 2005) (c. 1 km) nectar and pollen production and
also profitable foraging opportunities
Irradiance in the warmest  irrwq W/m?>  CliMond: BIO26 (Kriticos 10 arc min  Extreme values reduce food-plant
quarter etal., 2012) (c. 20 km) nectar and pollen production
Growing degree days, gdd5 days Atlas of the Biosphere (sage. 30arcmin  Low values reduce food-plant nectar
above threshold of wisc.edu/atlas) (New, (c. 50 km) and pollen production, reduce
+5°C Hulme, & Jones, 1999) profitable foraging opportunities,
and reduce the seasonal window for
colony development
Precipitation in the pptwm  mm BIOCLIM: BIO13 (Hijmans 30 arc sec High values (if in the summer as here)

wettest month et al., 2005)

Precipitation in the pptwq mm

warmest quarter et al., 2005)

Ratio: precipitation in pptm/q —
the wettest month to
precipitation in the
warmest quarter

et al., 2005)

BIOCLIM: BIO18 (Hijmans 30 arc sec

Calculated from BIOCLIM: 30 arc sec
BIO13/BIO18 (Hijmans (c. 1 km)

(c. 1 km) reduce foraging opportunities

Low values reduce food-plant nectar

(c. 1 km) and pollen production, and high
values reduce foraging opportunities

High values for a relatively intense
month of rainfall (if from wet
summer months as here) reduce
foraging opportunities

Number of days of rain ndrwq days CGIAR: DaysOfRain 5 arc min High values reduce foraging
in the warmest quarter (ccafs-climate.org/) (c. 10 km) opportunities
Water deficit wdef mm/day CGIAR: PET-AET 30 arc sec High values reduce food-plant nectar
(cgiar-csi.org/data) (c. 1 km) and pollen production

of GDD to the CCA model was not significant, so this vari-
able can be presumed redundant and excluded. Therefore
the final CCA model includes six variables: ratio of precip-
itation of the wettest month to precipitation of the warmest
quarter, water deficit, irradiance in the warmest quarter,
and days of rain, precipitation in the wettest month, and
mean temperature of the warmest quarter.

Analytical techniques

We explore variation in bumblebee faunal composition
using detrended correspondence analysis (DCA: as imple-
mented in DECORANA, Hill, 2012). The degree to which
variation in the species composition of bumblebee faunas
is explained by variation in climate among areas is
explored using canonical correspondence analysis (CCA:
Legendre & Legendre, 1998; implemented in the Vegan
package in R 3.0.2, r-project.org, accessed 2013). To
quantify how much of the faunal variation is explained by
climatic variation at different sites, we compare results
from the CCA analysis when constrained and uncon-
strained (CA) by the climate data, using a Procrustes
superimposition (Peres-Nato & Jackson, 2001). This
quantifies the mismatches between the CA/CCA as resid-
uals and minimizes the sum-of-squares of these residuals.

Results
Variation in species richness

There are 82 bumblebee species known from the provin-
ces (Table 1). After applying our first three filters for
social bumblebee species of the QTP alpine zone (the
grey region of Fig. 2), we retain 44 species in Table 3
(this Table includes the authors for all included bumble-
bee taxon names). This list of species seeks to resolve syn-
onyms and misidentifications among the taxa named in
the studies (Table 1). Figure 3 shows that there are more
of these species per grid cell in the east than in the west of
the QTP. There are fewer cells with records in the north-
ern and central interior regions.

Variation in faunal composition

More than half of the alpine QTP bumblebee species are
endemic to the QTP (Table 2: 26/44 = 59%). Figure 4
shows that the endemic species are concentrated (Fig. 4:
orange) in the east of the QTP, where there are no closely
neighbouring high mountains beyond the plateau. There is
disproportionately high endemism (Fig. 5: green) in the
fringing mountains of the south (i.e. this endemic fauna is
essentially a Himalayan fauna), with relatively fewer
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Table 3. Social bumblebee species of the alpine/subalpine zone of the Tibetan plateau, with external distribution ranges: E, endemic; W,
north-western; N, north-eastern species.

Subgenus Species Synonyms in the principal data sources Range
Mendacibombus superbus (Tkalcu) E
waltoni Cockerell E
convexus Wang E
turkestanicus Skorikov w
himalayanus (Skorikov) E
marussinus Skorikov W
avinoviellus (Skorikov) E
margreiteri Skorikov N
Subterraneobombus personatus Smith E
melanurus Lepeletier Y
difficillimus Skorikov difficilimus [sic] (Wang, 1982; Wang & Yao, 1996), melanurus W
s. . (Williams, 1991 in part)
Megabombus supremus Morawitz E
sushkini (Skorikov) s. [. N
Thoracobombus laesus Morawitz s. [. N
filchnerae Vogt N
humilis 1lliger N
impetuosus Smith s. /. yunnanensis [sic] (Wang, 1982, 1988) E
Pyrobombus subtypicus (Skorikov) W
abnormis (Tkalcu) E
mirus (Tkalcu) E
lemniscatus Skorikov E
lepidus Skorikov yunnanicola [sic] (Wang, 1982) E
infirmus (Tkalcu) E
pressus (Frison) E
biroi Vogt W
kotzschi Reinig biroi s. I. (Williams, 1991 in part) W
wangae Williams et al. E
Bombus s. str. longipennis Friese lucorum s. I. (Wang, 1982, 1988; Williams, 1991 in part; Wang E
& Yao, 1996; Williams et al., 2009, 2010; An et al., 2011)
minshanensis Bischoff patagiatus s. . (Wang, 1982; Williams et al., 2009; An et al., E
2011 in part)
Alpigenobombus kashmirensis Friese meinertzhageni, tetrachromus (Wang, 1982; Wang & Yao, E
1996)
nobilis Friese chayaensis (Wang, 1982) E
validus Friese nobilis s. I. (Williams et al., 2009 in part; An et al., 2011 in E
part), xizangensis (Wang, 1982, 1988)
Melanobombus miniatus Bingham eurythorax, stenothorax (Wang, 1982), pyrosoma s. . E
(Williams, 1991)
richardsiellus (Tkalcu) E
rufofasciatus Smith E
friseanus Skorikov richardsi (Wang, 1982) E
tanguticus Morawitz E
ladakhensis Richards phariensis (Wang, 1982; Wang & Yao, 1996) E
keriensis Morawitz niveatus, tenellus, trilineatus (Wang, 1982; Wang & Yao, W
1996), incertus (Wang & Yao, 1996)
semenovianus (Skorikov) w
sichelii Radoszkowski N
Sibiricobombus oberti Morawitz xionglaris, duanjiaoris, zhadaensis (Wang, 1982) \%
sibiricus (Fabricius) flaviventris (Wang, 1982; Wang & Yao, 1996) N
asiaticus Morawitz heicens, huangcens, miniatocaudatus (Wang, 1982), \\%

miniatpcaudatus [sic] (Wang & Yao, 1996)
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8

)

Figs. 4—9. Figs. 4, 6, 8: absolute numbers of selected social bumblebee species of the alpine zone from Table 3 recorded per QTP 1° x
1° grid cell, with an equal-interval colour scale (left). Figs 5, 7, 9: relative numbers of selected species from Figs 4, 6, 8 (in green) com-
pared with the numbers of all species from Fig. 3 (in blue) recorded per 1° x 1° grid cell (124 recorded grid cells), using an equal-fre-
quency two-colour scale (this is shown on the left of Fig. 5: mutual low richness scores are shown in black, mutual high scores in white,
covarying intermediate scores in grey; increasing relative total richness appears as an increasing saturation of blue and increasing rela-
tive selected richness appears as an increasing saturation of green, as in Williams & Gaston, 1998). In Figs 4, 5 the selected species are
endemic species; in Figs 6, 7 the selected species are western species; and in Figs 8, 9 the selected species are north-eastern species (as

listed in Table 3).

endemics in the north and interior (Fig. 5: blue). In con-
trast, Figs 6—7 show that the north and interior have a dis-
proportionate (Fig. 7: green) richness of the western
species from the Hindu Kush, Pamir and Tian Shan that
extend eastwards into the QTP. Many of these western
species (Fig. 7: green) reach through the Kunlun moun-
tains into the Burhan Budai mountains (Fig. 2) of the

northeastern QTP. Figures 8—9 show the species shared
with areas beyond the QTP to the north and east, in the
Mongolian mountains. Unsurprisingly, these species are
relatively rich in the north-eastern corner of the QTP
(Fig. 9: green), with only B. sibiricus among them spread-
ing further west into the southern interior, to the north of
Nepal.
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Fig. 10. DCA axes 1 and 2 summarizing variation in composition among the 80 included QTP bumblebee faunas, with the grey curved
line separating the two principal groups. Scales on both axes are reversed, which preserves in the figure the approximate relative arrange-
ment of the sites from geographic space (Fig. 2); abbreviations: BB, Burhan Budai mountains; G, Gansu; Q, Qinghai; S, Sichuan; X,
Xizang; Y, Yunnan; the Kunlun Pass overlaps the Hohxilshan on this plot; the colours named in grey in the corners refer to the colours

of the cells in Fig. 11, which plots the faunal scores on DCA axes 1—3.

Patterns of variation in faunal composition across the
QTP are represented in the DCA space in Fig. 10 (eigen-
values for the first three DCA axes: 0.55, 0.33, 0.22). Axis
1 (DCA1) gives high scores (left) to north-western species
and low scores (right) to south-eastern species
(see Appendix Table S1, online supplemental material,
which is available from the article’s Taylor & Francis
Online page at http://dx.doi.org/10.1080/14772000.
2014.982228); axis 2 (DCA2) gives high scores (below)
to southern species and low scores (above) to northern
species; and axis 3 (DCA3) gives high scores to the east-
ern and western peripheral species and low scores to the
central species. The pattern of grid cells within the DCA
space (Fig. 10) shows that the grid-cell faunas fall into
two principal groups (separated by the grey line): an upper
right main group of western, northern, central and eastern
grid-cell faunas; and a lower left group of southern
(Himalayan) grid-cell faunas. The latter group includes
the grid cells with sample sites near Chayu, Yadong and
Gyirong, which although they are within Xizang, actually
lie within the belt of mountains fringing the QTP to the
south (Fig. 2) and can be considered Himalayan.

To help visualize further details of the geographic pat-
tern in faunal variation among grid cells within the DCA
space, Fig. 11 uses a combination of intensities of red,
green and blue to represent scores for faunas on the first

three DCA axes for the grid cells on a map. This map
shows faunal regions as groups of grid cells with similar
colours: (1) the distinctive group of Himalayan faunas
from Fig. 10 appears in the south in light green and light
blue (DCA2 green high, DCA1 red medium), from Paki-
stan to Yunnan (including Gyirong, Yadong and Chayu),
characterized by (among others) B. avinoviellus, B. miniatus
and B. pressus; (2) a restricted case in the west is the
group of Ladakh faunas in yellow (DCAI1 red high,
DCAZ2 green high), from Pakistan and Ladakh, character-
ized by B. marussinus, B. semenovianus and B. subtypicus;
(3) in the east are the Minshan faunas in dark green-blue
(DCAI1 red low, DCA2 green medium), from Qinghai,
Sichuan and Gansu, characterized by B. convexus, B.
impetuosus and B. validus; (4) in the central region are the
interior Qiangtang faunas in pink and purple (DCAI red
high, DCA2 green low, DCA3 low-blue high), from
Zanskar to the Kunlun mountains, characterized by B.
kashmirensis meinertzhageni, B. ladakhensis ladakhensis
and B. oberti; and (5) in the north are the Tibetan north-
ern edge faunas in orange-red (DCA1 red high, DCA2
green low, DCA3 high-blue low), from Taxkurgan, Hotan
and the Burhan Budai mountains (Fig. 2), characterized
more by an absence of the other regionally restricted
species listed above and by the persistence of some of
the more widespread high-elevation specialists, such as
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Fig. 11. Plotting DCA scores for the 80 included QTP bumblebee faunas (Fig. 10) on axes 1—3 in intensities of red (DCA1), green
(DCA2), and blue (DCA3, see the colour scale left), using equal-frequency colour classes (Williams, de Klerk, & Crowe, 1999). DCA1
shows north-west to south-east variation between high scores (left-red) for Central Asian faunas to low scores (right) for Central China
faunas. DCA2 shows south to north variation between high scores (bottom-green) for Himalayan fringe faunas to low scores (top) for
northern interior faunas. DCA3 shows central to east/west variation between high scores (centre-blue) for central faunas to low scores

(sides) for eastern and western faunas.

B. difficillimus, B. keriensis and B. melanurus (these fau-
nas are closely related to the Tibetan interior faunas, of
which they are an impoverished subset).

Faunal variation explained by climate

Relationships between climate and faunal variation are
shown in Fig. 12 in the climatically constrained CCA
space (eigenvalues for the first three CCA axes: 0.45,
0.22, 0.16). Axis 1 (CCAl, Fig. 12) is most positively
associated with irradiance and most negatively with days
of rain within the summer season of bumblebee activity.
The distinctive western grid-cell faunas of Ladakh, North
Pakistan, Zanskar, Taxkurgan and Hotan, as well as the
northern faunas of the Kunlun mountains (as grouped
together in the DCA, Fig. 10), are therefore associated
with high summer sunshine and low precipitation. In con-
trast, the eastern grid-cell faunas (especially Sichuan and
Yunnan) are associated with high summer cloud cover
and high precipitation. Axis 2 (CCA2, Fig. 12) is most
positively associated with the ratio of precipitation in the

wettest month (in the summer, in this area) to precipita-
tion in the warmest quarter (showing a sharp peak of sum-
mer precipitation, the monsoon) and most negatively with
summer water deficit (drought stress). The distinctive
grid-cell faunas of the northern and western mountains
(Kunlun, Taxkurgan, Hotan, Zanskar, parts of Qinghai)
are therefore associated with arid areas that do not have a
strong summer monsoon, although the low precipitation is
still highest in the summer. In contrast, the southern grid-
cell faunas of the Himalaya (Kashmir, Uttarakhand,
Nepal) are associated with a sharp peak of summer mon-
soon and low water stress.

The effect of including the climate variables, measured
as the divergence between the CA and CCA results, is sig-
nificant (symmetric Procrustes rotation correlation 0.94,
permutation test sum of squares 0.113, P = 0.001).
Figure 13 uses grey lines to represent the residuals
between the purely faunal (CA) ordination and the faunal
ordination explained by climate (CCA, with triangles).
This shows that climate residuals are small for bumblebee
faunas in eastern grid cells (corresponding to areas
marked with X, Q, G, S on the right of Fig. 12), so that
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Fig. 12. CCA axes 1 and 2 summarizing variation in composition among the 80 included QTP bumblebee faunas (triangles) constrained
by their relationship to the six selected climatic variables (grey). The scales on both axes are reversed in this plot, which preserves in the
figure the approximate relative arrangement of the sites from geographic space; abbreviations: BB, Burhan Budai mountains; G, Gansu;
Q, Qinghai; S, Sichuan; X, Xizang; Y, Yunnan; wdef, water deficit; irrwq, irradiance in the warmest quarter; pptm/q, ratio of precipita-
tion in the wettest (summer) month to precipitation in the warmest quarter; ndrwq, number of days of rain in the warmest quarter;
pptwm, precipitation in the wettest month; mnTwq, mean temperature of the warmest quarter.

faunal composition in the east appears generally to be well
explained by climate. In contrast, some western grid-cell
faunas (on the left of Figs 12—13) such as in Ladakh,
have large climate residuals, indicating that in these cases
the climate variables are not providing a good explanation
of the faunal variation.

Although the largest residuals (Fig. 13) are for grid
cells at the western end of CCA1 (Ladakh, Taxkurgan,
Hotan, North Pakistan, Kunlun, to the left of Fig. 12),
with less frequent (low days of rain) lower rainfall (low
precipitation of the wettest [summer] month) and more
sunshine (high irradiance in the warmest quarter), none-
theless the high residuals are actually greatest in their dis-
placements along the second CCA axis (the grey lines are
orientated more nearly vertically in Fig. 13). Therefore
the largest residuals show strong mismatches in the length
of the monsoon (which becomes shorter in the southwest,
Fig. 12: reflected in the ratio of precipitation of the wettest
month to precipitation of the warmest quarter) and in the
severity of the water deficit (which increases in the north-
west, Fig. 12: water deficit). Thus the largest residuals
appear to relate at least in part to the measured water
availability in the most arid areas.

Discussion

Species richness

The richness of social bumblebee species in the alpine
zone of the QTP region (Table 3: 44 species) is greater
than in any other alpine region of the world. The entire
bumblebee fauna of all zones of South America is only
24 species (Williams, 1998). Even the total bumblebee
fauna of the whole of the USA and Canada across all
zones consists of just 40 social bumblebee species (Wil-
liams, Thorp, Richardson, & Colla, 2014), but in more
than five times the area (19.8 million km?, Anonymous,
2001) of the QTP. In Europe, where regional species
richness tends to be higher (Williams, 1998: 99 map),
Rasmont (1988: 123, 137) identified just seven social
bumblebee species in the alpine zone of the Pyrenees,
with just one additional species in the Alps. There are
no indigenous bumblebees in sub-Saharan Africa or
Australia. The high alpine species richness of the QTP is
perhaps unsurprising, because bumblebees are most
diverse and abundant in mountain regions globally
(Williams, 1998) and the QTP consists of a particularly
large high-elevation region. Unlike other social bees, not
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approximate relative arrangement of the sites from geographic space.

only does more effective facultative endothermy enable
bumblebees to be active at the lower temperatures of high
elevations, but bumblebees can also hibernate (Heinrich,
1979). This substantially reduces energy costs during the
predictable long annual season of extreme adverse climate
at high elevations.

Species composition

With many new data for QTP bumblebees, our results
(Figs 4—9) provide new quantitative evidence that supports
Skorikov (1931: his Fig. 10) and Panfilov (1957: his Fig. 3)
in recognizing three principal groups of QTP faunas by
their species composition. The Himalayan fauna in the
south is especially distinctive (Fig. 10), with many endemic
species (Figs 4—5, Table 3). These species have their clos-
est relatives to the east in the Oriental region (Williams,
1991: in central and southern China, and south-east Asia).
The species of these northern faunas are primarily Palaearc-
tic (Williams, 1991, 1996: with broad distributions north of
the Chinese arid belt). The new data allow us to begin to
map the regions and their intervening transition zones
within the QTP with increased spatial resolution (Fig. 11),
but better data will be needed to give a clearer picture.

Climatic explanations

A serious problem for surveys in more arid environments
is the difficulty of detecting species at low densities and

when patchily distributed across arid terrain (Williams,
1991). Another consequence of this patchiness is that
associations between QTP bumblebee faunas and climate
in our analysis are likely to be weakened by the inevitably
low precision in the match between sparse sampling
points for bumblebees and the coarsely interpolated cli-
mate-variable surfaces. This mismatch is expected to have
an especially strong effect because there is such a high
relief in parts of the QTP region.

The principal variation in climatic associations of
bumblebee faunas (CCA, Fig. 12) is between the arid
west and north of the QTP, on the one hand, and the
wetter east and south of the QTP, on the other. This
broad pattern is familiar from the vegetation (Chang,
1981; Atlas of the Tibetan Plateau in Yu et al., 2010:
their fig. 1; Wang et al., in press) as well as from varia-
tion in species richness within different plant groups
(Mao et al., 2013). The severe aridification of the west
and north of the QTP is believed to be ancient and to
be associated with the Tibetan uplift (An, Kutzbach,
Prell, & Porter, 2001; Dupont-Nivet et al., 2007; Miao,
Herrman, Wu, Yan, & Yang, 2012). This aridification
may have imposed a strong filter on bumblebee faunal
composition, extirpating susceptible species from some
areas, except where local mitigating factors might have
left patches with persistent relic faunas. On the other
hand, the aridification may have pre-dated the diver-
gence of some of the more recent bumblebee species



Downloaded by [Paul H. Williams] at 10:53 30 January 2015

176 P. H. Williams et al.

and might now be preventing some species in adjacent
areas from colonizing the QTP.

Conservation concerns

Not all QTP bumblebee faunas appear equally close to
equilibrium with climate in our Procrustes results. The
superimposition of CA and CCA results in Fig. 13 shows
that faunas are well explained by and therefore apparently
closer to equilibrium with our chosen climatic variables in
the wetter, eastern QTP (right of Fig. 13), whereas there
appears to be greater disequilibrium (higher residuals) in
the more arid, western QTP (left of Fig. 13). Nonetheless,
the situation appears broadly stable in the west even in the
extreme case of Ladakh, where the fauna has remained
unchanged since the 1920s (Richards, 1928; Williams,
1991). It is possible that the measured aridity in the west
and north of the QTP is actually mitigated for the bees by
local, unmeasured factors, and that these factors might be
identified from local field observations. Fieldwork has
shown that in western and northern areas (in Ladakh, Zan-
skar, parts of Qinghai) bumblebees are much more
restricted to small isolated patches of vegetation with suit-
able food plants (equivalent to oases, sometimes very
sharply circumscribed) surrounded by large, unoccupied
and often very sparsely vegetated arid areas, where no
food plants have been detected (Williams, 1991: see
Appendix Fig. S2 online supplemental material, which is
available from the article’s Taylor & Francis Online page
at http://dx.doi.org/10.1080/14772000.2014.982228); and
from fieldwork around the Kunlun Pass in 2013). These
small western and northern ‘oases’ appear to be strongly
dependent on narrowly localized irrigation by continuous
summer streams (for which we have no data), rather than
on widespread direct summer precipitation as they are in
the wetter east, in parts of Qinghai, Gansu, Sichuan and
Yunnan (An et al.,, 2011; Williams et al., 2009: see
Appendix Fig. S3, online supplemental material, which is
available from the article’s Taylor & Francis Online page
at http://dx.doi.org/10.1080/14772000.2014.982228). In
the west and north, the continuous summer streams are
often fed by meltwater from permanent glaciers, although
summer precipitation also appears (from fieldwork and
from satellite images) to be more narrowly confined to the
high mountain ridges, from where it might contribute to
the same streams. Continuous summer streams in the west
and north could provide local relief to the bumblebees’
food plants from the regional pattern of high drought
stress in otherwise arid areas, so that beside these streams,
food plants could produce the nectar and pollen required
by bumblebees. However, this effect is expected to be at
too fine a scale for it to show up in the (low resolution) cli-
mate data used here. The resulting mismatch between
measured and effective water availability is proposed as

one possible explanation for some of the larger climate
residuals in the Procrustes results (Fig. 13). As a next step
we need more field studies to determine whether continu-
ous summer streams in the west and north are indeed an
important limiting factor for supporting relictual popula-
tions of some bumblebee species.

The QTP has experienced a distinct warming trend in
recent decades, associated in its central and southwestern
regions with aridification and reduction of grassland
growth (Zhang et al., 2013). Some QTP glaciers are now
believed to be melting rapidly with climate change
(Gardner et al., 2013; IPCC, 2014; Kaab, Berthier, Nuth,
Gardelle, & Arnaud, 2012; Qiu, 2008; Xu et al., 2009),
although less so in the north and centre of the QTP
(Gardner et al., 2013). This is a potential conservation
concern, because bumblebees could be especially suscep-
tible to local extirpation or even complete extinction by
climatic change if these continuous summer streams were
to be lost from the arid west of the QTP. If such a stream
were to dry up in one year enough to stop all of the plants
producing nectar and pollen for even just part of the
summer, then it could kill all of the local bumblebees. If
the area with the stream were sufficiently isolated from
bumblebee re-colonization in subsequent years by exten-
sive areas of high relief and unsuitable arid habitat (as
appears to be the case at our sites in Zanskar, Ladakh and
the Kunlun Pass), then interruption of stream flow could
result in sudden, complete and permanent collapse of
bumblebee populations throughout these valleys. Decrease
in food availability is the most common mode by which
climate change is believed to cause extinction (Cahill
et al.,, 2012). Thus bumblebees could be vulnerable to
climate change affecting a different elevation zone from
the one in which they live.

Climate change in mountain regions is also expected to
cause elevational shifts in bumblebee ranges, with the
possible loss of some species (Kudo, 2013; Ploquin,
Herrera, & Obeso, 2013; Pyke, Inouye, & Thomson,
2012). Widespread climate warming across the QTP has
resulted in changes in the timing of the beginning, end
and ultimately in the length of the summer growing sea-
son (Shrestha, Gautam, & Bawa, 2012; Yu et al., 2010).
This could adversely affect the founding of bumblebee
colonies and could constrain the period for colony growth,
both of which could present a threat to bumblebees. The
pattern of change in the QTP varies between a delay in
spring ‘green-up’ in the southwest (and also at higher ele-
vations, most likely because of declining spring precipita-
tion) and a contrasting advance in spring ‘green-up’
elsewhere, despite a region-wide temperature increase
(Shen et al., 2014). In European mountains, effects of cli-
mate warming on the flora are expected to be less in areas
where precipitation increases concomitantly with temper-
ature (Engler et al., 2011). Our field surveys in Qinghai
2010—2013 show strong fluctuations in bumblebee
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Fig. 14. PCA axes 1 and 2 (eigenvalues 2.87, 1.43) summarizing 71.7% of the variation in the six climate variables at the centroids for
the QTP grid cells with centroids above 3000 m. Axis 1 is related to summer sunshine and rain (precipitation in the wettest month, irradi-
ance in the warmest quarter, ratio of precipitation of the wettest month to precipitation of the warmest quarter, days of rain: Table 2);
axis 2 is related to summer temperature and water deficit (mean temperature of the warmest quarter, water deficit: Table 2); similar to
Fig. 12. The scale on the x-axis reversed, which preserves in the figure the approximate relative arrangement of the sites from geographic
space (Figs 2, 12); sampled cells are shown as black spots; unsampled cells shown as grey spots.

numbers in some areas among years, but no systematic
studies have been made so far.

Bumblebees in the wetter eastern QTP are believed to
face threats from over-grazing. Frequent and intense sum-
mer grazing can reduce densities of the bumblebee-food-
plant flowers and ultimately of the bumblebees them-
selves (Xie, Williams, & Tang, 2008). In some areas, a
move away from traditional nomadic practices of summer
yak grazing no longer allows breaks of several years for
vegetation regeneration, so that in some areas (especially
those with a fixed fence system) grazing now occurs every
summer and intensively over large areas, posing a threat
to the grasslands and to the bumblebees (Xie et al., 2008).
In some areas of the QTP, bumblebee food plants find ref-
uges from grazing animals on steep slopes, among boulder
scree, or by carrying long sharp spines (e.g. bushes of
Caragana: Polunin & Stainton, 1984: 461).

Future sampling

The high diversity of social alpine bumblebees in the QTP
is all the more remarkable because more than half of the
QTP alpine one-degree grid cells (the grey area in Fig. 2)
remain unsampled in the data used here (Fig. 3: 60%
unsampled). We examined the current pattern of sampling

for bumblebees in relation to variation in the six climate
variables used in the CCA among all QTP grid cells with
centroids above 3000 m using principal components anal-
ysis (PCA). Figure 14 shows that the grid cells sampled
for bumblebees are reasonably well scattered across the
climate space, so that existing sampling is not strongly
biased in this respect, even though gaps remain. To find
the optimum choice of a set of cells as priorities to sample
next, we might wish to choose cells that improve the cov-
erage of different combinations of climate conditions (a
climatic gap analysis), which should then favour different
(perhaps unsampled) bumblebee species, or novel combi-
nations of species if bumblebee species respond differ-
ently to climate, as seems likely from their broader
distributions. To achieve this selection, we could use
the discrete p-median technique from the facilities loca-
tion literature (Faith & Walker, 1996; Love, Morris, &
Wesolowsky, 1988). This chooses cells to minimize the
average distance from all remaining unsampled cells to their
nearest sampled cells within the climate space. But simply
by inspection of Fig. 14, unsampled cells in gaps in the west
(left), north (top), and centre of the QTP are likely to be
among the highest priorities for further sampling. This
would improve our understanding of the overall pattern of
compositional variation among QTP bumblebee faunas.
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